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THE NATURE OF RADIO-WAVE PROPAGATION

Radio waves are a part of a Lirger spectium ol electromagnetic radiation or wave
motion extending {rom the very low frequencies which are now emploved in serve-
mechanisms, up through the extremely high frequencies und short wavelengths found
in cosinic rays. Between these two extremes lie several ranges of frequencies which
are related by reason of their being portions of a common spectrum bul which exhibit
such different eharacteristios under noral experience that their kinship may not be
readily recognized. However, under certain conditions, analogies are useful for de-
scribing the eharvacteristics of one range in teris of another. These other ranges include
the frequencies used for eleetric-power systems; the audio frequencies used In systems
for the transmission, amplification, or recording of audible sounds; the radio frequencies;
radiant heat; light; and the X ravs.

The portions of the spectium occupied by these frequency ranges are shown in
Fig. 1-1le. The limits of each frequency range are not defined sharply, but each range
overlaps slightly into the ranges above and below. The [requency ranges arve marked
in terms of the frequeney /7 in eveles per second and are also marked in terms of the
wavelength N in space in centimeters. The wavelength N ix related to the frequency #
by the formula ¢ = A where (7 is the velocity of light and other eleetromagunetic radia-
tion in space and i approximately equal 1o 3 X 10" em/sec (2.097195 =+ 0.00003 X 10'%),

The range comprising the presently recognized limits of the radio speeirum has
been expanded in Fig. 1-14. The portions of the radie spectrum to which television
broadeasting and televidion relay stations are allocated have been further expanded in
Fig. 1-1e.  The following discussion and methods apply particularly to these portions
ol the spectrum. t

The television broadeast allocations in the 1™mited States are: Channels 2 to 4 and
54 to 72 Me, Channels 5 to 6 and 76 and 88 Me, Channels 7 to 13 and 174 to 216 Me,
Channels 14 to 83 and 470 to 890 Me, The television relay allocations arve: 1,990 to
2,110 Me, 6,875 to 7,125 Me, and 12,700 to 13,200 Mceo The allocations (or common
carrier channels over which television programs are carried between cilies are 3,700 to
4,200 Me, 3,925 to 6,125 Me, and 10,700 to (1,700 Mc. These alloeations may change
from time to time as the relative nceds of various services for vadio frequencies change,
so that the allocations included herein should be considered to be merely Hlustrative.
Clurrent information should be obiained, when necessary, by consulting the Rules of
the FCC.

% Reprinted from “Television Engincering Handbook,” edited by Donald G. Fink,
McGraw-Hill Book Company, Inc., 1937,

1 The recently concluded Administrative Radio Conference {(ITU, Geneva, 1939) ex-
tended their consideration of the radio spectrum to 40.000 M,
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Fig. 1-1. (a) Electromagnetic spectrum; (I} radio spectrum; (¢} television allocations.

PROPAGATION IN FREE SPACE

For simplicity and ease ol explanation, propagation in space and under certain con-
ditions involving simple geometry, in which the waveironts remain coherent, may be
treated as ray propagation. 1t should be kept in mind that this assumption may not
lwold in the presence of ohstruetions, surfuce roughness, and other eonditions which may
he encountered in practice.

Tor the simplest case of propagation in space, namely that of uniform radiation in
all directions from a point source, or isotropic radiator, it is uselul to consider the
analogy to a point source of light. The radiant energy passes with uniform mtensity
through all portions of an imaginary spherieal surface loeated at a radius » from the
source, The arean of sueh a surface iz 4% and the power flow per unit ares
W = P;/4m?, where P, is the total power radiated by the source. In the engineering
of broadeasting and of some other radio services, it is conventional to measure the
intensity of radiation in terms of the strength of the eleetrie field K, rather than in
terms of power density W. The power density is equal to the square of the field
strength divided by the impedanee of the medium, so for free space W = E,%/120x,
and Py = dar? E,? /1207, or

2q
po= T (-1)
30

where P, is in watts radiated, T is in watts per square meter, E, is the free-space field
in volts per meter, and » is the radius in meters. A more conventional and useful form
of this equation, which applies also 1o anteunas other than isotropic radiators, is

 V/300.P,
T

ED

(1-2)

where g; is the power gain of the anterma in the pertinent direction compared with an
isotropic radiator.
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An isntropic antenna is useful as a reference {or speeifving the radiation patterns for
more complex antennas but does not in fact exist. The simplest forms of practical
antennas are the eleetrie doublet and the magnetic doublet, the former a straight con-
ductor which ix short compared with the wavelength and the latter a condueting loop
of short radius compared with the wavelength. For the doublet radiator the gain is 1.5
and the field strength in the equatorial plane is

_ ANA5P,
T

B, (1-2a)

For a half-wave dipole, namely, a straight conductor one-half wave in length, the
power gain ts 1.64 and
7 Py
= WP (1-20)

r

0

From the above formulas it can be seen that for free space (1) the radiation intensity
in watts per square neter is proportional to the radiated power and inversely propor-
tional to the square of the radius or distanee [vom the radiator, (2) the electric field
strength i+ proportional to the square rool of the radiated power and inversely propor-
tional to the distance from the radiator.

Typical Antennas in Free Space

The formulas for the free-space patterns, power guins, and cffective arcas of the
fundamental doublet antennas and of a few typical antennas which are used frequently
in television broadeast and relay syvstems are shown in Fig. 1-2. For purposes of pattern
caleulation, the element spacings S are measured in electrical angles 8° = 278/A. For
the turnstile and loop arravs the length L = 18, and for N = A/2, n = 2L/\.

The effcetive area B is related to the power gain g by the formula B = ga*/dr. The
phys=ieal dimensions of the antennas, their effective areas, the wavelength, ete., should
be expressed in the same units. "The values given for power gain and cffective area ure
lor optimum eonditions, and departures will result in lesser values of power gain and
effective arca t? *

Transmission Loss between Antennas in Free Space ?

The maximum uselul power /7, that can be delivered to s matched receiver is given by

a2
P, = (——) r watts (1-3)

27/ 120

where E = received field strength in volts per meter

A = wavelength in meters, 300/#

F = freguency in megacycles per second

¢y = receiving anienna power gain over an iotropic radiator
This relution between vecelved power and the reccived field strength ix shown by scales
2, 3, and 4 in Fig. 1-3 for a half-wave dipole.  For example, the maximum nseful power
at 100 me that can be delivered by a half-wave dipole in a field of 50 db above 1 pv per
meter i3 95 b below 1 watt. A general relation for the ratio of the received power to
the radiated power obtained [rom ILqs. (1-2) and (1-3} is

P, ( X ) (1«.‘ ) -
Pl Wiy X2 (1-4)

# Superscript numbers refer to Reterences at end of part.

I
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When both antennas arve half-wave dipoles, the power-transfer ratio is

;: (146?) (fg,;) (Om) ( ) (1-4a)

and is shown on scales [ {o 4 of Fig. 1-3.  IPor free-space transmission E/E, = 1.
When the antennas are horns, paraboloids, or multielement arrays, a more con-
venient. expression for the ratio of the received power to the radiated power is given by

P BB, g BN
==22(0) (1-40)
P, OwiE\E,

where B; and B, arc the effective areas of the transmitting and receiving antennas,
respectively. This relation is obiained from Tiq. (1~} by subwtituling g = 478/2%
amd i3 shown in Fig. 1-1 [or (ree-space transmission when B, = B,. Ior example, the
free~space loss at-1,000 Mec hetween two antennas of 10 sq It effective avea is ahout 72 dly
for a distance of 30 miles.

PROPAGATION OVER PLANE EARTH 7

The presence of the ground maodifies the generation amd the propagation of the radio
waves 80 that the received field strength is ordinarily different than would he expected
in free space. The ground acts us a partiad reflector and s a partial absorber, and both
of these properties affeet the distribution of energy in the region above the earih.

Field Strengths Over Plane Earth

The geometry of the simple case of propagution bhetween two antennas each placed
several wavelengths ubove a plane earth is shown in Ilig. 1-5. For isotropie antennas,
Tor simple magnetic-doublet antennas with
vertical polarization, or [or «imple electrie- TRANSMI TTING ANTENVA

doublet antennus with horizontal polariza- /_ S
tion the rexultant received field 1587 5 \\ ~ &
7 = 7c3
! ~ 52 g RECENVING
p ¥ ] B Rei : — ANTENNA
| = = — - —— . T~
" ¥y _ 1 ~ \g
X " (1-5) | ~
= E,(cos 0; + I cos ae’) | ~
/

p)
\\,\P‘?/ ~ r
IFor simple magnetic-doublet antennas with P

horizontal polarization or electric-doublet

antennas with vertical polurization ut both ~ Fre. 1-5.  Ray paths for antennas above
transmitter and receiver, it is necessary to  Plane earth.

correct for the cosine radiation and absorp-

tion patterns in the plane of propagation. The received field is

= E(cos® 0y + R cos® fs0/) {1-5a)

where £, i= the [ree-space field at distance J in the equatorial plane of the doublet, R is
the complex reflection coeflicient of the earth, j = v/ —1; ¢/* = cos & + jsin 4, and A
is the phuse difference hetween the direct wave yeceived over path r and the ground-
reflected wave received over path rs, which ix due to the difference in puth lengths.

For distances such that 8 ix snall and the differences betsween o and ~ and 2 can be
neglected, Egs. (1-5) and (1-5¢) become

E = E( 4 el (1-6)

When the angle ¢ is very zsmall, B iz approximately equal to —1. Tor the case of two
antennas, one or hoth of which may he relatively close to the earth, a surfuce-wave
term must be added 31 and g, (1-6) hecomes
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E = EJ1 4+ Re* + (1 — Ryde?] (1-7)

The quantity A is the surface-wave attenuation factor which depends upon the fre-
quency, ground constants, and type of polarization. It is never greater than unity and
decreases with increasing distance and frequency, as indicated by the following approx-
imate equation:®

—1

ST j@rd/NGin g + 22

(1-7a)

Ps

This approximate expression is sufficiently accurate as long as A < 0.1, and it gives
the magnitude of 4 within about 2 db for all values of A. However, as .t approaches
unity, the error in phase approaches 180°. More accurate values are given by Norton 7
where, in his nomenclature, 4 = f(P,B)e™.

The equation (1-7) for the absolute value of field strength has been developed from
the successive consideration of the various components which make up the ground wave,
but the following equivalent expressions may bhe found more convenient for rapid
caleulation:

E=E, ]IZSini;- A0+ R (1 - R)A]e:'d/z} (1-8)

When the distance d between antennas is greater than about five times the sum of the
two antenna heights n; and %,, the phase difference angle A is equal to 4whih, /Ad radians.
Also when the angle 4 is greater than about 0.5 radian the terms inside the brackets,
which include the surface wave, are usually negligible, and a sufficiently accurate ex-
pression is given by

. 2nhhy
E=F, (2 sin ) (1-8a)
ad

In this case the principal effect of the ground is to produce interference fringes or lobes,
so that the field strength oscillates aboul the free-space field as the distance between
antennas or the height of either antenna is varied.

When the angle A is less than about 0.5 radian, there is a region in which the surface
wave may be important but not controlling. In this region sin A/2 is approximately
equal to A/2 and

dahe'h,

E =E,
° ad

(1-80)

In this equation &' = kh -+ jho, where / is the actual antenna height and b, = A/272 has
heen designated as the minimum effective antenna height. The magnitude of the
minimum effective height 7, is shown in I'ig. 1-6 for sea water and for ““good’’ and ““poor”
s0il. ““Good" soil corresponds roughly to clay, loam, marsh, or swamp, while “poor”
soil means rocky or sandy ground.?

The surface wave is controlling for antenna heights less than the minimum effective
height, and in this region the received field or power is not affected appreciably by
changes in the antenna height. I'or antenna heights that are greater than the mini-
mum effective height, the received field or power is increased approximately 6 db every
time the antenna height is doubled, until free-space transmission is reached. Tt is ordi-
narily sufficiently accurate to assume that 2’ is equal to the actual antenna height or
the minimum effective antenna height, whichever is the larger,

When translated into terms of antenna heights in feet, distance in miles, effective
power in kilowatts radiated from a half-wave dipole, and frequency I in megacycles
per second, Eq. (1-85) becomes the following very usetul formula for the rapid caleulation
of approximate values of field strength for purposes of prediction or for comparison with
measured values: .

hi'h'/ Py

E~T
3d®

(1-8¢)
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Fig. 1-6. Minimum effective antenna height.

Transmission Loss between Antennas Over Plane Earth

The ratio of the received power to the radiated power for transmission over plane
earth is obtained by substituting Iiq. (1-8b) into (1-4}, resulting in

P, ( A )2 (-hr}l-g/h,-l)g (h//‘zr’)z (1-9)
Lr_ g (TN r
i \ard/ "\ na )

This relation is independent of frequency, and is shown on Tig. 1-7 for half-wuve dipoles
(9: = g, = 1.64). A line through the two scales of antenna height determines a point
on the unlabeled seale between them, and a second line through this point and the dis-
tance scale determines the received power for 1 watt radiated. When the received field
strength is desired, the power indicated on Fig. 1-7 can be transferred to scale 4 of
Fig. 1-3, and & line through the [requency on scale 3 indicates the received field strength
on scale 2. The results sliown on Fig. 1-7 are valid as long as the value of received power
indicated is lower than that shown on Fig. 1-3 for (rec-space transmission. When this
condition is not met, it means that the angle A is too large for Eq. (1-8b) to be accurate

and that the received field strength or power oseillates around the free-spaee value as
indicated by Eq. (1-8a).?
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PROPAGATION OVER SMOOTH SPHERICAL EARTH
Propagation within the Line of Sight

The curvature of the earth has three cffects on the propagation of radio waves at
points within the line of sight. First, the refleetion coefficient of the ground-reflected
wave differs for the curved surface of the earth from that for a plane surface. This cffect
is of little importance, however, under the circumstances normally encountered in prac-
tice. Second, since the ground-reflected wave is veflected against the curved surface of
the earth, its energyv diverges more than would he indicated by tlie inverse distance-
squared law and the ground-reflected wave must he multiplied by a divergence fuctor D,
Tinally, the heights of the transmiiting and receiving antennas 4," and 4./, ubove the
plane which is tangent to the surface of the carth at the point of reflection of the ground-
reflected wave, are less than the antenna heights A, and /i, above the surface of the earth,
as shown in Fig. 1-8.

['nder these conditions Iiq. (1-6), which applies to larger distances within the lme
of sight and to antennas of =uflicient height that the surface component ean be neglected,
hecomes

E = E, 1 + DR'e) (1-10)

Similar substitutions of the values which correspond in Figs. 1-5 and 1-8 may he
made in Eqs. (1-7) through (1-4). Iowever, under practical conditions, it i generally

TRANSMITTING ANTENNA

RECEIVING
ANTENNA

Fiz. 1-8. Ray paths for antennas above spherical earth.

satisfactory to use the plune-earth formulas for the purpose of ealeulating smoolh-earth
values, An exception to this ix usually made in the preparation of stancard reference
curves, whicl wre gencrully ealeulated by the use of the more exact formulas. ™

Propagation beyond the Line of Sight
Radio waves are hent around the earth hy the phenomenon of diffiraction, with the

case of bending decreasing as the frequency inereases,  Diffraction is a fundamental
property of wave motion, and In optics it is the ecorrection to apply to geometrieal optics
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F1c. 1-9. Decibel lass beyond line of sight.

(ray theory) to obtain the more accurate wave optics. In wave optics, each point on
the wavefront is considered to act as a radinting source, When the wavefront is coherent
or undisturbed, the resultant is a progression of the front in a direction perpendicular
thereto, along a path which constitutes the ray. When the front is disturbed, the resuit-
ant front may be changed in hoth magnitude and direction with resulting attenuation
and bending of the ray. Thus all shadows are somewhat “‘fuzzy” on the edges and the
transition from “light” to “dark’ areas is gradual, rather than infinitely sharp.

The effect of diffraction around the earth's curvature is to make possible transmission
beyond the line of sight, with somewhat greater loss than is incurred in free space or
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over plane earth, The magnitude of this loss inereases as either the distunce or the fre-
queney is inercased, and it depends to some cxtent on the antenna height.

The caleulation of the field strength to be expected at any particular peint in space
heyond the line of sight around a spherical carth is rather complex, =0 that individual
caleulations are seldom made. Rather, nomograms or families of curves are usually
prepared for general applieation to large numbers of eases. The original wave equa-
tions of Van der Pol and Bremmer * have been modified by Burrows ® and by Norton &7
20 as to make them more readily usable and particularly adaptable to the production
of families of curves. Such curves have been prepared. These curves have not heen
included herein, in view of the large number of curves whicl are required to satis[v the
possible variations in frequency, electrical characteristies of the earth, polarization,
and antenna height.  Also, the values of field strength indicated by smooth-earth curves
are subjeet to eonsiderable modification under actual conditions found in practice, For
VHIT and UHI broadeast purposes, the smooth-earth eurves have heen to u great extent
superseded by curves modified to reflect average conditions ol terrain.

Figure 1-9 is a nomogram {o determine the additional loss caused hy the curvature
of the carth.? This loss must be added to the free-space loss found from IMg. 1-3. A
seale is included to provide for the effect of changes in the effective radius of the earth,
causzed by atmospherie refraction, Figure [-0 gives the loss relative to {rec space ax a
function of three distances; ¢ 1= the distance to the horizon from the lower antenna, s
ix the distance to the horizon from the higher antenna, uand dj is the distance hetween
the horizons. The total distance hetween antennas is « = dy 4 do + 3.

The horizon distanees o and ds for the respective antenna heights /iy and fg and for
any assumed value of the earth’s radius [actor & can be determined from Iig. 1-10.

EFFECTS OF HILLS, BUILDINGS, VEGETATION, AND THE
ATMOSPHERE

The preceding discission asxumes that the earth is a perfectly smooth sphere with
a uniform or a simple atmosphere, lor which condition caleulations of expected field
strengths or transmission losses can be computed for the regions within the line of sight
and regions well hevond the line of sight, and interpolations can be made for intermediate
distances, The presence of hill< buildings, and trees has such complex effects on propaga-
tion that it is impossible to compute in detail the field strengths to be expected at diserete
points in the immedinte vicinity of such obstructions or even the median values over
very small areas. However, by the cxamination of the carth profile over the puth of
propagation and by the use of certain simplifving assumptions, predictions which are
more aceurate than smooth-earth caleulations ean he made of the median values to be
expected over areas representative of the gross features of terrain.

Effects of Hills

The profile of the earth hetween the transmitting and receiving points is taken [rom
available topographic maps * and is plotted on a special ehart which provides [or average
air refraction hy the use of a four-thirds carth radius, as sbown in Fig. 1-11. The
vertical scale is greatly exaggerated Tor convenience in displaying significant angles and
puth differences.  Under these conditions vertical dimensions ave measured alowy vertieal
parallel lines rather than along racdii normal to the curved surface, and the propagntion
paths appear as straight lines. The field to be expected at a low receiving antenna ot
o fromy a high transmitting antenna at B can be predieted by plane-earth methocds, by
drawing a tangent to the profile at the point at which refleetion appears to oceur with
equal ineident and reflection angles. The heights of the transmitting and receiving
antennas above the tangent are used in conjunction with Fig. 1-7 to compute the trans-
mizsion loss or with T (1-8¢) to compute the field strength. A similar procedure can
he used for more distantly spaced high antennns when the lhie of sight does not elear
the profile by at least the [irst I'resnel zone. !t

#* Available from the U.S. Geological Survey, Department of the Interior, Washington,
D.C.
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Fic. 1-11. Ray paths for antennas over rough terrain.

Propagation over a sharp ridge or over & hill when both the transmitting and receiving
antennu locations are distant {rom the hill mny be treated as diffrnetion over a knife
edge, shown schematically in g, 1-12¢.971%  The height of the obstruction H is meas-
ured [rom the line joining the centers of the two untennas to the top of the ridge. As
shown in Fig. 1-13, the shadow loss approaches 6 db as H approaches 0, grazing incidence,
and it increases with increasing positive values of {1, When the direct ray clears the
obstruction, H iz negative, ane the shadow loss appronches O db in an oseillatory manner
as the elearance is increased. Thux, a substantial clearance is required over line-of-
sight paths in order to obtain free-space transmission. There is an optimum elearance,
called the firet I'resnel-zone elearance, for which the transmission is theoretically 1.2 db
better than in free space. Physically, this elearance is of such magnitude that the phase
shift along « line from the antenna to the top of the obstruetion and rom there to the
second antenna is about one-half wavelength greater than the phase shift of the direet
path hetween antennas.

The locations of the frst three Iresnel zones are indicated on the right-hand seale on
Tig. 1-13, and by means of this chart the required clearances can be obtained, At
3,000 Ae, for example, the direet ruy should clear all obstructions in the center of o
40-mile path by about 120 ft, to obtain [ull first-zone elearanece, as shown at € in I'ig.
1-11. The corresponding clearance tor a ridge 100 tt in front of either antenna is 4 [t.
The locus of all points which sutisfy this condition tor all distances is an ellipsoid of
revolution with foel at the two antennas.

When there are two or more kuile-edge ohstructions or hills between the transmitting
and receiving antenmag, an equivalent knife edge may be represented by drawing a line
from each antenna through the top of the peak that blocks the line of sight, as in Fig.
1-12b.

Alternatively, the transmission loss may be computed by adding the losses incurred
when passing over each of the successive hills, as in Mg, 1-12c. The height H; is
measuwred from the top of hill 1 to the line connecting antenna 1 and the top of hill 2.
Similarhyv, s is measured (rom the top of hill 2 to the line conneeting antenna 2 and the
top of hill 7. The nomogram in Fig. 1-13 is used for caleulating the losses for terrain
conditions represented by I'ig. 1-12¢, b, and ¢,

The above procedure applies to conditions for which the earth-reflected wave can be
negleeted, suely as the presence of rough earth, trees, or struetures at locations along the
profile at points where earth reflection would otherwize tuke place at the frequeucy
under constderation or where first I'resnel-zone clearance i obtained i the foreground
of each antenna and the geometry is such that reflected components do not eontribute
to the {ield within the first Iresnel zone above the obstruetion. T conditions are tavor-
able to earth reflection, the hase line of the diffraction triangle should not he drawn
through the antennas, but throngh the points of carth refleetion, as in Fig, 1-124. s
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Fic. 1-12.  Ray path for antennas behind hills,

mensured vertically from this buse Jine to the top of the hill, while &, and dz sre measured
to the antenunas as before. In this caxe Fig. 1-14 is used to estimate the shadow loss to
be added to the plane-earth attenuation®

[Inder conditions where the earth-reflected components reinforce the direct com-
ponents at the transmitting and receiving antenna locations, paths may be found for
which the transmission loss over an obstacle is less than the loss over spherical earth.
This effect may be useful in establishing VHF relay eireuits where line-of-sight operation
is ot practical.  Little utility may be expected for mobile or hroadcast services.'®

An alternate method lor predicting the medinn value for all measurements in & coni-
pletely shadowed aren is as follows: 15 (1) The roughiess of the terrain is assumed to be
represented by height /1, shown on the profile at the top of Fig. 1-15. (2) This height
is the difference in elevation hetween the hottom of the valley and the elevation necessary
to obtain line of sight with the transmitting antenna.  (3) The difference between the
measured value of field intensity and the value to be expected over planc earth is com-
puted for each point of measurement within the shadowed area. (4) The median value
for each of several such locations is plotted as o funetion of A/ /\.

These empirieal relationships are summarized in the nomogram shown in Iig. 1-15.
The scales on the right-hand line indicate the median value of shadow loss, compared
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Frc. 1-13. Shadow loss relative to free space.

with plane-carth values, and the difference in shadow loss to be expected hetween the
median and the 90 per ceni values. Tor example, with variations in terrain of 300 It
the estimated median shadow loss at 4,500 AMe is about 20 db and the shadow loss ex-
cecded in 90 per cent of the possible locations is about 20 4+ 15 = 35 db. This analysis
is based on large-scale variations in fleld intensity and does not include the standing-
wave effects which sometimes canze the field intensily to vary considerably in a matter
of a few feet.

Effects of Buildings

Built-up areas have little effect on radio transmission at requencies below a few
megacveles, since the size of any obstruction is usually small compared with the wave-
length and the shadows caused by steel buildings and bridges are not noticeable except
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immediately behind these obstructions. However, at 30 Me and above, the absorption
of a radio wave in going through an ohstruction and the shadow loss in going over it
are not negligible, and both ty-pes of losses tend to inerease as the frequency increases.
The attenuation through a brick wall, for example, may vary from 2 to 5 dby at 30 Me
and from 10 to 40 db at 3,000 Me, depending on whether the wall is dry or wet. Con-
sequently, most huilding are rather opague at frequencies of the order of thousands of
megacycles.

Iror radio-relay purposes, it is the usual practice 1o select clear sites, but where this
is not feasible the expected fields behind Targe buildings may be predicted by the pre-
ceding diffraction methods.  In the engineering of mobile- and broadeast-radio systems
it has not heen found practieal in general to relute measurements made in built-up areag
to the particnlar geometry of huildings, co that il is conventional to treat them statis-
tically. However, measurcments have heen divided according to general categories into
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Fie. 1-15. Estimated distribution of shadow loss for random loeations.

whiel buildings ean veadily be elussified, namely, the tall buildings typical of the centers
ol cities on the one hand, and typical two-story rexidential areas on the other
Buildings ure more transparent to radio waves than the solidd earth, and there is
ordinarily mueh more hack =eatter in the city than in the open country, Both of these
factors tend to reduce the shadow losses eaused by the bhuildings. On the other hand,
the angles of diffraction over or around the buildings are usually greater than for natural
terrain, and this factor tends to increase the loss resulting from the presence of buildings.
The quantitative data on the effects of buildings indieate that in the range of 40 to 450
Mec there is no significant change with {frequency, or at least the variation with frequency
is somewhat less than the square-root relutionship noted in the case of hills. The median
field strength at street level for random locations in Manhattun (New York City) is
about 25 db below the corresponding plane-exrth value. The eorresponding values for
the 10 and 90 per cent points are about —15 and —35 db, respectively ®1®
Measurements in congosted residentinl areas indieate somewhat less uttenuation than
among large buildings. Tn the Report of the Ad Hoc Committee ¥ measurements he-
tween 4 and 10 miles from the transmitter, whieh include some large huilding areas and
some open areas but are made up principally of residential areas, shown nedian values of
4 to 6 dh below plune earth tor frequencies below 100 Me and about 10 db for frequencies
near 200 Me.  More recent measurements at 850 Me ® show values of 15 to 26 db helow
free space, which appear to be about 10 to 15 db below plane earth. These measure-
ments were nol random, however, hut were the maximum values of field between 10
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and 30 ft above the earth. The average effects for measurements taken in built-up areas
Lave been accounted [or in the preparation of the modified propagation curves of Iigs.
1-19 and 1-20.

Effects of Trees and Other Vegetation

When an antenna is surrounded by moderately thick trees and below treetop level,
the average loss at 30 Mec resulting from the trees is usually 2 or 3 db for vertical polariza-
tion and negligible with horizontal polarization. However, large and rapid variations in
the received field strength may exist within a small area, resulting from the standing-
wave pattern set up by reflections from trees located at a distance of as much as 100
ft or more from the antenna. Consequently, several nearby locations should be inves-
tigated for best results. At 100 Me the average loss from surrounding trees may be 5
to 10 db for vertical polarization and 2 or 3 db for horizontal polarization. The tree
losses comtinue to increase as the frequency increases, and above 300 to 500 Me they
tend to be independent of the type of polarization. Above 1,000 Mec trees that are thick
enough to block vision present an almost solid obstruction, and the diffraction loss
over or around these obstructions can be obtained from I'ig. 1-13 or 1-14.510

There is a pronounced seasonal effect in the ease of deciduous trees, with less shadow-
ing and ahsorption in the winter months when the leaves have fallen. However, when
the path of travel through the trees is sufficiently long that it is obscured, losses of the
above magnitudes may be incurred, and the principal mode of propagation may be by
diffraction over the trees.

When the antenna is raised above trees and other forms of vegetation, the prediction
of field strengths again depends upon the proper estimation of the height of the antenna
above the areas of reflection and of the applicable reflection coefficients. Ifor growth of
fairly uniform height and for angles near grazing incidence, reflection coefficients will
approach —1 at frequencies near 30 Me, As indicated by Rayleigh's eriterion of rough-
ness, the apparent roughness for given conditions of geometry increases with frequency
80 that near 1,000 Me even such low and relatively nniform growth as farm erops or
tall grass may have reflection coefficients of about —0.3 for small angles of reflection.®

The distribution of losses in the immediate vicinity of trees does not follow normul
probability law but is more accurately represented by Rayleigh’s law, which is the
distribution of the sum of a large number of equal vectors having random phases. This
distribution is shown by the graph R of Vig. 1-23.

Effects of the Lower Atmosphere, or Troposphere

The dielectric constant of the air is slightly greater than 1 and is variable. It depends
on the pressure and temperature of the air and on the amount of water vapor present,
s0 that it varies with weather conditions and with the height above the earth. When-
ever the dielectric constant varies with height, o horizontally traveling wave will be
refracted and the path deviated from a straight line. A general solution ol the problem
for any possible distribution of dielectric constant with the height at any point along
the radio path is virtually impossible because of o large number of variables involved,
50 some simplifying assumptions are needed in order to obtain an engineering solution
which will permiit the caleulation of radio field strengths under known meterological
conditions, The complexity of this problem, together with the facts that detailed
meteorological data which would permit caleulation are no more readily available than
radio data and that meteorclogical conditions are not readily predictable over long
periods of time, has led to the statistical treatment of radio data, for the purpose of
predieting long-distance effects and for the ealculation of television service and inter-
ference, as in Statistical Evaluation of Propagation.

Stratification and Ducts

In the earlier work in this field the assumption was made that the air was horizontally
stratified 223 A gsimiple engincering solution for average conditions cau he obtained by
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making the additional assumption that the diclectric constant is a linear lunction of the
height. On this basis, the effect ol atmospheric refraction can be included in the expres-
sion of diffraction around the smooth earth, without discarding the useful concept of
straight-line propagation, by multiplving the actual earth's radius by %, to obtain an
effective earth's rading, where

1

T ¥ a/2(ae/ah)

(1-11)

where @ is the radius of the carth and Aeis the change in dielectrie constant in going from
height & to A + Ak

Meteorological measurements indicate that the actual curve of dielectric constant s,
the height above the ground ix frequently complex with one or more sharp bends,
rather than a straight line as required in using the concept of an effective earth's radius.
Theoretical considerations indieate that this curve ean he approximated with reasonable
accuracy by a series of straight lines as long as cach ndividual line corresponds to a
change in height of not more than 20 to 50 wavelengths, At 30 Mc height intervals of
600 to 1,500 ft can be assumed.  Since most of the radio energy transmitted between two
ground stations travels in the first of these height intervals, the concept of effective earth
radius is a useful one and iz sufficiently accurate at 30 Me. However, as the frequency
increases, the straight-line approximation iz valid over smaller and smaller height
intervals. At 3,000 Me, for example, this interval isx only 6 to 15 {t, and the conecept of
effective earth radius becomes inadequate for analyvtical use. T'he rate of decrease of
time-miedian measurements with distance is relatively consistent with theorctical propa-
gation over an equivalent knife edge rather than with values calculated tfrom assumed
earth-radius factors.!®

The dielectric constant normally decreases with increasing height, & is greater than
unity, and the radio waves are bent toward the carth. Since the earth’s radius is about
2.1 X 107 ft, a decrease in dielectric constant of only 2.4 X 107F per foot of height results
in 4 value of & = %3, which is commonly assumed to be a good average value. When
the dielectric constant decreases about four times as rapidly (or by about 1077 per foot
of height), the value of i becomes infinite.  This means that, as far as radio propagation is
concerncd, the earth can be considered flat, since uny ray that starts parallel to the
carth will remain parallel.

When the diclectric constant decreases more rapidly than 1077 per foot of height,
radio waves that are radiated parallel to or at an angle above the earth’s surface may
be bent downward sufficiently to be reflected from the earth, after which the ruy is
again bent toward the carth, and so on.®*2 The radio energy is thus trapped in a duct
or wavegnide between the earth and the maximumn height of the radio path. Ior low-
layer heights, this phenomenon is variously known as trapping, duet transmission,
anomalous propagation, or gnided propagation. Llevated luyers of this type at heights
up to several thousund feet are believed to be responsible for the oecurrence of high
field strengths at distances somewhat hevond the horizon from the transmitter. Theo-
retical studies indicate that attainable values of dieleetric variation could produce the
field strengths which arc usually observed at such distances for small pereentages of
the time.® C'onfirmation has also been obtained through simultaneous observations of
radio field strengths and of meteorological conditions.?? In addition to the simple forn
of a duct where the carth is the lower boundary, trapping may also oceur in an elevated
duet. Tor example, in the lower segment of the duct the dielectric constant may de-
crease very slowly or may even inerease, so that the waves travel npward into an upper
segment in which the dielectric constant decreases maore rapidly than 1077 per foot and
in whieh the waves arc again relracted in a downward direction to encounter the lowey
segment again, after which the process i repeated. In the ease of either of the two fore-
going forms of ducts, if there were no losses of energy involved, the field streugths at
any given distance would excecd the free-space fields, since the spread of encrgy is re-
strained in the vertical dimension. However, experience mdicates that over land paths
the losses ave such that the reecived field strengths ave seldom greater than the plane-
carth values?
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Tropospheric Scatter

More recently a theory has been developed hy Booker and Gordon %% attributing
the distant tropospheric fields to the scattering of the radio waves by utmogpheric turbu-
lence rather than by reflection from horizontal stratification, There is congiderable
activity, both theoretical and experimental, to determine whether elevated stratified
layers, turbulenee, residual effects [rom the normal gradients of dielectric constant, or
contributions from all three, are responsible for the high field strengths bevond the line
of sight, which are of concern in estimating the interference between television hrond-
cast stations. In addition to these higher field strengths, which oceur for small per-
centages of the time, there are rather consistent fields of about 80 db below free space,
which are lurgely independent of [requency. The rate of decrease for the median values
of these fields is consistent with the theory of scatter from randomn turbulence.® ®

Atmospheric Fading

Variations in the rveceived field #treugths around the median value arce caused by
changes in atmospheric conditions.  IMicld strengths tend to be higher in summer than
in winter and higher at night than during the day for paths over land hevond the line
of sight. As a first approximation, the distribution of long-term variations in field
strength in decibels follows a normal probability law, as shown by graph N of Fig. 1-23.

Measurements indieate that the fading range reaches & maximum somewhat beyond
the horizon and then decreases slowly with distance out to several hundred miles. Also
the fading range at the distance of maximum fading increases with frequency, while at
the greater distances where the fading range decreases, the range is also less dependent.
on frequency, Thus the slope of the graph N must be adjusted for both distance and
frequeney. This behavior does not lend itsell to treatment as a funection of the earth's
radius factor &, since ealculations based on the same range of & produce families of
curves in which the fading range increases systematically with inereasing distance and
with inereasing frequency. Methods for the statistical treatment of fading are deseribed
in Statistical Evaluation of Propagation.

Effects of the Upper Atmosphere, or Ionesphere

At the present time four prineipal layers or regions in the ionosphere are recognized.
These are the £ layer, the I”1 lnyer, and the F2 laver, centered at heights of about 100,
200, and 300 km, respectively, and the ) region, whicl: is less clearly defined hut lies
below the £ layer. These “‘regular” favers are produced by radiation from the sun, so
that the ion density, and hence the frequency of the radio waves whieh can be reflected
thereby, is higher in the day than at night, The characteristics of the luyers are dif-
ferent for different geographie locations, antd the geographic effects are not the same for
all layers, The characteristics also differ with the seasons and with the mtensity of the
sun’s radiation, as evideuced by the sunspot numbers, and the differences arc generally
more pronounced upon the #2 than upon the F1 and ¥ layers. There are also certain
random effects which are not fully explained. Some of these are assoctated with solar
and magnetic disturbanees. Other effects whieh occur at or just below the /£ layer have
heen established as being caused by meteors.®

Briefly the presently recognized ionospherie effects can be grouped into scven major
categories as follows: (1) D region, (2) regular F layer, (3) regular F1 layer, (4) regular
I"2 layer, (5) sporadic F layer, (6) meteorie, and (7) anomalous and irregular ionization.
The effects of the first three categories ave either negligihle or nonexistent at {requencies
above 30 Me and will not he relerved to in detail. Categories (4}, {5), and (6) will he
diseussed briefly as to their probable impact upon television sevvice, The impaet of
(7) on television service is expeected to be negligible,
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1’2, Layer

Data taken mainly during the vears 1946 1o 1948, when solar activity was high, in-
dicate that during certain seasons of the vear long-distance propagation by way of the
regular F2-layer ionization can oceur in temperate latitudes on frequencies up to about
50 Me. The percentage of the total time during which it ix poessible ix small, being, for
example, of the order of 4.5 per cent on 50 Me over the London—New York circuit,
during the most favorahle month of the vear at sunspot maximum. In the tropies,
Liowever, such propagation can occur up to 60 Me, with almost regular ])IOpd.glthll on
waves of 30 to 40 Mc. The feld strengths observed are very variable, ranging from
values exceeding the free-space value to those near or bhelow the receiver noise level,
over very short periods of time. However, since the radio noise fields are also very lo\\',
reception is often continuous for long periocs of time and serious interference may result
to services which are designed to provide communieation at relatively low field strengths.

T'or several vears around the solar maximum, on a widely occupied channel, intoler-
able long-range interference may be expected on frequencies below ahout 50 \I(- during
daylight hours in the equinox and winter zeasons.  The lowest [requeney at which sueh
mterference becomes xo infrequent as to he mappreciable 1 about 50 Me [or stations in
temperate latitudes and about 60 Me for stations in the tropies. 3. #

Worldwide predictions of #2-layver maximum usable frequencies (MUY are given in
monthly charts published by the Central Radio Propagation Laboratory of the National
Bureau ol Standards ((‘I’ P13 Because of the variability of the /2 laver, precise
predictions cannot be given for mdividual days, but statistically in one case out of ten
the eritical frequency at a given loeation will vary from the running average by more than
15 per cent. In other words, for the estimation of interference from this cause between
television stations, it may be assumed that the dailvy MU will exceed the monthly
medixn MUF by more than 15 per cent on an average of 1 to 2 days per month. The
occurrence in percentage of the time and in numbers of hours during the 1933-to-1944
sunspot eyele, ag a [unetion of the frequency and af the skip distance, is shown in Fig.
1-16, as estimated [rom Lhe vertical incidence measurcinents made by the CRPL.®

Sporadic E

About five different forms of £, are presently recognized and their occurrence varies
in different, latitudes. The form most prevalent in the United States and of interest to
television can oceur at any time of day but has a broad peak around midday and a
subsidiary peak arownd sunset. It exhibits a marked seasonal variation and is especially
prevalent during the months of May to September inclusive and of relatively small
importance during the remaining months. Transmission by way of it is ordinarily
confined to a single hop, at distances hetween about 400 and 1,400 miles. No definite
correlation with the sunspot evele has as yet heen established.

The nature and causes of £y are not well understood, but the most widely accepted
explanation is that the typieal K, of the temperate lutitudes consists of turbulent and
rapidly moving clouds of lomization,  When the elouds are large, steady and intense
fields may he received for periods ranging [rom a few minutes to several hours. When the
clonds are siuall and numerous, interference between the several reflected wavefronts
produces very rapid fading.  Superposed on the rapid fading are changes in the average
field strength over longer periods ol time, resulting from changes in the sizes, shapes,
and positions of the clouds, These characteristics make difficult the estimation of time
of oecurrence and the prohable interference therefrom. Figure 1-17 shows the number
of hours and the percentage of the total time of oecurrence of F, from September, 1943,
through August, 1944, as a function of frequency and of skip distance, estimated from
vertical incidence measurements made by the CRPL. Tn Fig. 1-18, the curve N =
represents estimated feld strengths exceeded for the times indicated in Fig. 1-17. Curves
N =025 N =05 & =2 and N =4 represent the estimuted field strengths to he
expected lor the corresponding multiples of the percentages of time shown in Fig. 1-17.
Torexample, from ['ig. 1-17, at a frequeney of 40 Me and at 1,000 miles, £, field strengths
oceur Tur 1 per cent of the time.  Referring to g, 1-18, at 1,000 miles, o ficld strength
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Frc. 1-16.  Qceurrence of F2-layer propagation.

of 27 db helow {ree space was exceeded Tor 1 per cent of 1he time (curve & = 1), or 21.5
dby {for 0.25 per cent of the time (curve & = 0.25). At 81 Me these fields would be ex-
ceeded for 0.01 and 0.0025 per cent of the time respectively. The rate of inerease in the
expected times of interlference due to additional transmitters is not known. It ix prohably
a function of the frequency, sinee the apparent size of the F, clouds will deerease with
increasing frequenev, ‘T'hus for frequencies above 54 Me, the lowest of the television
chammels, there is likely to be little correlation between the times of interference received
from transmitters separated by a few hundred miles.# %

The above information is based on a relatively small amount of data taken over a
1-year period. It is known that there are significant variations in £, from vear to vear.
Predictions of £, for 3 months in advance are given in CRPPL Series D and measured
data in Series F, publications of the National Bureau of Standards.® The values given
are monthly median values, and for short periads of time fluetuations about the median
may result in the propagation of frequencies well ahove the values shown. Until more
is known of the nature and causes of £, more delailed predictions cannot be given. For
the same reasons, the ahove information is to he considered more as a guide as to the
order of magnitude of these effects than as the bhasis for relinble estimates of interference
from F,.

Meteoric Ionization

Radio waves are reflected from the ionized trails produced by meteors ut the height
of the & layer and somewhat below. Because of the transitory nature of such ioniza-
tion, the waves are usually received in short hursts of signal lasting for a fraction of a
second. However, long bursts of from several seconds’ to severszl minutes’ duration will
be received at infrequent intervals. Measurements made at a frequeney of 44 Me and
over distances of 300 to 700 imiles indicate that during the diurnal maximum, which
oceurs in early morning hours, about 100 bursts excceding a field strength of 70 db
below free space may oceur per hour. The peak amplitudes for distances between 300
and 1,100 miles lie hetween 10 and 50 db helow [ree space.®
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STATISTICAL EVALUATION OF PROPACATION

In previous sections a partial statistical deseription has been given of the separate
effects of terrain and ol the variation of field strengths with time. Methods have heen
given for the prediction of the median field strengths to be expected for aveus of size
comparahle to the gross features of the terrain, to which correetion factors may be applied
for the presence of huildings and vegetation and within which the fields may be deseribed
in terms of the strengths which ave expected to bhe exceeded at a glven percentage of
locations.  Alternatively, the diztribution of feld strengths as o function of the per-
centige of locations may be regurded as the probability, in per cent, that a given field
strength will be exceeded at a particular location within the area in question.

For the purpose of formulating ¢ national plan for the asignment of television chan-
nels, it was felt to be impractical to consider in detail even the gross features ol terrain,
so that o statistical approach haz heen adopted to prepare families ol propagation
eurves reflecting the median values found from all available data. Figures 1-19 and
[-20 show the field strengths in decibels relitive to 1 pv/m Jor 1 kw ol effective radiated
power to he expecied at the hest 50 per cent of receiving locations for ut least 50 per cent
of the timie, for antenna heights from 100 to 10,000 ft. These ficld strengths are referrved
to as F(50,50). The field strengths nve based on an effeetive power of 1 kw radiated
from a half-wave dipole in fres space, which produces an unattenuated field strength at
1 mile of about 103 db above 1 wv/m (103 dbg). The antenna height to be used with
these charts in any particular cuse is the height of the center of the radiating element
above the average height of the profile between 2 and 10 miles from the transmitter
along the desired radial. Tigures 1-21 and 1-22 show the corresponding field strengths
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for 50 per cent of the locations and 10 per cent of the time /7(50,10), These fanilies of
curves, in conjunction with curve & of Fig. 1-23, may be used to estimate the service
provided by television stations, in accordance with the following procedurcs.

Prediction of Field Strengths for Television Service 1¥

The field strengths required to provide television service are derived in the following
manner: Test receivers of known characteristics as to sensitivity, selectivity, etc., are
set up under typical home lighting and viewing conditions. Viewers then rate the relative
acceptability of pictures at varving levels of input signals as obtained from a calibrated
source, such as a television xignal generator. The ratings are then analyzed statistically
in terms of the percentages of viewers who rate the pictures as of a given quality, such
as satisfuctory, at each level of xignal input. These results follow the normal probability
law of curve N. Tt is impractieal to satisfv 100 per eent ot viewers and values satisfving
50 to 70 per eent are usually adopted for browdeast purposes.  IFrom the signal level
thus selected and the known bandwidth and noise characteristics of the receiver, a
required signal-to-noise ratio is determined. The required instantaneous fields F’ to
provide serviee of thiz quality are then derived by applyving the proper values for the
receiver-noise figure and the antenna and transmission line characteristies of the typieal
rveceiver installation. Similar procedures are used for deriving the desired to undesired
ratio for various types of interfering signals.  Tor thiz purpose the undesired signal is also
fed into the recetver input in various ratios and at various frequencies in relation to the
desived signal.®

The service at a particular location iz said to he satisfactory if the minimum requived
field /', as above determined, is exceeded for some agreed percentage of the time 7',
such as 90 per cent. This may be expressed as o T per cent field strength F'(T). The
required time median fiell F'(T = 50) to provide the minimum field for the desired
percentage of time £'(7") 14 given hy the equation

FI(TY = F(T = 30) + N'(T) (1-12)

N(T) is the time distribution factor in decibels for T per cent of the time. This factor
s as=umedd to he independent of location so that g, (1-12) can also be written

FULTY = F(L50) + N'(T) (1-120)
and FS0,10) = FEOS0) + N = 10) (1-124)
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Frc. 1-19. F(50,50) for television channels 2 to 6, 14 to 83.

Thus N'(T = 10) can bhe determined for various frequencies, distances, and antenns
heights, using the appropriate values of F(50,10) shouwn in Tigs, 1-21 and 1-22 and of
F(50,50) shown in Figs. 1-1% and 1-20. The distributions of field strengths for waves
propagated via the troposphere are highly variable. 1%ov short periods of time during
which the charneteristies of the troposphere do not vary materially and the variation i
due mainly to wave interference, the distvibution may wpprowch the Ravleigh distrihu-
tiou shown in curve & of IFFig. 1-23. or longer periods of time the distributions of
instantancous values and of hourly median values assume complex forms of which the
cwrve 7' ol Pig. 1-23 is charaeteristie.  Sinee the feld strengths from which the eurve
was construeted have contributions fram various modes of propagation and since the
shape of the curve varies with such parameters as irequency, distance, transmitting
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Fic. 1-20. F(50,50) for television channels 7 to 13.

antenna height, receiver location, ete,, an exact expression is not possible. However,
the curve is sufliciently close to the log normul curve N, so that with attention to the
proper slope as determined by the appropriate value of N'(7 = 10), a log normal distribu-
tion can be used for the purposes of estimating service and interference. Thus N'(T)
for values of T other than 10 per cent can he approximated by the formula
V) = NAT = 10y (1-13)
‘ ’ TN = 10)
The percentage of locations L or the percentage probability L that the received fields
F'(L,T) will exceed the required T per cent ficlds £/(7) at a particular location within
the area may be determined by the formula
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NALY = F(LTY — P' — F0,30) — N'(T) (1-14)
where N’(L) is the location distribution [actor in decihels for I per cent of locations or
L per cent probability at a particular loeation. For VHE television Channels 2 ta 13,
N'(L) is equal to 0.53 times the values given by the normal probability curve N of Fig.
1-23, or N'(L) = 0.53 ¥(L). Jor THT Channels 11 to 83
N(L) = 0.75 N(L)

F'(L,T) is the minimum fieldl strength, In dbg, to be expected at the best L per cent
of locations for at least 7" per ceut ol the time. P’ s the effective radiated power in
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decibels relative to 1 kw (dbk) radiated from a half-wave dipole. 7(50,50) is the median
value of field strength in dhg for an effective radiated power of 0 dbk for the area in
question, as taken from Fig. 1-1% or 1-20, for the appropriate [requency, distance, and
transmitting antenna height.

Lrample: Tor a television station operating on Chamnel 2, with an effeetive radiated
power of 100 kw (20 dbk) and an average transmitting antenna height of 500 [t for 2 o 10
miles along the radial, what pereentage of locations in an area 20 miles from the iraonsmitier
may be expected (o have ficld strenglhs execeding 74 dhg Tor at least 90 per cont of the
fiune?
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LS = T4 dba
£ =20 dbk
F(50.60) = 54 dby (Irom Fig, 1-11)
F(H0.10) = 36 dbu (from 17ig. 1-21)
NUT = 10 = 56 — 54 = 2 db [[rom L. (1-120}]

2(—20
AT = 90) = 7(»70 b —2db [{rom Fig. 1-23 and g, (1-13))

Bubstituting in g. (1-14

ML) =72 —20— 54— (—2) = 42

NI,

N Sl
.53

£, = 41 per cent (from ['ig. 1-23)

Several points at various distances along each vadial can be caleulated in the above
manner and the distance at whieh desired percentages of loeations, ov desired prohabili-
tiex, such as 50, 70, 90 per cent, ete., oceur may be determined by interpolation.  Iso-
serviee comtours may be drawn by connecting the points having the same prohability
on cach of the several radials.

Some analyses have heen made ol thix problem using different. charaeteristic slopes for
values of T above and below 530 per cent. Hinee values of 7' hetween 10 and 40 per cent
are wsnally of principal interest for hroadeast purposes, a closer fit to the curve 7 ean he
made by this method within the range of interest,

Prediction of Service in the Presence of Interference from
One Undesired Station ¢

The percentage of receiving locations, or the prohubility in per cent L, at anyv given
distance from a desired station and one undesired station (for which an acceptable ratio
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Fic. 1-23. Time and location distributions.
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4, in decibels, of desired-to-undesived signals is exceeded for at least T per cent of the
time at the receiver input) can he determined from the following equation

Tl’(L) = A + Pu’ - I)d’ + Gru — rd + Fu(ao;'so) - F(’(E)Oybo)
+ VNAT + N (D) (1-15)

The subseript d denotes values applicable to the desired signal, and the subseript »
denotes values applicable to the undesired signal.  As above, the effective radiated
powers of the desired and undesired station in P/ and P,/ are expressed in deeibels above 1
kw radiated from a half-wave dipole. g, and g4 ave, respectively, the gains of the
receiving autenna in the divections of the undesired and the desired transmitters,
F,(50,50) and F(50,50) are the indicated field strengths from the undesired and desired
transmitters taken fromn the appropriate curves of [Fig. 1-19 or 1-20. N,(T) and N,/'(T)
are the time-distribution factors for the desired and the undesired field strengths, respee-
tively. The factors for 90 per cent of the time ean he determined by subtracting the
(50,10) field strength from the (50,50} field strength for each station at the proper dis-
tances on the appropriate curves of Figs. 1-19 to 1-22, in accordance with Eq. (1-125).
The factors for any other desired percentage of time may be found by the use of Fg.
(1-13) and curve N of I'ig. 1-23.

The answer for the factor #'(L} ix obtained in decibels, IFor Channels 2 through 13,
w'(L) = 0.75 N(L) and the pereentage of locations ut which the ratio A4 is exceeded may
be read from the probability distribution, (L), as a function of L in Fig. 1-23. For
Chaunels 14 through 83, /(L) = 1.05N(L).

It will be seen [rom L. (1-15) that the time-distribution factor applicable to two
fading signals combines as the square roots of the individual factors. When the fading
of the undesired signal is three or more times the fading of the desired, the latter fading
may be negleeted with negligible error.  Thus, the charts for the desired signal F(50,50)
and the tropospherie charts /(50,10) for the undesired, with appropriate corrections for
the effective radiated powers of the two stations and the directional patterns of the
receiving antennas, can he used to determine directly the isoservice contours for 90 per
cent. of the time and 50 per cent of the loeations.

The approximate method, in which the fading of the desired signal 1s negleeted, can
be expressed in the following formula:

TLJ(L) =A+ P =P/ + g — Grd + [('14(-’—)(),10) - F.y‘(50,50) (1-16)

This formula permits the approximate method to be applied to the case where it is
desired to locate the contour at which an acceptable ratio is exceeded for a percentage of
the locatious other than 50 per cent.

Prediction of Service in the Presence of Interference from Several Sources

This problem was studied by the Ad Hoe Committee and four methods of calculating
the combined effects of several interfering signals were reported in vol. 2 of the report
of the Committee.! The methods involve somewhat different assumptions as to the
subjective effects of interference and as to the time and space correlations of the various
signals.  Reference should he macde to that report for details as to the assumptions made
and the limitations involved i each nicthod. The application of three of these methods
is somewhat tedious, and sinee the results obtained by all four methods are reasonably
consistent, just one relatively simple method will be described in detail.

This method involves the conelusion that the probability of a receiving location receiv-
ing satislactory service for a particular percentage of time in the presence of a plurality
of interfering signals is equal to the produet of the probabilities that satisfactory service
will be received {or the same percentage of time in the presence of each of the interfering
signals alone. Thus the values of n'(L) for the desired signal and each of the interfering
signalz are comnputed individually from Eq. (1-15) or (1-16), and the resulting probability
found by multiplying the individual values together. Take as an example the case of
two interfering signals, the first of which vields a location probability of 0.90 (50 per
cent of locations), and the second of which yvields a location probability of 0.70, at a
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given point. The probability of receiving satisfactory scrvice of the same time availa-
hility at the same point ix 0.90 X 0.70 = .63, or 63 per cent,

Distribution and Summation of Service

The method of deseribing service areas hy isoserviee contours, while relatively simple
and useful for some purposes, is in faet a rather incomplete method which may lead to
erroneous conclusions unless applied with understanding.  Contours are frequently used
to describe the outer limits ol recognized grades of service for administrative purposes.
The treatment of an isoservice contour us o limit of service, rather than as i contour of
equal service availability, leads to errors in extimating serviee availability as well as the
number of people who are expected to receive serviee. The foregoing analysis shows
that i1 any small area only a percentage ol the residents i= expected to have service of a
given quulity available, so that this percentage of the population, rather than the total
population of the area, should be included in o population count.  Also, the percentage
varies from area to area within the contour, increasing gencrally with decreasing distance
from the desived tramsmitter, so that to obtain a fairly reliable count, variable per-
centages should be used for different areas.

As the distance from the desired transmitter increases, the quality of service does not
change abruptly as might be inferred {ram the diawing of service contouvs but shades
gradually from service of generully high quality to service of low quality. Thus it is
proper to represent the expected quality of service us a eontinuous funetion of distance.
[igure 1-24 shows the percentages ol locutions at various radii from a television station,
at 63 Me, with 100 kw (/2" = 20 dbk) radiated {rom a 500-ft antenna, which would be
expected to receive service for at least 90 per cent of the time in the presence of receiver
and cosmic noise only. In IMig. 1-25 the percentages ol locations in each annular ring
at the radius » from the transmitter have heen multiplied Ly the area of the ring, to
procduce setvice distributions in terms of integrated service area 1, as a function of
diztance from the transmitter. The thickness of each ring has heen taken as lgr so
that the ring area is equal to the rudius in each ease. The curve labeled P’ = 20 dhk
corresponds to the conditions of Fig. 1-24.  Curves for powers of I = 0 dbk, P’ = 10
dbk, and P = 30 dbk are also shown to illustrate how the service varies with changes in
the effective radiated power. In order to estimate the equivalent service area provided
by the station, the area under the curve is integrated hy the use of a planimeter or in
accordance with the formula

-l
Service area = 27rf Yrdr
1]

\ =63 MC; fp =500 FT = 30FT

[of:) T =20 DB F(L, 90) =47 DBU
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Fic. 1-24.  Distribution of noise-limited-service probability.
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Fig. 1-25. Distribution of noise-limited service.

As an additional step, the integrated service area may be represented graphieally hy a
cirele of equivalent radius. These radii are indicated for each power on I'ig. 1-25 hy
the dashed lines labeled dq.

A similar approach can be used for cases in which it is desired to estimate the resulting
service areas in the presence of interference {rom other television stations and other
sources. Needless to say, the procedure becomes exceedingly complex in particular
cases where there is a lack of symmetry between the sources of interference and the
various radials along which service is to be estimated. In addition, as stated above, the
available propagation data are subject to large probable errors svhen used to estimate
service for any particular station. For these reasons, application of the procedures has
so far been limited to hroad studies of channel utilization, which are useful in developing
station assignment plans and rules,

As illustrative of the methods of estimating service in the presence of several sources
of interference, assume a case i which co-chunnel and adjacent-channel stations are
assigued in a saturated triangular lattice, ns shown in the inset of I"ig. 1-26. The probu-
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Fic. 1-26.  Distribution of service probability limited by interference.
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bility of recetving service of a given quality {ov a specified percentage of time from the
desired station in the presence of the several sources of interference can be caleulated
for particular receiving Joeations aloug « radial in accordance with the four methods.
The resulting distributions are shown in Fig. 1-26. Figure 1-27 shows the corresponding
ared probabitity and total areas for the four methods. It can be seen that the simple
methocl described in Appendix (' of vol. 2 of the Ad Hoc Report, and described previously
herein, vields smaller estimates of service than do the other three methods.

[Using this concept of total aren it is possible {o estimate the probable efficiency of
utilization of the available television channels for various combinations of station
power, antenna heights, and station spacings.  While 1t is known that as a practieal
matter the station assignment pattern will follow the pattern of cities rather than the
ideulized and somewhat more efficicut lattice, from the standpoint of area coverage,
useful conclusions as to station-spacing requirements have been drawn from such
studies.”?

SELECTION OF STATION SITES

I'he sites for the antennas of permanent relay stations and for television Lroadeast
stations should be selected carelully, ax the success of the operation depends to a great
extent upon the care and foresight used in selecting the sites. I previous sections,
quantitative information has heen given which will assist in estimating the transnussion
loss incurred over television relay links under specified conditions and in estimating the
probable service obtained from a television broadeast station. The purpose of this
section is to give a few guides which enginecrs have found to be of assistance in selecting
sites which will yield optinnuim results for the area in question.

Selection of Sites for Radio Relay Stations

A large amount of preliminary work is necessary in laying out a radio reliy svstem,
For microwave systems it is usual that adjacent sites have a clear line-of-sight path be-
tween their antennas. To determine station locations, the best available topographical
maps should be used. These, however, usually will not be adequate for final station
location, particularly since for some areas no maps are available and [or others existing
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maps may be found to he inaccurate. In some cases, aerial surveys have heen used.
Before finally selecting a site, radio transmission tests should be made with the adjacent
sites. For these tests, portable towers with parabolie antennas and transmitters mounted
on earriages which can be moved up and down the towers are used.

If the intervening terrain is rough aud the intermediate clearances satisfactory, no
large change in received signal will be found as the antennas are raised and lowered on
the towers, until the anteunas are lowered so far that clearance of the first Fresnel zone
no longer exists.

In some cages, however, substantial earth reflection may be encountered, and this will
be evidenced by substantial variatious in received signal strength as the antennas travel
np and down. It s dexirable that transmission he largely confined to a single ray arriv-
ing from the distant station. If one or more additional rays are present, owing to re-
flection from the earth at sonie intervening point or points, the resultant signal will he
that due to the combination of rays and will depend on their relative phase relations.
Sites showing such earth reflection are not desirable, ns substantial amounts of fading
may be expected at times when changes in the atmosphere cause the amount of bending
of the waves to change with eonsequent changes in phase relation of the arriving rays.
If such variations are ohserved in these path tests, the intervening terrain should be
inspected with a view to determining whether by moving one or both sites a short dis-
tance the reflecting earth surface can he avoided.

Tt is usually difficult to recognize the areas whieh are responsible for earth reflection,
but a few guides ean be given to assist in inspection at the site. If the suspected area is
fairly fat, areas of a sizc equivalent to an ellipse capable of reflecting the wavefront over
the first Iresnel zone should be ingpected. Smaller areas are eapable of supporting a
reflection, hut in general the strength of the reflected component will be decreased.
When the intervening area is rolling or iregular, the determination of the location and
size of the responsible area is still more difficult. It will also be necessary to decide
whether the surface roughness is too great to support reflection at the frequeney of
interest. For this purpose, Ravleigh's criterion ol roughness is used. The surface is
considered to he smooth if 4 xin 6 < X/8, where I is the average height of the features of
roughness, ¢ is the angle of meidence of the wave to the reflecting surface, and X is the
wavelength expressed in the same units as h.

In one ease where transmission was to take place over extensive salt flats which are
smooth and of high conductivity, it was not possible to avoid earth refleetion by any
reasonable change in the station loecations. The fading due to sueh reflection was mini-
mized in this case by employing very low antennas at one end of the section and high
mountain-top antennas at the adjacent station. With this arrangement, the earth-
reflection point was close to one of the stations therehy minimizing the change in phase
relations between the direet and reflected ravs during periods of varying transmission
conditions.”

Selection of Sites for Television Broadcast Stations

Sites for the antennas of television broadeast stations should be so cliosen that at least
first Fresnel-zone clearance is obtained aver ull near obstructions in the directions of
the areas to be served. Thus hills with gentle slopes or with [oothills which prevent
such clearance should be avoided. Not only will the field strengths be reduced in the
shadows of foothills und along the slope of the hill, owing to the low height of the antenna
above the effective plane of reflection, but also nonuniform fields and ghosts may oceur
in distant areas which are within the line of sight of the transmitting antenna. Similarly,
sites in the midst of tall buildings should be avoided unless the antenna can be placed
well above them.

If relief maps of the proposed site are availuble or can be made, small grain-of-wheat
lamps placed at the antenna location will assist in locating shadowed areas. Both theory
and expertence indicate that the radio shadows are of lesser length than the optical
shadows.¥

Profiles, taken from topographie maps, should be drawn for at least eight radials from
the antenna site, and for any additional radials which from inspection appear to present
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particular problems, in the manner shown In Fig. 1-11.  Estimates of the areas of service
should be made, hoth by the methods provided by the Rules of the F'C'C .10

In doubtful areas, actual measurements should he made over these radials, either
from existing transmitters at ot near the chosen site which have frequencies near the
chosen frequency or [rom test transmitters mstalled for the purpose. If test transmitters
are pulsed and mobile measurements are to be made, the pulse repetition rate should he
sufficiently rapid so that the peal detector of the ficld-strength meter can distinguish
between the pulse peaks and the peaks cnused by standing-wave patterns through which
the meter will pass. Otherwise the meter will indicate the peaks of such standing-wave
patterns rather thun the desired average value which is indicative of the strength of the
incident fields.

There i us yet no unanimity among engineers as to the preferred method of making
field-strength surveys for television broadeast stations.  Because of the relative eage and
dispateh with which the area may he covered, some prefer the taking of mobile meagure-
ments with a simple nondirectional antenna mounted on the vehicle ut about 10 ft above
ground. Because of the difficulty of estimating height gain and antenna gain of the
typical receiving antenna in a typical location as compared with the simiple mobile
measuring antenna under the nonidexl conditions to he found in all service areas, many
engineers prefer to obtain relatively fewer measurements under conditions which they
consider to be more nearly typieal for hroadeast receiving installations.  For this purpose
a collapsible mast carrving a typical antenna is mounted on a vehiele and measurements
are made at various accessible locations along each of the radials.  Several techniques
have been emiployed with this type of measuring equipment : (1) maintaining the antenna
at a fixed height during a short run,¥ (2) clusters of spot-=umpling measurements with
the antenna at a fixed height,® or (3) moving the antenna vertically at a fixed location.?
All three techniques have specific advantages and disadvantages.  Spot sumpling, which
ig most nearly analogous to the typical receiver situation, also presents the most dif-
ficulty in obtaining a significant sampling of the existing fields.  All measurements
should be made in accordance with the standands of the Tostitute of Radio Lngineers,
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DESIGN, ERECTION, AND MAINTENANCE
OF ANTENNA STRUCTURES

Warter L. Guzewicz
President
Stainless, Inc.

North Wales, Pennsylcania

INTRODUCTION

This is not intended to be a treatise on tower design.  The object of this discussion
is to give the avernge broadeaster, owner, manager, or engineer a practical under-
standing of tower structures.  General problems concerning tall structures arc dis-
cussed in order to aid the broadeast people who are responsible for buying and main-
tuining towers,  Electrical problems will not he discussed.

TOWER COST

The approximate cost of a tower installation is of prime importance for planning
purposes.  The accompuanving curves show approximate costs of typical installations.
These curves are intended to show the scale or range of dollars involved. The cheap-
est tower structure is the simplest one, such as an AM tower.  This tower mercly
holds itself up, with a sct of lights.  Obviously, anything you add to the tower such
as coaxial lines, signs, and so on, will increase the wind load, which in turn increases
the weight and cost. It is impossible to show all the different conditions which arise.
For example, only a few of the items which will increase cost are;

Winter erection

Inaceessible sites

Foundations in swanps, rock, sand, tide water, or any water

Heuavier wind-design load

Top hats

Special insulators

Electric signs

Large high-gain antennas

Large amount of couaxial

Llevators

Multiple antennas

Towers over 1,000 ft usually involve special engincering for the particular condi-
tions required.  Henee, the cost of towers over 1L00O ft is very approximate.  People
often inquire about the tallest tower which can bhe huilt. At the present time, there
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is no particular engineering reason why towers can not be built up to 3,000 or 4,000 ft
with present-day materials and equipment.

Self-supporting Towers vs. Guyed Towers

The obvious advantage of a self-supporting tower is that it requires less ground
area at the base of the tower, This often is necessitated because of crowded condi-
tions, such as putting np a tower in the center of a city block, on a roof top, or on a
small mountain top. The area required for a typical self-supporting tower will be
roughly a square or a triangle somewhere between 7% and 20 per cent of the over-all
height of the structure, depeneling on the designer. AM towers tend to be a little
more slender than the TV towers. The disadvantage of a self-supporting tower is
that, as a general mle, it is more expensive. An additional disadvantage of a self-
supporting tower is that the designer does not usually investigate whip or inertia
forces. These whip forces tend to be larger in a tall, slender self-supporting tower
with a heavy weight on top {sucl as an antenna) than in a guyed tower.

The obvious advantage of a gnyed tower is its cheaper (installed) cost. Most
guyed towers today are built with a uniform cross section and, in many instances,
a constant weight in cross section. This nakes for cheaper fabricating and easier
and cheaper stacking during ercction. A guyved tower is lighter than a self-supporting
tower. The guys, in effect, form a very large base. A guved tower having less steel
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is usually cheaper to paint and to maintain, since it has fewer members and the
members are easicr to reach on the way up and down the tower.

The area required for a guyed tower varies with the designer. Current practice is
to place the guy anchors out fram the base pier a distance equal to 50 to 100 per cent
of tower height. The tower designer knows that as he pulls in his guy anchor dis-
tance, be increases the dawn load on the tower and so runs up the size of guys and
the size of vertical members. This tends to run up the cost of the tower.

1t is not always necessary to buy all the
land enclosed by the outline connecting —
the anchors. Many towers have guys
crossing a public road.  There are many /
tower installations where it was necessary /
to buy or long-lease a small plot at each ! /
guy anchor and at the base of the tower.

/ \
/ .
Tower Material

4
s
7

H
[ e

Most towers today are built from steel : /
for the sitiple reason that steel is more YW g §
economical than any other material avail- 007 a "o 2 i
able at the present time. lt is possible to 0 bZOH L————
build towers from wood, any number of ’
aluminum alloys, and a number of other F16. 2-3. Relative space reyuirements for
materials. Wood is vsually uneconomical ~ self-supporting and guved towers.
over 80 or 90 ft, and the hbroadcast range
beging at 150 ft. Alunvinum alloys tend to give a lighter but a more expensive tower,
The broadeaster usually is more interested in the cost than the weight of the tower.
There may be a day when the basic cost of some of these alominum alloys will come
down and steel will go up, so that it may be cconomical to use these aluminum alloys.

Probably the most commonly used steel is structural carbon steel which comes
under ASTM A-T specifications.  The vield of this material is 33,000 psi. It has
good elongation and very good working and welding propertics.  lts base price is
relatively cheap.

Pipe is used by some manufacturers, Pipe comes under ASTM A-120. This pipc
has a vield of 25,000 to 35,000 psi, depending upen the grade. Pipe is fairly easy
to work as a rule and is suitable for welding. Its popularity is due to the fact that it
has a low base price. The disadvantage is it comes only in certain specific sizes.

Mechanical steel tubing, hoth welded and seamless is used in various grades and
alloys to mcet specific requirements.  Exacting propertics such as tensile strength,
ductility, and weldability can be produced. A big advantage ol tubing is that both
the outside dimensions and the wall thickness can be varied at will by the buyer.
The disadvantage of tubing is its relatively high base price.

Some designers of the taller towers like to use one of the so-called low alluys.
There are a number of these alloys on the market in a number of forms. The most
popular form is the solid round bar, although tubes are availuble as well, The advan-
tage of these low alloys is an approximate 30,000-psi minimum yield strength. These
alloys have good working and welding properties, and they seem to have a somewhat
higher corrosion resistance than mild steel.  The advantage of these materials is that
they save wind load and weight of structure. One of these new alloys is T-1, a
90,000-psi-yicld steel.  The virtue of this material is its high yicld and its low
carbon content, making it weldable in the shop with no heat treating after welding
being requived by the fabricator. The base price of this material is several times
that of structural steel, and it has proved cconomical to dute only on tull towers.
T-1 does not lend itself to galvanizing,

There have been some towers using high carbon strip rolled into Vs, Towers
using this material very seldom have welding connections because of the previously
mentioned difficnlty encountercd in welding.

,
St
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High yields up to 110,000 psi are obtainable from stainless stecl in the 17-7 or
18-8 varietics which have good working and welding properties.  Although an ox-
cellent material, its high cost prohibits its use in commercial tower construction at the
present time. It has been used by the U.S. Navy for masts on seagoing ships.

Commercial machine parts usually get high strength by heat-treating higher carbon
steel. The higher carbon steel is more dificult to weld. Also, heat treating large,
bulky tower columns is uncconomical. For this reason, high-carbon heat-treated steel
is very rarely wvsed in tower work.

SHAPE OF MATERIAL

There is no particular magic in any one structural shape.  All shapes have their
advantages and their disadvantages. The different tower designers have different
shape preferences. Dilferent tower manufacturers have different shape-fabricating
facilities. It might be interesting to review somc of the more commionly used stecl
shapes.

Steel Angle

The most easilv available shape and the one used in great amounts is the struc-
tural steel angle. The advantages of a stecl angle arc its universal availability, low
initial cost, ease in fabricating, ease in shipping, ease of galvanizing, and ease of
assembly. Because these structural angles make 90° angles, most towers which use
angles are four sided. Three-sided towers using angles are possible. The largest
single disadvantage of a structural angle shape is that the angle runs up the wind
load and, consequently, the weight of the tower, particularly as the height of the
tower increases. Almost all towers were made of angles, at one time, when the
heights were low. Today most tall towers make use of cylindrical shapes.

A much-used shape is a steel strip which is rolled into a V or some shape approxi-
mating a V. The main advantage of a rolled strip is that it is possible to form an
approximate 60° angle. This makes it relatively simple to fabricate a triangular cross-
sectional tower., The advantages and disadvantages of formed strips are about the
same as those of structural angles.

Cvlindrieal

A solid round steel bar has become popular, particularly in the taller towers. The
advantage of a solid bar is that it has low wind resistance for a given cross-sectional
area. Its base price is also relatively mexpensive. The solid bar tower tends to run
the tower weight up if the designer is not careful.

The advantage of a tube to a tower designer is that it has a cireular shape which
keeps the wind load down and it gives the tower designer the most efficient material
distribution to carry a column load. Tubular towers are usually more efficient and
lighter, have fewer parts, and are cleaner looking than those of other shapes. The
createst disadvantage of a tube is its relatively high initial basc price for the material.

To st up shapes, it must he borne in mind there is no particular wagic in any of
the shapes used. It always amazes people to sce different companies using different
designs, different types of facilities, aud different shapes and coming out with approxi-
mately the same tower cost.

TOWER ASSEMBLY

The three principal methods of putting a tower together in the feld ave holting,
riveting, and welding. The latter two methods are seldom used.  Since bolts are
used almost universally in tower crection, a discussion of the various tvpes of holts
and bolting practices is in order.

We may also note at this time the advantage of the prefabricated tower section
where most of the assembly work is done in the shop. The expeusive erection bolting
is then kept to a minimuwn with a resultant saving in time and cost.
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Bolts

The most commaonly used bolt is the square-head machine bolt and nat. Hex-head
bolts and nuts are available at slight extra cost.

High-strength bolts ure becoming more popular with the tower designer, They
allow the designer to use a smaller and hence a lighter bolt with the same strength
for the same load. The high-strength bolt incurs additional advantages by allowing
the designer to cut down the size of the commecting parts. A high-strength bolt,
properly tightened, is sclf-locking and requires no additional locking nut or device.

The properly tightened high-strength bolt exerts a high clamping force, thereby
creating a stiffer connection. It is desirable that the high-strength holts be tightened
to at least the minimum tension specified by the manufucturer.  The following are
the most conunonly used methods for torquing high-strength holts.

I. Torque wrench. An indicator which registers torque is a component part of
this wrench.

3. Pneumatic impact wrench., Air pressure is cantrolled so that the wrench stalls
at desired torque.

3. Pneumatic impact wrench with intermmal automatie cutofl which shuts off air
supply when praper torque is reached,

4. The nut is tumed to an initial tightness. Then the nut is given prescribed
amount of visual turn with the wrench.

Ribbed or Dardelet bolts are sometimes used.  These bolts have ribs along the
body of the bolt. These ribs dig into the bolted material, providing the holes are
undersize.  If properly used, they muake a rigid connection.  They are not popular
with erectors because of the extra work involved in driving the bolts into undersized
holes.  Their effectiveness is lost il holes are not undersized.  These holts require
locking devices.

It is mandatory that all bolts and nuts be drawn tight.  All nuts (except on high-
strength bolts) should he locked in some wanner to prevent them from working
loose. This can be accomplished in many ways. A simple wav is to stake the nuts
by upsetting the thread on the bolt after bolt is on. A great variety of patented
lock nuts, washers, and devices are availuble.  Thev all seem to bhe fairly effective
providing they are put on and put on tightly.

Number of Faces on a Tower

The number of faces a tower has is usually dictated by the cconomy of fabrica-
tion and erection.  The simplest tower is one which has o circular cross section,
which, in eflect, has no face at all. Wooden poles would make such a tower, and
tall radio towers have been designed out of large-diumeter steel or aluninum tbes.
An extreme case of the number of faces on a tower would be a tower made up of
eight, ten, or even twelve faces. There is no reason why good towers with that nun-
ber of faces could not be built, and they sometimes ure. It should be pointed out
that a poorly designed tower is a puoorly designed tower and a well-designed tower
is a well-designed tower iirespeetive of the number of faces the tower has. At the
present time, most towers are built using either a triangular or a rectangular cross
section.

Preassembly by Welding

Some towers are preassembled by welding in the shop.  These prefabricated sec-
tions may be anywhere from 5 to 30 ft in length,  The length of the section pre-
assembled in the shop is dictated usually by handling, shipping, and erection facili-
ties. The advantage of prefabrication is that it takes some work from the erector in
the field and puts it into a better equipped and organized shop. These preassembled
sections may be made from material of any shape. The welding gives o stiffer,
lighter, and cleaner subassembly as a general rule.

rectors like prefabricated sections because they save monev by merely stacking
sections, having fewer bolts to contend with, and fewer joints to check.  The biggest
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disadvantage of the prefabricated tower is its bulk and resultant increased freight
cost.  For this reason, prefabricated sections are used in shorter towers. For ex-
ample, shipping a 1,000-ft tower in sections 1,000 miles would incur a total freight
hill far in exeess of the savings in erection. It is not correct to state that a pre-
fabricated or preassembled tower is better than a knocked-down one, or vice versa.
Total cost is the measure.

Antennas, Towers, and Wave Propagation

TOWER CONFIGURATION

The Uniform-cross-section Radiator

Most people are nnder the erroneous impression that the uniform cross section in
radio towers was dictated by the radiation properties of an AM tower. It is true
that the radiator of uniform cross section from top to bottom has radiating properties
which an electrical engineer says are casier to predict. But note that self-supporting
towers are tapered, although it is possible to build them with a uniform cross section,
The electrical engineer simply has to contend with the radiating properties of a
tapered structure.

Tapered guyed towers and nontapered self-supporting towers are built but not as
a general rule. Most guyed towers are built with constant cross section and most self-
supporting towers are tapered DLecause of one simple reason—it is cheaper to build
them that way.

Straight Base vs. Pivot on a Guyed Tower

A guyed tower may be designed to come straight dowu at the base pier or to a
pivot.  Either method is satisfactory providing the conditions encountered are prop-
erly engineered. The advantage of a pivot base is that the pivot relieves a large
bending moment at the pivot. In Fig. 2-4 this is graphically illastrated by comparing
the moment curves of the two types of towers. The pivot saves steel and takes bend-
ing off the base insulator, it there is an insulator. The load on a pier is pare down
load and the piev is a bit easicr to design.  The advantage of a straight fixed base is

ease in fabrication. The erector can start

(A) BENDING MOMENT  (B] erecting without using temporary gunys.
FIXED BASE DIAGRAMS PIVOTED However, the bending moment tends to
BASE increase weight, the size of insalators (if
~ any ), and the size of the base pier. Also,
the pier top must be perfectly level to dis-
<] ﬂ tribute the load evenly from each tower

leg,

- ~
Tower Weight

fr == . The weight of a tower is quite impor-
BENDING —!—u—? (L—BENDING movenT  tant. The weight comes into the caleala-
MOMENT AT AT BASE:= 0 tions of the strength of the tower in a very

BASE IS LARGE

Fic. 2-4, Effect of a fixed base on a guved
tower,

goup.

weight becomes an appreciable item.

simple manuner. The heavier the tower,
the greater is the total down load; conse-
quently, more steel is needed and the
sizes of the base insalator and base pier

In the 200-ft AM guyed tower range, the weight is relatively a smuall per-
centage of the total design load, usually somewhere between 10 and 20 per cent.
percentage increases with the height of the tower.

This
In the 1,000-ft tower range, the

Skillful designers of steel towers recognize this
fact and make some effort to keep down the dead weight.
towers equally strong and yet with eutirely different weights.

1t is possible to have two
For example, as a gen-

eral rule a four-sided tower made up of stractaral angles will weigh more than a tri-
angular tower nsing round members and vet the design strength will be about the same

in either ease.

The statemend that tower

A s stronger than tower B because it is
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Fic. 2.5. Photograph showing fixed-base  Fic. 2-6. Photograph showing tapered-base-
tower. tvpe tower.

heavier or vice versa is simply not true if both towers are designed to the same
specifications.

A heavier tower will gencrally tend to have larger inertia or whip forces than a
lighter tower. Usually these forces are not serious, but they may well be. For
example, in a lall, self-supporting tower with a slender ratio and with a heavy antenna
on top, whip forces are appreciable.

Theye is one practical minimum limit to the weight of a tower. The size of the
members should not be so small that they are susceptible to damage in transit, dur-
ing erection, or during maintenance climbing operations later on. Tower members
should be rugged enough so that they can be handled as structures and not as fragile
china. The average erector with heavy
boots should be able to climb the tower W -
without rolling over edges, bending thin :
members, or kinking small rods. Most
towers used in the broadcast range today
have members which are sturdy enough
for ordinary usage.

Rigid-frame Trusses [

Towers are designed as trusses, either JjE ij'L

the conventional type X or diagonal brac-

ing or the rigid-frame type. The joints CONVENTIONAL RIGID TYPE
of a rigid-frame type of truss are moment- "x" TYPE BRACING FRAME
resisting and are usually welded. Con- Fic. 2-7. Conventional X-type and rigid-
ventional-type trusses are usually bolted  frame bracing.

at joints, and the joints are considered to

be hinged. In rigid-frame trusses, the members have bending stresses as well as axial
stresses,  Standard methods of analysis can be used for determining the stresscs.
Rigid-lrame trusses Lend to be very clean acrodynamically and offer a minimom re-
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sistanee to wind,  They have also proved themselves quite economical for lowers,
particularly in the short heights.

TOWER ATTACHMENTS

Antenna

The prime purpose of a TV tower is to support the TV antenna and its Feed system.
The attachment of the antenna to the tower is a problem, especially when the an-
tenna is large.

Antennas have been mounted on towers in three different methods. Oune method
is to side-mowmt the antenna onto the tower. In general, when this method is nsed,
the radiating elements are clamped onto the vertical tower members.  This method
of mounting the antenna has the advantage that the loads cansed by the antenna are
kept to a minimum and also the antenma loads can be distributed over the tosver
casily.

A second method of mounting an antenna on a tower is with the telescoping-pole
type of mount. The pole telescopes down the center of the tower, the distance de-
pending upon the size of the antenna. At the top of the tower, the pole has some
sort of adjustablc gunide so that it can be plumbed. The bottom of the pole fits into
the pole socket. Usually the pole socket is a fixed position and is not adjustable.

ANTENNA

| ADJUSTABLF P{ATES
WELD TO FLANGE
AFTER ALIGNMENT

OF ANTENNA
sUY FLANGE
’ TOWER
TOWER / STRUCTURE
' -

. +-POLE SOCKET

L Ld

1'1g, 2-8.  Side antenna attachment. i, 2-9, Telescopic antenna mast attach-
ment,
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Fic. 2-10),

.
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Tig. 2-12, Ladder steps
welded to tower structure,

Flange antenna attachment,

PREFABRICATED
LADDER BOLTED
TO TOWER

1

11 X

S

STEP BOLTS
(REMOVABLE )

NUTS WELDED
TO MAST

Tie. 2-13. Step holts on
evlindrical mount,
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The third conmmon type of antenna mount is the Hange mount. A flange-type
antenua mount suddenly dumps a large overturning moment into the tower. If the
moment is large relative to the capacity of the tower as with some TV antcnnas, the
problem can become quite nasty structurally.

Usually it is necessary to install the antenna in a vertical position. The top of the
tower or the leveling plates as furnished by some manufacturers should be checked
to make sure they are level before actual installation of the antenna.

Climbing Facilities

A tower must have some climbing facilities in order to maintain it and its equip-
ment. Sometimes short towers have the tower members themselves auanged in such
a manner that they act as step hars.  Various climbing facilities are illnstrated in Figs.
2-11, 2-12, and 2-13. When towers are short, step bolts similar to the ones seen on

SHEAVE
SMALL T :
80X
|k-SINGLE
LlNE 1
LADDER
| ToweR PLATFORM.~~
MOTOR WITH GEAR )
REDUCTION. uUNIT CaB
OR HAND CRANK — S
GUIBE RAILS
Fic, 2-14. Dumb-waiter tvpe of lift. Fig. 2-15. Typical section through ele-

vator.

telephone poles are occasionally used.  As the tower height increases, these step
bolts do not give a feeling of sceurity to the person climbing.  As a general rule,
ladders are provided on tall towers. Erectors themselves usually prefer o ladder on
the face of the tower, since the erector likes ta climb on the outside of the tower
where he has fewer encumbrances. Most engineers and station people, however,
who climb the tower oceasionally to check antevnas or lights feel safer if the ladder
is within the confines of the tower cross section so that the outside of the tower forms,
in cffect, a natural safety cage. A safety cage i sometimes provided so that it is
practically fmpossible to fall out.  Usually, safety cages are not called for, since they
add wind load to the tower and, consequently, increase the cost.

On taller towers, some form of hoist or elevator is occasionally used.  The simplest
arrangement, shown in Fig, 2-14 {s, in effect, a form of dumb waiter.

Tower Elevators

It may take a man %4 hr to climb the full leugth of a 1,000-ft tower, If there is
any equipment to be lugged up, this adds quite a burden to the climber. For this
reason, it is often desirable to install an elevator in towers over 1,000 ft.

The elevator adds to the wind and dead loads, and so, the tower has to be de-
signed originally to carry the elevator. A well-designed elevator embodies the ele-
ments noted in Fig, 2-16. There are many variations of the details required.
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An elevator suitable for use in a tower consists of a driving mechanism, car, guide
rails, hoisting cables, counterweights, integral and anxiliary cab controls, and two-

way communication system. The guide
rails should be machined to provide a
smooth, steady ride.  The T shape is com-
monly used, but rounds are used to cut
wind loads.  The driving mechanism
should he a traction type with a high
starting torque and low starting current.,
Rope guards are necessary to prevent
entanglement of the hoisting rope in the
tower structure during severe wind storms,

Diflerent people prefer cages of dif-
ferent sizes. The tower designer leans
toward a small cage; the owner would
rather have a large cage. Elevators have
a relatively slow rate of climh, simply he-
cause it keeps the power requirements
and the cost down, The commonly used
rate of ascent for elevators todav is 100
fpm.  Elevators are available with elee-
tronic controls and two-way comununica-
tion systems in caly and tower base so that
the operator is able to stop the cage at
auy height.

Considerahle altention is given to safety
devices in the design of a tower elevator.
For example, in case of hoisting-cable fail-
ure, spring-loaded cams automatically ave
bronght into play to freeze the car against
the gnide rails. Limit switches stop the
car motion past either the upper or lower
landing platforius should the operator fail
to cdo so. The brakes on the driving
mechanism are spring applied, electrically
releasec, and designed to he automati-
cally applied in the event of interruption
of power from any cause. A tension de-
vice is supplied, limited by moistureproof
switches which will cut oft power in the
event of cable streteh or excessive cable
motion.  Finallv an access ladder is sup-
plied for the full height of the tower to be
used as an emergency descent.

TOWER PROTECTION
Galvanizing

Galvanizing is the process of coating
wetals, usually stecl and iron, with zinc.
One of the peculiarities of the zine trade
is that this coat iy expressed in ounces of
zinc for a square foot of surface. Most
galyanizing is done via the “hot-dip”
method. That is, steel is dunked into a
zine bath and then pulled out.
zine stays on the steel.
even a third time.

This is termed a double or triple hot dip.

; INTEGRATED CAB
! CONTROL 2 WAY COM-
| MUNICATION SYSTEM

S|l SBOTTOM LANDING
| PLATFORM

r—CAR BUFFERS
. *J‘:urm SWITCHES

%” “TF LIMIT SWITCHES
o |1 ——DUAL HOISTING CABLES
— l<—TOP LANDING
i | PLATFORM
=
gti = [[ ROPE GUARDS
ElE) ——ACCESS LADDER FULL
P N | HEIGHT OF TOWER
2 St ' ] ] ]
b= I CAR APPROX 3'x3'x7
>l i OF EXPANDED METAL
|
=
|
|

TRACTION TYPE

i DRIVING MECHANISM
WITH HIGH STARTING
TORQUE AND LOW
STARTING CURRENT

" AUXILIARY CAR

CONTROLS

O

(——COUNTER WEIGHTS

4 4——COUNTER WEIGHT
BUFFERS

LANDING PLATFORM

F<LADDER TO LOWER

ELEVATION \/

g, 2-1G. Typical elevator installation.

The excess zine drips off, and a certiain thickness of
If a thick coat is cdesired, the steel is dunked a sceond or

How docs this zinc
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help?  Zinc is higher than steel in the electrochemical series. It means that the zine
tends to be eaten awayv over an area hefore the steel does, even if the zine surface is
scratched to expose bare steel.  Corrosion of steel is delayed until the adjacent blob
of zinc is depleted.

Obviously, the life of the coat depends on the thickness or weight of the zinc
coating and the atmosphere. For years, the American Society of Testing Materials
has been testing miscellaneous weights of zine on stecl structures in different parts of
the country. There arc available estimated life curves of zinc coats in various atmos-
pheres, expressed in vears vs, the coat thickness, in such locations as Pittshurgh, Pa.;
Sandy ITook, N.J.; and Amnes, lowa.

Almost all guy strand and wire rope are zing-coated for the simple reason that the
individual wires making up the guy are small and usually run in diameter from ¥4
to %44 in., so that corrosion is a critival factor.

Since the zine coat will impose an additional cost, should one galvanize? This
will depend upon conditions.  First of all, it is impossible for steel to corrode if the
paint is properly kept up.  Hawever, there may be installations in certain highly cor-
rosive atmospheres where maintaining the paint will present quite a problem. Those
installations are not too frequent. If the broadcaster properly maintains his paint,
then this should be adequate.  Ou small, unattended towers where inspection may
not be too regular, there is sonie merit in galvanizing, Tt is also possible in large,
unusual towers where a special dispensation has been obtained to paint ouly a portion
of the tower that it may be worth galvanizing only those portions of the tower which
are never painted.

Tubular members, if galvanized, should be gah-anized both iuside and outside or
else the drain holes should be plugged up. Care should be taken to seal the ends
of tubes on tubular structures if they are not galvanized. Moisture or oxygen cannot
get inside a properly sealed tubular member, and therefore there is no possibility of
corrosion on the inside surface.

Painting

FCC Requirements

The Federal Commiunications Commission has preseribed a set of standards to pro-
vide an effective means of indicating the presence of obstructions to air commerce.
Radio and TV towers, hecause of their height, are considered as possible obstructions
to air navigation by the Federal Communications Commission and, thiercfore, must be
marked and lighted accordingly.t

To comply with these regulations, the tawers are painted in contrasting colors of
white and international orange in alternate bands for maximum visibility during day-
light hours. The exact spacing of these bauds is spelled out on the facc of the con-
struction permit. The FCC also requires that towers be painted as often as necessary
to maintain good visibility. Obviously the painting becomes quite a maiutenance
problem, and if it were not for this paint regulation, probably the cheapest finish
would be a coat of zinc.

Surface Treatment

Paint will not stick to hrand-new galvanized swrfaces. The erector should treat
the surfaces of the galvanized parts, Some fabricators give galvanized parts a special
treabment prior to shipment so that the surface is prepared for painting. Any number
of solutions have been made to etch this smooth zine coat.  The simplest and most
commonly used treatment is plain vinegar or a weak acetic acid solution which is
applied to the surfuces in the field prior to painting. A better solutivn is as follows:

9 oz copper chloride

2 oz copper nitrate

2 oz sal ammoniac

1 Federal Communications Comimissions Rules and Regulations, Part 17,
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2 oz muriatic acid

1 gal water
Apply with rag or brush to the tower, and allow to div for 10 hours befare applying
paint.  Galvanizing will first turn black and then a doll grayv.  Such a treated gal-
vanized surface requires no primer.  Another way to treat zalvanized sections is to
let them weather a period of three months to u vear depending on whether the tower
is located in a dry or a salty and moist atmosphere.

Application

Paint usuwally consists of two coats.  The outside couat is a hard enamel, either
orange or white and sometimes black.  The cnamel has wearing qualities and i
relatively tough,  However, enamel does not stick very well to plain steel. For this
reason, towers usually have a primer coat. The purpose of the primer coat is to
effect o bond between the steel and enamel.

Primer will not stick to a surface which has scaled rust. mud, dirt, oil, or grease.
For that reason, the surface has to be fairly clean. If the rust is scaly, it should be
wire-brushed off.  If the surface is dirty or oily, it should be wiped with a thinner,
aleohal, gasoline, or any number of cleaners or detergents.  There are many good
primers—red lead, iron oxide, zinc cromate, and combinations thercof.  The primer
should be on the thin side, since a thick primer has a tendency to peel.  The primer
has no staying qualities; that is, it will not weather very loug.

Tests show that international orange and white enamicls from maost reliable com-
panies are good. The life of the orange and white paint depends upon the location.
In the dry desert parts of the United States towers do not require repainting for
10-year stretches. Towers along the seacoast, which are constantly subjected to salt
sprav and sunshine, require a new coat of paint approximately once a year. There
is no fixed rule in the length of the life of the outside coat.

Broadeasters should be cautioned abont getting wnusually cheap prices for painting
or repainting a tower from unknown erectars who happen to be passing throngh town.
These “fast prices” sometimes leave one with a tower where only the hottom 100 ft
are painted beautifully and the rest of the tower is painted on the bottom surfaces
only,

On paint maintenance contracts, broadcasters should make sure that the painter
has public liahility and property damage insurance coverage, since it is verv difficult
to keep the puint from fHving, cven in a very small wind. This is a very definite
hazard, sinee neighboring buildings and cars are constantly being covered hy flving

int,
TOWER GUYS

Steel Guy Material

Rope and Strand

Tower guys are usually made out of steel rope or steel strand. Both rope and
strand are made up of high-strength steel wires. A number of wires spun as a single
group is called a strand. A number of strands spun to form a group is called a rope.

The adyantage of stecl rope is that it is Hexible. That is, it is capable of being
run over sheaves or pullevs continuously.  The disadvantage of rope is that it has a
low modulus of elasticity (it is more strelchable than strand) and, as a general rule,
it is more expensive than straud.  Strand as a rule is preferved in towers because it
has a high modulus of elasticity, does not stretch so much as wire rope, aud is cheaper
per foot for u given strength.

Catalogue value for strand modnlus of elasticity is 24 million. This 24 miilion is
a minimum figure. The 24-million figure is fairly consistent and constant.  Coiling
and uncoiling strand decrcase this figure less than 1 per cent, but it comes back to
the 24 million.
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It is the considered opinion of most engineers that there is no such thing as a yield
point for strand. The curve falls off gently to a breaking strength. The catalogue
values of the ultimate strength or breaking strength of strands are always minimum.
The range of hreaking strength is usually 2 to 10 per cent above catalogue values.

Strand iz made from high-carbon cold-worked wire. It is very rugged and very
insensitive to notch defeet. It will take quite a beating. A good approximation of
estimating the percentage of reduction in strength of strand is to note how much
wire is cut. For example, if you have 19 wires in a strand and one wire is nicked

halfway through, then that strand is subject to a reduc-
® tion in breaking strength of approximately 143 of the
WIRE catalogue value.

As a rough rule of thumb, it takes 2 per cent of the
breaking strength of a 19-wire strand to stretch that
strand or cable out to its true length. A 1 by 7 strand
will require approximately 5 per cent of breaking

strength.
WIRE ROPE Prestressing
6X 7 CONSTRUCTION When a prestressed cable is wound up on a reel and
AROUND FIBRE CORE then unwound in the field, there is a negligible amount
. of length lost, This has been proved many times by
. . checking on long cables for 1,000-ft towers and on
. suspension-bridge cables.
... Prestressing the guys at a strand manufacturer’s plant
takes out some of the structural stretch. Most wire

7 WIRE STRAND(UP TO%I piaM)  manufacturers will pull the guy to 50 per cent of ulti-
MOST COMMONLY USED IN AM mate and hold for approximately 14 hr. Prestressing
will stretch the strand somewhere from 14y to 1 of 1

per cent of the length,

®
sgese
o 030 : :
e .. Bird Caging
BRIDGE STRAND Bird caging can occur in both manufacturing and in

handling in the field. Bird caging prior to shipping
is rare. Bird caging in the field is caused by a kink in
the strand, unreeling improperly, allowing a large reel

NUMBER OF LAYERS DEPENDS ON
STRAND DIAMETER

USED'ON TALL TOWERS to get away, getting a loop in the strand, dropping a
Fie. 2-17. Composition of 8UY, or anything that puts wires in compression. Since

typical guy material, most strands (19 wires and over) have lays going both

ways, there is mo method of really fixing a true bird
cage. There is no tendency for wires to unravel and bird-cage by themselves. That
is, all strands are basically very stable.

Fatigue

We have never heard of a fatigue failure of wire where it enters a socket on a
guved tower. IHowever, such failures have occurred in sockets which come out on
highly loaded shovels where theve is continuous large vibration on strands which are
constantly highly loaded in teusion,

This question avises every now and then when the tower guy has been stretched
in a wind storm and vou take up the slack: 1s the guy breaking strength reduced?
The answer is No. For example, strand in preloaded concrete slabs have initial
tensions up to 70 per cent of the breaking strength, and the working tension of the
strand is 30 per cent of the breaking strength. Notice that you can take strand and
load it to 70, 80, or 90 per cent of the breaking strength; unload the strand; and
still get 100 per cent breaking strength.
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Zinc Couat

The usefulness of a zine cout on a guy comes from the fact that the zine coat
wastes away instead ol the load-carrving steel.  The zine does not protect the strand
wire indefinitely,  The fact that zine wastes away rather than steel is good. It should
be pointed out that the smaller the wire diameter, the thinner is the zine coat.  Using
a galvanized socket instead of a black one on the end of & guy will not appreciably
increase the life of the guy. Tt is also for this reason that when vou have a corroded
clip, the best thing to do is to leave it alone.  Corrosion usually starts at the threads
where the zine is stripped, and there is usually enough “meat” in the rest of the clip
and in the guys to take care of itself.

AM Guys

Guys on AM towers have to be made nonradiating.  The currently accepted method
ix to break the guys up with insulators into lengths approximately one-seventh of the
wavelength on the radiator.  Obviously, this breaking up of the guys is a necessary
nuisance.  People constantly are looking for guy materials which wonld he nonradiat-
ing.  To date, such materials as nylon and dacron have too much streteh to he of any
practical value. Ilowever, in the foresceable future, it is possible that some such
material may be usable. A new polyester Bl material Mylar bears watching, At the
moment it is expensive, but it does not have the great stretch which nylon has.

Guying Arrangement

A three-way guying arrangement where the guys are laid out 120° apart in plan
form shown on accompanyving sketch A of Fig. 2-18 gives the simplest possible guying
arrangement which will support a tower in o wind from any dircetion.  This gives
the sallest number of guys and usually tends to give you cheaper foundations and
a smaller number of insulators,

A much-used guying arrangement iv shown on sketch B of Fig, 2-18. A four-
sided tower has four sets of guys spaced 90° apart in platform,

A guying arrangement such as shown in plan form C (Fig. 2-18) has been used
in tall towers. The disadvantage is the need for more anchors. The advantage is
that it tends to save in the column loac on the tower aud some weight.

A guying arrangement as shown on plan form D (Fig, 2-18) shows double guys
coming ofl each face. The advantage of this systemn is that it gives the tower some
torsional resistance until the tower has twisted. The disadvantage of plan form D
is extra handling by the erector. Most ercctors prefer single rather than double guys,

Guy Connections

Clips

The most commionly used gy connections at the ivsulalors are steel (‘]ipsﬁ These
clips arc relatively cheap, and they arce casily available. They are used by the mil-
lions, The efficiency of the dip depends upon drawing the clip up tight. In
Fig. 2-22 showing a properly drawn up clip, you will notice that the yoke must
make a definite dent on the swface of the strand. Tt is also o known fact that after
you put load on a guy, you can pull the clip up a little more.  Since this is very
difficult to do in a guy with many insulators in it {which are made in the field), clip
efficiency should not be rated over 80 per cent. It is possible to get clip efficiencies
in a lahoratory over 95 per cent. The greatest danger in a clip is that the erector
may forget to draw up all clips securely. The best visual inspection that we know
of is to check whether the voke of U part of the clip puts a definite dent in the guy.
These clips come in many shapes and forms such as shown. Al clips rust sooner or
later.  When a clip is drawn np, some of the zine strips ofl the threads and you have
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Fig. 2-18.  Commionly used guving arranye- Fig.  2-19, Wire-rope
ments. clip.
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P, 2-20. Laughlin Fig. 2-21. Swage fitting.
sutety clip.

THE RIGHT WAY TG CLIP WIRE ROPE

NOTE THAT THE BASE OF THE CLIP BEARS
AGAINST THE LIVE END OF THE WIRE ROPE,
WHILE THE U OF THE BOLT PRESSES AGAINST /
THE DEAD END.

THE WRONG WAY TOQ CLIP WIRE RGPE

THE "U" OF THE CLIPS SHOULD NOT BEAR
AGAINST THE LIVE END OF THE WIRE ROPE,
AECAUSE OF THE POSSIBILITY OF THE ROPE
BEING CUT OR KINKED.

7
/9}

Wire-rope sockets.

FIVE OF THE SIX CLIPS SHOWN ON THE TWO
ILLUSTRATIONS ABOVE ARE INCORRECTLY
INSTALLED. DO NGT USE EITHER OF THE
METHODS SHOWN.

Fic. 2-22. Proper method of applying rope g, 2-2
clips,
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a focal point of corrosion.  Most clips are sturdy and have enough “meat” in then to
last for many vears. This corrosion depends on the atmosphere in which the tower
is sitting. Some erectors have lately been sprayving their clips with clear plastic
lacquers which come in pressurized cans.

Sercing

A neat and clean-looking connection which is very simple to apph has becen de-
veloped by the power companies in their work. It is the so-called “serving.” The
several wires are unraveled, then each individual wire is rolled back on the strand.
The efficiency of this method is usually in the high 90 per cents. It mukes a clean
comnection. It is a safer connection than
a clip connection, since you do not run
the risk of {orgetting to rim up the clips
tightly, It also does away with the
problem of corrosion of the clips.

Slecves and Sockets

There are several makes of slecves
which are press fittings. This again was

developed by power companies.  They SLEEVE IN POSITION SLEEVE IS LOCKED
arc  good-looking and neat on smaller BEFORE APPLYING PRESSURE UNDER
sized guys. HEAVY PRESSURE
Large guvs usually make use of zine 0 FORM LOOP
sockets,  On most towers today, the Fre. 2-24.  Nicopress sleeve-tvpe fitting,

sockets are supplied on the strand by the
guy fabricator, since their application takes a certain amount of skill and technigne.
These sockets are usually made of cast or forged steel.

Guy Tension

The proper initial tension in guys is an integral part of tower design and should
be determined by the tower mannfacturer.  Proper guy tension ix necessary in order
to contro] the deflection of the tower so that certain specified limits are not exceeded
and in order that delection of the tower does not weaken it.

Common values of initial tension in guys vary hetween 3 and 25 per cent of the
breaking strength of the guy, depending on the design and requirements,  In general,
a low initial tension tends to give a more flexible and lighter tower, A high initial
tension tends to give a stiffer and heavier tower. Injtial guy tension in a properly
designed tower seems to have little effect on the ultimate strength of the tower.

During ercction and in maintenance, there is danger of putting too much tension in
guys.  This overloads the tower as a column and literally pulls the tower down to
failure.

Initial tension is seldom specified on small AM and communication towers up to
heights of 200 or 300 ft. In these cascs where the exact initial tension in cuys is
not critical from the deflection point of view but is critical in that overload can cause
tower failure, tower manufacturers should specify an initial tension and the erector
or the maintenance men should check the guy tension by some convenient method
such as with a dynamometer.

It is common practice on taller towers with a pivot base that guy tensions are ad-
justed either so that the tower deflects as a straight line from its base to its top when
loaded with the design load or so that the differential deflection at guy points is
taken into account in calceuleting the stresses in Uie tower members. On these large
towers, the erection drawings alwavs specily guy tension and some method of check-
ing it. A namber of methods commonly used to measure initial tension in the field
are described.
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3 2. ONE OR Two {
TURNS BY HAND

4. SERVE UNTIL

FIRST WIRE 1S

USED UP 5. CONTINUE
PROCESS UNTILES
ALL SEVEN
WIRES HAVE

1. UNWIND ONE BEEN USED UP

WIRE FROM

3. THEN APPLY
SERVING TOOL
AS SHOWN

NOTE . CUT LENGTH OF STRAND IS TWISTED ONCE OR
TWICE AGAINST THE LAY OF THE STRAND. SAME METHOD APPLIES AT
IT IS SHOWN UNTWISTED FOR CLARITY ONLY. INSULATOR CONNECTIONS.

Fic. 2-25, Serving guy connections.

Methods for Determining Guy Tension

Calibrated-rule Method. In the calibrated-rule method, two buttons are attached
approximately 8 ft apart to the lower cnd of the guys. During fabrication of the
guys, the required initial tension is applied to the guy. While this load is on the
guy, a rule is marked exactly the same as the buttons, In erection, the guy is tight-
ened up until the marks on the buttons line up with the marks on the rule.

Although various stable metals arc used to fabricate the rule, this system is sub-
ject to errors from several sources. The most likely source of error is the fact that
the gauge length (approximately 8§ ft) is relatively small and therefore the change in
Iength of the guy in the 8-ft length will be very small. The eve cannot see much
closer than 0.01 in., and an error of this magnitude would result in a 10 to 20 per cent
error in the initial guy tension. It is doubtful that the erector in the ficld would take
the trouble to rcad these calibrations with any great precision.

DYNAMOMETER\

BUTTON

AR a—
T

GUY

B
RULE

', 2-26.  Calibrated-rule method, 6. 2-27. Shunt-type dyvnamometer.

®jannl
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Temperature is another factor that must he compensated for, particularly when
the linear coefficient of expansion of the guy differs from the mle.

Shunt-type Dynamometer. This type of dyvnamometer or tensiometer is used in
determining and maintaining the proper sag or tension in guys. It can he used with-
out breaking-in on the guy to be tested and can be left on the goy until the dial
shows the desired reading.

The principle of the shunt dynamometer is based on the relation of the tension in
the strand to the force necessary to displace it in a directon perpendicular to the
axis of tension.

won

DETAIL A
SHOWING INSTALLATION
OF SIGHTING TELESCOPE

ON GUY WIRE

WHERE

W=WT-LB/FT OF GUY

L = SPAN OF GUY IN FEET

T=TENSION OF GUY
IN LB

INTERCEPT

L

1-INTERCEPT
IN FEET

INSTRUMENT HEIGHT
TRANSIT

Y T

Fic. 2-28. Use of “sight har” for determin-  Fig. 2-29.  Transit-intercept method for ten-
ing guy tensions, sioning guys.

The dial is graduated from 0 to 100 units and does not read directly in pounds.
Tension is determined from graphs specially prepared for each size and type of wire
or cable on which the dial reading is plotted against tension in pounds. The manu-
facturer guarantees the aceuracy to within plus or minus 2 per cent of the dial reading,

On rclatively short towers with small guvs, use of a mechanical tensiometer is
probably the most practical method to measure guy tensions. On tall towers with
large guws, the sag of the guys becomes appreciable and can be used as a measure
of guy tension. The guy-sag method is a relatively simple and very practical way to
check the guy tension.

Guy sag can be checked with a transit or with a sight bar. We shall briefly de-
seribe the sight-bar method, A straight bar made of steel or wood with two hooks
is used to make the line of sight parallel to the guy. If the unaided eve cannot see
clearly to set the intercept, a telescope can be used us shown in Fig. 2-28. 1t is
impartant in making up this sight bar that the line of sight of the bar be parallel to
the guy at its point of attachment. This method is quite accurate in setting initial
tension when the guys and intercepts are large, For example, a 100-ft intercept read
with 2 ft has an approximaie error of 2 per cent. Tension is given by the following
fornula:
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The values of the weight of the guy per foot, the span of the guy, and the recom-
mended tension of the guy should be readily availuble from the tewer manufacturer.

Example; 1,000-H tower with L-in. guy strand

L= 12201t

W o= 214 1b/ft
I =160 ft
2 22032
P JEIDLI0T_ g o501,
20160)

Transit-intercept Method for Tensioning Guys. With guy length and desired ten-
sion T known, the sag D iy caleulated from standard formulas. Again with known
justrument height a sight line is established tangent to the guy and graund distance A
and tower intercept determined. At erection a transit is set up using these intercepts
to cstablish the line of sight. The guy is then tightened until it hecomes tangent to
the line of sight.

7
‘ANCHOR
PLATE

Fic. 2.30. Hvdraulic-cvlinder method for
measuring guy tensions.

Hydraulie-eylinder Method for Measuring Guy Tensions. The guv is put under
the required tension with two push-pull hydrulic evlinders which are nsually pumped
up by hand. The required tension is read on the pressure gauge, The nuts are
pulled up on the U bolt or tumbuckles to hold this tension in the guys. Hydraulic
units arc then removed. Tt is recommmended that the hydraulic eylinders and gauge
be checked accurately prior to use, since there is a tendency for errors to creep into
the gauge.

Spring Method of Tensioning Guys. A spring with known deflection character-
istics is selected and installed in the guy anchor connection. The guy is tightened
until the spring has deflected the desired amount, thereby obtaining the required
tension in the guy. A combination tubular spring cover and spacer of predetermined
length is normally used to abtain the correct defection. Caution: Do not continue
to tighten the guy after the spacer has hottomed; otherwise, excessive tension will be
applied to the guy.

Vibration Method of Mecasuring Guy Tensions. The guy is set properly vibrating
by pulling the guy back and forth sideways with the hands. Vibrations are timed
with a stop watch. This reading is then substituted in the following formula and
the initial tension is calculated.

Cyveles ‘'min = — }70/___
LoX (wt/ft ol guy)

where L = length of guy, It
7 = guy tension, I



Design, Erection, and Maintenance of Antenna Structures 2-61

< TOWER
ATTACHMENT

1 CYCLE IS \

SPRING —. A COMPLETE ! :J
SWING FROM ]

LEFT TO RIGHT l

AND BACK AGAIN \ /

f

TUBULAR SPACER

(CUT AWAY TO \1 \ }
SHOW SPRING) ANCHOR /
4 o ATTACHMENT
yd RIGHT WRONG
~-ANCHOR PLATE (a) (B)
Fic. 2-31. Spring moethod of tensioning Fre. 2-32. Vibration method of measuring

cuys. guy tensions,

<_700gﬂ

Fic. 2-33.  Dynamometer wicthod. Fic. 2-34, Method of caleulat-
ing guy lengths,

The vibration mcthod applies to guys of uniform weight and is not applicable to guys
with insulators or other coneentrated weights. It mwust be pointed out that this
system is only as accurate as the measurement of the frequency of the guys.

Dynamometer Method. As shown in Fig, 2-33, a tension-type dynamometer is
mounted between a cable grip and usually a chain hoist. A load is applied to the
dynamomecter, and when the desired reading is reached, the guy turnbuckle is tight-
ened accordingly.  The dynamometer equipment is then removed.,

8 = V1,000 + 7007 = 1,220.6555 {1

Ciiven: 7 = 2,073 b/t —T-in~diam guy
T = 10,000 li—initial tension

I

Sag in guy wire with 10,000-1h tension

2.073 X (1,220.6555)% X 0.57346
80,000

= 22,1411 fL
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Assume that the guy takes the shape of u parabola

8D*
L :A1 .
S + 35

8(+40.2283)
1,220.6555 + -

3,661.0665

= 1,221.7265 ft

Length of guy at 10,000-11; tension

Guy Vibration

Although guy vibration is not, as a rule, a serious prablem, it may be well to note
its effect. Tower guys have been known to vibrate in a few isolated instances. The
natural frequency of any tower guy is a function of:

1. The length of the guy
2. The tension in the guy
3. The weight distribution of the guy

A change in any of these constants will change the frequency of the guy. The natural
frequency of a guy without icc is different from that with ice simply because the
welght of the ice changes the weight distribution of the guy and automatically in-
creases the tension in the guy. Obviously, if a guy begins to vibrate, changing any
of thesc constants, namely, knocking ice off the guy, adding weights to it, shortening
its effective length by a hridle, increasing or decreasing its tension, should kick the
guy out of the vibrating frequency. IFf long guys are provided with weights which
are attached to the guys at irmregular intervals, the probability of vibration is theoreti-
cally reduced. Insulated towers have these weights already on them in the form of
guy insulators. Some towers come with some form of cast-iron weights which are
clamped around guys to form the guy dampener, Most tower designers feel that a
guy dampener is easy enough to install should vou get vibration where no dampeners
were specified.

WINDS, WEATHER, AND HAZARDS

Wind Velocity

The Weather Bureau aims to get true wind velocities at a height of approximately
10 m {33 ft) in open exposure and ten times as far from any obstruction as it is
high. The Bureau tries to approach this ideal, but it should be obvious that some-
times it is virtually impossible to find such an exposure for all wind directions in a
well-built-up eity and cven in some airports, The Weather Bureau’s figure for true
wind is measured over a l-min time interval. Some countries use up to 10 min,
The Weather Bureau also gives the fastest mile as maximum gust velocity or the
peak indication of a pressure tube anemometer. A cup anemometer tends to over-
register in a gusty wind. However, this overregistration is very small and never
more than a few per cent.

Indicated vs. True

There is misunderstanding about indicated and true wind velocity, Any figure
obtained from a Weather Burean today or in the last quarter century is a true wind
veloeity,  This true wind velocity is also the indicated velocity.  This is because
anemormeters have been calibrated and the indicated and the true are practically the
same. However, in about 1898, the Weather Bureau discovered that the anemom-
eters were registering approximately 25 per cent too high. In order ta avoid throw-
ing away at least a quarter century of Weather Bureau records already obtained, the
Bureau decided 10 keep on with the figures which were 25 per cent high. This cou-
tinued until ahout 1924. This means that records prior to 1924 may show an indi-
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cated and a true wind vclocity dillering by approximately 25 per cent.  Any wind
velocities given by a Weather Bureau since that time are true wind velocities.

Since air is a viscous fluid, the ground has a certain amount of “slowing-up” effect
on the wind velocity.  Another way of putting il, wind velocity tends to increase as
heiglit above the gronnd is increased. Obviously this veloeity gradient is not a con-
stant, nor is it easy to express. The Weather Bureau gives the formula shown in Fig.
2-35 for velocity ratios as expressed in terms of height. The constant N is somewhere
between 2 and 7. Although we do not know how much faster it is actually blowing

V/Ve={h/ihg]¥™ PER U.5. DEPT OF COMMERCE
WEATHER BUREAU REPORT

WHERE 5/12/47
ho=33FT (STANDARD ANEOMETER HEiGHT) €00 F —
h =HIGH ABOVE GROUND |
V,=WIND VELOCITY AT 33FT o o,
V =WIND YELOCITY AT HEIGHT h = 150 PekVE
o K=0004
40 =
(]
w
301 g 100 ——
n =4 (LIGHT WINDS) @
(=] a-
Zoot n=7(HIGH WINDS) e /
> S 50— 7~
10t a8
=
2
0 — i 1 ?‘ 0 =
0 500 1000 1500 a 0 50 100 150 200
HEIGHT IN FEET ABOVE GROUND Y= VELOCITY IN MPH
Fie. 2-35 Variation of wind velocity with g, 2-36.0 Wind pressure vs.  velocity
height. curve.

at 1,000 ft as compared with ground, we are sure that it is blowing faster. For that
reason, taller towers should be designed to a slightly higher wind load,

In addition to Lhis wind graclient, there is what the Weather Bureau calls a velocity
gradient. This means that in uddition to the average maximum wind velocity, there
may be superimposed gust velocities for short durations.  Much work has been done
studving these gusts, and there are some empirical estimates, There is no sure
prediction of gusts. It is reasonable to assume that gusts are possihle which exceed
the maximum wind velocity by a factor between 10 and 30 per cent.

Hurricanes

Huwrricanes are large-diameter tropical storms.  These hurricanes usually start out
in the Gulf of Mexico or the Caribbean Sea or in the Atlantic Ocean east of the
Curibbean. The plotted tracks of past hurricanes cover practically every part of the
Gulf of Mexico and the Caribbean Sea and much of the North Atlantic Ocean. They
are apt to strike most of the Gulf ports and most of Florida. A good many veer off
the sontheastern coast of the United States and swing out to sea.  However, many
of them cruise up through Ceorgiv, the Carolinas, and New England,  Hurricanes
have a counterclockwise wind svstem. The strongest winds are somewhere between
75 and 100 mph. Occasionally, they may get up to 130 mph. The cye, or the dead
portion of the storm, usually runs about 10 miles in diameter. The outside dimen-
sions of a hurricane which covers the width of the destructive winds could be any-
where from 25 to 400 miles. In the United States, nuricanes reach a peak frequeney
in August, September, and October. Tt is possible to design hurricaneproof towers
at slight additional cost. The ElIA Tower Standard RS-222 shows recommended
tower strengths for different heights and locations,
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Some hmricanes are accompanied by a strong tide which in some cases can be
10 or 12 tt high when it reaches the scacoast.  In certain bays where there is a
narrow channel, this risc mav he as high as 50 ft. These waves are certainly unusual,
and although tawers have been known to he washed away, no attempt has becn
made to design towers to withstand such tides.

Tornadoes

Tornadoes, or twisters, occur in most parts of the United States. The highest prob-
ahility of their occurrence seems to be the Mississippi Valley, but one can expect them
in the Southwest, Middle West, or Southeast parts of the country. The highest fre-
queney oceurs diring the months of April, May. and June. A tvpical tornado starts
in the late afternoon, usually moves from the southwest to the northeast, and cuts a
path of destruction somewhere between several hundred yards and a mile wide. The
winds inside this twister arc very high and are believed to exceed 500 mph at times.
No attempt is made to design towers to withstund these high wind velocities, but
because of the narrow path involved, the probability of a tornado hitting a tower is
not too high.

Wind Pressure

The commonly accepted formula for wind pressure is P = KV2. P is wind pressure
in pounds per square foot of projected area; K is the wind conversion factor depend-
ing on the shape; V is the actual wind velocity in miles per hour. The nominal
value for K pressure on flat surtaces is 0.004, Notice that the pressure is proportional
to the square of the velocity. Tf we plot this, we get the enrve in Fig. 2-36. The
conimonly accepted practice is to use 0.004 for flats and angles and shapes and two-
thirds of this value for cylindrical shapes.

Specifications

The EIA specifications for towers were drawn up by representatives of various
tower manufacturers, These specifications cover very broadly, but very adequately,
all important points in designing steel towers. It is best if broadcasters keep this
in mind. There are other specifications probably as good, but they tend only to
confuse things. For example, the American Institute of Steel Construction has o set
of specifications which were drawn up primarily for large buildings and bridges. 1t
is possible to misuse specifications. For example, AISC veads, “members subject to
stresses produced by wind forces may be proportioned for unit stresses 33% per cent
greater than those specified for dead and live streses.” The intent of that paragraph
was secondary wind bracing for structures with heavy live loads. A tower is not such
a strueture. This paragraph should not be used in radio-tower design, for if it is
carried out to its literal eonclusion, it is possible for broadcasters to specify a 30-1b
wind-load AISC tower and obtain approximately a 20-1b EIA tower.

EIA specifications take a practical look at the methad of analysis. EIA recom-
mends that wind loads be expressed in terms of pounds per square foot projected area.
Consequently you bear the expression “the tower is a 30-, a 40-, or a 50-Tb tower.”

Wind vs. Tower Failure

The question often arises, at what wind velocity will a tower fall down? It iy
very difficult to give an honest answer to that question. Let us take an evample:
Assume a 40-1b tower. This means that the tuwer was designed for 40-1b wind pres-
sure on Hats, safety factor 1.8, so that the vield of the structure would be approvi-
nittely at a wind pressure of 40 times 1.8, or 72 lb. Looking at the pressure—svind-
velocity curve, 72 1b equals about [34-mph wind velocity.  Theoretically, 4 wind of
134 mph distributed uniformly over the structure produces yield in a structure, and
this usually means failure.  Buat how do we know how fast the wind was blowing on
the tower? Ilow do we know that the wind was distributed uniformly over the
structure?  Probably the best record available is the Department of Commerce
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Weather Burcau, miles away at a different clevation.  For example, assmne the
anemometer 750 ft below vour tower.  Wind velocity at vour lower could be 134
mph, but the wind velocity vs. height curve in Fig. 2-35 shows that there is approxi-
mately a 1.5 times increase in velocity, or at the anemometer, 750 ft helow, the wind
is blowing about 90 mph. If you throw in a 10 per cent gust factor, it is possible
that the anemometer 750 ft below your tower registered 80 mph when it was 134
mph at the top of your tower. For this reason, it is very difficult to correlate wind
velocities as given by the Weather Bureau miles away from the tower site with the
actual wind velocity blowing through the top of the tower. We do know that from
past experience, in certain loeations, towers designed to certain wind pressures seem
to stay up and are adequate. The best indication for any given location is past
experience.

Wind Loading

It is interesting to note the effects of installing different items on a tower, By far
the greatest single contributor to the load on a tower ix the area exposed to the wind.
This means that the less arca there is exposed to the wind, the less tower is needed

WIND LOAD IN POUNDS PER
FOOT OF TOWER
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Fic. 2-37. Wind load in pounds per foot of tower.

to support itself. The simplest tower is a small AM radiator whose function is to
support itself, with possibly one small lighting line. The other extreine is where
signs, elevators, spare coaxial lines, antennas, and other equipment are installed on
the tower. The accompanying graph {Fig. 2-37) is made in an attempt to show
vividly the effect of various items “hanging” on a tower. The tower is a typical
clean tower in the 300- to G00-ft height range with various items being added om,
one at a time.  Obviously, it is not very difficult to double or even triple the side load
on a tower by adding these items.  The addition of any single item or article to the
tower increases the wind load ou it.  This, in turn, means that the tower has to he
stronger, heavier, and possibly u little bigger in cross scetion.  This additional cross
section increases the wind load, which increases the weight and the cost of the tower.
Obviously, you cannot hang all these components on the tower without iucreasing the
weight and cost.
Icing

Ice tends to form om all structures exposed to the clements under cerlain conclitions

of bumidity and temperature. The temperature is usually a little below freezing, and

the air is superladen with moisture. leing is spotty both in loeation and in frequency.
You wsually do not get much ice in dry climates, in very cold weather, or in very
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warm weather, There has been ice as far south as Atlanta, Ga. To find out how
icing conditions are in your locality, ask the engineers at your local power company.
Utilities constantly have trouble with ice. Tall towers, around 1,000 ft, tend to get
layvers of ice farther up the tower. You usually find more ice on mountain tops,

It is the feeling of the people who drew up the
EYA specifications for towers that, since ice and
wind do not occur simultaneously as a rule, the
tower should be designed for wind pressure alone.
If vou are in a location where icing exists, specify
a tower somewhat stronger, say a 40- instead of a
30-11 tower.

Prevention of Icing

A number of ideas on preventing ice formation
on towers and guys have been advanced. Heating
elements have never been tried to deice the tower
as far as we know. Heating eleinents are used on
the antennas, not to prevent damage to the antenna,
but rather to prevent damage to the radiating prop-
erties. The most practical solution seems to be to
make the tower strong enough to carry the ice.

Falling Ice

Ice falling off the structure presents a hazard. A
chunk of ice 4 or 5 in. thick falling several hundred
feet carries quite 2 “wollup.”  Automobiles parked
at the base of the tower or even some distance from
the base of the tower can be damaged. Ice has
been known to break beacons, lights, and micro-
Fig, 2-38. Tee formation on a  wave gear on the way down., It is certainly a
tower, hazard to horizontal runs of coaxial lines. A stinple

corrugated-iron or wooden shield to deflect the flv-
ing ice is adequate. Iving over 1 in. in thickness, except in isolated cases, is rare,
Pictures of ice 1 and 2 ft thick taken on Mount Washington should not be used as
a guide in designing a tower.

Earthquake Loading

Towers on the West Coast are usually required to meet the Pacific Coast Uniform
Building Code for earthquake loadings. This code says as follows:

In determining the horvizontal force to be resisted, the following formula shall be
used:

Fr=0cw
where # = lwrizontal foree, b
W = total load tributary to the point under consideration
C = 0.05 lor towers which are connected to a building
= 0.025 for radio towers which are not supported hy a building

This horizontal force F is added directly to the wind load. In a short, light tower,
say 200 ft, this does not add an appreciable amount of load to the tower. In a tall,
hcavy tower, this factor may be considerable.

Atomic Blasts

One of Lhe atomic blasts out in the Nevada fats was made to test a number of
civilian defense items.  The bomb was set ofl on a 500-ft steel tower, Two small



Design, Erection, and Maintenance of Antenna Structures 2-67

cities were built, the first approximately a mile from the blast, the second approxi-
mately 2 miles from the blast. Depending on the size of the bomb, all steel within
a certain radius is immediately atomized and, for all practical purposes, simply
vanishes, So it is impossible to build an atomic bombproof tower. One practical
observation was that in the test city, alongside brick and wooden homes which were
badly mangled, a guved 150-ft AM tower designed as a 30-1b EIA tower at 250 ft
survived undamaged, although there was evidence of the tower having moved a great
deal during the blast. A 100-ft self-supporting tower, noninsulated, loaded with
two-way radio antennas, designed to approximately 20-1b EIA load, failed at the
same site, A very rough conclusion may be that a short guyed 40-ft EIA tower is
approximately a little better than average small buildings, Since the blast gave the
tower a violent “jerking about,” as it were, the whip or inertia forces must have
been high. Consequently, the above conclusion may not be the same for towers
which have larger inertia or whip forces. Inertia forees are greater in the case of
self-supporting towers and guved towers with heavy top loads from antenna.

INSULATORS

Base Insulators

Current practice for AM radiators is to have the base of the tower insulated,
although there still are some shunt-fed installations.

Most insulators today are made of poreelain.  There is no reason why other ma-
terials could not be used, such as wood, glass. or fiberglass and other new plastics.

JACKING
PAD

Fie. 2-39.  Typical base insulator for Fic. 2-140.  Push-pull
guved towers. tvpe  of insulator for
sell-supporting  towers,

Since current practice is to use porcelain, this discussion wil concern poreelain
insulators. A designer of porcelain insulators always keeps in mind that porcelain is
strong in compression but weak in tension. Therefore, the insulators are always
designed so that the load pushes on either a muss of solid porcelain or a cone of
poreclain,  The designer tries to make sure that there is no bending or tension induced
into the porcelain portion of the insulator. Most guyed towers come down to a
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single-point pivot, and the insulator will have a rounded surtace so that the tower
can pivot. This is to prevent any bending being induced back into the porcelain,
and most of the load is pure compression. Figure 2-39 shows a typical installation.
Sometimes a rain shield is put over the top of the insulator in an attempt to keep
the insulator dry, since the flashover value of dry porcelain is better than that of wet
porcelain. However, most rain shields are very ineffective in a driving rain unless
they form a complete shroud down and around the porcelain. Since porcelain is
fragile and subject to cracking, some care should be exercised in handling it. There
have been instances where water has got
into the cone, the drain hole has plugged
up with dirt, and the water froze and
shattered the insulator. This is quite
unusual.  The cost of base insulators
with leakage paths greater than 10 ft
increases rapidly.

The self-supporting tower preseuts a
unique problem in that the base insu-
lator has to transmit either compression
or tension from the leg member. The
accompanying cross section of a tvpical
push-pull insulator in Fig. 2-40 shows
how this is accomplished. This insu-
lator works in such a way that the upper
cone works when the load is down
(compression on the pier) and the bot-
tom cone works in compression when
the load is an upload on the leg mem-
ber. These insulators are usually very
bulky and expensive, and except for the
smaller sizes, delivery and availability
are not too good.

It is perfectly possible to have a
three-legged or four-legged guyed tower
which is shaped so that it sits on all
three or four legs on the pier, in which
case, three or four insulators will be re-
quired at the base of the tower. Some Fig. 2-41. ]:‘..\'nmple. f‘f raising base insulator
designers prefer this form, and there is ¥ flood-water conditions.
nothing wrong with it providing the in-
sulators are capable of transmitting a certain amount of tension and the foundation
pier is absolutely level.

Large special insulators are sometimes used, but they are not typical.

Once in a great while, the porcelain on a base insulator will crack., The crack
may be due to an old flaw, an external blow, a lightning hit, or water getting inside
the porcelain and freezing. In order to change the base insulator, the tower must
be raised slightly. This is not a particularly difficult operation, but it is very critical.
Sometimes, on tall towers, jack pads are incorporated into comer legs to facilitate
raising the tower.

Raising Base Insulator above Ground

The base insulator of an AM tower is located so that unusual weather will not
ground the insulator. Sometimes, 1 or 2 ft above the ground is adequate. The
insulator is usually placed in a concrete pier 3 to 5 ft tall. Occasionally, insulating
mayv be as much as 25 ft above the ground as is shown in the accompanying photo-
eraph, Fig. 2-41. Sometimes, in an array of four towers on a sloping piece of ground,
it may be desirable to locate all insulators in the same horizontal line. Each tower
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sits on a pier of a different height. Concrete is generally used up to about 5 to
10 ft. Over that height, some sort of steel picr is probably the most economical.

Guy Insulators

Typical guy insulators and guy-insulator assemblies are shown.

The most commonly used guy insulator for AM work is the so-called strain insulator.
Since most AM towers are under 300 ft, most towers use these insulators, The
insulators were developed by the power companies and are made in large quantities
so that theyv are easily available and the cost per unit is very low. They come with
multifins to increase leakage path and are used with strand up to 1% in.  Another
advantage of a strain insulator is that if an insulator cracks, the tower fails safe; that
is, the interlocking loops of strand keep the guy intact,

SERVED GuY

Fig. 2-42. Typical strain insulator.

Where it is desired to have the insulators capable of being inserted after erection,
the open-type insulator is sometimes used. A strand over 14 in. is very stifl, and it
is very difficult to pull around the insulator. Great care must be taken to make sure
that the strand hugs the loop all around its periphery.  In other words, the strand
nust be forced around the grooves on the insulator. If this is not a snug fit at hoth
sides of this insulalor, the insulator will tend to cock, the insulators will be loaded
at a point rather than over a swface, and the desired mechanical strength will not
be obtained.

Fra. 2-43.  Improperly and properly clipped guy.

On large guys and when the leakage path s greater than that obtained by strain
insulators, the so-called conc insulators are used. This cone insulator is nothing
mare than a base insulator with a basket around it. You will notice that the load is
transmitted through a cone of porcelain in compression. It is interesting to trace
the load transmitted through one of these insulators. The load comes down the
guy, through the top socket, then around the insulator, through a steel voke and to
the bottom of the cone. All this load so far is tension. The load is transmitted
through the porcelain to the top of the cone in compression.  The top uf the cone has
a pivot with a gonglike picce hungiug down to pick up the bottom socket. These
insulators are large, clumsy, expensive, and not casily available.  Also, they do not
fail safe.
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GUY STRAND\

CLOSED STRAND y
SOCKET .

CONE TYPE
INSULATOR

Fic. 2-44, Cone-type guy insulator. Fic. 2-45. Miscellaneous guy insulators.

Several other types of gny insulators which have heen used are shown. Porcelain
insnlators have a verv good life.  Replacement of cracked strain insulators is not
common. For replacement, the guy is dropped or an erector slides down the guy
to the point in question.

Sectional Tower Insulators

There are some installations where by sectionalizing a tower it can be used for
more than one function. A sectionalized tower can be used to control the AM radiat-
ing characteristics of a tall tower. This allows a tall TV tower to be used as an AM
tower. This is possible by insulating portions of the tower from one another. As
shown in the illustration (Fig. 2-46), either the pivot type ar the push-pull type of
insulator can be used to scctionalize a tower. It is desirable to taper the tower for
the pivot-type insulator. The push-pull type of insulator is used at each leg member
as is used in a sclf-supporting design. In either case it is necessary to check the
shear transfer across the insulator,

With a sectionalized tower, periodic inspections of the insulators are mandatory.
A failure in a sectiomalizing insulator very likely will cause the tower to fail.

BONDING

Au AM tower is a radiator. Ilence, it is important that the steel tower acts as one
continuous electrical wnit. Faying surfaces on a galvanized tower are nmot painted
and as a rule are considered sufficientlv bonded through the zine contact. Two
methods of bonding steel towers are shown below.

The weld type of bond is positive, but estreme care must be taken when welding
near guys. It is possible to damage guy strand with the molten weld slag. The
copper-jumper type of bonding is a bit more troublesome. The holes must be abso-
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TV ANTENNA——— em——
=
SECTIONALIZING INSULATOR
(PIVOT TYPE) \\
SECTIONALIZING INSULATOR /
(PUSH-PULL TYPE)
GUY INSULATORS“>//
e
’// WELD BOND
/ 1" LONG MIN.
& 7 Bast NSULATOR 1l
Fis. 2-4G.  Example of a sectionalized Fic. 247, Weld-tvpe
tower shown with two tvpes of sectional- bonding.
izing insnlators.
ANCHOR
GROUND
¥ cLave

3 DIAM x 90"
COPPER BONDING JUMPER WITH GROUND ROD
WEDGES AT EITHER END FOR

DRIVING INTO FLANGE HOLES

Fie.  2-48, Tumper-type Fic. 2-49.  Grounding at guy anchor.
bonding,.
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lutely clean and free from rust and paint. The wedges should be driven in tightly
to mwake good contact and exclude any moisture to prectude any electrolytic action,

LIGHTNING

Since the steel tower is usually the tallest object in its vicinity, it is always the first
to be hit by lightning. As a matter of fact, the tower itself forms an electrical
umbrella, as it were, for adjacent structures. Since steel is a very good conductor,
lightning docs not damage the tower or its guys. Although there have heen manv
rumors about lightning shattering concrete foundations, we have never hecun able to
find u record of such an incident. An AM tower, with its serceen and radials, auto-
matically makes a very good ground for dissipation of lightning. TV and other towers

TOWER FASTEN GROUND WIRE
\ TO ANCHOR BOLT
USING DOUBLE NUTS

GROUND WIRE

KGROUNDING
CLAMP
INSSZ N

(BrASE FOUNDATIONS

-

S DIAM x 9'-0" GROUND ROD

Fic. 2-50. Grounding at tower.

should be adequately grounded simply as a precaution to keep the lightning path
away fram the transmitter house. A tvpical guy cable grounding system is shown
in I7ig. 2-49 {see page 2-71). Lightning, however, can and has done damage to any
and all kinds of electrical equipment on the tower. 1t seems almost impossible to
build a tower where the manufacturer can guarantee that lightning will not knock
out pieces of electrical wiring, lamps, junction boxes, ete.

SOILS, ANCHORS, AND FOUNDATIONS

Soil Exploration

On small towers such as a 200-ft guved AM tower, the magnitude of loads is not
large enough as a rule to warrant soil exploration, unless, of course, the soil is very
sandy or swampy. If the condition of the ground is in doubt and on tall TV instal-
lations where the magnitude of load is appreciable, a thorough soil exploration is
certainly advisable. In most parts of the country, there are soil engineers who are
familiar with the type of soil in a particular location. Test bores are usually made
at the tower base and at the anchor foundation locations. At the base of the tower,
test bores should be approximately 25 or 35 ft deep, whereas at the guy anchors,
test bores should be a little deeper than the anchor depth.

The purpose of the test bore is to help determine the allowable unit bearing
pressure for design. Sometimes, local bnilding codes set their own values for locul
conditions. There are uny number of methods used to study the subsurface condi-
tions. A simple test which permits classification of the soil may or may not be ade-
quate to tell the bearing capacity. For that reason, a test boring log should be
turned over to competent soil engineers, who will then convert the data to allowable
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bearing capacities of the soil. Soil engincers are usually more familiar with local
conditions, codes, and geology than others far removed. For purposes of approxi-
mation, the allowable bearing values of foundation soils are given in Table 2-1,

Design, Erection, and Maintenance of Antenna Structures

Table 2-1. Approximate Allowable Bearing Value of Foundation Soils

Bearing Capucity, Tons per Sq Ft

Approximate Approximate
Soils Depth 3 Ft Depth 6 to 10 Fi
Soft silt and mud .. ... ... ... ... 0.1-0.2 0.2-0.5
Silt (wet but confined) . ..... 1-2 1.5-2
Soft clay ... .. 1-1 1-1.5
Denge firm clay ... .. ... 22 2.5-3
Clay and sand mixed firm .. . ... .. 2-3 2.5-3.3
Fine sand (wet hut confined} . ... .. 2 2-3
Coarse sand .. ... ... .. ... ... 3 3—4
Gravel and coarse sand oL 4-5 5-6
Cemented gravel and coarse sand 5-6 6-8
Poorvock . ..o 7-10 7-10
Sound bedrock ... . ... . ... 2040 2040

A typical log of u boring is shown in Fig. 2-51. This log is in turn unalyzed by a
competent soil engineer who will recommend allowable unit beuring pressure for
design.

Anchors and Piers

Tower hase foundations are usually made of reinforced conerete and are designed
to carry the total column load of a tower. The area of the footing should be of
sufficient size to prevent detrimental settling of the tower structure.

Anchor foundations, on the other hand, exert little down loads. The vertical com-
ponent from a guy is resisted by the weight of the concrete and earth overburden.
The horizontal component is resisted by friction on the anchor base and by the lateral
resistance of soil on the face of the anchor.

At some installations the allowable bearing pressure of the soil is very low or an
underlying stratum is exceptionally poor.  Serious scttling of the foundation may
occur under these conditions, and it is advisable to drive piles under the footing.

Figures 2-52 to 2-62 show the many types of base pier and anchor designs for radio
and TV towers. Many metal-type anchors for small tower installations are available
for different soil conditions, and the illustrations are self-explanatory. The screw-type
swainp anchor has a pipe for its shank. The length of the shank is increased by
coupling additional pieces of pipe until the serew has been driven into hard soil.
Various tvpes of guy anchors are shown.

The photograph in Fig, 2-63 shows an anchor installation at KOA-TV, Denver,

Usually, the small flats on top of lills make a self-supporting tower a must, However,
it is possible to install tall guyed towers in rough, mountdinous terrain.  Natuorally,

this usually brings about installation problems. Probably the costlicst item is making
the tower base and each anchor point physically accessible to trucks and erection
equipmenl.  Tower designers like to choose sites so thal each anchor falls off approxi-
mately the same.  However, this is not always possible or absolutely necessary.

Concrete Foundations

Reinforcing

Most foundations are made of reinfarced concrete (see Fig. 2-52). Since the
concrete is in u wet plastic state when it is poured, it must be confined until it hardens.
Usually, these forms are made of wood. Sometimes in small towers, forms are dis-
pensed with at the anchors simply by digging u hole of rectungular shape and allowing
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the sides of the earth to give the concrete its shape. On a large tower, the wooden
forms run into a considerable amount of money.

Except for tiny foundations, concrete piers and anchors are always reinforced with
reinforcing bars of the deformed type of steel. The purpose of these bars is to help

BORINGS ARE PLOTTED TO SCALE OF 1"=6", ANCHOR BOLTS
USING USG AND GS AS FIXED DATUM,
RING NO. X
510 BORING NO. X[
|__ELEv 9068 |
CLAYEY YELLOW 0-9
| SAND, LITTLE [ 5
GRAVEL = 2-8"
=] S
- AR R
900 FIRM_CLAYLY
~  [|_VERY FINE -
YELLOW_SAND
- AND SEAMS | |
OF CLAY 1
g ﬁi{ L »:—: Fig. 2-52, Typical reinforced-concrete
< —t 12~0 oy base pier.
= ] | =
w PN A4
=_MEDIUM |
890 L?% BLUE 7]
[r_'x CLAY AND _ [12]
Z SEAMS OF
A= QA S LU L
s
P P
=
—
-
iz
80 | — 4
15] 30'-0"

BORING STGPPED

USED 8'-6" OF 2-1/2" CASING

RIGHT HAND COLUMN INDICATES NUMBER OF
BLOWS REQUIRED TO DRIVE 2 0D SAMPLING
PIPE ONE FOOQT, USING A {40LB WEIGHT
FALLING 30 INCHES

Fic. 2-51. Tvpical boring log. Frc. 2-33, Base pier of reinforced con-
crete on piles for use in poor soils,

carry any tensile stresses in the concrete block, since concrcte is essentially a com-
pressive load-carrying material.  Deformed steel is used, since the deformed surfaces
give a better mechanical bond to the concrete,  Since reinforcing bars are universally
obtainable, the steel is usually procured locally.  The reinforcing bars should be care-
fully wired and placed together as called for on the foundation drawing prior to
pouring the concrete, Sometimes these bars are welded together into a subassembly.
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Mix

The concrete is usually obtainable from a local ready-mix plant. The foundation
desigrer always specifies the proportions of the mix and the water-cement ratio or
strength of concrete.  These items should be relaved to the supplier of the concrete.
A typical mix is 1-2-4, where the numbers 1-2-4 represent the proportions of cement,
sand, and gravel. The water-cement ratio is often cxpressed by specitying approxi-
mate compression strength of the conerete after 28 days. A typieal strength 1s
2,500 psi.

NCHOR PLATE
A
SN GROUND LiN
S
Y\\X
\(\{\\\)\ /REIN;%%CING

N K >\
CHANNEL TENSION :
MEMBER__ N\ &
T
| |
\ S 1
|
I
Fic. 2-34.  Screw-bvpe swamp anchor. I'ic. 2-55. Typical reintorced-conerete guy
anchor.

Fie. 256, Wedge-
tvpe rock anchor.

Fig. 2-37. Reinforced-concrete guy anchor
on piles for use in poor soils.
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4

I &
Fic. 2-38. Two-piece metal Fie. 2-39.  Screw- Fic. 2-60. Cone-
anchor for clay or loam. tvpe carth anchor. tvpe  anchor  for

rocky soils.
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Fic. 2-G1. Expanding rock anchor. Fic. 2-62.  Conerete-type rock

anchor.
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Pouring

As the concrete is being poured, precautions should be taken to see that the forms
are filled completely. The usual method is simply to poke or churn the concrete
with a pole or shovel, especially along the edges of the forms. Care should be taken
to see that the steel arms which protrude from the forms are not moved or disturbed
by the pouring of the concrete.

On towers where the guyvs are supplied with fixed lengths, it is most important to
know the exact dimensions from the working points at each guy anchor. These are

Fic. 2-63. Guy anchor installation at KOA-TV, Denver, Colo.

surveved and determined prior to pouring the concrete. Since the concrete may
disturb the steel anchor arms, it is advisable to survev the installed anchors and get a
new set of readings locating these work points.

When concrete is poured under water, proper forms and a comparatively dry mix
will aid procedure. Where the simple method of depositing the concrete under water
directly is not possible, a cofferdam can be built. A cofferdam is a temporary wall
structure out of which water is pumped so that work can be carried on in a com-
paratively dry area.

Freezing

Frozen concrete may not suffer any visible deterioration, but its strength is greatly
decreased. Some precautions must be taken during freezing weather. Fresh con-
crete, when frozen, is easily recognized by its white color, whereas ordinary concrete
will remain a slate color. One precaution is to heat the ingredients and water prior
to mixing and then cover the poured concrete with layers of hay or straw. Sometimes
heat is introduced from a portable heater. Another precaution is adding calcium
chloride to the mixture. This generates heat during the setting period.

Strength

There are occasions where high strength in concrete foundations at an early age is
desired so that the erection of steel can begin at the earliest possible moment or to
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make possible early reuse of forms. In cold-weather construction, high early strength
reduces the time of protection required. High strength at early ages can be achieved
by using a type III portland cement usually
designated as high-early-strength portland cement
or by using richer mixtures of other types of port-
land cement. The type III cements cost more
than the normal portland cement.

Since the important factors which govern the
strength of portland cement concrete are the
relative proportions of cement and mixing water
and conditions during curing, great latitude in
obtaining desired strengths at a given period
can be obtained by adjusting these factors.
Sometimes, calcium chloride is used as an ac-
celerating admixture to increase the rate at
which concrete develops its early strength. The
calcium chloride is particularly effective in in-
creasing strengths at 1 to 3 days. On the other
hand, for a given water content, high-early-
strength cements give higher strengths than nor-
mal portland cement either with or without the
accelerator at the later ages up to about one
year.

TOWER ACCEPTANCE

Inspection

Fic. 2-64. Photograph of a water Most towers are very simple structures physi-
installation. The erection costs rvise  cally. Assuming that the tower was designed
very rapidly. Cofferdams are built 1,y 3 competent engineer to EIA standards
pn&)r ﬂto pmmtng thetfo}mda“m.“’ and that the number and size of members
anoyitug BregiOr MAEL Ativenl e’ flad for by the manufacturer are adequate,
genious devices to get his material / i - L

the job of checking should not be too compli-

to the base of the tower in the > 4 :
water. The photograph is Station cated. The following is a suggested checkoff

WMMB, Melbourne, Fla. list:

Tower Inspection Checkoff List

1. Has the site been cleaned of all debris, paint cans, reels, and miscellaneous
erection junk?

2. Is the tower plumb?

3. Is the tower painted properly—international orange and white—per construction
permit?
Are the bolts pulled up tight?
Are all the nuts sccured and locked as called for by the manufacturer?
Are the turnbuckles sufety-wired to prevent back turning?
Is the service entrance cable or conduit attached securely?
Check anchor distances against tower drawing.
Were holes for the foundations dug decp enough as per drawing?

10. Are the anchor holes backfilled? If not, the first rain will make a sizable de-
pression over the anchor.

11. Is the coaxial system tight?

12. Does the lighting system work?

18. Are all the junction boxes secured with watertight gaskets in them?

14. Look at the face of the tower. Is there anv appreciable twist in one face?

©? > o
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15. On large towers, check the guy tensions by the method given to you by the
manufacturer.

I6. Look at all the members from the ground.  Are any of them visibly damaged
or bent during the course of construction?

17. Did the erector leave any unpaid bills around town that you know of?

Threc chronic complaints about erectors are:

1. Shorting in the lighting systein

2. Sloppy paint job

3. Leaks and dents in the coaxial svstem

General Erection Notes

There is a tendency for the broadcaster to tuke a long time to decide what tower
to buy and then expect an erector on the site before the material has arrived.  These
boys do not get paid for days they do not swork, If they are held up hecause of lack
of material, they resent it! Very often, the hroadeaster, with no ill intent, tells the
ercctor that most of the material is on the site and the balance is in transit.  This
may be true, but unless the last bolt and cvery picce of coaxial, anchor, and tower is
on the site, onc can never be sure when it will get there! Less-than-carload ship-
ments are very slow, The erector will cry for extras, and bad feeling begins. You
can’t blame the erector. Bear in mind that the average erector many times works
under adverse conditions and is away from home.

Towcr-erection husiness is very competitive. Nost bids are based on the erector’s
being able to get to the site. He does not necessarily need a four-lane highway,
but he should be able to drive the truck to the base of the tower and drive to each
anchor.  The fact that vou can walk on the site does not necessarily mean that it
will hold up a truck. He also needs a cleared piece of land to assemble his material,

It is not the erector’s responsibility to get a building permit. It is customary for
the tower buyver to get all permils simply because they are usually obtained under
local conditions which change from town to town all over the country.  Sometimes
it is a matter of a two-dollar license. In other cases, political intervention or an
cxpensive enginecring analvsis and approval are required.

Erectors bid on the understanding that they will work vegular Lhours. Overtime
is expensive, and one shoull expect some resentment from the erector when he is
asked to work overtime at no extra cost.

It would be wisc to allow a somewhat longer time for erection than promised by
the erector. He usually thinks in terms of Llclpb(‘d working duays aud does not count
Sundays, Saturdays, holidayvs, opening day for fishing, opening days for hunting
season, or days or rain, sleet, and high winds.  Often winds are 10 mph on the
ground but 30 mph aloft at t()() tt (sec Fig. 2-35).

Erection work is usually risky work simply because it is off the ground. The
more you push the workmen, the more prone to accidents they become. The erector
is not going to get paid nntil he finishes the job, so he, too, is anxious to complete it.

The erector expects clectrical power at the base of the tower prior to starting the
job.  Otherwise. he has trouble getting temporary lights and he will complain.

Erection work is usually thankless and (Lmu(‘l(ms W ml\mg conditions, hecause
of cold, rain, mud, sswamps, rocks, snow, wind, and weather, in general are never so
good as those i an air-conditioned factory. The men have to be of a tougher breed.
Understanding their problems helps evervone.

Insurance

It a station decides to hive its own erector Lo install the tower, it is recommended
that the following evidence of insurance from the crector (in the form of certificates)
be obtained.  The follawing different insurance certificates are enstomury today:

1. Workmen’s compensation and occupation diseases, including employer's liahility
instrance. Limits: This insurance should be checked with the statutory requirements
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as applicable in the state in which the work is being performed. Employer's liability
should be at least $25.000.

2. Contractor’s public liability insurance which covers damage und injury to ob-
jects and people not under the care and custody of the contractor. Limits: Bodily
injury, $15,000/100,000; property damage, $15,000/100,000.

3. Contractor’s protective liability insurance protects the contractor with his sub-
contractors. For example, the contractor may sublet the foundations or sublet the
electrical work or paint because of union problems. FLimits: bodily injnry, $15,000/
100,000; property damage, $15,000/100,000.

4. Automobile liability insurance. This covers all motor vehicles owned or leased,
including nonownership liability covering contractors’ employvees’ personal cars and
trucks. Limits: Bodily injury, $100,000; property damage, $100,000.

5. Direct damage insurance. This insurance provides for protection against all
risk of the tower, antenna, lines, and the equipment which the erector is working on
or material which is in his (erector’s) custody until completion of the job. Limits:
Should be sct to cover the value of the tower, lights, coaxial lines, antenna, and any
other equipment he is installing, plus crection labor involved.

The cwner should have an insurance policy covering any loss to the tower once the
tower erection is completed and the customer has accepted the tower. Values are sel
for replacement valucs, namely, the price which he has paid for the tower and equip-
ment on the tower plus the cost of erection.

TOWER LIGHTING

Since a tower is a hazard to air navigation, the government prescribes certain
warning lights to be installed on the broadcast towers. In general the lighting re-
quirements are spelled out in a pamphlet put out by the FAA called “Standards for
Marking and Lighting Obstructions to Air Navigations, November 1, 1953.” How-
ever, the exact lighting requiremients are given very specifically in detail in the con-
struction permit lrom the FCC for cvery station. These specific instructions may
differ from the generul specifications. Since the maintenance of the tower lights is
a never-ending problem, it hehooves the station management to see what can be
done to keep the lighting requivements down. For example, any tower in the
shadow of a taller obstruction, such as a taller building, a taller tower, or a taller hill,
cant usually be installed without any lighting.

The electrical system is essentially very simple. It consists of a number of lamps
which arc fed by one or wore circuits cither 110 or 220 60 cycles alternating current.
On AM towers, the RF must be isoluted from the 60-cycle current. Circnits are
made and hroken intermittently by a Hasher. A photocell is used to turn the lights
on and off wutomatically at certain light levels.

Maintenance of lighting systems as a rule is fuirly simple. Lamps burn out and
wust be replaced. It is possible to double the lamp-replucemeut period by installing
two Jamps at every light requirement and connecting these two lamps with a small
relay which tums on lamp 2 upon failure of lamp 1.

The most chronic tewer-lighting complaint is water getting mto the systemr and
causing shorts, Here again, it is a matter of making sure that all connectors and
covers are installed neatly and made watertight. It seems that about as many leaks
oceur in the condnit system as in the systent which uses Hexible cable.

Some stations with tall towers have experienced broken glass on beacons due to
falling ice and have installed small ice shields over the beacons. Most flashers today
use a mercury switch to make and break the circuit. These mercury switches are
relatively trouble-free.  Flashers which use contactors for making and hreaking a
circuit tend to give trouble hecause contact points burn and pit,

Tall towers requiring several beacons and side Laps are usually fed with several
circuits of color-coded TW wire in rigid conduit.  Most short AM towers miake use ol
service entrance cable or any munber of Hexible cables, since this svstem is clhieaper.

Since the beacon is the uppermost point on a tower, it is usnally protected with a
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lightning rod, which reaches a couple of feet above the beacon. Most TV antennas
have a lightning rod built into the antenna,  As a conservative precantion, it is wise
to ground physically in the junction hoxes the neutral or ground wire in the lighting
system at several levels on the tower.

Design, Erection, and Maintenance of Antenna Structures

SIMPLIFIED TOWER DESIGN

Caleulating Wind Load

The method of calenlating wind load on a tower is given in Sec, 2 of EIA Standard
RS-222, On triangular tower structures, swind pressure is applied to 1.5 of the pro-
jected arca of all members in one face.  Pressure is applied to the projected avea of
lighting lines.  Calculations below are for 30 psf on flat members and 20 psf on rovmnd

members.
1. Tower:
Metnher Iixternal Length, Numbhber | Projected
Diametor, in, in. of pleces | area, ft?
('ross member
L in. IR ... 1.03 1634 S 0.95
Diagonals
3, i, PSR 1.0 i T 1.09
Verticals |
L, in, LS, I 1.6 24 2 5.53
Total projected area 847
20'
AN BN
a { '
120 / %50 Fig, 2-65.  Tvypical triangular tower sectian.
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Wind load:

Projected area X 1.5 X wind pressure 847 X 1.5 X 20

- = 12.71 pst
20 f¢. 20
2. Lights:
X 20
Total projected area = RS 1.67 sq ft
ojected are: ind prossur 1.67 X 20
Wind Joad = _projected area Xowine pressure _ 14 X = 1.67 psf

20 i 20

3. Total wind load = 12.71 Ib/ft + 1.67 Ib/At = 14.38 My/ft

WIND LOAD:144 LB/FT
T T T TTITTTITTTT T

L T 3
LOADING CURVE LB

A

548
SHEAR CURVE LB

7457
MOMENT CURVE LB/IN

\

Fic. 2-G8. Louding, shear, and moment
curves.

Shear, Moment, and Loading

Obtain shears and moments, considering the tower as a continuous beam. As-
sume that the points of support deflect as a straight line.  Use the moment-distribu-
tion or similar method. Allow for eccentric application of the load by the guy. The
eccentric moment is the vertical component of the load in the gny multiplied by its
distance from the center of the tower,

Diagonal Struts

Diagonal struts resist tower shear. Assume that two-thirds of the shear is carried
by one tace of the tower.
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Maximum shear = 582 Ib
34.1
Load = 24 X 582 X ST 735 b

Check the strength of the member for compression and for tension using allowable
stresses (see RS-222 Par. 3.1.1).

Horizontal Struts
) . . . f
The load in horizontal members is equal to the horizontal /\
component of the load in diagonal members. 5
~
Load =735 X 18 388 11
Qi = T = )
341
Check the strength as for diagonal strut.
Column Load on Tower L_qg”_.l
The wind direction shown is critical far the column load on Fre. 2-69. Diagonal
the tower. Two guys are on the windward side of the tower  and horizontal struts.

and apply a vertical load.  Assume that the tension in the lec-
ward guy is negligible, then the load in each guy is

. i lenglh
Tension = reaction X —————
guy radius

The column load is the sum of the weight plus the vertical components of the guys.

w1 29 = 2630B

V.C, 2 GUYS = 1856 LB

| w1 0o : 94208

V.C.2 GUYS < 1356 LB
4423 LB COLUMN LOAD

WT 60" - 80B LB

5231 LB LOAD AT BASE
GUY RADIUS

Fia. 2-70. Columin-load analvsis,

Load in Vertical Member

The vertical members of the lower must be designed for combined compression
and bending. The load in a vertical member is equal to the column load divided
by 3 plus the chord load duc to bending M/d where d is depth. The tower must



2-84 Antennas, Towers, and Wave Propagation
be checked for tension in the vertical members and for compression. At the point
of maximum moment in the first bay, the member is checked as follows:
Column load = 4,423 1b
Moment = 3,430 [t-1b

ﬂ 4 3,450

3 1.30
1,474 & 2,650

Load

1,124 b compression

Il

Fe— 1.30" —» = 1,176 Ib tension

Fie. 2-71. Verti- Check the strength of the member for compression and for ten-
cal-memher load. sion, using allowahle stresses in RS-222 (Par. 3.1.1).

The tower acting as a column between guys may be eritical if the
slenderness ritio hecomes large.  In general, it the ratio of the span between guys
divided by the face width of the tower is 40 or less for triangular towers and 30 or
less for square towers, colunm action of the tower is not critical,

Guy Load

The load in guys depends on the guyving arrangement and on the direction of the
wind. For any number of equally spaced guys, there is a critical wind direction,
and this direction must be used to obtain the maxiinum guy load. Critical loads for
three-way guying are shown in Fig. 2-72.

By statics

. lower reaction
Horizontal component (guy 4) = ——————

cos 30°
. R -
Horizontal component = —— = 1,154
0.866
and guy tension = 77 = L1GR X%
{

In practice, especially on tall towers, an allowance is made for wind loads on guys
and for erection tension or initial tension in guys. EIA Standard RS-222 (Par. 8.2)

> HORIZONTAL
COMPONENT

ANCHOR BASE
F d —A
CRITICAL WIND DIRECTION

Fic. 2-72, Critical loads for three-way guyving.

requires a factor of safety of 2.5, based on the ultimate strength of the guy strand.
For a sample tower, guy loads are as follows:
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) . |
Guy ‘ Crit, guy Guy Ultimate Factor of
N R, | Lo dn d. It load, b wize, in. strength, 1h safety
1] 1130 | 117 | 100 1,526 X7 X i 6,650 4.36
' | e LEH.8.* e .
. . " x 1 X7 X - ’
2 714 164 100 1,350 LS. * 6,630 4.93

* [ixtruded Hardened Steel.
Foundation Loading

1. Base foundations must be proportioned so that the area of the base is greater
than the total column load plus the weight of the concrete pier divided by the allow-
able soil bearing pressure.

2. By EIA, RS-222, bearing pressure for normal soil is 4,000 psf.

3. Applied column load = 5,230 1b

Weight of concrete pier 44.3 cu ft ut 140 Ib/cu ft = 6,200 1b
‘Total load on base = 11,430 1b
11,430

Y 10 "
8%3 " 1,270 pst

4, Bearing pressure is considerably less than 4,000 psf, and the pier has a large
fuctor of safety.

Bearing pressure —

5230 LB

Fic. 2-73. Base- Fie. 2-74.  Guyv-anchor analysis.
foundation analysis.

Guy Anchors

[. Guy anchors are designed far the resultant load of guvs when the wind is
blowing in the critical dircetion.

2. Vertical load is resisted by weight of concrete and earth overburden. EIA
specifies in uplift that the foundations shall be designed to resist two times more than
the applied load assuming that the pier engages a 30° frustrumn as an earth over-
burden. Resistance to horizontal load iy provided by friction on the base of the
anchor and by lateral resistance of soil on the Face of the anchor. Friction on the
base is usually small and is neglected. Lateral resistance can be obtained by
Rarkine’s formula for passive resistance:

P = u'hll T bfn' ¢
where 7 = resistance, psf s e
1" = unit weight of earth — 100 Ib/en {t

I = depth to point considered — 4.75 {t

¢ = ungle of internal Mrietion ol soil assumed to he 30°
1405

P = 100k L+ 05 = 3004 = 300(4.75) = 1,425 pal

1 —05
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3. Allowable uplift on anchors:

For weight of earth: #5(6 4 50.4 + V/302.4) = Y8.5 cu ft
98.5 eu [t X 100 Ib/cu ft. = 9,850 Ib of earth
For weight of concrete: 2 ft. )X 3 ft X 1.5 ft = 9 ecu ft
9 cuft X 140 Ib/cu it = 1,260 1b of conercte
9,850 1b
11,110 lb

I

of earth X 14 = 5,555 lb allowable uplift

4. Allowable horizontal load on anchor
= resistance psf X frontul aren
= 1425 psf X 31t X 1.5 1t
= 6,420 1y
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PREFACE

The purpose of this section is to furnish useful information to the engineer, technician,
and operator in a broadeasting station. The material is divided into text and handbook
tvpes of presentation. An effort has been made to approach each new subject grad-
ually in the text, while in the appendices, design equations and data have been presented
in handbook style with the aim of making them most useful to the technician and oper-
ating engineer.

Tirst, the single tower ix analysed. It is then used as elements in a two-tower direc-
tional-antenna array before going to the more complicated arrays.

Antennas form the dominant theme supported by other items such as coupling net-
works and monitoring ¢ircuits. The topies of adjustments and field measurements are
treated in a way thought to be most useful to o man in the feld.

INTRODUCTION

The chief purpose af a radio-broadeasting antenna i= to radiate the energy supplied
Iy the transmitter efficiently. A simiple antenna can do this job quite well, It is usually
a vertical tower that racdiates the energy equally in all directions along the ground.

A secondary purpose of the antenna system may be to concentrate the amount of
radiation in the directions that it is wanted and to restrict the radiation in the directions
it is not wanted. This may require 1 very complicated directional-antenna system if
the requirements are great.

The antenna is the last point in the system under the control of the radio-broadeasting
station. IRadio waves radiated from the transmitting antenna are propagated through
space to the receiving antenna. The only control over these propagated waves is in the
sclection of the antenma site, the polarizations, and the strength of the siznals leaving
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the transmitting antenna. The selection ol the antenna site is determined by many
considerations, such as ground constants, terrain, distance and direction to populated
areas to be served, distance and direction to the areas to be protected, and last but not
least the availability of a suitable land area to install the necessary towers and ground
system.,

For standard hroadeast stations, vertical polarization is used because of its superior
ground-wave-propagation characteristics and the simplicity of antenna design. The
strength of the signal from the transmitting antenna, in any given direction, depends
upon the output power of the transmitter und the antenna design. Since the output
power is regulated by the JFederal Commumcations Commission for the class of stations
mvolved, the only factors remaining under the engineer's control ure the antenna loca-
tion and design. These factors go hand in hand when designing directional antennas
for broadcast purposes.

THE SINGLE-TOWER NONDIRECTIONAL ANTENNA

Current and Veltage Distribution

The vusi majority of radio-broadeasting stations have single-tower antennas that are
neither top-loaded nor sectionalized. Most of them have an insulator near the ground.
Sueh towers all have a current distribution with w zero value at the top as shown in
Fig. 3-1. The maximuimn value of current is Y0° down from the top on a theoretical

| { |
' | { ! l
| | 10 | ‘ |
\ I )X ' !
| I | ! |
I | | | I
| I [ [
| ! | ! | J \
L ! | 1
{A) THEORETICAL (B) VERTICAL WIRE (C) UNIFORM CROSS (D} DIAMOND SHAPED {E) TAPER SHAPED

SECTION TOWER TOWER TOWER

F1G. 3-1. Practical compared with theoretical current distribution on vertical radiator.

antenna, while on all practical antennas it is less than 90° down from the top. This is
owing to the fact that the velocity of propagation slows down as the cross section of the
tower is increased. [For the average uniform-cross-section tower the current maximum
is about 84° down from the top.*!

The general shape of the current distribution on a tower is that of o sine wave given by
t, = L,sin (G — ) (3-1)

where i, = current amplitude at distance y above the ground as shown in IMig. 3-2a,
amp

1, = maximum current amplitude, amp

G = height of antenna, deg

y = height of current element 1, deg
Tor most purposes it is entirely satizsfactory to consider the eurrent distribution as an
exact sine wave through this equution. This iz practically true for a vertical wire as
shown in Iig. 3-1b. 1t is also a good approximation for a uniform-cross-section tower
as Nustrated in Ilig. 3-1¢. For the dianiond and tapered types as shown in Fig, 14 and
¢, the approximation may not be satisfactory.

i

& Superseript numbers refer to References on page 2-110,
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The general shape of the voltage distribution is very nearly that of o cosine wave us
shown in Fig. 3-2 for the theoretical caxe and is expressed by the equation

Cq = En 008 (G - .U) (3'2)

where e, = voltage amplitude at distanee y above the ground as shown In Fig. 3-26,
volts
K, = maximum voltage amplitude, volts
and G and y are us defined in Iiq. (3-1). If the tower is not tall enough for the current
distribution to have a mimimum helow the top of the tower, then the maximum value
of voltage will be at the top of the tower. It is necessary to visuulize the shape of the

CURRENT NODE 100 o] 100 100 Q 100 VOLTAGE LQOP
O T T 1 11 T T T[T T T T ] T T T 7T

L o

2o} !
P g Eq cos{G-y) r— €g 1
o oo ]
L [~ —]
§ L _
S 90| CURRENT LOOP Il~——1, VOLTAGE 4
= — NODE
> G ¢ ]
J S . _ .
;:: 2ok ig=1g sin {G-y) ) |
wt . -
g o
2 4
150 1
Y _
18(‘r VOLTAGE
L CURRENT Loop
NODE J
210 L1 L R . S5 T | L1 ¢ ) S A I |
{A) CURRENT DISTRIBUTION (B} VOLTAGE DISTRIBUTION

Fic. 3-2. Theoretical current and voltage distribution on a vertical radiator.

voltage distribution along the tower heeause of the need of good insulators at the high-
voltage points.  Tf sufficient insulation is not provided in the guy cables or at the tower
base, the current may arc-over at these points and disrupt the broadeasting service, 11
the initial design has poor insulation, then redesign with adequate insulation should be
consudered.

Sonie towers are not insulated ot the base. Such towers are shunt-fed at some point
above the base. This type of tower is less expensive, has no dangerous hase voltage,
and is less vulnerable to lightning. The feed line ean be used to some extent us the
matehing network to couple the transmitter or transmission line to the tower. The
current distribution above the feed point is essentially the same as for a hase-insulated
tower.! The current below the feed point deviates materially from u sine wave as shown
in Fig. 3-3. This s of little consequence in nondirectional operations. It cannot be
tolerated in eritical directionul-antenna systems hecause of its effect on deep minima
of the radiation pattern.

By proper design the coupling can consist of a slant feed cuble with a series capacitor
to couple into the transmission line. In general, as the height of the feed point on the
tower s raised, the resistance and positive reactance inereases.  When the horontal
distance to the {ced point from the tower base is nercased, Lhe resistance and positive
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reactance decreases. The exact position of the shunt feed line can best be determined
by experiment.

The slant eable can consist of two parallel cables properly insulated and having the
proper physical dimensions. Such an arrangement can be adjusted to couple directly
into a transmniission line,

Another method which eliminates the undesirable radiation effects of the slaut line
is to counect several cables to the tower oue-quarter wave (2/4) from the base and
stretch them down to the ground with insulators at the lower end. Thesc eahles form
a short-cireuited olc-quarter-wave (A/4) transmission line which is open-circuited at
the base, thus making it possible to feed the tower through these eables connected in
parallel.

Sectionalized towers have heen used for
soine time and have tuken on added impor-

0 tance with the advent of I'M and TV broad-
20 casting. A sectionalized tower, in addition
v 40 to the ordinary base insulator, has one or
I more insulators in the tower above the base.
§ 60 Very tall towers are often used to support
=) — FM and TV antennas in order to achieve
=3 100 B the desired height above average terrain
% ./ for maximum coverage of the FM or TV
I 120 /J station. If this is the sole objective, the
= A f tower does not have to be sectionalized
140 L
Z ! A L with insulators.
= ~SERIES EXCITED In some cases a tall tower is sectionalized

160
180 '.(’_[ | o~ SHUNT EXCITED ' for the purpose of preventing undesired re-
\]_— 7 "1‘-!—-—- -1 radiation when in the vicinity of AM towers,
200 f—— SHUNT FEED LI = particularly if the other towers are elements
. of a directional-antenna array. In other
0 20 40 60 80 100 20 140 16O 180 o oo it is desired to use part or all of the
CURRENT AMPLITUDE, PER CENT . . | : . ..

OF LOOP VALUE sectionalized tower as active AM radiating
elements.  This may not be so ensy to ae-
Fic. 3-3. Experimental current distribu-  eomplish as one would expect. Moreover,
tion on shunt- and series-fed tower.  (Mor- it yequires considerable effort and planning
rison and Smith, Proc. IRE, June, 1937.) ¢4 degign the systent properly. The Federal
Clommunications Commission will require
proof that the antenna system is operating properly, especially if the sectionalized tower

is near or part of a directionul-antenna array.

Sometimes a tall seetionalized tower is constructed for the purpose of obtaining greater
AM broadeast coverage by properly controlling the current distribution on the tower.>?
When towers are sectionalized for this purpose, considerable attention is given to the
current distrihutions on the various sections of the tower. This is necessary because
the radiation from the current elements on each section must add properly to produce
the greatest or optinium field-strength effects. It is well worthwhile to lock seriously
into these possibilities, even if the tower is to be used for FM and TV operations in addi-
tion to AM operation.

NE
|

Vertical-radiation Characteristic

A nondirectional tower, whether series- or shunt-fed, sectionalized or nonsectionalized,
top-loaded or without top loading, has its own vertical-vadiation pattern sometimes
called its vertical-radiation characteristic. This is simply the amount of signal radiated
at all elevation angles ahove the horizontal plane with respect to the horizontal-plane
radiation. Itsealculation is usually made using the assumption of sinusoidal current
distribution on the radiating portion of the tower.

The current distribution can he controlled by the height and shape of the tower. On
a sectionalized tower the magnitude and phase of the current on the lower sections can
be controtled with respeet to the current on the top section. This permits such a tower
to possess a {amnily of vertical-radiation characteristics.??
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The vertical-radiation characteristic of a vertical nonsectionalized, hase-insulated
tower i given by
» cos ({7 3in 8) — cos (7 .
/) {1 — cos () sin 6 3-8
where f(8) = vertical radiation characteristic
¢ = clectrical height of antenna, deg
8 = elevation of observation point, deg
The derivation of Iq. (3-3) is given in Appendix A as a special case for a sectionalized
tower when the top section is zero. The curves showing /(8) as a funection of height were
published in several forms in the 4th edition of the “NAB FEngineering Handbook.™ 4
The wost useful form is reproduced in Appendix A.

Self-impedance

A radio tower has a different impedance at every point along its height. Two points
are of special interest, One is ut the current loop which is the current maxinium approx-
imately 90° down [rom the top of the tower if it is not top-loaded, and the other is at,
the point where the tower is fed at the base.

Much effort has heen made in recent years to find a reliable means of caleulating the
hase impedance of a tower. The average characteristic impedance, usually called Z,
of the tower appears to play an important role in such caleulations.!

Agsuming a sinusoidal current distribution and the conservation of power between
the loop and the base for a simple tower without top loading, the base and loop radiation
resistances can be related by the simple equation

lfluxip
Royse =

(3-4)

sin? €7

t

where Fhase = base radiation resistance, ohms

Rioop, = loop radiation resistance, ohms
G = height of tower, deg
This equation for base resistance is quite relinble for antenna heights up to 120°. The
foop and base radiation resistance along with the theoretical field strength, assuming
a perfect ground, are shown in Appendix A,

It should be remembered that any set of calculations may not and usually will not
agree with the actual values determined from mewasurement after the tower has heen
constructed, For this reason about the best that one can hope for is to make as intelli-
gent an cstimate as possible.  The base impedance is affected by strav capaeity and
inductance effects and may be considerably different from the approximate theory when
the tower is of the order of u hall wave {(A/2) high.

The loop impedauce of a single tower serves an important role by virtue of the fact
that the caleulated hase impedance usually disagrees with the measured value and also
heeause some towers are fed at or near the loop point. For example, a 90° tower fed at
its hase is alxo approximately fed at its loop; thus

Zhase = Zlooy = 36.6 + 7213 (3-5)

I

c

where Zpase = basge impedance, ohms
Ziop = loop 1mpedance, ohims
j= V=1, making the second term an inductive reactance
This means that the antenna is seriex resonant, without resctance, when the height @
is slightly less than 90°.

Ground System

A single AM tower is not complete without a ground system. 'To feed power into
such a tower it is common practice to couple the output of the transmitter across the
base insulator. The tower base forms one terminal, and the ground system forms the
other terminal. Simple antenna theory assumes the ground plane to be a perfect eon-
ductor which acts like a mirror plane to the radio waves. In practice it is not a perfect
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conductor and mayv introduce a serics-ground-loss resistance from a [raction of an ohm

to several oluns,
A rather common rule of thumb is to use 2 ohms’ loss resistance for the copper-wire
ground system consisting of 120 radials 90° long. This ground-loss resistance can be

REEL FOR COPPER WIRE

WIRE FLARE

BOX FOR WEIGHTS"

N\E7 =1 Tow
—_—

WELD FULL N\
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WIRE INTO GROUND

CUTTING EDGE {/2" x 3/4"- PLATE
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- - N
/// \\
' \
7 N\
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/ )
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; — |
| —-—TUNING BUILDING
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Trc. 3-4. Design of plow for laying ground wires and typical two-tower ground system.

tlecreased by reducing the I loss due to the electrie field and the H loss due to the mag-
netic field.

When the tower is near a half wavelength in height, there is a voltage maximum at
the buse with a resulting strong electric field that results in high ¥ losses owing to the
displacement current passing from the antenna through the earth to the radial ground
wires. This loss can be materially reduced Ly using an expanded copper sereen around
the antenna hase or increasing the numher of radial conductors and placing them very
near the surface or under a laver of axphalt pavement which has very low loss for the
electric displacement current.

The H loss due to the magnetic field extends out a considerable distance. This loss
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is due to the radial current which divides between the ground conductors and the earth.
[t can be decreased by increasing the number of conductors and extending their length.
Thiz will cause a larger portion of the current to be in the copper radials where the
resistance is very low.

A typical ground system may consist of No. 10 copper wire buried 4 to 12 in. deep.
Usually this area is made into meadow or grassland that is mowed often enough to pre-
vent tall grass that may cause considerable E loss under certain conditions. If it is
necessary to till the soil, the wires must be buried deep enough to avoid mechanical
mjury.

It is common practice to use w wire plow, as shown in Fig. 3-4, to lay the ground sys-
tem. The wire plow consists of a thin vertical steel blade to cut u =lit in the ground,
At the rear edge of the hlade there is a small tube through which the copper wire passes
from a wire reel into the ground. The depth of the ground wire can be controlled hy
the adjustment of the vertical blade with respect to horizentul sled rumiers or wheels
which support the plow mechanism. Soft- or medinm-hard-drawn copper wire is easier
to handle in the field than hard-drawn copper wire. It can also stand more mechanical
streteling before hreakage occurs,

The radial wires are usually plowed i, starting from the tower, and driving a tractor
pulling the plow toward a guidepost at the edge of the ground system. Tt is convenient
to provide a copper wire or cable ring around the tower base to which cach radial ground
wire can he mechanically lastened while the radial is being installed. The radial wires
nust then be soldered or brazed to this ring to provide a good electrical connection.
Copper ribbon can then be bonded to the copper ring and run to the ground-system
terminal of the antenna. Copper-clad stakes are commonly used to hold the copper
ring in place and act as a lightning ground. These stakes are driven down level with
the eopper ring, and the two are brazed together to form a good electrical connection.

Expanded copper mesh is commonly used inside the copper tie ring or square. Its
primary purpose is to terminate the £ field. 1ts secondary job is to carry the radial
ground-system current. However, if the amount of copper in the mesh is inadequate,
then radial copper slraps ean he added in this area and bonded to the expanded copper
mesh.

Tower Lighting and Painting

The Federal Communications C'ommission has rules for suitably lighting and painting
racio towers so they can be geen from aireraft, thus minimizing thetr hazard, They are
also marked on the aeronautical charts used by aireraft pilots. Part 17, C'onstruction,
Lighting and Marking of Antenna Struetures, of the FCC Rules and Regulations covers
this subject, thoroughly.

In Dbrief, it is necessary to provide warning lights at the top and fractional elevation
levels of the tower. For tall towers flasher heacons are required at the top and some
intermediate levels. For hase-insulated towers it is necessary to transfer the a-c power
across the base msulator. This is commonly done by RI choke coils, Austin-type power
transformers, or the use of quarter-wave (A/4) isolating stubs.

Radio towers must he painted with alternate strips of international erange and white
paint. The number and width of the strip are covered in the above regulations.

Lightning Protection

Radio towers are vulnerable to lightning; hence it is very important o provide the
neeessury protection.  Lightning rods should he provided at the top of the tower to
proteet the flusher heacon.  Choke coils, large values of resistance, oil-filled insulators,
or isolation stubs should he used to drain the statie charges across the sectionalizing and
base insulators.  Ball gaps or hory gaps should be placed aeross the msulators to carry
the high current surges.

The groutd svstem around the tower hase should have nonfusible cable or conductor.
1t is good practice to terminate these eables m copper-clad ground rods not far Irom the
tower base. In some cases the radial ground system itself may be adequate to handle
the lightning surges.
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Fic. 3-3. Antenna-lighting choke coil.

(@) o (b)

Fic. 3-G. Austin-type transformers: (a) Air-insulated. (b) Oil-insulated.
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Fic. 3-7. Typical antenna meter switching
circuits.
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An important consideration is the protection of the buse eurrent antenna meter and
the RF coupling equipment. It is good practice to provide a tower-grounding discon-
nection switell on the antenna side of the RF coupling equipment for the protection of
technical personnel that must maintain it. During operation the antenna terminal of
the RI" coupling equipment should have a horn-gap path so lightning discharges ean be
hypassed directly to ground. The lightning paths should he ax direct and short as pos-
sible to ground

With regard to the IRI antenna meter the hest practice is to connect it into the cirenit
with a double-pole-double-throw (DPDT), make-before-break switeh, as shown in
Trig. 3-7a. The meter ean then be inserted or removed completely from the eircuit
during operation. When removed from the cireuit, there is very little chance for light-
mng to injure it because there are no metullic eonmections to it. The meter is always
removed froin the cirenit execept when it is necessary to make a reading. Tt is sometimes
necessary to adjust the length of the shorting loop so it will have the same inductance
as the mcter loop.

A less expensive and less desirable method is to use a single~-pole-double-throw (SPDT),
make-before-break switch as shown in Wig. 3-70. The least expensive and least desir-
able method is to use a xingle-pole (SP) shorting switeh as shown in Fig. 3-7¢c. The
shorting switch shunts most of the enrrent around the RF meter; however, a lightning
surge may be suffieient to injure it.

It is difficult to prediet what a Nghtning stroke will do, particularly if it is & direct hit
on the tower. The stroke may jump to the transmission-line side of the coupling net-
work; hence it is advisable to provide lightning-protection gaps at the tower end of the
transmission line.

Adjustments

A transmission line ean usnally be coupled into a tower Iy the use of a series and
shunt element. If the tower is in a directional-antenna arrayv, then three tnning com-
ponents are usually employed so the phase ean algo be controlled at this point.

Usually it is necessary to design and order the coupling network components hefore
the tower and ground systemn are mstalled. In this ease sufficient latitude must he
allowed for vuriations of the inductive and capacitive components to mateh into the
tower impedance from the transmitter or transmission line. If the tower and ground
system are already installed, antenna input impedance measnrements can bhe made at
the operating frequeney. It is therefore possible to determine, quite aecurately, the
value of the components required, but even in this case it is advisable to provide a reason-
able tolerance for adjustment in the field.

The problem of coupling a transmission line to a sectionalized tower is usually much
more involved. The sectionalized tower i, in effect, a collinear vertical directional-
antenna system and therefore should he provided with both magnitude und phase con-
trol for each of the several elements. [or this type of antenna it is usually desired to
obtain the optimum vertical-radiation characteristic. 1f this is done, the results should
be chiecked by field-strength measnrements.  In this type of antenna it is desirable to
provide considerable latitude in variations of the adjustment components.>?

The design information necessury for matching fromn the tramsmission line into the
antenna is covered in Appendix B.

Inverse Field Strength at 1 Mile

The inverse field strength at 1 mile, sometimes referred to as the unattenuated field
strength at 1 mile, is the field strength at 1 mile when the only attenuation is that of
distance. It is a theoretical value and is considered primarily for comparison purposes.
This concept removes the frequency and ground attenuation effects.  Nondirectional-
and directional-antenna patterns ean be compared on this basis.

The vertical-racdiation characteristic, for example, is 1merelv a comparison of the
inverse field strength at 1 mile at all elevation angles above the horizontal plane with
the inverse field strength at 1 mile in the horizontal plane. When it is necessary to
express the radiation from an antemma the value is usually given as the horizontal-plane
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inverse field strength at 1 mile. Tt ean be expressed either with or without the inherent
losses of the antenna systen.

When submitting inverse-field-sirength information to the Federal Communications
Commission it is common practice to inelude the antennu-system losses.  Nondiree-
tional antennas produce but one such value, since the input power is determined by
direct input-power measurements. In other words, the input power is determined by
multiplying the measured input resistance by the square of the antenna eurrent meas-
ured at the same point. In equation form,

P, = IR, (3-6)

where P, = antenna power input, watts
I, = antenna current, amp
I, = antenna resistance, ohms

A nondirectional antenna theoretically produces only one wvalue of inverse field
strength at 1 mile, which is the same at atl horizontal bearings from the antenna. Non-
direetional-antenna patierns are graphically deseribed by a circle, the radius of which
is the inverse field strength at 1 mile. The pattern of a single-tower radiator is usually
considered to be nondirectional. 1i the feeder is nonsymmetrical, such as in the case
of a shunt-fed antenma, or if there are objects which reradiate in the vicinity of the
tower, the horizontal pattern will not be circular or nondirectional hut will have some
directivity.

If the horizontal pattern is directional or nondirectional, its equivalent nondireetional
effectiveness can be expressed as the root-meun-square (rms) inverse field strength at
1 mile, or simply its rms value. The rms value is the radius of a circle which has the
same area as the pattern formed by all the inverse-field-strength values at 1 mile i all
horizontal directions.

A directional-autenna pattern can be quite well deseribed by plotting the inverse-
field-strength values at 1 mile at intervals of 10° on polar graph paper. The rms value
of the pattern ean be obtained by taking the square root of the sum of the squares divicted
by the numbeor of squared values, thus

36

Ey = (3-7)

where Eq = rms field strength, mv/m

FE1o = inverse field strength at azimuth angle of 10°, mv/m

Ey = inverse field strength at azimuth angle of 20°, mv/m, ete.
The rmis value can also be obtained by using a polar planimeter to measure the area and
determining the radius of the circle having the same area. This radius is the rms value
of the pattern in the same units used to plot the dircctional pattern. It is common
practice to measure the field strength and plot patterns in millivolts per meter, abbre-
viated mv/m.

The Federal Communications C‘ommission does not normally require proofl of per-
formance measurements on single-tower nondirectional antennas. Therefore measured
values of inverse ficld strength of nondirectional antennas are not in general availahle
to the public at the reference room of the FCC, Washington, D.C. The deseription of
existing towers of nondirectional radio stations is usually not complete except as to
Leight and type. In most directional-antenna proof-of-performance reports it is ve-
quired to show noudirectional measurements on a single tower in the array cither before
the other towers are erected or when the other towers are detuned so thev will con-
tribute a minimum of reradiation. This information is available at the reference room
of the 1"CC.

Attermated Field Strength

The attenuated field strength is the amount ol signal left alter it has been diminished
by distance, ground canduetivity, ground induetivity, and all other effects encountered
Ly the signal between the antenna and the point of measurement. The field strength
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15 also a function of the operating frequency and unattenuated field strength at 1 mile
in tle direction from the antenna towarcd the measuring point.

Only alter u tower is constructed ix it possible to determine the actual aftenuated
field strength at any point. Sometimes a test antenna and transmitter are installed at a
proposed site to determine maore precisely the coverage or interference to be expected.
The attenuated field strength is determined by measurement with a field-strength meter
properly ealibrated and operated.

When the unattenuated rms field strength is needed to prove compliance with mini-
mum requirements, it is necessary to make proof-of-performance measurements on a
nondirectional anterma. This consists of a set of attenuated field strength measure-
ments made on each of eight or more radials, The attenuated measurements are then
used to determine the unattenuated field strength at 1 mile in the direction of each
raclial.  The manner of taking measrements and the means of analvsis are fully de-
serthed in the Technical Standards of Part 3, Radio Broadeast Serviees, of the FCC
Rules and Regulations.

TWO-TOWER DIRECTIONAL ANTENNA

Radiation-pattern Shape

Omne purpose of 1 directional antenna is that of producing a greater radiation in one
or more directionx than o nondirectional antenna would produece with the same power.
Another purpose 12 to produce a small radiation in one or more directions. The latter
consideration is more often required than the former hecause it is the rule rather than
the exception that when a directional antenna is requirved, its racdiation pattern must
e so designed that it will not cause interference in any area, thereby depriving that
area of one or more existing services, Or it this is not possible, the interference that ix
created must be limited to population that would feel the impaet of losing serviee least.
In other words if interference must he caused te some population, it is more desirable
that it he caused to population that already has plenty of service rather than to popula-
tion that has a meager ainount of service or no service at all,

An existing radio station iz faced with the same type of interference problem if it
desives to change its directional-antenna pattern or if its directional antenna gets out
of adjustiment. A careful theoretical study of the two-tower direetional antenna pro-
vides the owner and operator with a very useful tool for maintaining the correct opera-
tion.

The two-tower directional autenna, besides heing the simplest ot directional antennas,
if often a basic unit of a three-tower or more array. It may he eompared with a single
tower i the following rvespects: The signals produced are hut one signal as far as the
receiver is concerned. IZach tower produces a pattern having an rms value that must
be above a specified minimum value aceording to the FCOC rules. The current and
voltage distributions on the towers in a directional-antenna array are usually assumed
ta be sinusoidal and cosinuseidal, respectivelv, just as thev are on a nondirectional
antenna.  The vertical-radiation characteristic of each tower iz defined in exactly the
same wayv. The tavo-tower operation converges to a single-tower operation if the tower
heights are equal, the phasing of the eurrents in the towers are the same, and the spacing
of the two-lower array approaches zero.

This is a= fur a2 one can go in comparing the single- andd two-tower operations. The
two-tower operations are different in the following respects: The wpacing of the towers
in the two-tower array makes the instantaneous signal of one tower out of phase with the
corresponding instantaneous signal for the other tower. This means that the towers can
be spaced so that the signal can he made to add or subtract as desired. This, of course,
sanmot be done with a single tower.  Also by means af phasing eireuits it 15 possible to
control the imstantaneous signals from each of the towers in the two-tower areas. Usu-
allv the phasing cireuit is placed in only one of the tower circults, since the object of
interest is to control the phase of the current in one tower with respect to the phase of
{he current in the other tower,  I'urthermore, the magnitude of the eurrent in one tower
can he controlled with respect to e magnitude of the current in the other tower. This
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permits the control of minima deptl in the directional antenna pattern. Thus, the spac-
ing, phase, and current ratio controls available in the two-tower array are not available
in the single tower, which must have a eircular pattern.

To understand better the two-tower directional antenna, consider the following de-
scription. et one tower, sav tower 1, he the reference tower and fixed in location. Let
the other tower 2 be free to move on a straight line, say due north from tower 1. Let us
also by means of the phasing and eoupling ctreuits maintain the same eleetrical phasing
and current magnitude in the two towers. lLet us further assume that a person P, is due
north of tower 1 and that another person P, is due south of tower 1. Now, if tower 2 is
gradually moved north, P, will note that the signal trom tawer 1 is being received at the
same time as before but that the signal fron tower 2 is being received sooner. The person
P, will note that the signal fram tower 1 is being received at the same time as before hut
that the signal from tower 2 is being received later. The person P, might say that the
signal from tower 2 leads the signal from tower 1, while the person 7°; will say that the
signal from tower 2 lags the signal from tower 1.

Actually the persons P, and P can observe only the combination signal from towers
1 and 2. When tower 2 is moved 180° north of tower 1, the person P, will note an ah-
sence of signal. This means that the signal from tower 2 leads the signal from tower 1
by 180°, and since the signals are the same magnitude, they cancel and produce a null
effect. The person P; will also note a null effect which is due to the signal from tower 2
lagging the signal from tower 1 by 180°.

Now, cousider person . due east and person P, due west from tower 1 and ohserv-
ing the resulting signal in these directions. They will both note at all times, regardless
of the location of tower 2, that both signals arrive at the same time. Hence, the signals
are always in phase and add completely, When the towers are spuaced 180° and are in
phase, it is therefore seen that the pattern has the shape of a figure eight with the lohes
east and west and the nulls north and south. This ease is illustrated in column 1 of
Tigs. B-3 and B-9.

One other pattern will be similarly deseribed.  Let all the above assumptions hold
except that tower 2 is now always phased by means of the electrical phasing eircuits to
be 90° ahead of tower 1. Now when tower 2 is 90° north of tower 1, the person at P,
will note that the signal from tower 2 leads the signal from tower 1 by 180° and there-
fore complete caneellation oceurs, with the result of a null. The person P; will note
that the signal from tower 2 is exactly in phuse with the signal fromn tower 1 and there-
fore they completely add to form a lobe. The persons P, and P, will receive a signal 41
per cent greater than the individual signal fram tower 1 or 2 because these signals are
90° out of phase. This pattern has the shape of 4 eardioid with the lobe to the south
and the null to the north. This fuct can be fwrther explored by referring to column 3,
Fig. B-3, or columun 2, Fig. 3-8,

The above two patterns just deseribed serve to illustrate the effeet of both spacing
and phasing.  From this it is seen that the pattern shape is affected both hy the spacing
and phasing. The above diseussion pertains only to the pattern shape in the horizontal
plane. For the more general case xce Appendix B, Two-tawer Directional Antennas.

Radiation-pattern Size

The Federal Communications Commission provides specific amounts of power for the
various classes of radio-broadeasting stations. The rules permit the following amounts
of power; 100, 250, 500, 1,000, 5,000, 10,000, 25,000, and 30,000 watts. It is therefore
necessary to select the value of power to be used and make sure the individual towers
will produce enough inverse field strength at 1 mile so the rms of the directional-antenna
array will meet minimum radiation requirements of the rules. The pattern used {for
rms size consideration is the one in the horizontal plane. Tt the directional antenna is
inefficient, the rms pattern may be too small. It is therefore important to be able to
determine pattern size.

There are many factors involved in determining the paltern size of a directional-an-
tenna array. The prineipal ones are phasing, spacing, and height of the towers and the
ground-system resistance losses. The pattern size ean first be determined asswning no
loss in the directional-antenna system.  This value is computed from a formula which is
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based on one tower operating alone, the self-resistance ol both towers, the mutual im-
pedance between the two towers, the current ratio, and the relative current phase.
The total resistance losses of the directional-antenna syvstem are commonly computed
by assigning a series loss resistance {o cach tower.

The mutual impedlance between two towers can be caleulated from cumbersome {or-
mulas, or it can be found more quickly by graphical means. The mutual impedance
between equal-height towers for various spacings is given in IMig. B-14. The nurtual
impedance is referred to the loop, or maximum current position. It is convenient to
use the loop values for computation hut necessary to use the base mutual-impedance
values when tuning up a directional-antenna array.

The procecure {or determining pattern size is to use the alove factors in the formula,
as given m Appendix 3, page 2-118 to caleulate the field strength of the reference tower
when operating in the directional-antenna arvray. The field strength from the other
tower can then be obtaincd by applving the field ratio that was used to Jdetermine the
pattern shape in the horizontal plane. The use of these values of E; and Ey in the
horizontal-pattern formula results in the correct-sized pattern.

RMS Field Strength at 1 Mile

It is now possible to calculate the rms field strength of the directional-antenna pat-
tern in the horizontal plane. The appropriate formula in Eq. (I3-14) is easy to apply,
and the results are accurate. Morcover, these culeulations =erve as an excellent eheck
on the rms of the plotted pattern which ean he measured by using a polar planimeter
or Kq. (3-7).

Monitoring System

Practically all divectional antennas have monitoring svstems consisting of individual
antenna current meters, a common-point input current meter, and a phase monitor to
give the relutive phase hetween the towers.  Most directional antennas have antenna
meters at cach tower base and corresponding remote meters in the transmitter operating
rooni. This makes it possble for the operator on duty to observe the operating conedi-
tions continually and muke the necessary log entries.

Usually, when the directionul antenna iz installed, all the untenna meters are cali-
brated against a meter of known accuracy. Sometimes RIY meters are injured in ship-
ment or for some other reason will not give accuruate readings. 1t iy good practice to
retain an aceurate meter so the culibration of all the RI" meters can be checked from
time to time ax needed. The antenna meters at the towers are read daily or weekly,
and the remote meters checked for acenracy.  Most remote meters are provided with
an adjustment so their reading can be made to correspond exactly to the antenna meter.

The ealibration of the phase monitor at the time of the antenna installation is as a
rule adequate as long as the monitoring loops and phase-monitoring lines stay in good
physical and electrical condition. [t is important to have a phase-monitoring system
that is more reliable than the directional-antennu syvstem. 1f the phase readings vary
from the licensed value and thiere is no noticeable change in the antenna eurrent read-
ings, it iz advisable to question the phase monitor before making any readjustments on
the directional-antenna system.  In such cases the field strength st the monttoring
points should be checked. If these reaclings are normal, the trouble ix probably in the
phase-monitor sy=tem.

Feeder System

All that is vequired for a single tower is to matceh the anteuna to the transmission
line, and in twrn the transmission line must he niatched to the transmitter. In most
cases the transmitter will mateh directly into the transmission line, and i the tower is
next to the transmitter huilding, a transmission line is not required. In some cases it is
possible to excite the antenma directly Irom the transnitter output without a trans-
mission line or coupling circuits.

In a directional-antenna feeder systeny, power-dividing and -phasing networks are
reqaired in acdition to transmission lines and matehing networks. A typical two-tower
directional-antenna feeder system is shown in Fig. 3-8. At least one tower of a two-
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tower array must have its driving-point impedance transformed to match into a trans-
mission line. The other tuwer, if not located close to the transmitter, vwst also be
excited through a transmission line.

In a two-tower directional antenna it is necessary to have the reguired total phase
shift fromi the common point at the transmitter output to each of the towers. The
phase shift muzt be sueh that the phase of the tower ewrrents meets the design require-
ments. When a phasing network is employed, it should operate over a favorable con-
trol runge so the current in tower 2 with respect to the current in tower 1 can be adjusted
and maintained at the proper value. In [Mig. 3-8 the current ratio of tower 2 to tower 1
can be adjusted and maintained by the power-dividing network.

It should he pointed out that the phase- and power-division controls are usually not
independent because of the mutual-impedance coupling effects hetween the towers. In
other words a change in the phase control may have more effect on the current ratio
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Fis. 3-8. Block diagram of a directional-antenna feeder system.

than on the phase-monitor reading. The person that must keep the directional-antenna
svstem in adjustment should therefore operate the various controls and ohtain a feel of
how the system reacts.  Before moving any controls, however, the settings should he
noted and recorded so it is possible to return to the original operating condition. Here
it is assumed thal the feeder system s already operating properly.  Only persons with
the responsibilits ol operating and maintaiming the dircetional-antenna system need to
have this experience.

If the feeder system has heen designed and the antenna system iz to be tuned up, it
is desirable first to determine the feed-point driving-point impedance values. This can
be done Ly following the procedure in Appendix B. It is then necessary to set up the
tower coupling networks so they will match into the driving-point impedances deter-
mined above. In addition they should have the correet value of phase =0 the phasing
control will be near the center of its range for proper phase of tower 2 with respect to
tower 1. The power-dividing network can then be set up to give the approximate divi-
sion of power, and if there is 4 matehing network between the transmitter and the power
divider, it can be set up to give the proper inpedance for the transmitter.

A small amount of RF power cun now be fed in at the common point, and adjust-
ments made to approximate the required current ratio and phasing between the two
towers. If the driving-point impeduances at the towers were computed correctly and the
tower matching networks were set up properly, it should not be neeessary to make any
further adjustments at this point other than to add or subtract phase shift.

It should be observed that the driving-point impedanees at the towers will not have
their correct values until the {eeder system is in final adjustment. Therelore, improper
meter readings and standing waves on the transmission lines are to be expected until
the final adjustment is upproached.
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When o dircetional-intenna array has heen correctly adjusted, complete mensure-
ment data should be taken hefore it is turned over to the new user. These data should
include not only RF hridge measurements of all components hut similar stutic meas-
urements st several points in the feeder system. These measurements should be made,
for exanmple, at the input to each tower impedance-matehing network by opening up
the transmission line and connecting the RF bridge at this point. Also record open-
and short-circuit measurements of all transmission lines.

These measurements can he further supplemented by making dynamie REF voltage
readings to ground at a number of ponits in the feeder svsten,  Also RF current read-
ings should be taken in all network branches.

Then in the event there is a departure from normal perlormance, the above statie
and dynamic measurements can be duplicated to a in the restoration of the feeder
system to normal service.  This information is particularly helplul if & component he-
comes defective or is destroved by lightning.

It is also good practice to make a record of all eapaecitor and Inductor adjust-
ments. It is advisable to muark all coll taps and capacitor settings with lacquer paint.
Fingernail polizh can he used for this purposc.

Particular attention should he given to make sure that the phase-monitoring system
iy in good condition and properly instulled. If the phase-monitor lines are of equul
length and same of the line must be cotled up, this should be done so that, as nearly as
possible, equal lengths are outside the building and will therefore e equally affected
by temperature variations. Otherwise, phuse variations may oceur owing to unequal
temperatures of the phase-monitoring lines.

The feeder system should be inspected and eleaned regularly. It is advizable to use
msectprool sereens over any openings in the housing of feeder system networks. 1If
pressure gauges are used on capacitors or coaxial transmission lines, they should be
checked oeccasionally. These components may be injured if operated without pressure
even though the gauge reading appears to he satisfactors.

In the day-to-day operation of a directional-antenna system it should not he neces-
sary to move any controls or make any adjustments.  Sometimes temperature and
weather conditions will cause slight excursions of the phase and eurrent ratio values.
If the tolerance limits are exceeded, then the problem should be analyzed and appro-
priate corrective measures taken.

DIRECTIONAL ANTENNAS HAVING MORE THAN TWO TOWERS
Comparison with Two-tower Array

Many directional antennas consist of more than two towers heeause a two-tower
array cannot produce the pattern shape required. It often huppens that a two-tower
pattern could be used, or it may even be that a nondirectional pattern could be em-
ployed if the pattern size were small.  Such patterns may be ruled out by the owner
because of prestige as to power statements and lack of good service over the urban and
rural arcas to he covered.

General Case

A geuera! treatient of directional antennas of more than two towers can be limited
to an explanation of one tower with respect to a reference point because all other towers
are treated in exactly the same manner, =ince no specific information ean he given to
distinguish one tower from another. The only [acts that need be known ahout a tower
ave that it Las height, it is sectionalized or not, top-loadet] or nat, that it has a certain
cross-sectional shape aud size [or each distance ubove the ground, and that it has o
ground =vstem of o specified efliciency.  Maost of these items have already heen discussed.

The important considertions for a general tower in o directional-ntenna syvsten
are its spacing, phasing, eurrent, and height with respect to the other towers in the
array.  These four items define its contribution to the rudiation ehavacteristies of the
array once its individual or single tower characteristies are defined.  Hence thix gen-
eral treatment must conclude with an expression that desevibes the radiation of any
tower of a multielement array. This expresston is ealled a veetor and is written
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B = Erfr(8) | Si cos ¢p cost + ¥y, (3-8)

where £ = vector unattenuated inverse field strength at | mile for the kth tower while
in operation, mv/m
E; = magnitude of horizontul field strength of £th tower, mv/m
ful8) = vertical-radiation characteristics of kth tower—always unity y along ground
L = vector angle terms are placed in this position. Vector magnitude terms
are placed whead of this angle sign
Sk = spacing of kth tower, deg
¢ = szimuth angle measured clockwise from reference through Ath tower, deg
elevation angle from ground or horizontal plane, deg
¥ = electrical phuse of current in Ath tower, deg
The subscript & was used in this equation to distinguish the radiated field strength of
this tower trom the other towers in the array. The sum of the vector fields from all
the towers gives the total field strength in any direction from the array.

Dropping the subseripts in the above equation for simplicity, the produet £f(6) is the
magnitude of the veetor and S cos ¢ cos @ 4+ ¥ is the phase of the vector. The only
real value of this general treatment is the meaning it lends to the over-all theory. In
fact its understanding is so vital that a clear concept of directional antennus must come
from its meaning. As a matter of fact one can treat the whole matter of pattern shape
from the veetor concept directly without other mathematical complications. It this
is done, it is, of course, necessary to know how to add, subtract, multiply, and divide
vectors.  On the other hand if the mechanism of vectors is not known, one is at a great
disadvantage from the start in acquiring a thorough understanding of directional an-
tennas. It is therefore recommended that at least the rudiments of vector analysis be
learned by anyone desiring really to understand directional antennas.

Before leaving the general case attention is called to the fact that any direetionul
antenna must be treated as a unit such that the whole operation ix considered when
any part of the antenma svstem is changed. For example, it is very important to know
how a change in the magnituce or phase of each tower current affects the shape of the
pattern, but at the same time it cannot be forgotten that the efliciency is also a factor
that must be considered.

The perfect pattern shape and the most efficient operation are seldom attained at
the same time. Theoretically this may be possible, bhut actually the number of towers
may be limited or the coverage and protection requirements may have changed after
the directional-antenna gystem was put into operation. Suffice it to say that it is the
rule rather than the exception that one or more compromises are necessary hefore the
final operation is attained, and it is best to understand the peculiarities of any par-
ticular array so that these compromises can be recognized and dealt with in the most
intelligent manner.

=~
[

Special Cases
Two-tower Pattern

The simplest equation [ur a two-tower pattern is
Ny Wy
E = 2E; cos (E cos ¢ + ?) (3-9)

where £ = inverse field strength at 1 niile, mv/m
Ey = inverse fleld strength at 1 mile for each tower acting alone, mv/m
Sa2/2 = spacing from a reference point midway hetween the two towers, deg
¢ = azimuth angle measured clockwise from line of towers, deg
W¥3/2 = electrical time phuse of tower 2 and the negative electrical time phase of
tower 1, deg

This equation is for the horizontal plane onlv, and the terms are espeeially defined to
make the equation simple. The tower heights and current values are agsumed to be
equal or such that 1 = £salong the ground. The spacing S; is from tower I to tower 2,
and the phase ¥, is the phase of the current in tower 2 taken with respect to tower 1
(see IMip. 3-9).
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Since a two-tower pattern is symmetrical with respect to the line of towers, it is
necessary to compute the values for only one side of the line of towers, that is, ¢ from
0 to 180° and these same values can he used on the other side of the line of towers.
For example, cos 10° = cos 350°, and hence the value of £ will be the same in these
two directions.

The shape of the pattern is controlled hy proper selection of spacing 52 and phasing
¥a, while the pattern size is controlled by £e. For null filling or to determine the radia-
tion above the ground plane, it is necessary to use a more general formula.

N

5
E,/ 22 cos¢ + £2

{*& _¥
£2 2(:034J >
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Fic. 3-9, Simple two-tower case,

Three Towers in Line

A three-tower array will be considered [rom the simultaneous points of view of theory
and practical operation.  Three towers are either in line or not in line.  If they ure in
line, as in the case of all two-tower patterns, the three-tower pattern must be symmetri-
cal about the line of towers. Consequently, the pattern shape needs to he computed
only on one gide of the line of towers.

The three towers may be equally spaced or not equally spaced. It veetors alone are
used to analyze the operation, it makes little difference where the towers are located,
especially if the cuwrrent values are not chosen for mathematical simplicity.  If sim-
plicity is desired, as it often Ix, the tower spacings should be made equal.  This ix cov-
ered more thoroughly in Appendix €7 Mg, -1,

To relate theory and practice consider an array of three towers in line. The field
strength produced by each tower ean Le represented by a vector at any point iu space.
The sum of the three vectors at the point is the total field strength produced by the
entire array.  This sum, or resultant field strength, is itseli a vector and can be deter-
mined mathematically when all the parameters of the threc-tower arrav are known.
The size, or magnitude, of the resultant vector is the all-importaut part ot the resultant
field strength as far as the radio receiver is concerned. Thix is hecause the receiver
does not detect the phase angle; it simply responds to the magnitude of the resultant
vector and deteels the information on it. The magnitude of the resultant vector at
the receiver depends upon the magnituce and phase of the current on each ot the three
towers, which amounts to a total of six parumeters.

The observation that there are six parameters in a three-tower array, which ean vary
independently of one another, makes it elear that it is necessury to nuderstand which
ones are beiug changed when the array s being adjusted.  Otherwise, the possibility
of making the wrong adjustnient is very great. On the other hand when a desired cor-
rection is made by changing the approprinte parameter, the result canuot be wrong.
This view Is momewhat optimistic because theory does not hold exactly in practice
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where actual conditions involve the necessity of making compromises. For example,
it is not difficult to change o parameter to get a certain ficld strength at a given point
but in so doing the field strength may be adversely affected elsewhere.

An understanding of the directional antenna is quite ensily aequired through veetor
analysis, but in actual field practice it is almost abways more efficient to convert the
vectors to an ordinary algebraic expression of the field strength at 1 mile. When this
is done, the theoretical effects of a change in any one parameter can be quickly deter-
mined. The algebraic equations for a three-tower-in-line array are given in Appendix
C, Fig. C-3.

Three Towers Not in Line

The above treatment of thiree towers in a straight line should and did receive first
consideration because of the number of such dne(‘t,mnal antenna arrayvs in exis
Three towers not in line, sometimes referred to as a dog-leg array, deserves s
consideration because of the number of such arrays that are in existence and because
such three-tower patterns naturalty fit the predominately unsymmetrical lequirements

There are a number of ways to select the reference point and the reference line in the
three-tower array. Only one will be treated here for the suke of elarity and briefness.
It is believed to have more significance than other cloices because it can be related to
the two-tower treatment already covered and to the four-tower paralellogram array.

Further discussion of three towers not in line follows the treatment of the four-tower
parallelogram array; hence it is treated ux a corollary in Appendix C, I'ig. O

Four-tower Parallelogram

Many directional-antenna systems have four towers located at the corners of a paral-
lelogram. The chief reason for the popularity of this type of array is the ease with which
the pattern shape can be dexigned to meet complicated requirements. The design pro-
cedure iz straightforward, and the computations are relatively easy. Because of these
wdvantages it is snrmised that some four-tower arrays have been designed and con-
structed where three-tower arrays would do the job. This does not necessarily imply
that the three-tower array would o a better joir. The lour-tower array may have
hetter stability in operation and make it possible to modify the pattern without chunge
m tower loeation, and the efficiency may be better.

When the multiplication form ol the four-tower array is used, it can be designed
piecemeal by first selecting one two-tower design that will provide the necessury pro-
tection in two directions. Then another two-tower array can be selected to protect in
two other directions. If the parallelogram design is used, these patterns can be multi-
plied together and achieve the necessary protection in all four specified divections, The
design detuils are given in Appendix C, Fig. (I-2.

Arrays of More than Four Towers

It is not believed advisable to go further into the discussion ol apecial cases where
more than four towers are involved. 1I an owner or operator of a nrultielement array
desires to adjust or understand a specific directional-antenna system, it is anticipated
that he will take one of two courses: employ a competent eonsultant to do the work or
become sufficiently proficient himsell to do the job.

Suffice it to say here that in general the adding of more towers in an array permits
protection in more directions or greater protection over wider angles and may in some
cases he used to inerease the field strength in some directions. The nore complicated
arrays are usually made up of combinations of two-tower units, and in some eases three-
tower units are used. ['or exainple, un eight-tower array may be made up of four two-
tower units, or a nine-tower array may be made up of three three-tower units.
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GENERAL CONDITIONS AND PLANT LAYOUT

The entire plant should he considered [rom a number of poitits of view prior to detail
study if an existing broadeast station is in need of adjustments or if the hroadeast plant
is to be huilt from its heginning.

The location of the transmitter building with respect to the towers i important from
the stundpoint ol aceess to the transmitter from the roud, and if the common point of
the directional-antenna system is in the transmitter building, the building should be
close to the towers to minimize RF trausmission-line losses.  If the transmitter building
must he located some distance {rom the towers, it is advisuble to Jeed the RI" power
over a transmission line to a common point located so that the RIF lines from this point
to the towers will have o minimum of loss.

The ground-system design [or a new directional-antenna array should be laid out such
that the copper will be used to hest advantage to minimize & and H losses. This does
not necessarily wean that a radial system under each tower is the best layvout. A study
ol the // field or ground-current direction at a number of points will help decide how
the copper wire should e placed. It the ground system has been installed [or some
time, it may have deteriorated somewhat. In such cuses it is advisable to check for
corrosion and mechanical failure of the conductors. The extent of the ground system
should he checked against the original construction permit for completeness,

The transmission line, i above the ground, should have a ground strap buried in the
ground below it, and this strap should be tied into the ground conductor system. This
huried ground strap should be bonded to the ground side of the transmission line at
regular intervals,

A general survey of the feeder system in an existing plant will involve not only the
location of thie matehing, phasing, and power-division networks but obtuining informa-
tion coucerning possible inefficiencies and inconveniences in operating arrangements
and adjustment eontrols.

The phlase monitor should be the most reliable indicator of the current of the various
towers. 1f this is not the case, steps should be taken to improve its operation. The
loeation of remote indicating meters should be checked along with their ealibration
against the anteuna ammeters. [f any question exists about the current magnitudes,
then all the antenna and common-point meters should be culibrated against a meter of
known accuraey.

It is good practice to beeome [amiliar with the procedure for warming up the trans-
mitter, meluding starting and stopping operations.  This will proteet the equipment.
Sately precautions, especiully when high power is involved, should be obeyed rigorously.
1t is much better to spend w little more time than to have someone injured or killed.

All tuning controls, including variable capacitors and inductors, should be noted.
All taps and settings should he rvecorded. A complete set of meter and phase-monitor
readings should he recorded helore any adjustments are made on an existing systeni.

The tower lighting, tower insulation, lighting-control circuits, or the phase-monitor-
g systent may require preliminary alterations before tower-impedance or common-
paint-impedance messurements are made.

The number of transwitters available for regular, auxiliary, or emergenev operation
should be inspected with regard to switehing cireuits and studied with regard to the
possibility of iniprovements in convenience and efficiency.

REQUIRED PREADJUSTMENT INFORMATION

Preliminary Computations

Base Dricing-point Impedance

The loop imipedanee values can be computed or estimated, and from this information
the hase driving-point impedances of all towers can he estimated as outlined in Appen-
dix 13
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Base Driving-point Currents

Knowing the power and driving-point impedances it is possible to estimate the base
driving-point currents. Consideration should be given to the congervation of power
principle between the loop and base values as discussed in Appendix B.

Characteristic Impedance of Transmission Lines

In a new or old system it is good practice to measure the characteristic impedance of
all transmission lines. This can sometimes he done by measuring the open- and short-
circuit impedances and determining the characteristic impedance from the equation

Zo = V2.7, (3-10)

where Zy = characteristic impedance, ohms

Z,. = open-circuit impedance, ohms

Z e = short-cireult impedance, ohnis
These values may all contain resistance terms when measured with an RTF bridge. When
the transmission line is near 90° in length, this method gives very good results. How-
ever, when the line is near 180° in length, the open-cireuit values will be very large and
the short-cireuit values will be very small, with the result that Zp from the above equa-
tion may not be very accurate.

Another method, quite good and acceptable in practice, is to use a decade resistance
Lox at one end of the line and nieasure the impedance looking in at the other end of the
line. Then plot the decade box resistance along the x axis of graph paper and the meas-
ured RF bridge input impedance magnitude along the y axis. Where this curve inter-
sects a 45° diagonal line in the first quadrant is located the characteristic impedance
magnitude.

This method works quite well far any length of line. Of course, as the line hecomes
very long, the variation of resistance at the far end will have less and less effect, because
it the line is of infinite length, the input impedance will look like the characteristic im-
pedance regardless of the value of load resistance.

This method can be refined in aceuracy by first measuring with the RI" bridge the
values of the decade hox resistance. Usually decade resistance hoxes have an inductive
regctance component that may vary with resistance-value settings. In such cases it
may be desirable to parallel the decade resistance box with u small variable eapacitor
that is adjusted to make the load terminals of the decade box lock like a pure resistance.
With such refinements it is usually possible to obtain very good results in the field,

Matching Networks

With the above information at hand the transmigsion line to tower matching networks
can be adjusted to transfer the transmission-line-impedance to the driving-point-im-
pedance value. An L section is usually adequate unless the design requires a different,
amount of phase shift.

The system should be designed Tor the least amount of phase shift possihle consistent
with good operating practice because in this way the system efficiency can be maxi-
mized.

It it is not convenient to set up dummy driving-point impedances and measure the
network [rom the transmission-line end, then a resistor equal to the characteristic im-
pedance of the transmission line can be connected across the line side of the matching
network. The network can then be adjusted until the RF bridge locking in at the
tower ternunals sees the conjugate value of the driving-point impedance. This means
that when the network is connected at this point in a normal fashion, the reactance of
the driving-point impedance will be resonated with the reactance of its conjugate value.
The resistance of the conjugate impedanee is equal to the resistance of the driving-point
impedance. Hence the condition for maximum power transfer is achieved.

Probably the only other matching network will be between the power divider and the
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transmitter. This is the last network to be adjusted. It may be either hefore or after
the common point where the power input to the directional antenna is measured.
Usually it is after the cominon point in order that the common-point input will be 4
pure resistance at the operating frequency. The loss in this network is then charged
against the directional-antenna system, since it is heyond the common point of power
measurenient.,

Phase-shifting Networks

Usually the phase-shifting networks are designed to operate into the characteristic
impecance of the transmission line. Hence, they can be connected directly and main-
tain an impedance mateh. It is rather commeon practice to place the phase-shifting
networks iu the lines that handle the least amount of RI" power, thus minimizing the
RF power loss of the feeder system. The transmission line or tower that takes the
most power can he run directly to the power-dividing network.

It is usually easier to vary the phase Iy ganging the rollers of coils rather than using
variable capacitors. or this condition a T section would be chosen for a 90° 4 10°
phase-retarding network and a = seetion would he chosen tor a 30° + 10° phase-advane-
ing network as shown in Appendix B, Ilg. B-26.

11 it is necessary to vary a capacity element, it is somelimes niore convenient to place
a small fived capaeitor in series with a variable coil so that the series combination will
have the correct value at the operating trequency. If the iltering or harmonic prop-
erties also have to he considered, this combination may not he satisfactory.

I6 is important to make sure that the rotating wiping contacts on the phase shifters
are in good mechanical condition to wipe smoothly and make good eleetrical contact
coutinuouwsly.  The contacts shoulil feel nearly as cool as the other parts after the equip-
ment has heen in operation; otherwise there is too much resistance at the contacts.

Power-dividing Networks

The power-dividing network wsually aecepts power lrom the transmitter output and
feeds the proper amounts into transmission lines and phase-shifting networks. For
maxinium efficiency it is good practice to feed the largest amount of power directly into
the transmission line, thus avoiding the power loss in the phase-shifting network.

If power-handling dummy driving-point-impedance loads are used the power divider
can be adjusted approximately hefore connecting to the towers. If this procedure is
lollowed, the approximate value af phase can be inserted if the phase sampling is done
at the input to the dummy loads. For L sections in parallel the resistunce input to the
individual I. sections must have the value of resistance needed to absorh the correct
ratio of the total power delivered from the common point.

TFor example, in a two-tower array, the I, section resistance inputs can be written

l".’
R = 3-11
) (3-11)
17
fy = —- (3-12)
Py
where R; = resistance into L section leading to tower 1, ohms
Rs = resistance into L section leading to tower 2, ochms
¥V = voltage between common point and ground, volts
P1 = power to tower 1, watts
Ps = power to tower 2, watts
The common-point resistance can he written
IRy
R = (3-13)

TR Ry

where I is the comman-point rexistance in ohms
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Component Ratings

The current through and the voltage across each component in the feeder system
should be computed to determine the required rating. This information provides a
means of choosing the most econoniically sized componentin a new installation. Tlhese
computations will show up components in an existing system which are underrated
and should be changed,

The current rating of capacitors are given by the manufacturer and should not bhe
exceeded during operation [or the most adverse temperature and poor adjustment con-
dittons. The voltage ratings are also given by the manufacturer and should be high
enough to comply with any surges that may arise, including lightning. The lightning-
protection devices should be good enough to allow for reasonable economy in deciding
the maximum voltage rating.

The current and voltage rating of coils are related to the voltage gradient hetween
turns of the eoil. The distance between conductor eenters in adjacent turns should he
roughly twice the diameter of the conductor, and the eonductor diameter must comply
with good engineering standards as 1o coil losses.

Coarse Adjustments
Meter Calibrations

All meters should be checked far accuracy against meters which are of known accu-
racy. Calibration charts should be made up for meters that do not register correctly.
The current-sampling system on each tower should be checked for accuracy.

Phase-monitor System

The phase monitor should he ehiecked for accurney. The tower-sampling loops can
be placed in parallel and checked for zero phase when the same ficld is sampled. If
tower input currents are samipled, the sume current can be sampled by two sampling
units to check for accuracy,

Another niethod is to establish & null off the end of two towers and read the phuse
which is known quite accurately by theory for this condition. This can bLe done hy
setting up a fleld strength set at some distance and walk the two-tower phase and
power-division controls to give a deepull. This also gives an excellent check on unity
field-strength ratio. It is helpful to have two-way communication to expedite these
measurements.

Common-point Impedance

After the array is approximately adjusted, it is advisable to measure the common-
point Input impedance. It may be desired at this time to make input matching net-
work adjustments so a pure resistance load will be presented to the transmitter ut the
operatling frequency.

After final adjustment of the array the common-point input impedance must he
nreasured across a band ot [requencies to meet I'CC requirements and eheck on eharae-
teristics that may cause objectionable distortion. It is desirable to have a relatively
constant value of resistance over the modulation-tfrequency range.

Lotw-power Operation

Alter the common-point impedance has been adjusted properly, low power can he
fed into the system and all meters checked lor predicted readings. If errors have been
mude in the computations, the adjustment will probably be incorrect.
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Field-strength Check

After the wrray is in reasonable adjustment, it is timely to check the field strength.
Usually a nondirectional proof ix made hy running at least eight radials to determine
the rms value aned the attenuafion in the various direetions and establish suitable
monitoring points in eritical diveetions.

These measurements will probably indicate what changes are necessary to meet the
requirements in the construetion permit.  Any ehange in adjustment should be followed
by appropriate field-strength measurements properly logged so that further adjust-
ments are always in the correet direction.

Ax the desived pattern is approached and the feeder system comes into proper adjust-
ment, the full input power can be used.

Fine Adjustments

These adjustments are simply a continuation of the tuning to arrive at the final values,
More exact und extensive information is gathered with regard o how the controls affect
the field-strength measurements, particularly along radials in the direetion of the various
minima.

The final adjustment of the array is decided upon alter emough information is
gauthered to show what adjustment of the array gives the desired over-all results. The
final adjustment may involve compronises in optimum fleld strength between the vari-
ous minima and critical hearings coneerned with protection.

Dhuring this phase the monitoring points are usually selected. The value of moni-
toring-point readings should be recorded along with the other meter readings of the
system,

When the final pattern adjustments huve been made, careful attention is given to
establishing the exact power at the common point. The resistance and reactance vs.
frequency measurements are then run for the common point.

Final Operating Adjustment

With the antenna system operuting properly, all meter readings are recorded and
maintained while the field-strength meazurements are made to prove the shape and
size of the horizontal pattern.

The monitoring points have to he photographed in order to provide a reliable means
of finding their exact location i the future. The field strength at the monitoring points
should be checked at least daily while making the proof of performunce field-strength
measurenients,

The field-strength radizl measurements are plotted on FCC logarithmic paper and
analvzed to determine the unattenuuted ficld strength at 1 mile. These values are
then plotted on polur coordinate paper, und u planimeter can then be used to determine
the rms value. This should agree closely with the predicted value.

If only a skeleton or partial prool is required, sufficient directional measurements
must be made at points used in the original proof to show by means of ratios between
the two measurelents at each location that the pattern is basieally unchanged. If the
average of the ratios lor each radial, usually aboul 5, is hetween 0.8 and 1.2, it is con-
sidered that the pattern is unchanged. If the average deviates outside this range on
two or more radials, the array probably needs [urther adjustment.

MULTIPURPOSE ANTENNA SYSTEMS
Two-pattern Arrays
Many directional-antenna svstems have a different day and night pattern.  Usually

the nighttime pattern requires deeper minima and in many eases different locutions of
the towers or more towers in the nrray.
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In the layout and design of such a system the problem should be earefully analyzed
and the simplest layout used consistent with good engineering practice. Many times
the same matching networks can be used with a day-night transler relay to change coil
turns and capacity values as required for the two conditions of operation.

It is good practice to provide pilot-light eireuits to indicate when all RF relays are in
their correct positions. If power is applied to a system with the relays not in proper
positions, some components may be injured and the transmitter may not be working
into a matehed load.

Twe Transmitters Using Same Towers

There are a number of cases where an antenna svstem is used by more than one
station. If, for example, two radio transmitters use tlie sume towers, it is necessary to
add RF filter eircuits so energy will not be led from the output of one transmitter back
to the output of the other transmitter and produce eross-modulation products, If this
happens, the program of the other radio station will be heard in the hackground.

In the feeder-systen: design for two transmitters using the same towers it is usually
possible to design the networks such that the T, z, or L sections perform the necessary
filtering action in addition to the required impedance transformation and phase-shift
functions.

The mctering circuits must also be filtered so they will not respond to the undesired
frequency. If a meter has two RF currents of different frequencies, it will give an rms
response providing it is not frequency-sensitive.
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APPENDIX A, SINGLE-TOWER ANTENNAS

Theoretical Vertical-radiation Characteristics
Formulas

Seelionalized Top-loaded Tower. The evrrent distribution on the bottom section of the
tower as shown in Mg, A-1 is given by

to = dasin (GG — ) (A-1)
The current distribution on the top section is given by
.= 1.«in (I — (4-2)
At the insulator height y = 4, . =4, ¢ — .1 = B and
fosin(H — ) = [, sin B (A-3)
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The inverse ficld or unattenuated field strength toward 1 mile at the ohservation point
P2 at an elevation angle 8 produced by o vertieal element dy at the hase of the antenna
would be dy cos 8. The field from anyv other similar element of the antennu or its image
would have a phase different from zero as depicted in Fig. A-2. The addition of these
vector ficlds from an element and it= image on seetions 4 and €18 shown in Fig, A-3¢ and
b, respectively. It iy noted that the sine components cancel. The total field at the
point P is, therefore,

N c
tg = K2/, cos 6 l:f fq cOs {y &in 8} dy +f iy cOS (¥ sin 6) a';z/] (A-5)
0 A
where A is u constant such that £y will be in the units desired. K eancels out in [(8).

Substituting from Kqs. (A-1), (A-2) il (A=), performing the indieated integration, and
dividing the result by itxell when 0 = 0 give
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sin I3 cos ([T — () cos (U sin 0)
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Fic. A-3, Vector diagrams of field strength at poeint P,

This is the vertical-radiation-characteristic equation for a two-section sectionalized
tower. The same procedure can be applied if more than two sections are involved.

Tap-loaded Tower. Referring to Fig. A-1 it is noted that the sectionalized antenna can
be reduced to a nonsectionalized top-loaded antenna by making the top section of zero
length hut at the same time arranging for top loading such that B is unchanged. This
can be done by letting € = /| and H = Cin Iq. (A-6), which then reduces to

cos B cos (A cos ) — cos (7 — sin B sin 8 sin (4 sin @)
J@ = (A-T)

cos 6 (cos B — cos ()

This is the vertical-radiation characteristic for o top-loaded tower of height 4 and top-
londed to a height of € = .4 + B.

Ordinary Vertical Tower. The ordinary tower without tap loading can be ohtained
from Eq. (A-6) by letting ¢ = A, [ = C, and B = 0 orin Eq. (A-7) by letting 4 = G
and B = 0 to obtain

cos (G sin 8) — cos ¢

10 = cos 8 (1 — cos () (A8

This is the same as Liq. (3-3) in the text. Table A-1 gives values of f(8) [or a useful range
of tower heights, and Fig. A-4 gives this inlormation in graphical form.

Theoretical Self-impedance and Radiation

It is useful to know the theoretical loop and huse resistance of o vertical radiator. This
information is presented graphically in Fig. A-5 along with the theoretical inverse field
strength at 1 mile.
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Table A-1. Vertical-raciation Characteristic (4}
Tower height., (¢
69
0 b} 10 15 20 25 30 ED) 40
V] 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1,0000
5 0.9962 1 0.9952 | 0.9962 | 0.9961 | 0.9961 | 0.9961 | 0.9960 | 0.9960 | 0.9959
10 0.0848 | 0.9R48 | 0.0847 | 0.9846 | 0.9845 [ 0.9843 | 0.9841 | 0.9830 | 0.9836
15 0.9650 | 0.9650 | 0.9657 | 0.9655 | 0.9653 [ 0.0649 | 0.0644 | 0.9639 | 0.9632
20 0.0397 | 0.9304 | 0.9393 | 0.6390 | 0.9386 | 0.9370 | 0.0372 | 0.9362 | 0.9351
25 | 0.0063 | 0.9062 | 08058 | 0.9054 | 0.9047 | 09037 | 0.9026 | 0.9012 | 0.8996
30 0.8660 | 0.865% | 0.8654 | 0.8648 | 0.863% | 0.8626 | 0.8610 | 0.8592 | 0.8571
35 0.8192 | 0.818% | 0.8185 | 0.8176 | 0.8164 | 0.8148 | 0.8129 | 0.8106 | (.80K80
40 G.7660 | 0.765% | 0.7683 | 0.7642 | 0.7628 | 0.7610 | 0.7587 [ 0.7561 ( 0.7530
45 0.7071 | 0.7069 | 0.7062 | 0.7051 | 0.7035 | 0.7014 | 0.6089 | 0.6960 | 0.6925
50 0.6428 | 0.6423 | 0.6418 | 0.6406 | 0.6390 | 0.636% | 0.6341 | 0.6300 | 0.6272
55 1 0.5736 | 0.5732 | 0.5726 | 0.5714 | 0.5697 | 0.5671 | 0.5647 [ 0.5615 | 0.5577
60 0.5000 | 0.4947 | 0.4900 | 0.4979 | 04061 | 0.4940 | 0.4914 | 0.4882 | 0.4844
65 0.4296 | 0.4292 [ 04217 | 0.4203 ( 0.4191 | 0.4171 | 0.4143 | 0.4117 | 0.4084
70 0.3420 | 0.3412 | 0.3412 | 0.3404 | 0.3390 | 0.3372 | 0.3351 | 0.3323 | 0.3297
75 0.2588 | 0.2570 | 0.2584 | 0.2575 | 0.2564 | 0.2530 | 0.2533 | 0.2513 | 0.2490
R0 0.1736 | 0.1695 | 0.1732 | 0.1737 | 0.1720 | 0.1710 | 01697 | 0.1684 | 0.1668
35 0.0871 | 0.0844 | 0.0869 | 0.0869 | 0.0364 | 0.0858 | 0.0852 | 0.0844 | 0.0836
a° 45 50 30 | 60 5% 70 5 80 85
0 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 [ 1.0000 | 1,0000
5 0.9658 | 0.9957 | 0.9956 | 0.9955 | 0.9953 | 0.9952 | 0.9950 | 0.9948 | 0.9946
10 0.9832 | 0.9830 | 0.9824 | 0.9819 | 0.9815 | 0.9809 | 0.9804 | 0.9795 | 0.9788
15 0.9625 | 0.9617 | 0,9607 | 0.9597 | 0.9585 | 0.9573 | 0.9559 | 0.9544 | 0.9527
20 0.9339 | 0.9325 | 0.9309 | 0.9280 | 0.9272 | 0.9251 | 0.9227 | 0.9200 | 0.9173
25 0.8978 | 0.8957 | 0.8934 | 0.8908 | 0.8879 | 0.8848 | 0.8813 | 0.8776 | 0.8735
30 0.8546 | 0.8319 ' 0.8487 | 0.8453 | 0.8416 | 0.8375 | 0.8328 | 0.827% | 0.8224
35 0.8050 | 0.8OLS « 0.7977 | 0.7934 | 0.7887 | 0.7836 | 0.7779 , 0.7718 | 0.7651
4) 0.7485 | 0.7449 ~ 0.7410 | 0.7358 | 0.7305 | 0.7244 | 0.7180 | 0.7109 | (¢.7103
45 0.G886 | 0.6760 | 06701 | 0.6735 [ 0.6675 | 0.6608 | 0.6536 | 0.6457 | 0.6372
50 | 0.6230 | 0.618G | 0.6130 [ 0.6073 | 0.6009 | 0.5936 [ 0.5862 | 0.5777 | 0.5686
55 | 0.5535 | 0.34R86 | 0.5427 | 0.5473 0.5308 | 0.5236 | 0.5159 | 0.5075 | 0.4984
60 “ 0.4804 | 0.4759 | 0.47053 | 0.4648 | 0.4387 | 0.4518 | 0.4441 0. 4361 0.4271
65 ' 0.4042 | 0.4002 | 0.3954 | 0. AR08 | 0.3843 | 0.3779 | 0.3710 | 0.3630 | 0.35566
70 . 0.3263 | 0.3216 | 0.3190 | 0.3141 | 0.3089 | 0.3031 | 0.2970 | 0.2906 | 0.2842
75 0.2463 | 0.2433 | 0.2400 | 0.2363 | 0.2323 | 0.2279 | 0.2232 | 0.2181 0.2127
&0 0.1649 | 0.1629 | 0.1622 | 0.157G | 0,1557 | 0.1515 | 0.1492 | 0.1457 | 0.1408
85 0.0826 0.0816 | 0.0804 | 0.0791 | 0.0777 | 0.0761 | 0.0739 | 0.0726 | 0.0707
§° 0 95 100 105 110 115 120 125 130
0 ¢ 1.0000 | 1.0000 | 1.0000 | 1,0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000
5 0.0044 | 0.9942 | 0.9939 | 0.9937 | 0.9934 | 0.9931 | 0.9927 | 0.9923 | 0.9919
10 0.9781 | 0.9770 | 0.9760 | 0.9749 | 0.9738 | 0.9725 | 0.9712 | 0.9697 | 0.9681
15 0.9509 | 0.9489 | 0.9468 | 0.9445 | 0.9420 | 00,9383 | 0.9363 | 0.9337 | 0.9297
20 | 0.9143 | 0.9110 | 0.9074 | 0.9035 | 0.8993 | 0.8947 | 0.8898 | 0.8845 | 0.87RS
25 0.8691 | 0.8642 | 0.8590 | (0.8534 | 0.8473 | 0.8407 | 0.8336 | 0.8259 | 0.8173
30 0.8165-| 0.8102 | 0.8033 | 0.7959 | 0.7878 | 0.7791 | 0.7698 | 0.7597 | 0.7489
35 0.7579 | 0.7501 | 0.7417 | 0.7320 | 0.7228 | 0.7122 | 0.7000 | 0.6886 | 0.G6754
40 0.6946 | 0.6855 | 0.6759 | 0.6656 | 0.6541 | 0.6420 | 0.6288 | 0.6157 | 0.5999
45 | 0.6279 | 0.6180 | 0.6073 | 0.5958 | 0.5834 | 0.5702 | 0.5560 | 0.5408 | 0.5245
50 | 0.5591 | 0.5487 | 0.5373 | 0.5253 | 0.5124 | 0.4987 [ 0.4838 | 0.4680 | 0.4511
55 0.4886 | 0.4781 | 0.4669 | 0.4548 | 0.4419 [ 0.4281 | 0.4134 | 00,3977 | 0.35809
60 0.4178 | 0.4078 | 0.3969 | 0.3851 | 0.3730 | .3600 | 0. (1.3310 | 0,3151
65 (0.3470 | 0.3378 | 0.3279 | 0.3174 | 0.3061 0.20942 | 0.2 0.2680 | 0.2536
70 0.2766 | 0.2687 | 0.2598 | 0.25049 | 0.2413 ] 0.2311 0.2 0.2091 0.19649
75 0.2067 | 0.2007 | 0.1937 | 0.1866 ; 0,1790 | 0.1709 | O, 0.1533 [ 00,1437
80 U, 1377 | 0.133L0 | 01281 0.1237 | O.1L80 | 01130 | O. (3.1005 | 0.0941
85 O.06%6 | 00064 | 0.0640 | 0.0614 | 0,0588 | 0.05549 | 0. 0.0497 | 0.0404
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Tahle A-l1. Vertical-radiation Characteristic f(¢) (Continued)
Tower hetghi, 77
135 140 145 150 155 160 ‘ 165 170
G000 1.0000 1. 0000 1. 0000 1. 0000 1.0000 1.0000 1.0000
0.9915 0.9910 0, 9905 0.0899 09893 0, 98806 0.9878 0.9870
00663 | 00645 | 0.0624! 0.9602] 0.957F | 0.9551| 0.8522] 0.949i
1.0259 0.0219 0.9175 00,9127 .0075 0.9019 0. 8956 (J.88349
)Ta5 . 0.8657 | 0.8581 | 0.8504 0 0.8418 1 0.8324 | o0.s222| 0.8110
00085 | 07988 | 0.7883| 0,779 0.7645. 0.7511| 0.7366 ] 0.7207
n 0, 7245 0.7108 0.06961 0.6301 ‘ ). 6628 0. 6440 (3. 6237
0. 6460 0. 62493 06118 0.534926  0,3720 " (0.5196 (). 5254
0. 50664 0.5477 0. 5276 . 5060 0. 4828 0.4577 10,4305
B0T0 | 0.48%2 | 0.4681 | 0.H6G|  0.4235 |  0.3979 \ 0.3432
Tpme | O004137] 03932 oosTio] 03473 0.3219 0. 2657
3631 0. 3440 0.3237 (3.3020 0, 27806 (), 2542 (. 227 0.1996
0. 2802 0.2611 00,2407 0.2190 0. 1960 0.1713 0.1451
(. 2222 0.2051 0. 1867 0.1675 0. 1469 0.1256 0. 1019
0. (}. 1565 (. 1399 (. 1237 02.1065 0.0881 0.0687
0, 1227 0.1114 (1. 0994 0. 0R6G 0.0732 (.0580 00,0439
. 0.0790% 0.0719 (. 0834 0.0647 0.0454 (1. :359 0.0256
0. 0428 0.0390 7 0.0351 (0. 0309 .0265 0.0218 0.01649 0.0117
175 150 | 185 190 195 200 205 ‘ 210
L0004 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1. 0000
L9861 {}. 9851 0.9840 L9815 0.9801 0.9784 0.9766
L9455 0.9418 0.9375 L9278 0.9222 (.9159 0.9089
.8815 ().8733 08645 L8438 0.83149 0.8186 0.8038
LTORR 0.7855 (.7708 L7370 0.7175 0.6958 0.6718
L7034 0.8845 0.060638 G168 0.5888 0.5385 0.5250
G015 0.5774 0.35510 . 4907 0.4561 0.4179 0.3757
991 0.4706 0.4395 L3087 0.3283 0.2839 (4.2350
4013 0, 3696 0. 3 L2573 0.2129 0.1645 0.1112
L3122 ().2788 (. 7 L1612 0.1152 0.0650 (.0103
0.2008 0.164 . L0834 0.0378 | —0.0118 | —0.0657
(.1370 0. 12z 0.0649 0.0247 | —0.0186 [ —0.0655 | —0.1161
LTI _0873 00,0553 0.0211 ] —0.0135 | —0.0550 | —0.0973 1 —0.1431
T2 0.0509 0.0228 ] —0.0071 | — . 0391 1 —0.0733 1 —0.1100 | —0. 1494
TO4RT | 0.0261 ] 0.0029 | —0.0220 | —0.0483 | —0.0765 | — 0. 1065 | —1). 1388
02RO | 000111 | —0.0069 | —0.0259 | — 00461 | —0.0676 | —0.0905 | —0.1150
DIA% | 0.0033 | —0.0080 | —0.0218 | =0.0354 | —0.0499 | —0.0633 | —0.0818
Soo62 0.0004 | —0,0057 ) —0,0122 | —0.0191 ] —0,0264 | — 0, 0341 | —0.0424
21H 220 225 230 235 240 245 250
1. (00 1. 0000 1. 0000 1.0000 1. QOO0 1. 0000 1.0000 [ 1.0000
0746 0.9723 0.9697 0. 9668 0.90635 0.9597 (}.9551 0.9504
9011 (0.8025 0.8826 0).3580 (0, 8586 (0.5442 0.8275 0.8084
T 0.70689 0.7481 0.7247 0.6981 0.6679 0.6333 0.5935
), 6460 (. 6151 .5815 0.5438 0.5010 0. 4525 0.34970 0.3334
ARTT 04402 0. 3997 0.3475 0. 2887 0. 2220 U, 1462 0.0593
.3291 0.2772 ().2188 0.1548 0.0821 0.0000 ) —0.0931 | =0.1992
REN .1214 0.0551 : — 00188 | —0.1016 | =0, 1946 { —0.2967 | —0.4191
L0539 1 —0.0117 | —0.0814 | —=0,10620 | —0.2500 —0.3489 | —0.4599 | —0.5853
—l).[)—LﬂS; —0.1156 | —0. 1881 | =0.20683 | —0.3572 | =0.4562 | —0.567) | —0.6917
—0.1243 0 —0. 1885 | =0 2888 | —0.3363 | — 0. 4216 | — 0. 510 G216 | —0.7304
AT —0.2310 | = 0.2062 | —0.3677 | —0. 44652 1 = 0.7 36285 | —0.7351
—0.1924 —0,2461 | —0.3040 | —0.3674 | —0.4364 | —0.5 L5958 | —0.6882
— 0. 1918 —0.2375 ] —0,2880 | —0.34006 | —0.38348 | =0, L5322 | =1, 60%9
—0. 1733 —0.2107 " —=0.2503 | —1.2035 | —0,3402 | — (.39 31 —0.5069
0.1 =0 1691 — 0192 | —0 2315 | — 020664 | — 0. 152 | — 0, 3899
—L0GYY L — 0L 1TN2 — 00 13R0 | — L1600 | — 0. IN26 | — 0.2 L2346 | — 02039
— 00511 =0 6605 —0,0705 | —0.0812 | —0.0927 | —0. 1051 ' —0. 1185 | —0.1330
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Sectionalized Tower Measurements

Two cases of interest are presented in Figs. A-6 and A-7. In Fig. A-6, it will be noted
that the maximum field strength is 224 mv/m for 1-kw input when the tower is driven
at the base and an inductive reactance in the form of a short-cireuited transmission line
is eonnected across the sectionalizing insulator. The current and phase distribution are
of particular interest for this condition. A standing wave of varving amplitude exists
on the top section with very little phiase shift, while on the lower section a traveling wave
characterized by a constant amplitude and progressive phase shift is evident.

When both the upper and lower tower sections are driven as shown in Fig. A-7, the
maximum inverse field strength for 1-kw mput is 279 mv/m. In this case there is u
very rapid phase shift of 180° and the current drops to a very low value. At the bottom
of the tower there ix a huild-up of current that is approximately 180° out of phase with
the current on the top section. It is this combination that reduces high angle radiation
and is responsible lor the strong ground-wave field strength.

APPENDIX B. TWO-TOWER DIRECTIONAL ANTENNAS

Pattern Formulas
General Equation

The imverse field strength from a two-tower directional antenna as shown in Fig, B-1
is given by

— 1+ 7
E = Elfl(ﬁ)\/QF \/—;’ + cox (S cos g cos 6 + W) (B-1)

where F = inverse field strength at. 1 mile, mv/m
E) = inverse field strength at 1 mile from tower 1 when operating in array, miv/m
F1(8) = vertical-radiation characteristic of tower 1
Esfat)
Pl 2]
E\fle)

(B-2)

= ratio of field strength from tower 2 to tower 1

where Fs = inverse ficld strength at 1 mile from tower 2 when operating in array, mv/m
Jf2(8) = vertical-radiation characteristic of tower 2
§ = spacing between tower 2 and tower 1, deg
¢ = azimuth angle from line of towers, deg
6 = eclevation angle, deg
¥ = electrical phase angle of current in tower 2 with respect to tower 1, deg
The above terms as shown in Fig. B-2 are written without subscripts where possible
for a simple two-tower array. When 1nore than two towers ave involved, the term F in
Eq. (B-2) is written Fg; to designate the ratio between tower 2 and tower 1. Similarly,
the spacing would he marked Sz, which is the distance from tower 2 to tower 1 that is
located at the space reference point. The electrical phase in general is written ¥q; to
designate the phase of the cwrrent in tower 2 with respect to tower 1.

Minimum-depth Term
The minimum-depth term by definition is

1+ F?

oF (B-3)
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E = INVERSE FIELD
ZENITH TOWARD POINT P

HORIZONTAL BEARNG P
OF LINE OF TOWER

TOWER NO. 2

g HORIZONTAL
BEARING
3 OF POINT P
&
\\ :.“EQ
TOWER NO. | BAZ® " o cos @ :
Elo
5
Fic. B-1.

Space view ol two-tower directional antenna

E.f {81 sin(S cosg cos 8+ ¢l

l VOLTAGE VECTOR
J‘ | REFERENCE AXIS
£,%,(8)

VOLTAGE VECTOR REFERENCE PQINT

E,f;(8) cos (S cos¢ cos B+ y)
Fic. B-2. Voltage vector diagram for two-tower directional antenna.
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Because of its significance in g, (3-1), Table B-1 has been prepared.  “This table lists
the values of F, 1/F, F* and the minimum-depth term. The minimum-depth term is
unchanged if 1/F is used in the place of F.

An inspection of the radicand in 1q. (B-1) shows that £ in the minima can he made
larger than zero providing the minimum-depth term is not completely canceled by the
cosine term. The exact size of K in the minima ean he fixed by choice of the value of the
minimum-depth term, Conversely, if the equation for X is in the form of Iq. (B-1) und
if Fis also given, then Talle B-1 cun be used to check the aceuracy of the [ormula quickly.
If F is not given, it can be found [rom the table.

General Value of Field Ratio

The general [orm of F is given in Tiq. (B-2). The values of f(#) for varions tower
heights ure given in Fig. A-4 and Table A-1. Henee, in the design of a two-tower dirvee-
tional antenna, it is convenient first to seleet the value of the mininmm-depth term.
The corresponding value of F can be found in Table B-1, and by Fq. (B-2) the ratio of
Es over E ean be determined. Thix procedure can be reversed to cheek a given equation.

IFor pattern computations, it is convenient to fix # and vary ¢; thus the information
cann be used to meet the requirement in Paragraph 3.150 of Part 3, FCC Rules.
The data required are ficld strength I as a function of azimuth angle ¢ for 5° mter-
vals of elevation angle ¢ from 0 to (G0°.

Horizontal-plane Equation
In the ground plane Iiq. (3-1} reduces to

El

J—

E = El\/21" \/]—L 4+ cos (S cos ¢ + F) (B-4)
27

where /' is the ratio of s over K7 for equal or unequal height towers. Thus Eq. (B-1)

an he nsed for 0 = 0 and Eq. (B-1) ean be used at elevation angles up to $0° as required

by the above rules.

If the ratio of Eq over £ is given hut f2 has not heen expressed in the fornt of Eq. (B-1)
or (B-4), it 1s convenient to use Table B-1 to obtain the values to be used i the above
equations.

The minimum-depth term nsually appears more than once in directional-antenna-
pattern equations for arrayvs having more than two towers. Three towers in line and
parallelogram arrays can use two or more of the multiplication radicands given in Iiq.
(B-1).

Systematization of Two-tower Patterns
The syvstematization has heen divided into relatively large steps of 457 for phasing
and spacing in Figs. B-3 1o BB-6. The spacing extends Lo [our wavelengths or 1,440°,
The more useful range ol spacing up to one wavelength is given in small steps of 15° [or
hoth spacing and phasing in Pigs. B-7 to 13-12.

Pattern Size

Field Strength of BReference Tower

In order to determine the pattern size, it is rather common practice to compute
the value of field strength that the reference tower will radiate when operating in the
directional-antenna arrayv. This value can then be used in Eq. {B-1) to determine the
patlern shape at the correct size. The value of £ van be computed from the following

{(Continwed cn puye 2-151)
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equation, sometimes called the loop impedanece formula, thus

" Ru
! ! R[ + x’l‘[“Rg

hn
I — ——
"N(Ru 4 R+ Rev 4 W3R + Ry + Re) (B-5)

where £y = inverse field strength at 1 mile for tower 1 while operating in the array,
mv/m
£y, = inverse field strength at 1 mile for tower 1 operating alone as a stundard
reference antennd, mv,/m
11 = loop self-resistance of tower 1, ohms
R11 = loss resistance assumed at loop of tower 1, ohms
Re1 = coupled resistance at loop of tower 1 from other towers while array is in
operation, ohms
R2s = loop self-resistance of tower 2, ohms
Rrs = loss resistance assumed at loop of tower 2, ohms
Ree = coupled resistance at loop of tower 2 from other towers while darray is in
operation, ohms
M = ratio of current at loop of tower 2 divided by current at loop of tower 1
The values of Ey,, Rq, and R can be obtained from Fig. A-b for simple towers thaut
are not sectionalized or top-loaded. For other types of towers these values must be us-
sumed or caleulated, The values of £z and Rre are usually assumed to be 2 ohms each.

Coupled-resistance Formula

The values of coupled rexistance from the otlier towers ave given by

Roy = MZ cos (¥ + v) (B-t)
Z
Res = I cos (=¥ + v) (B-7)

where Z = magnitude of loop impedance between the two towers, ohms
M = magnitude of current ratio of loop eurrent in tower 2 divided by tower 1
v = ungle of loop mutual impedance, deg
b = electrical phase angle of current in tower 2 with respect to tower 1, deg
These equations cun be used with reasonable accuracy tor simple nonloaded towers.
The above equations are written without the use of magnitude signs and subscripts for
the suke of simplieity. The exuact vector expressions are

Zn =|ZnlYn (B-8)
1y

and Mo = 22 = |2l (B-)
1

where the currents are vector values having magnitude and phase angle. The current
values in this equation are determined when the directional antenna is designed.

Mutual-impedance Curves

The value of mutuul impedance {for most tower heights and spacing is given in Fig.
B-13. The loop mutual impedanee between quarter-wave towers is shown in Fig. B-14.
These values can be used in the above equations for coupled resistance. For towers of
unegual height the mutual impedanece can ire computed or reference can be made to
curves already conmputed.
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Top-loaded and Sectionalized Towers

The preceding equations can be applied to top-loaded and sectionalized towers but
with considerable complication. The field strength £, and the self-resistance /711 are in
general not available, They can be found in the liternture for a few special cases.® The
mutual impedance between sectionalized towers likewise is not readily available. It
must be calculated for anv special case if it is to be deternmined aceurately. It is easier
to determine the mutual effects by graphical solutions to the necessary accuracy.

Hovizontal-plane RMS Field Strength

The rms field strength for a two-tower array can be determined (rom
By = ExV1 + Y 4 2F vos W o(5) (13-10)
where Ky = rms inverse field strength at | nile, mv/m
B\ = inverse field strength at 1 mile for reference tower I while operating in array,
mv/m
F = ratio of magnitude of field strength [rom tower 2 divided by tower 1
¥ = electrical phase of field from tower 2 with respect to tower 1, deg
Jo(S) = Bessel [unetion of first order for tower spacing S
Usually the terms F and M are identical. However, with unequal-height towers and
top-loading or sectionalized towers these ratios may have different values, Table B-2
can be used to obtain the desired Bessel-function values. Interpolation can be used if
necessary.

Horizontal RMS Field-strength and Power Gain

The field-strength gain of any divectional-antenna array can be written

— K
Vg = ° B-1t
Jo i, (B-1t)

where v go = fieldstrength gain by definition in the horizontal plane
By = rms inverse field strength at 1 mile, mv/m
E; = inverse field strength at 1 mile tor tower | operating alone us a standard
reference antenna, nmv/m
The power gain for a two-tower array 1s given by

[

I F2 4 20 cos W ()

9= TR 4 9F cos Wiline Bap)

(B-12)
where gy = directivity or power gain
F = ratio of magnitude of fleld strength from tower 2 divided by tower 1
¥ = electrical phase of field from tower 2 with respect to tower 1, deg
Jo(®) = Bessel function of first kind and zero order for tower spacing S
Rya = mutual loop resistance hetween towers, ohms
Ry = loop-radiation self-resistance ol tower 1, ohms
It is of interest to know whether a particular antenna system is 4 gainer or a loser as
compared with a standard refevence antenna. This can be determined by the following:

Ey = E].cv/;’lj) (B-13)

Now, if 907 towers are used and the field ratio /=1, Jig. (13-12) substituted in L.
{B3-13) gives

| cos gl

4+ cos W 3[5.03

o= 195 \ff (B-14)
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The solution of this equation is shown in Fig. B-15 for various values of tower current
phasing and tower spacing. It gives the theorctieal field without loss for 1-kw operation.
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Fic. B-15. Horizontal rms field strength of two-tower directional antenna.

Power to Provide System Losses

Because of losses in the transmis<ion lines and matching, phasing, and power-division
networks, plus other losses in the system such as resistance losses in the tower and ground
system and dielectric losses in the insulators, an overfeeding of power is allowed by FCC
at the common point.

The calculation of the amount of overfeeding of power at the common point is made as
follows:

For stations with directional antennas authorired to radiate 5 kw of power or less, the
mcagured common-point resistance is assumed to be 92.5 per cent of its measured value,
and for all other directional antennas, it is assumed to be 95 per cent. This arbitrary
reduction in resistance amounts to increasing the current at the common point by
1/4/8.925 = 1.0389, or approximately a 4 per cent increase for values of transmitter
power up to and including 5 kw. For transmitters with power above 5 kw the antenna
eurrent can be increased 1/4/0.95 = 1.0252, or approximately a 2.3 per cent increase.

Another way of saying this is that for a 1-kw station 1,081 watts can be fed in at the
common point, while for a 50-kw station 52,105 watts can be fed in at the common point.
Tor the 1-kw station there is 81 watts available for feeder-system loss, and in the 50-kw
station there is 2,105 watts available for feeder-system loss.

Feeder System

Loop and Base, Impedance and Current

The first approximation of the base resistance ol an ordinary base-insulated tower that
is not top-loaded or sectionalized is given by



Standard Broadcast Antenna Systems 2-135

i

= B-15
sin® (B-15)

where £y = base resistance of tower, ohms

Rz = loop resistance of tower, ohms

G = electrical height of tower, deg

The first approximation of the base current for the above tower is

b =Il,sin G (B-16)

where J, = Dbase current ol tower, amp
1. = loop current of tower, amp
These equations are consistent with the theory that the power at the loop is equal to the
power at the hase; that is,
IR, = 1R, (B-17)

These equations are most accurate for single towers operating alone where the cross
section is sinall and uniform so the current distributiou will be approximately sinusoidal.

A second approximation of the base impedance depends upon the tower acting like a
transmisgion line from the loop to the base and is given by

Zg cos (G — 90) + jZysin (G — 90)

Zy = Zy - —
Zycos (G — 90) + 72, sin (G — 90)

(B-18}

where Z, = base impedance ol tower, chms
Zq = loop impedance of tower, ohms
Zy = average characteristie impedance of tower, ohms
G = elecirical height of tower, deg
A second approximation for the hase eurrent also depends upon the tower acting like a
transinission line and is written

I

R )
I =11,] [.\‘in « Jrj(); (I — ('US(I’)J (B-19)
2%y

where /), = complex value of tower hase current, amp
[1.] = magnitude of tower loop current, amp
R. = loop resistance of tower, ohns

Zp and @ are defined tollowing Eq. (B-18). The first term in this equation is a sinus-
oidal term corresponding to Eq. (I3-16), which corresponds to the antenna current that
causes the radiation. The second term is the feed eurrent which supplies the radiated
power from the base to the loop. 1t should be noted that this equation does not give the
phase of the base eurrent with respect to the Ioop current. This change in phase between
the loop and base current is expressed by the more general equation

) . s
L, =114 [sin G —y +7 TZ) {COR ) — o8 G)] (B-20)
2Z;

where [y is the current ut any height y on the tower in amperes. The other terms are
defined in Eq. (13.19). Equation (B-20) reduces to kg, (13-19) when y = 0. 1t gives the
phuase as well as the magnitude of the cuwrrent at any point on the tower; hence at the
current loop,
Ry «
{o= }],,‘ [1 +j—(cos y — cos GJJ (B-21)
2Zy

The difference in the phase of the current 7, in Eq. (B-21) and the cuirent [y in Eq.
(B-19) is the additional phase shift that must be provided tor in the feeder gystem.

Conservation ot power hetween the loop and hase may not exist in Eqgs. (B-18) and
{B-19) as it does in Egs. (B-15) and (B-16). However, Iigs, {B-18} and (I3-19) usually
give a better answer for the base impecdance values when the towers are operating in a
directional-antenna svstem,
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These equations ean he used in the feeder-system design.  However, it is advisable to
provide adequate range so proper adjustments ean be made when the system is put into
operation.

Networks for Maiching Impedances

General. A directional-antenna system usually requires impedance-matehing net-
works at scveral points such as from the transmission lines to the towers and perhaps
from the transmitter to the common point of the antenna feeder system. These net-
works are usually made up ol lumped constants in the form of L, T, or 7 sections.

Ii' an impedanee load s not a pure resistance, it can be made to look like a pure resist-
ance by adding a reactance element in series or parallel that will make the load either
sertes- or parallel-resonant. If this is done, the treatnient ol the impedance-inatehing
networks can be simplified. Therefore in this section networks to mateh between pure
registance values of £, and Ra will be treated.

L Sections. An L seetion is the simplest way to mateh between two resistors By and
Ro. Tt 1s made up of an inductor for Zy and a capacitor tor Z3 with a small, fixed phase
lag depending upon the ratio » = £,/R. Or it can be constructed with a capuacitor for
Za and an inductor for Z3 with a small phase advunce as shown in Figs. B-16 and B-17.

The phase shitt in an 1. section is fixed by the ratio »r = R)/fs. This is beeause there
are only two reactance elements. The size of the shunt element across /2 controls the

size of K, while the series element iy used
to resonate the circuit so only resistunce ap-
Z, pears at the Re terminals.
(% AA O The design equations for an T. section
matching between resistors By and Re are

. — i
B L Rz Zy = 2jtyVr — 1 = 450 (B22)
43
o— —0 ; . R R .
Zy=TFfj—=—==Fj— (B-23)
Fic. B-16. General L-section impedance- V=1 b
matching network, 1
coR 3 = ~—~ (B-24

AV
where Z| = reactance of series irm, ohims
Zy = reactance of shunt arm, ohms
Ry = larger terminating resistance, ohms
Ko = smaller terminating resistance, ohs
r = Ky/Rs ratio
B = phase shift, deg
The 47 in Eq. (B-22) and Fj in Eq. (13-23) means simply that if -7 or an inductor is
used for Z,, then —j or a eapacitor must be used for Zs.

T and = Sections. T and 7 sections made up of reactance arms are widely used in the
directional-untenna feeder systems, With the three reactauce elements it is possible to
control the amount of phase shift in addition to the input and autput resistance values.

The efficiency of such a network is implieitly determined by the ratio r = R;//% and
the phase shift 8. There is no choice between T and = sections, whether advancing or
retarding the phase, as far as efficiency is concerned. The loss incveases with the ratio »
and tends to increase for very small or very lurge phase shifts.  For very high transtorma-
tion ratios 7 of, suy, 10 or more, it is advisable to use two or more sections in tandem.
This will increase the stability and reduce the loss.

The degign equations for i 'I' or = xection are

Il

osin 3 -
= - B-25)
. —\/1' — cos 3 ( '
b= Vysing (B-20)
VAR
Vosin g
.= 7SI | (B_27)

1 - \/frns B
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where @ = design factor as shown in Figs. 13-18 and B-19

b = design factor as shown in I'igs. B-18 and B-18

¢ = design factor as shown in Figs. 3-18 and B-19

r = R1/Ry, ratio, greater than 1

B = phase shift, deg
The graphs of a, b, and ¢ are shown in Figs. B-20 through B-24 where r is assumed to be
equal or greater than unity. The terminals at R can be placed at either the load or
generator end of the seetion; hence the above equations can be applied to any case.

It is interesting to note that these design curves also apply for the L section where
a=7r/y/r —1,b=+/T -1, andc = o,

Transmission Lines

General. Most directional antennas require one or more RI" transmission lines. They
are usually operated nonresonant, which means that the load is made equal to the charac-
teristie impedance of the transmission line. In this case the wave travels from the trans-
mitter end to the load end and is comipletely absorbed by the load; therefore, there are
no standing waves on the line. For this condition of operation the power loss and stand-
ing waves on the line are a minimum.

The general equations for the voltage and current at the sending and receiving end of a
transmission line are

E,=E, cosh VZY I + 1,LZysinh VZYI (B-28)
E, —
I, =1.cosh VZV i+ 7 sinh VZY1 (B-29)
0

where £, = sending end voltage, volts
receiving end voltage, volts

Z = Ik + jol, = series impedance per nuit length, ohms

vy = G + jw(' = shunt admittance per unit length, ohms

I = length of line in same units as Z and

Zy = A/Z/Y = characteristic impedance, ohms

v = V/ZY = propagation constant, or hyperholie angle per unit length, vadians
Characteristic ITmpedance. "The characteristic impedance at radio frequency can be

taken as a pure resistance,
L
Zy = \/E (B-30

where L = inductance per unit length, henrvs
(' = capacitance per unit length, farads
For a single coaxial transmission line thiz equation can be written

=
i

, _ 18, D (B.31)
y = \/; 010 d

where e = dielectric constant

D = inside diameter ot outer conductor

d = outside diameter of inner conductor in the same units as D
For a parallel two-wire transmissian line the characteristic impedance is

Il

D
Zo = 120 cosh ! 4 (B-32)

where D = spacing between conductor centers
d = diameter of conductors in sgame units as D
The characteristic impedance of coaxial and two-wire transmission lines is shown in
Fig. B-25.
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Propagation Constant. The other factor of interest is the propagation constant given
by

VZY =y =a+j3 (B-33)

where v = propagation constant, radians per unit length

a = attenuation constant, nepers per unit length

8 = phase constant, radians per unit length
LUsually the attenuation in the line can he neglected in the design of directional antennas,
particularly if the line is designed for low loss and ix operated nouresonant.

T'he phase ¢hift in an air-dielectrie line will be ouly a few per cent. less than would oceur
in free space. Fora coaxial line with ceramic beads the veloeity factor is 0.85, while with
solid polvethvlene insulation the velocity faector iz approximately 0.66. IFor two-wire
lines insulated with ceramic spacers at intervals of a few feet the velocity factor is about
0.975. These factors must be tuken into consideration when determining the phase
shift in transmission lines of a direetional-antenna system,

Phase-shifting Networks

In addition to the necessury phase shift inn the networks and trunsmission lines of a
feeder system, it is usually desirable to have a phase-shift network the control on which
shifts the phase with little or no impedance transformation. This is readily accomplished
ina 9° T or » section that has unity impedance transformation, » = 1, between input
and output terminals.

In such a 90° T or = section the reactance arms all have the same magnitude and are
equal to £ = Ry = Rs. Theshunt arm in the T section or the series arm in the 7 section
is held constant while the other two arms are varied in unison to shift the phase (see
Figs. B-26 and B-27).

The value of the reactance in the series arms of a T section is

1 — cosg R

Zy = Za= tjR—— = 4] (B-34)
|1 3 a

where Z; = Z3 = series-arm reactance, ohms

R = By = Ry = terminating resistances, ohms
8 = phase shift, deg
and the shunt arm of the T section is
I
Zy = FjR — =Fj— B-35
? J sin g3 1 b ¢ )

where Z3 is the shunt-arm reactance in ohms and the other values are given above.
The value of the resistance in the shunt arms of 4 » section is

sin 3 .
Zy=1Z.= xjR _sms +jak (B-36
I —cosg
wheve Z, = Z. = shunt-arm resistance, ohms
R = Ry = Ry = terminating resistances, ohms
= phase shift, deg
and the series arm of the = seetion is
Zy = FjRsing = FjOR (B-37)

where Z, is the geries-nrm reactanee in ohms and the other values are defined above.
The phase shift lor the approximation that b = 1 gives good answers for £10° and
can be written

ik R
8 = cos! (I - i = eos L (1 — T) (B-38)

<1

where X| and X, ave the reactance values as shown in Ifig. B-27 and the other values are
defined shove for the T- and r-=ection phase-shifting network.
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Fig. B-27. Phase-shifting-network curves,

Power-dividing Networks

The driving-point impedanee al the base of cach tower in a directional-antenna system
must be fed the correct amount of power to make the array operate properly. The usual
practice is to provide a power-dividing network near the common-point input to the
feeder system as shown in Fig, 3-8.

Typieal power-dividing networks are shown in Iig. B-28. Terminals 1 and 2 are the
output terminals to towers 1 and 2, respectively. The transmitter is conmected directly
or through a matehing section to the terminals marked IN., A eommon practice is to
start with the phase at the antenna loop current and compute the phase shift back
through the matching networks, transmission lines, and phase shifters to the output of
the power divider. In case the power division is nearly equal and the feed lines need to
he out of phase, the push-pull cireuit in Fig. B-28a may be suitable. Where the feeder
tines are in phase the series- o1 parallel-resonant eircuits of Fig. 3-28b or ¢ are applicable.
In some cases the feed lines may be in quadrature phase, so the eircuit of Tig. B-284 can
be used. If the power input to the feeder lines is known, then I. sections can be clesigned
to give the proper division as shown in Tig. B-28e,
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Small aned Large Values of Variable Reaclance

The clestgn of a feeder system should be such that adjustments can be made with ease
in the field. Somwe ideas are given here that may be of help in new designs or modifica-
tions of existing designs to make them easier to adjust.

If a very low value ol capacitive reactance is required, it can be obtained easily by
placing an inductor in series with a capacitor ax shown in Fig. 3-29a.  This arrangement.
makes it easy to obtain equivalent capacity values up to infinity when the eircuit hecomes
series-resonant. Thus, it is possible to obtain vilues of inductive or eapacitive reactunce
near zero values. This syrangement is often used in the shunt or series arms of 2 T or «
section, so the correct value cun be easily obtained. Lt 1s usually more satisfactory than
providing & variahle capacitor. In this arrangement care must be taken not to exceed
the current, rating of the capacitor. This discussion neglects the resistance component,
whieclt ix usually very small.

s L

{A) PUSH-PULL —180° FEED {B) SERIES RESONANT—0° FEED  {C) PARALLEL RESONANT—

0° FEED
+45° i i
| — {
o——eo } N —
2
IN | _4ro ’
45 2
53 53 R

(D) QUADRATURE —-30C° FEED {E) TWO L-SECTIONS IN PARALLEL

Fia. B-28. Typical power-dividing networks.

Sometimnes it is necessary to obtain an inductive reactance larger than the reactance
of available inductors.  ITn such cases 1t 1s possible to parallel the coil with a very small
capacitor. If the capacitor tap on the coil is moved as shown in Tig. B-29b, the desired
value of inductive reactance can he achieved.

Adjustments

Theoretical Mesh Circuit Equation

In order to understand the operation ol a direetional-antenna svstem, it is desirable to
understand how the eireuil performs theoretically.  With this understanding, it is easier
to make the necessary adjustments.  [For a two-tower arriay the input terminals of the
two towers enn be considered to he s mesh cireuit; henee the following simultaneous equa-
tions apply:

Vi= 172+ L% (B-39)
Vo= [\ Zoy b Lol (B-40)
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Fic. B-29. Methods of varying react- Fic. B-30. Two-tower input terminals,
ance.

where 71 and Vo = vector effective voltage at input terminals of towers 1 and 2 re-
spectively, volts
11 and Iz = vector effective current at input terminais of towers 1 and 2 respec-
tively, amp
Z1; and Zga = sclf-impedance of towers 1 and 2 respectively, ohms
Zys = Zg = mutual impedance between towers 1 and 2, ohms
All the terms in the above mesh cquations are complex quantities.
From this set of simultaneous equations it is possible to define the driving point im-
pedance of each tower, thus

v I )
Zi= =2y 2 (B-41
I I
Ve Iy, . _
Zi= 7= 1—2112 + Z (B-42)

where Z) = driving-point impedance ot tower 1 while array is in operation, ohms

Zy = driving-point impedance of tower 2 while array is in operation, ohms
The resistance component R of Z; and Ke of Zy is pure radiation resistance if there is no
loss in the system. The directional-antenna system can be designed using this theoretical
basis, and then from a knowledge of the system losses the driving-point impedances can
lre estimated with tair accuracy. (See Fig, B-30.)

Measured Base Self-impedance

If the towers are approximately 90° high or less and the spacing is not very close, then
the self-impedance can be measured by leaving the tcrminals of tower 2 open while
measuring the impedance of tower 1 with an RI" bridge at the operating frequency. This
can be seen by inspecting Eq. (B-41), where /2 = 0; hence only Zy; will be measured for
this condition.

Similarly, Ze2 can be measured by leaving the terminals of tower 1 open while meusur-
ing at the terminals of tower 2.

Measured Base Mutual Impedance

This can be done by inserting 4 variable reactance in series with the terminals of tower 2
when the terminals of tower 1 are open and adjusting it so that only a pure resistance fge
remains. This can be done with an RF bridge. Tower 2 iz now tuned to resonance at the
operating frequency.

The next step is to drive tower 1 with a suitable voltage at the operating frequency and
note the currents in towers 1 and 2 when tower 2 is tuned to resonance,
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T'rom these measurements the mugnitude of the mutual itnpedance to a first approxi-
mation is

|72

Zol= — %
[Z12] i

Ry (B-43)

The angle of the mutual impedance can best he approximated by using theoretical in-
formation. If the loop mutual-impedance phases are used, they must be delayed by the
effective electrical distance of the loop above the tower hase. If base mutual-impedance
phases are used, they also must be delayed by the same effective electrical distance be-
cause they do not provide for time delay of the current to reach the loop position.

1i the phase-monitoring system has been installed and is calibrated to read properly,
it can he used to measure the phase of 7o with respect to Iy and thus provide the necessary
phase angle of Z;2. This is a good way to check the theoretical values. It may be even
a better check on the phase-monitor calibration.

The theoretical value of the magnitude of Z1s written | Z12| can be used in lieu of the
above measured value. Tf the towers are near 180° in height, it is advisable to measure
the mutual impedance. Also, if the spacing 1s less than 90° the mutual-impedauce
values should be measured. In other words if the mutual impedance is large, it should be
measured for best results.

Estimated Base Driving-point Impedance

The driving-point impedance Z; can now be estimated by using the above values of
Z11 and Zy3 along with the current ratio:

Iy
Ay = (B-14)
1
as specified in the direetional-antenna design. When these values are substituted in
Eq. (B3-41), the driving-point impedance for tower 1 while the array 18 in operation results.
Similarly it is possible to obtain the driving-point impedance for tower 2.

Estimated Base Driving-point Current

Assuming no loss in the tower, insulators, or ground system, the authorized power in-
put must be

Po=A{5LFR + [1o['Ry (B-45)
Since the ratio of current ix known, we can write
1! = ]7, (B-48)
Ry 1My PRy
and then, el = [L1] [Man] (B-47)

The above authorized power does not include the power allowed by FFCC for feeder-
system losses.

Feeder-system Adjustment

A good way to set up the feeder system is to make up dummy driving-point impedance
loads with the aid of an RF bridge. If small components arve available, only RF bridge
measurements can be used. If larger resistors are used which will not change value when
heated up with power, then the whole feeder system can be set up and adjusted for the
correct power division using dummny driving-point impedance loads.

It 1s possible to adjust each transmission line to the tower input network using the
dunimy load, since the tower input impedanece will not have the correct value until the
whole directional-antenna system is operating properly. After these matching networks
are adjusted with the RF bridge, it should not be necessary to make any further adjust-
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ments at this point. The networks at the towers ean then bhe conneeted, and the comple-
tion of the feeder-system acdjustments ean usually be made at the common point where
the power division and phasing controls are located.

Tower with Negative Resistance

In some directional-antenna systems a tower will have a negative resistance at the
driving point. This means that power must be removed from the tower terminals.
While the initial adjustments are made, this power can be dissipated, but for the final

TOWER TOWER
NO § NO 2
o——0 O—
COMMON
INPUT CEEDER — |z — DRIVING POINT
POINT R P, ? MPEDANCE Z,
R,
T2 A

{4) NEGATIVE TOWER CONNECTED TO DISSIPATIVE RESISTANCE R,

TOWER TOWER
NO f NO 2
(o, —0 o—
COMMON
INPUT FEEDER
POINT SYSTEM

}
[
1

g

0 O

FEEDBACK
SYSTEM

B} NEGATIVE TOWER CONNECTED THROUGH FEEDBACK SYSTEM TO COMMON POINT

Fie. B-31. Addition of power from tower with negative resistance.

operation it is usually desirable to feed this power back into the system in order to main-
tain high efficiency.

In Fig. B-31a the antenna system is properiy adjusted to give the required pattern
shape but the power trom tower 2 is being dissipated into a driving-point impedanee witi
4 negative resistance component. If the driving-point impedance of the negative tower
is matched into a transmission line, thix power can be fed back to the common-point
input point axs shown in Fig. B-314.  t Is neeessary to adjust the phase and magnitude
of the feedbuck voltage properly so it will equal the maguitude und phase of the voltuage
where the feedback system is connected at the common point.  Then the two civeuits can
be eonnected in parallel. The feedbuck system is used to control the phase and magni-
tude of the feedback wvoltage. When the feedback voltuge iz connected across the
common-point input terminals, the input resistance will increase because the negative
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resistance in parallel with a positive resistanee will have o resistance value lrger than
the positive resistanee value wdalone.

In the design of the [eecler =vsten it is usually possible simply to tap on to the power-
dividing network in the usual manner with the eiveuit to the tower having a negative
resistunce.  In this caxe the phase shitts must be figured in the reverse direction owing
to the reverse direction ol power flow.

Table B-1. Minimum-depth Term *

oL & L+t ' 1 2 1

! F d F F F F 2F
0.995 | L.0050 + 0.99002 1.00001 0.745 1.3422 0.55502 L. 0430
(3. 990 101010 1 0.98010 1.00005 || 0.740 1.3513 0.54760 1.0457
0985 1.0152 | 0.97022 1.00011 ‘ 0.735 1.3606 0.54022 1.0478
0950 10204 0 0.96040 | 1.00020 11 0.730 | 1.3698 | 0.53290 | 1.0499
0.975 1+ 100236 1 0.95062 | 1.00032 ‘ 0.725 | 1.3793 | 0.52562 | 1.0522
0.970 | 1.0309 | 0.94090 | 1.00046 || 0.720 | 1.3888 | 0.51840 | 1.0544
0.965 |, 1.0363 | 0.03122 | 1.00063 | 0.715 | 1.3986 | 0.51122 | 1.0568
0. 960 1.0417 0.92160 1.00083 || 0.710 1.4084 0.50410 1.0592
0.035 1.0471 0.91202 1.00106 || 0.705 1.4154 0.40702 1.0617
1. 950 1.0526 0.90250 1.00132 | 0.700 1.4285 0. 49000 1.0643
0.945 1.0582 0.59302 1.0016 || 0.695 1.4388 0.48302 1.0669
0.040 | 1.0638 | 0.88360 | 1.0019 || 0.690 | 1.4492 | 0.47610 | 1.0696
0.835 | 1.0695 | 0.87422 | 1.0023 || 0.685 | 1.4598 | 0.46922 | 1.0724
0.830 | 1.0752 | 0.86400 | 1.0026 | 0.680 | 1.4705 | 0.46240 | 1.0753
0.925 1.0810 0. R85562 1.0030 0.0673 1.4814 0.45562 1.0782
0,920 | 1.0869 | 0.54640 | 1.0085 | 0.670 | 1.4925 | 0.44890 | 1.0812
0.915 1.0929 0.83722 1.0039 V 0.665 1.5087 0.44222 1.0844
0.910 1.0989 0.82810 1.0045 || 0.660 1.5151 0. 43560 1.0875
0.905 | 1.1049 | 0.81902 | 1.0050 || 0.655 | 1.5267 | 0.42002 | 1.0909
0.900 1.1111 0.81000 1.0056 i 0.650 1.5384 0.42250 1.0942
0.895 11173 0.80102 1.0062 1| 0.645 1.5503 0.41602 1.0977
0.890 | 1.1236 | 0.79210 | 1.0068 | 0.640 | 1.5625 | 0.40960 | 1.1012
0.885 | 1.1209 | 0.78322 | 1.0075 | 0.635 | 1.5748 | 0.40322 | 1.1049
0,880 | 11363 | 0.77440 | 1.00s2 7 0,630 | 18873 | 0.39690 | 1.1036
0.875 1.1428 0.76562 1.0088 0.625 1.6000 0.39062 1.1125
0,870 1 1.1484 0. 756490 1.0097 0.620 1.6129 0.35440 1. 1164
0805 T 074822 | 10105 0.615 | 1.6200 | 0.37822 | 1.1205
0. 360 1. 0. 73960 LLolid b 0,610 1.6393 0.37210 1.1246
0,855 1. 0.73102 10123 0.605 1.652 0.36602 1.1289
0830 | L 0.72250 | 1.0132 | 0.600 | 16666 | 0.36000 | 1.1333
D845 | 1.1834 | 071402 | 10142 1 00505 | 16806 | 0.35402 | 11378
0. 840 1. 1904 0.70560 1.0152 . 0.590 1. 0949 0.34810 L. 1425
0.835 1.1976 0. (69722 1.0163 + 0.585 1.7094 0.34222 1.1472
0. 830 1. 2048 0. 65390 1.0174 + 0.580 1.7241 0.33640 1.1321
0.825 1.2121 0. 68062 1.0186 | 0.575 1.7391 0.33062 1.1571
0.820 | 1.2195 | 0.67240 | 1.017 | 0.570 | 1.7543 | 0.32400 | 1.1621
0,813 1. 0. G422 1.0210 1 0.565 1.7699 0.31922 1.1675
0.810 1. 0.65610 1.0223 0.560 1.7857 0.31360 ; 1.1728
0.805 | 1.2 0.64802 | T.0236 1 0.555 | 1.8018 | 0.30802 | 11784
0. 800 1.2 | 0.64000 1.0250 0.550 1.8181 0.30250 1.1841
0.795 | 0.63202 | 1.0264 | 0.545 | 1.8348 | 0.29702 | 1,1899
0. 790 0.62410 1.0279 || 0.540 1.8518 (}.29160 1.1959
0.785 ‘ 0.61622 1.0204 0.535 1.8691 0.28622 1,2021
07380 0.60840 | 1.0310 | 0.530 | 1.8867 | 0.280%0 | 1.2084
0.775 0.60062 | 1.0327 | 0.525 | 1.9047 | 0.27562 | 1.2149
0.770 0.59290 1.0343 0.520 1.9230 0.27040 1.2215
0.765 0./8522 1.0361 0.515 19417 }.26522 1,2284
0.760 0.57760 1.0379 0.510 19607 0.26010 1.2854
0.75% 0.57002 | 1.03%7 | 0.505 | 1.9502 | 0.25502 | 1.2426
0.750 0. 56250 1. 0417 0.500 2.0000 0.25000 1.2500

(1 4 FH22E where either 2 or 17/ is the ratio of the inverse field streongths.,
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Table B-1. Minimum-depth Term (Continued)
| e 14 F? 1 - 1+ B
F F r 2F r P 4 2R

0.495 2.0202 0.24502 1.2576 0.345 2.8985 0.11902 1.6218
0.490 2.0408 0.24010 1.2654 0.340 2.9411 0.11560 1.6406
0.485 2.0618 0.23522 1.2734 0.335 2. 9850 0.11222 1.6600
0.480 2.0833 0.23040 1.2817 0.330 3.0303 0.10890 1.6802
0.475 2.1052 0.22562 1.2901 0.325 3.0769 0.10662 1.7010
0.470 2.1276 0.22090 1.2988 0.320 3.1250 0.10240 1.7225
0.485 2.1505 0.21622 1.3078 0.315 3.1746 0.09922 1.7448
0.460 2.1739 0.21160 1.3170 0.310 3.2258 0.09610 1.7679
0.455 2.1978 0.20702 1.3264 0,305 3.2786 0.09302 1.7918
0.450 2.2222 0.20250 1.3361 0.300 3.3333 0.03000 1.8167
0.445 2.2471 0. 19802 1.3461 0.295 3.34898 0.08702 1.8424
0.440 2.2727 0. 19360 1.3564 0.290 3.4482 0.08410 1.8691
0.435 2.2988 0.18922 1.3669 0.285 3.5087 0.08122 1.8969
0.430 2,3285 0.18490 1.3778 0.280 3.5714 0.07840 1.9257
0.425 2.3529 0.18062 1.3890 0.275 3.6363 0.07562 1.95857
0,420 2.3809 0.17640 1.4005 0.270 3.7037 0.07290 1.9869
0.415 2.4096 0.17222 1.4123 0.265 3.7735 0.07022 2.0193
0.410 2.4390 0.16810 1.4245 0.260 3.8461 0.06760 2.0531
0.405 2.4691 0.16402 1.4371 0.2565 3.9215 0.06502 2.0883
0.400 2. 5000 0.16000 1.4500 0.250 4.0000 0. 06250 2.1250
0.395 2.5316 0.15602 1.4633 0,245 4.0818 0.06002 2,1633
0.390 2.5641 0.15210 1.4770 0.240 4.1666 0.05760 2.2033
0.385 2.5974 0.14822 1.4912 0.235 4.2553 0.05522 2.2451
0.380 2.6315 0.14440 1.50568 /| 0.230 4.3478 0.05290 2, 2889
0.375 2. 66606 0.14062 1.5208 || 0.235 4.4444 0.05062 2.3347
0.370 2.7027 0.,13690 1.5364 ‘ 0.220 4.5454 0.04840 2.3827
0.365 2.7397 0.13322 1.5524 0.215 4.6511 0.04622 2.4331
0.360 2.7777 0.12960 1.5689 Il 0.210 4.7619 0.04410 2.4860
0.355 2.8169 0.12602 1.5859 0.205 4.8780 0.04202 2.5415
0.350 2.8571 0.12250 1.6035 0.200 5.0000 0.04000 2,6000
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Table B-2. Bessel Function, J, (S cos 8)

Elevation angle, §°
S°
oo | oaoe 20° 30° 10° 50° 60° 70° 80°
‘7, -
1| 1.000  1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000
2 [ 1000 | 1.000 | 1,000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000
3 [ 0000 | 0,999 | 0.999 | 0.999 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000
4 | 0909 | 0.999 | 05.999 | 0.999 | 0.989 | 0.999 | 1.000 | 1.000 | 1.000
5| 0.998 | 0,995 | 0.998 | 0,999 | 0.999 | 0.999 | 1.000 | 1.000 | 1.000
6 | 0.997 | 0.997 | 0.998 | 0.998 | 0.998 | 0.999 | 0.999 | 1.000 | 1.000
7 | 0.696 | 0.996 | 0.997 | 0.997 | 0.993 | 0.998 [ 0.999 | 1.000 | 1.000
s | 0.995 | 0,995 | 0.996 | 0.906 | 0.997 | 0.99% | 0.999 | 0.99% | 1.000
9 | 0.994 | 0.994 | 0.995 | 0.995 | 0.996 | 0.997 | 0.998 | 0.999 | 1.000
10 | 0.992 | 0.993 | 0.093 | 0.994 | 0.996 | 0.907 | 0.99% | 0.999 | 1.000
11 | 0.901 | 0.991 | 0.992 | 0.993 | 0.995 | 0.996 | 0.898 | 0.999 | 1.000
12 | 0.980 | 0.980 | 0.900 | 0.992 | 0.994 | 0.996 | 0.997 | 0.999 | 1.000
13 0.987 0.988 0,989 0.990 0.992 0.985 0.997 0.998 1.000
14 | 0.985 | 0.986 | 0.987 | 0.980 | 0.991 | 0.994¢ | 0.996 | 0.998 | 1.000
15 | 0.983 | 0.933 | 0.985 | 0.987 ; 0.990 | 0.993 | 0.996 | 0.998 | 0.099
16 | 0.981 | 0.981 | 0.983 | 0.985 | 0.985 | 0.992 | 0.995 | 0.998 | 0.999
17 | 0.97% | 0.978 | 0.981 | 0.984 | 0.987 | 0.991 | 0.994 | 0.997 | 0.999
18 0.976 0.976 0.978 0.982 0.985 0.990 0.994 0.997 0.999
19 | 0.973 | 0.974 | 0.076 | 0.980 | 0.986 | 0.980 | 0.893 | 0.997 | 0.999
20 0.970 0.971 0.973 0.977 0.982 0.987 0.992 0.996 0.999
21 0.967 0.968 0.971 0.975 0.980 0.986 0.992 0.996 0.999
22 | 0.964 | 0.965 | 0.968 | 0.973 | 0.973 | 0.985 | 0.991 | 0.996 | 0.999
23 0.960 0.961 0.965 0.970 0.977 0.983 0.970 0.975 0.999
24 | 0.957 | 0.958 | 0.962 | 0.967 | 0.974 | 0.982 | 0.985 | 0.995 | 0.999
25 | 0.953 | 0.95¢ | 0.958 | 0.965 | 0.972 | 0.980 | 0.988 | 0.994 | 0.999
26 | 0.948 | 0.951 | 0.955 | 0.962 | 0.970 | 0.979 | 0.987 | 0.9894 | 0.998
97 | 0.945 | 0.947 | 0.953 | 0.959 | 0.968 | 0.977 | 0.986 | 0.994 | 0.998
98 | 0.941 | 0.943 | 0.948 | 0.956 | 0.965 | 0.976 | 0.935 | 0.993 | 0.998
20 | 0,937 | 0.939 | 0.944 | 0.953 | 0.963 | 0.974 | 0.984 | 0.993 | 0.998
30 | 0.933 | 0.035 | 0.940 | 0.949 | 0.960 | 0.972 | 0.983 | 0.992 | 0.998
31 | 0.928 | 0.930 | 0.936 | 0.946 | 0.958 | 0.970 | 0.982 | 0.992 | 0.998
32 | 0.924 | 0.026 | 0.932 | 0.942 | 0.955 | 0.968 | 0.981 | 0.991 | 0.998
33 | 0.919 | 0.921 | 0.928 | 0.939 | 0.952 | 0.966 | 0.979 | 0.990 | 0.998
34 | 0.914 | 0.916 | 0.924 | 0.935 | 0.945 | 0.964 | 0.978 | 0.990 | 0.997
35 | 0.905 | 0.912 | 0.919 | 0.931 | 0.941 | 0.962 | 0.977 | 0.985 | 0.997
36 | 0.904 | 0.907 | 0.915 | 0.927 | 0.943 | 0.960 | 0.076 | 0.989 | 0.997
37 | 0.899 | 0.901 | 0.910 | 0.928 | 0.040 | 0.957 | 0.974 | 0.986 | 0.997
a8 | 0.893 | 0.806 | 0,905 | 0.919 | 0.937 | 0.955 | 0.973 | 0.987 | 0.997
39 | 0.888 | 0.891 | 0.900 | 0.915 | 0.933 | 0.953 | 0.971 | 0.987 | 0.997
40 | 0.882 | 0.885 | 0.805 | 0.911 | 0.930 | 0.950 [ 0.970 | 0.986 | 0.996
41 | 0.876 | 0.880 | 0.890 | 0.906 | 0.926 | 0.94§ | 0.965 | 0.985 | 0.996
42 | 0.870 | 0.574 | 0.885 | 0.902 | 0.923 | 0.945 | 0.967 | 0.884 | 0.996
43 0.864 0.8068 0.880 0.897 0.919 0.943 0.965 0.984 0.996
44 0.858 0.862 0.874 0.892 0.915 0.940 0.963 0.983 0.996
45 | 0.852 | 0.856 | 0.868 | 0.888 | 0.913 | 0.937 | 0.962 | 0.982 | 0.995
46 0.845 0.850 0.862 0.883 0.908 0.935 0.4960 0.981 0.995
47 | 0.839 | 0.843 | 0.857 | 0.87% | 0.904 | 0.932 | 0.958 | 0.930 | 0.995
45 | 0.832 0.837 0.851 0.873 0.900 0.929 0.957 0.980 0.995
49 0.825 0.830 0.845 0.868 0.896 0.926 0.955 0.979 0.994
50 | 0.818 0.823 0.838 0.582 0.%91 0.923 0.953 0.978 0.994
51 | 0.812 | 0.817 | 0.832 | 0.857 | 0.887 | 0.920 | 0.051 | 0.977 | 0.99%4
52 | 0804 | 0.S10 | 0.826 | 0.851 | 0.883 | 0.917 | 0.940 | 0.976 | 0.994
Bi | 0.707 | 0.803 | 0820 | 0.846 | 0.878 | 0.913 | 0.947 | 0.975 | 0.994
50 0700 | 0798 | 0813 1 0840 | 0.874 | 0.910 | 0.945 | 0.974 | 0.993
55 | MTRS | 0.780 | 00T 00835 | 0860 | 00907 | 0.943 | 0.973 | 0003
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Table B-2. Bessel Function, J, (§ cos ¢) (Continued)

Tilevation angle, 6°

SQ

0° 10° 20° 30° 40° 50° G0° 70° 80°
56 0.775 0.782 0.800 0.829 0.865 0.904 0.911 0.972 0.993
a7 0.767 0.774 0.793 0.823 0.860 0.900 0.939 0.971 0.903
58 0.760 0.767 0.786 0.817 0.855 0.897 0.937 0.970 0.992
59 0.752 0.759 0.779 0.811 0.850 0.893 0.935 0.969 0.992
GO 0.744 (.751 0.772 0.805 0.845 0.590 0.933 0.968 0.992
61 0.736 0.743 0.765 0.799 0.840 0,886 0.930 0.967 0. 091
62 0.728 0.734 0,758 0.792 0.835 0,883 0,928 0. 966 €.091
63 0.720 0.728 0.750 0.786 0.830 0.879 0.926 0.965 0. 091
64 0.712 0.720 0,743 0,780 0.825 0.875 0.923 0. 964 0,991
65 0.703 0.712 0.735 0.773 0,820 0.871 0.921 0.963 0. 9490
66 0.695 0.703 0.728 0,706 0813 (}. 867 0.919 0.962 0990
67 0.686 0.695 0,720 0760 0.810 0,863 0.916 0. 960 0,050
68 0.678 0. 686 0.712 0.753 0,804 0.860 0.914 0.95% 0. 9849
69 (1.669 0.678 0.704 0.746 0.798 0.856 0,911 0,958 (3. 989
70 0.660 0.66Y 03.696 0.739 0.792 (.831 0. 909 0.957 0,959
71 0.652 (.661 0.688 0.7:32 0787 0,847 0.8900 0. 956 0,988
72 0.642 ().652 0.630 0.725 0.751 0.843 0.904 0.954 0.988
73 0.634 0.643 0.672 0.718 0.776 0.839 0.901 0.953 0.98%
T4 0.625 0.635 0. 664 0.711 0.770 0.5835 0.898 0.952 0.987
75 0.615 0.626 0.656 0.703 0.764 0.830 0.896 0.950 0.987
76 0.606 0.617 0.0648 0.687 0.758 (1.826 0.893 0.949 0.9587
77 0.597 0.607 0.639 0.689 0.752 0.822 0.890 0.948 0.936
78 0.588 0.599 0.631 0.G82 0.746 0.818 0.887 0.947 0,956
79 0.578 0.589 0.622 0.674 0.740 0.813 0.884 0.945 (. 986
80 0.569 (1. 580 0.613 0.667 0.734 0.808 0.882 (3.944 0. 985
81 0.559 0.571 0.605 0.659 0.728 0.804 0.879 0.943 0. 985
82 0.5850 (). 561 0.596 0.652 0.722 0.799 0.876 0.941 0.985
83 0.540 0.552 0.587 0.644 0.715 0.794 0.873 0.930 0.984
84 0.531 0.543 0.579 0.636 0.790 0.870 0.938 0.984
85 0.521 0.535 0.570 0.628 0.785 0.867 (.937 0.983
86 0.511 0.524 (. 561 0.620 0.780 0.804 0.935 0.983
87 0.502 0.515 0.552 0.612 0.775 0.861 0.934 0.983
fated 0.492 0.505 0.543 0.604 0.770 0.858 0.933 ), 952
89 0.482 0.495 0.534 0.596 0.766 0.854 0.931 0. 982
90 0.472 0.480 0.525 0.588 0.761 0.851 0.929 0.981
91 0.462 0.4706 0.518 0.550 0.756 0.848 0.928 0.931
02 0.452 0.466 0.506 0.572 0.7561 0.845 0.926 0.981
93 0.442 0.456 0.497 0.564 0.746 0.8542 0.924 0.930
94 0.432 0. 447 0.488 0.556 0.741 0.839 0.923 (0. 980
95 0,422 0.437 0.479 0.547 0.735 0.835 0.921 0.970
96 0.412 (.427 0.450 0.539 0.730 0.832 0.920 0.979
o7 0.402 0.417 0.4061 0.531 0.725 0.829 0.9018 0.978
08 0.392 0. 407 0.451 0.522 0.720 0.825 0.916 0.978
09 0.382 0.397 0. 442 0.514 0.714 0.822 0.915 0.977
100 | 0.372 0.387 0.432 0. 506 0.709 0.818 0.913 0,977
101 | 0.361 0.377 0.423 0,407 0.703 0.815 0.911 0.977
102 | 0.352 0.367 0.414 0.489 0.698 0.812 0.909 0.976
103 | 0.341 0.357 0.404 0.480 0.693 . 0.808 0.908 0.976
104 | 0,331 0.347 0.:395 0.471 0. G687 0.804 0.906 0.975
105 | 0.321 0.337 0.385 0.463 0. 0682 0.801 0. 904 0.975
106 | 0.311 0.327 0.375 0.454 0.G676 0.797 0.902 0.974
107 | 0.301 0.317 0.366 0.446 (.671 0.793 0.900 0.974
108 | 0.290 0.307 (3.356 0.437 0,665 0.790 0.899 0.073
109 | 0.251 0.297 0.347 0,128 0. (360 0,786+ 0,807 0,073
10 | 0.270 (), 287 1.1337 0419 0.0654 (h. 783 0,895 ;.2
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Table B-2. Bessel Funetion, J,, (S cos ¢) (Continued)

2-153

Elevation angle, 6°

5° -

0° 10° 20° 30° 40° a0° 60° 70°
111 0.260 0.277 0.328 0.411] 0.521 0. 0648 0.779| 0.893
112 0.250 0.267 0.318 (0, 402 0.513 0.642 0.775 0.891
113 0. 240 0.257 {.309 0. 393 0. 506 0.636 0.771 0.890
114 (.230 0.247 0.299 0.385 0.498 0. 630 0.767 6.888
115 0.22{0) 0.237 (3. 290 0.376 0.491 0.625 0.763 0.886
116 0.210 0.227 0,280 0.367] 0.484 0.619) 0.760| 0.88%4
117 0.200 0.217 0.271 0.359 (.476 0.613 0.756 0.882
118 0.190 0.208] 0.261 0.350 0.468 0.607| 0.7532] 0.880
119 0.180] 0.19%] 0.252 0.341| 0.461 0.601 0.748| 0.878
120 0.170 0.188 0.242 0.332 0.453 0.596 0.744 0.876
121 0.160 0.178 0.233 0.323 0.445 0.590 0,740 0.874
122 0.150 0.168 0.223 0.314 (.438 0.584 0.736 0.872
123 0,140 . 158 0.214 0.: 0. 430 0.732 0.870
124 0.130| 0.148 0.204 0.2 0.422 0.728| 0.868
125 0,120 0.139 0.195 0.2 0.415 0.724 0.866
126 0.111 0.129 0.185 0.279 0.407 0.720 00.864
127 0,101 0.120 0.176 0.2%0 0400 0.716 0.861
128 0.092 0.110| 0.167 02061 0.392 0.712| 0.839
129 0.082 0.101 0.15% (}.253 0.384 0.707 0.857
130 0.072) 0.091 0.148 ) 0.244| 0.376 0.703| 0.855
131 0.063| 0.082 0.139] 0.235] 0.368 0.699| 0.853
132 0.053 0.072 0.129 (0.227 0.360 0.695 0.851
133 0.044 0.063| ¢.120 0.218| 0.353 0.690( 0.848
134 0.035] 0.033| 0.111 0.209) 0.345 0.686( 0.846
135 0.026 0.044 .102 0.201 0.337 (). 632 0.844
136 0.0171 0.035| 0.093 0192 0.329 0.678| 0.842
137 0.007 0.026 0.094 0.183 0.321 0.673 0.840
138 —0.002| 0.017 0.075 0.175| 0.314 0.669( 0.837
139 | —0.014 0.008 0.066 0.166 0.308 0.6065 0.835
140 | —0.020| —0.001 0.058| 0.158%| 0.299 0.660| 0.83:
141 | —0.029] -0.010 0.049 0.149 (3.291 0.656 0.830
142 | —-0.037 | —0.019 0.040 0.141 (}.283 0.652 0.828
143 | —0.046 | —0.028 0.031 0.132| 0.275 0.647| 0.826
144 | —0.055 | —0.036 0. 022 0.1:24 0.207 0.642 0.823
145 —0.064 | —0.045 0.013 0.115 ().259 0.638 0.821
146 | —0.072| —0.053 0.005 0.107 0.252 (0.0634 0.819
147 | —0.080 | —0.062| —0.003 0.099 0).244 0.629 0.817
148 | —0.0R88 | —0.070| —0.012 0.090| 0.236 0.625] 0.814
140 | —0.097| —0.075| —0.020| 0.082| 0.229 0.620( 0.812
150 —0.105| —0.087| —0.029 0.073 0.221 0.615 0.809
151 | —0.113| —0.0985| —0.037 0.065| 0.213 0.611| 0.807
152 —0.121 | =0.103| —0.045| 0.057| 0.205 0.606| 0.805
153 —0.129, —0.111 | —0.053 0.049| 0.198 0.602| 0.802
154 —0.137| —0.119| —0.062 0.040) 0.180 0.597| 0.800
155] — 0. 145 —0.126| —0.070| 0.032] 0.183 0.592| 0.797
156 —0.1563| —0.134| —0.078 0.024] 0.173 0.587| 0.795
157 —0.160 | —0.142| —0.085 0.017| 0.167 0.583 0.792
158 —0.187 | —0.149| —0.093 00001 0.160 0.578) 0.790
159 —0.175| —0.137 | —0.101 0.001| 0.152 0.573| 0.787
160 —0.182] —0.164| —0.108| —0.007 ] 0.145 0.569| 0.785
161 | —0.180 | —0.172| —0.116| —0.015| 0.137 0.564| 0.782
162 | —0.196| —0.179| —=0.123] —0.023| 0.130 0.550 0.780
163 —0.203] —0.186| —0. 17 —(1.(r30 (. 122 0.55D 0.777
164 | —0.210] =0, 193 —0. —0.037 0.714 0,350 0.774

V217 = 0.200 -0, —0.045 ¢.107 0.545 0.772

165 | -0

80°

072
71
Rt
970
.70

.969
. 969
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2-154 Antennas, Towers, and Wave Propagation

Table B-2. Bessel Function, J, (S cos §) (Continued)

Elevation angle, #°
SO
0° 10° 20° 30° 10° 50° 60° 70° 30°

166 | —0.223| —0.207 | —0.153| —~0.053| 0.100 0.303 0.541| 0.769 0.937
167 | —0.230| —0.213| —0.159| —0.060| 0.093 0.297 0.536| 0.767 0.937
168 | —0.236| —0.220| —0.167| —0.068| 0.085 0.290| 0.531] 0.764 0.936
169 | —0.242| —0.226| —0,173| —0.075| 0.078 0.284 0.526| 0.761 0.935
170 —0.249| —0.232| —0.180| —0.082| 0.070 0.277 0.521| 0.759 0.935
171 —0.255| —0.239| —0.187| —0.089| 0.063 0.271 0.518| 0.756 0.934
172 —0.261 | —0.245| —0.104| —0.097| 0.056 0.264| 0.511| 0.753 0.933
173 | —0.266| —0.251| —0.200| —0.104| 0.049 0.258| 0.506| 0.751 0.932
174 | —0.272| —0.257| —0.207| —0.111| 0.042 0,251 0.502| 0.748 0.932
175 —0.278| —0.263| —0.213| —0.118| 0.035 0.245 0.497| 0.746 0.931
176 —0.283| —0.269| —0.220| —0.125| 0.027 0.238 0.492| 0.743 0.930
177| —0.289| —0.274| —0.226| —0.131| 0.020 0.232 0.487| 0.740 0.929
178 —0.294| —0.279] —0.232) —0,138| 0.013 0.226| 0.482| 0.737 0.928
179 | —0.299| —0.285| —0.238| —0_ 145 0.006 0.219 0.477| 0.735 0.927
180 —0.304| —0.290| —0.244| —-0.151|—0.001 0.212 0.472| 0.732 0.927
181 | —0.309 —0.158|—0.008 0.206| 0.467| 0.729 0.926
182 | —0.314 —0.164|—-0.015 0.200 0.462| 0.726 0.925
183 —0.319 —{.171|—=0.022 0.193 0.457| 0.723 0.924
184 | —0.323 —0.177|=0.028 0.187 0.452| 0.721 0.923
185 —0.328 —0.183|-0.035 0.180| 0.447| 0.718 0.923
186 | —0.332 —0.190|—0.041 0.174 0.442| 0.715 0.922
187 | —0.336 —0.196|—0.048 0.167 0.437| 0.712 0.921
188 | —0.340 —0.202|—-0.0355 0.161 0.432| 0.709 0.920
189 | —0.344 . —0.208|—0.061 0.155 0.427| 0.706 0.919
190| —0.348| —0.336G| —0.297 | —0.214|—0.068 0.148 0.422| 0.704 0.918
191 —0.351| —0.340| —0.302| —0.219(—0.074 0.142 0.417 (0.701 0.918
192 —0.355| —0.344| —0.307 | —0.225|—0.081 0.136] 0.412] 0.698 0.917
193| —0.358| —0.348| —0.311| —0.231|—0.087 0.129 0.407| 0.695 0.916
194 —0.362| —0.352] —0.316| —0.236 | —0.004 0.123 0.402 0.692 0.915
195] —0.365| —0.355| —0.320| —0.242|—0.100 0.117 0.397| 0.0689 0.914
196 [ —0.368 | —0.359| —0.324| —0.247|—0.106 0.110 0.392| 0.886 0.913
197 —0.371| —0.362| —0.328| —0,2521—-0,113 0.104] 0.387| 0.683 0.913
198 | —0.374| —0.365| —0.332| —0.257 | —-0.119 0.098| (©.382| 0.680 0.912
199 | —0.376| —0.368| —0.336| —0.262|—0.1256 0.092| 0.377| 0.677 0.911
200 | —0.379| —0.371| —0.340| —0.267 |—0.131 0.086 0.372| 0.674 0.910
201 | —0.381| —0.374| —0.344( —-0.272|—0.137 0.079| 0.367| 0.671 0.909
202 —0.383| —0.376| —0.347| —0.277|—0.143 0.073| 0.361| 0.668 0.908
203 | —0.386| —0.379| —0.351 | —0.282|—0.149 0.067| 0.356] 0.665 0.907
204 | —0.388) —0.381| —0.354| —-0.287|—0.154 0.061 0.351| 0.662 0.906
205| —0.390| —0.383| —0.357| —-0.292|—0.160 0.055| 0.34G| 0.659 0.905
206 | —0.391| —0.385| —0.360| —0.296|—0.166 0.049 0.341]| 0.656 0.904
207 | —0.393| —0.387| —0.363] —0.301|—-0.172 0.043 0.336] 0.653 0.904
208 | —0.394( —0.389| —0.366| —0.305|—=0.177 0.037 0.331] 0.650 0.903
209| —0.396|-0.391| —0.369| —0.309| —0.183 0. 031 0.326] 0.047 0.902
2101 —0.397) —0.393| —0.372| —0.313|—0.188 0.025| 0.321] 0.644 0.901
2111 —0.398] —0.394| —0.374| —0.317|—0.193 0.019 0.316 0.641 0.900
212 —0.399| —0.396| —0.377| —0.321|—0.199 0.013 0.311| 0.638 0.899
2131 —0.400| —0.397| —0.379| —0.325|—0.204 0.007 0.306 0.64356 0.898
214 [ —0.401] -0.398| —0.382| —0.329|—0.209 0.001 0.301) 0.632 0.897
2151 ~0.401| —0.399| —0.384| —0.333]|—-0.211 —0.004| 0.296| 0.629 0.896
216 —0.402 —0.400| —0.386| —0.336(—0.220 —0.010 0.201] 0.626 0.895
2171 —0.4021 —0.401] —0.383 | —=0.3401—0.225 —0.016! 0.285( 0.623 0.80
218 —=0.403| —0.401| —0.389| —0.343|—0.230 —0.022] 0.280] 0.620 0.893
219| —0.403| -0.402| —0.391| —0.346]|—0.235 —0.027 0.275! 0.6186 0.892
220 —0.403| —0.402( —0.393| —0.350(—0.239 —0.032 0.270 0.613 0.892




Standard Broadcast Antenna Systems 2-155

Table B-2. Bessel Function, J,, (S cos 8) (Continued)

TFlevation angle, 62
Se : S
0° 10° 20° 30° 40° a0° ‘ 60° 70° ]0°
221 —0.403 | —0.403 | —0.394" —0.353 | =0, 244 — 0,038 0.265 0.610 0.891
222 | —0.402 | —0. 403 | —0.395| —0.3561—~0.249 —0.044 0.260| 0.607 0. 890
2231 —0.402( —0.403| —0.397| —0.3539|—0.254 —0.049 0.255 0.604 0.889
2241 —0.402| —0.4031 —0.398 | —0.362|—0.25% —0.055 0.250 0.60t (). 888
2251 —=0.401 | —0.403 | —0.399| —.364 | —0.26G3 —0.0061 .245 0.597 0.8K87
226 | —0.400| —0.402| —0.400| —0.3067 [—0.267 —0.0606 . 240 0.5 0.886
227 —0.3899| —0.402) —0.400| —0.370|=0.272 —0.072 .235 0.501 . 885
2981 —0.39% | —0.400 | —0.401 | —¢.372}—-0.276 —0.077 0.230 0.585 0.881
8201 —0.347 ] —0.401 | —0. 402 -0, 374 —0.280 —0.083 0.225 0. 585 U.883
2301 —0.396| —0. 40| —0.402] —0. 377 |—0.284 —0.088 0.220( 0.581 0,882
2311 —0.305| —0.399 | —0.402| —0.379|—0.288 —0.093 0.215 0.578 0.881
232 [ —0.393 | —0.398 | —0. 403 ] —0.381 | —0.202 —0.099 0.210 0.575 0.880
2331 —0.392| —0.307 | —0.403| —0.383|-0.206 | —0. 0.205] 0.572  |o.879
234 1 —0.390 —0.306G| —0.403| —(.385. — 0,300 —0. (1.200 0.5068 0.878
235 | —0.384] —0.395| —0.403| —0.387 [~ 0,301 | —0. 0.195| 0.565 | 0.877
236 | —0.387 | ~ 0,303 —0.402| —0. 388 | —0.308 —0. 0.190 0.562 0.876
237 —0.885| —0.391 | —0.402| —0.390 | —~0.312 —0.1: 0.185] 0.559 0.875
238 | —0.383| —0.389| —0.402] —0.391|—0.315 —0.12 0.180] 0.555 ().874
230 —0.3R0| —0.38%3) —0.401| —0.393|—0.319 —0.1: 0.175 0.552 0.873
240 304 (=0 392 —0.139| 0.170| 0.540  |0.871
241 305 —0.326 —0. 0.165| 0.546 0.870
242 397 | —0.329 —0. 0160 0.543 0.869
243 L3981 —0.333 —0.15 0.155 0.540 0.86%
244 L399 1—0.336 — (. 0.150) 0.536 0.867
245 L399 —0.330 —0. 0.145 0.533 0.866
246 A0 — 0,342 —-0. 0.140 0.530 0.8065
247 401 | —0.345 —0. 0.135] 0.526 0.804
248 AL [ —0.348 —0. 0.130] 0.523 0.863
249 402 —0.351 —0. 0.125| 0.520 0.862
250 .402 [ —0.353 —0. 0.120| 0.516 0.861
251 L4021 —0.3506 —0.192 0.1L06 G.513 0.860
252 403 | —0.359 —0.196 g.111 (.510 0.859
253 . L4031 —0.1361 —0.: 0.106| 0.506 0.858
254 —0.335| —0.349| —0.381| —0.403 | — 0,364 — . .101 0.503 0.857
255 | —0,332] —0.346| —0.370] —0.403 | —0.30606 —{.2 0,007 0.500 0,856
256 | —0.328 —0.3421 —0.377 | —0.402]|—0.3068 —0.2 0,002 0.496 0.855
257 [ —0.324] —0.339| —0.374| —0.402[—-0.371 —0. 0. 087 0.493 0.854
288 | —0.320 B35 —0.402 —0.373 —0.222 0.082 0.489 0.852
250 | —0.316 2331 —0.369| —0.401 |—0.375 —0. 0.077 0.4%6 0.851
260 | —0.312( —0.327| —0.307 | —0.401|—0.377 — 0.2 0.072) 0.483 0.850
261 —0.307 3. 400 | — 0. 379 —1.235 0.067 0.479 0.58490
262 | —0.303 LA00 | —140.380 —0.239 0.063] 0.476 (0.84%8
263 | —0.208 L3009 | — 0382 —0.243 0.058% 0.472 0.847
264 | —0.294 (1. 308 —0.3581 — 0,247 0.053 0.469 0.846
265 —0.290 307 | —0.3806 — 0. 251 0.04Y 0.4606 0.844
266 —0.285)1 —0.303] —0.350 | — 0,396 | — 0,387 —0.255 0044 0.4062 0.843
267 | — 0,280 —0.299]| —0.346, —0.395 —0.339 —0.259 0.039| 0.459 0.842
208 | —0.276] —0.2941 —0.343 | —0.393|—0.300 —0.262 0.03 0.455 0.841
209 —0.2711 —0.290| —0.340| —(.392 | —=0.:391 —0.266 0.030] 0.452 (1.840
270 —0.2686, —0.285| —0.336] —0.391 | —0.:393 —0.270 0.026| 0.449 0.839
2711 —0.261 —0.281; —0.333] —0.389|—0.394 —0.274 0.021 0.446 0.838
272 —0.256( —0.276| —0.330| —0, —0.277 0.017 0.442 0.837
273 —0.251| —0.271 ] —0.320| — (.35 —0.281 0.012 0.439 0.835
274 —0.246( —0.267| —0.322] —0. 38 —0.284] 0.007| 0.435 0.834
2751 —0.241) —0.262| —0.318| — 0. —0.288 0.003 0. 432 0.833




2-156 Antennas, Towers, and Wave Propagation
Table B-2. Bessel Function, J, (S cas 8) (Continued)
Elevation angle, 8°

SD

g° 10° 20° 30° 40° 50° 60° 70° 80°
276 —0.235| —0.257 | —0.314| —0.380 |—0.399 —0.291| —0.002] 0.429 0.832
277 | —0.230| —0.252| —-0.310| —0.378 | —0.399 —0.204 | —0.006| 0.425 0.831
278 | —0.2258| —(0.247| —0.306| —0.376 | —0.400 —0.298| —0.011 0.422 0.830
279 | —0.219| —0.242| —0.302| —0.374|—0.401 —0.301| —0.015| 0.418 0.829
280 | —0.214 | —0.236| —0.298| —0.372|—0.401 —0.304| —-0.020| 0.415 0.827
281 | —0.208| —0.231| —0.294| —0.370(—-0.402 —0.307| —0.024| 0.411 0.826
282 | —0.203| —0.226| —0.289| —0.367 [—0.402 —(.311| —0.028| 0.408 0.825
283 | —0.197| —0,221| —0.285| —0.365(—0.402 —0.314| —0.033| 0.404 0.824
284 | —0.192| -0.215] —0.281| —0.362|—0.402 —0.317 | —0.037| 0.401 0.823
985| —0.186] —0.210| —0.276| —0.360|—0.403 | —-0.320| —0.042| 0.397 |0.822
286 [ —0.181 —0.205| —0.272 | —0.357|—0.403 —0.323] —0.046( 0.394 0.820
287 | —0.175]| —0.199| —0.267| —0.354|—0.403 —{.326| —0.050| .390 0.819
288 | —0.160| —0.194| —0.263| —0.351|-0.403 | —0.328| —0.055| 0.387 | 0.818
989 | —0.163| —0.188| —0.258 | —0.349|—0.403 —0.331| —0.059| 0.384 0.817
200 | —0.157| —0.182| —0.253| —0.346 | —0.402 —0.334| —0.063| 0.380 0.816
201 | —0.151| —0.177| —0.248 | —0. 343 |—-0.402 —0.337| —0.068| 0.377 0.814
202 | —0.146] —0.171 —0.243| —0.340 |- 0.402 —0.339| —0.072] 0.373 0.813
293 | —0.140| —0.166| —0.238| —0.336|—0.401 —0.342| =0.07G( 0.370 0.812
294 | —0.134| —0.160| —0.233| —0.333|—0.401 —0.344| —0.080| 0.36G6 0.810
295 | —0.128| —0.154| —0.228 —0.330(—~0.400 —0.3406| —0.084( 0.363 0.809
206 | —0.122] —0.148]| —0.223| —0.326 [ —0.400 —0.349| —0.089] 0.359 0.808
297 | —0.116| —0.143( —0.218} —0.323|-0.399 —0.351| —0.093| 0.356 0.807
208 —0.110| —0.137| —0.213 [ —0.320(—0.398 —0.354| —0,097| 0.352 0.805
200 | —0,104| —0.131( —0.208 | —0.316|—-0.397 —0.356| —0.101 0.349 0.804
300 —0.098| —0.125( —0.203| —0.313|—0.396 —0.358| —0.105( 0.345 0.803
301 | —0.092| —0.119| —0.198| —0.309|—0.395 —0.360| —¢.109 0.342 0.802
302 | —0.086| —0.113| —0.182| —0.305|—-0.394 —0.362| —0.113| 0.338 0.801
303 | —0.080| —0.107| —0.187]| —0.301-0.393 —0.364| —0.117 0.335 0.799
304 —0.076| —0.101 | —0.182| —0.208 [ —0.392 —0.366G| —0.121 0.332 0.798
305 —0.068| —0.095| —0.176| —0.294 | —0.391 —0.3068| —0.125| 0.328 0.797
306 —=0.062| —0.090| —0.171| —0.290|—-0.390 —0.370| —0.129| 0.325 0.796
307 | —0.056| —0.084| —0.165| —0.286|—0.388 —0.372| —0.133| 0.321 0.791
308 —0.050| —0.078| —0.160| —0.282(—0.387 —0.374| —0.137 0.318 0.793
300 | —0.044| —0.072| —0.155] —0.278|—0.385 —0.376| —0.141 0.314 0.792
310 —0.038] —0.066| —0.149| —0.273|—0.384 —0.377| —-0.145| 0.311 0.791
311 —0.032] —0.060| —0.144| —0.269|—0.382 —0.379| —0.149( 0.307 0.789
312| —0.02G6) —0.054| —0.138| —0.265[—-0.380 —0.380| -0.152| 0.304 0.788
313 —0.020| —0.048| —0.133| —0.261|—0.379 —0.382 —0.156| 0,300 0.787
314 [ —0.014[ —0.042| —0.127 | —0.256G(—0.377 —0.383| =0.160| 0.297 0.78G
315 —0.008| —0.036| —0.122| —0.252|-0.375 —0.385| —0.163( 0.293 0.784
316 —0.002| —0.030| —0.116| —0.248 | —0.373 —0.386| —0.167| 0.290 0.783
317 0.004| —0.024| —0.110| —0.243|—-0.371 —{.387| —0.171 0.286 0.781
318 0.010 —0.018| —0.104 | —0.239|—-0.369 —0.389| —0.175| 0.283 0.780
319 0.016| —0.013| —0.099 | —0.234 | —0.367 —0.390| —0.178] 0.279 0.779
320 0.022| —0.007| —0.093| —0.229|—0.365 —0.391| —0.182( 0.276 0.777
321 0.028| —0.001| —0.088| —0.225|-0.363 —0.302| —0.185| 0.273 0.776
322 0.034 0.005| —0.082) —0.220|—0.360 —0.393| —0.189| 0.269 0.775
323 0.039 0.011] —0.076| —0.2153[—0.358 —0.3%4| —0.192] 0.266 0.773
324 0.045 0.017| —0.071| —-0.211 |—0.356 —0.395| —0.196| 0.262 0.772
325 0.051 0.023| —0.065| —0,206|—0.353 —0.396| —0.200| 0.239 0.771
326 0.056 0.028| —0.059]| —0.201|—0.351 —0.397| —-0.203| 0.255 0.770
327 0.062 0.034 —0.053| —0.196| —0.348 —0.397| —0.206| 0.252 0.763
328 0.068 0.040( —0.048| —0.191(—-0.345 —0.308| —0.210| 0.248 0.767
329 0.073 0.046( —0.042| —0.186|—0.343 —0.399| -0.213| 0.245 0.766
330 0.079 0.051] —0.037| —0.182|—0,340 —0.399| —0.217 0.241 0.764




Standard Broadcast Antenna Systems 2-157
Table B-2. Bessel Function, J,, (S cos §) (Continued)
Llevation angle, §°
S° -
0° 10° 20° 30° 40° 50° i 60° ‘ 70° ’ 80°

331 085 0. —0.031| —0.177 | —0.337 —0.400 | —{). 220 L238 0.763
332 000 0. —0.025] —0.172|—0.334 — 0,400 —0.223 .234 (.762
333 095 0. —0.020] —0.167 | —0.331 —0.401 | —0.2327 .231 0.760
354 101 (. —(.014] —0.162|—0.328 —0.401| =0.230 L2327 (}.759
335 106 0 —0.009] —0.157 | —0.325 —0.402| —0.233 L2217 0.758
336 111 0. —0.003| —0.152|—-0.322 — 0102 —0.236 .221 0.756
337 116 0. 0.003] —0.147 [ —0.319 —0.4021 —0.239 _218 0.755
338 122 0. 0.008( —0.141|—0.316 —0.402| —0.242 .214 0.754
339 127 0. G014 —0.136|—0.313 —0,403| —0.245 211 (1.752
340 132 0 0.020] —0.131|=0.310 —0.403| -0.249 .207 0.750
41 137 0. 0.025| —0.126|—=0.307 —0.403 | —0.252 .204 0.749
342 142 0 0.031| —=0.121|—=0.303 —0.403| —0.255 200 (. 748
343 147 0 0036 —0.116|—-0.300 —0.403| —0.258 L 197 (.746
344 151 Q. 0,042 —0.111|—-0.297 —0.403 —0.261 L1938 0.745
345 156 Q. 0.047| —0.105|—0.293 -0.402] —0.263 . 190 0.744
346 161 0. 0,062 —0.100| —0.200 ~0.402 —0.266 JIRT 0.742
347 166 0. 0.068| —0.095| —0.256 —0.402[ —0.269 L1183 (.741
348 170 0. 0.063| —0.090| —0.282 —0.402| —0.272 L 180 0.740
344 175 0. 0.065| —0.084|-0,279 —0.401| —0.275 176 0.738
350 170 0. 0.073| =0.079|—-0.275 —0(.401 | —0.278 L173 0.737
351 (. 0.079| —0.074|—0.271 —(.400| —0.281 . 169 0.735
352 0 0.084| — 0,069 |—0.268 —0.400( —0.283 166 0.734
353 0. 0,089 —0.064 | -0.264 —0.399] —0.286 . 163 0.732
354 0. 0.004]| —0.058|—0.260 ~0.399] —0.289 . 159 0.731
355 0. 0.009| —0.053|—0.257 — 0398 —0.291 . 158 0.730
356 0. 0,104 —0.048 | —0.253 —0.307 —-0.294 1562 0.729
357 0. 0,100 —0.043 | =0, 249 —0.397| —0.207 . 149 0.727
358 0. 0.114] —0.038 | —0.245 —0.396| —0.299 . 146 0.726
359 0. 0.119] —0.033|—=0,241 —0.395| —0.302 L142 0.724
360 0. 0.124| —0,027 | —0,237 —0.394 | —0.304 L 139 (0.723
361 o 0. 128 —0 022 ~0. 233 —0.393| —0.307 136 722
362 0. 0.133] =0.017[—0.298 —0.3021 —0.309 S132 .720
3063 0.211 0,138 —0.012]1-0,224 ~0.,391] —0.312 L1290 LT19
364 0.215 O, 143 —0.006 [—-0.220 —0.390 —0.314 L1256 LTIT
365 0218 0.147 | —0.001[—0.216 —0.389] —0.316 .122 716
360 02220 0,152 0.004|—0.212 —0.388| —0.319 119 714
367 0.226  0.156] 0.000]|—0.208 —0.387 | —0.321 116 713
368 . 229 0.161 0.014]|-0.204 — (.38 —0.323 113 712
369 1.233 0.165 0.019]—0.199 —0.384| —0.325 109 710
370 0.236 0.170 0.024]|—=0.195 —0.383| —0.327 . 106 708
371 (.239 0.174 0.029]—0,191 —0.380] —0.330 0,103 707
372 0.242 0.178 0.034|—0.186 —0.380( —0.332 (.099 705
373 0.245 0,182 0039 -0.182 —0.378] —0.334 0.096 704
374 0. 248 0.186 0.044(—0.178 —0.377| —0.336 0.093 702
375 0,251 0.190 0.049(—=0.173 —0.375] —0.338 0.08% 701
376 (0.254 0.104 0.0541—0.169 —0.374] —0.340 0.086 0.700
377 0.257 (. 198 0.069|—0.164 —0.372]1 —0.342 0.083 0.698
378 0.260 (.202 0.064|—-0.1060 —0.370| —0.344| 0.079 0.697
379 0.2/2 0.206 0.069(—0.156 —0.369| —0.346 0.076 0.695
3580 V278 0.265 0.210 0.074(=0.151 —0.367 —0.348 0.073 0.694
381 L280 0.2067 0.213 0.079(—0.147 —0.365 | —0,349 0.070 0.692
382 L2822 0.270 0.217 0.084]|—0.142 —0.363| —0.351 0.066 0.69
383 L283 0.272 1.220 0.088|—0.138 —0.361 | —0.353 0.063 0.689
384 V285 0.274 1), 224 0.093[—0.133 —0.359| —0.355 (.08680 (1. GRS
385 L2857 0.276 0.227 0.097]|—0.128 —0.357| —0.357 0.057 0.686
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Table B-2. Bessel Function, J, (S cos ) (Continued)

Elevation angle, 6°
SD
0° 10° ‘ 20° 30° 40° 50° 60° T0° 80°

386 0.288 0.278 0.230 0.102|—-0.124 —0.355| —0.358 0.053 0.685
387 0.290( 0.280| 0.233| 0.107/—0.119 —0.353| —0.360| 0.050 0.684
388 0.291 0.282 (.237 0.111|—0.115 —0.351| —0.362| 0.047 0.682
380 0.292 0.284 0.240 0.116]-=0.110 —0.349] —0.363 0.044 0.681
380 0.293 0.285 0.243 0.120(—-0.106 —0.347| —0.365 0.040 0.679
391 0.295 0.287 0.246 0.125|—0.101 —0.345| —.366 0.037 0.678
392 0.296 0.288 0.249 0.129|—-0.097 —0.342| —0.368 0.034 0.676
393 0.296 0.290 0.251 0.134|—-0.092 .369( 0.031 0.675
394 0.297( 0.201| 0.254| 0.138(—0.087 L3 L3711 0.028 0.673
395 0.298 0.202 (.257 0.142|—0.082 —0.335| —0.372 0.025 0.671
396 0.298 0.204 0.259 0.146(—0.078 —0.333| —0.374} 0.021 0.670
397 0.299 0.295 0.262 0.151]—0.073 —0.331| —0.375 0.018 0.668
398 0.299 0.296 0.264 0.155]|—0.069 —0.328 —-0.376| 0.0156 0.667
389 0.300 0.297 0.267 0.159]|—0.0064 ~0.326] —0.378 0.012 0.665
400 0.300 0.297 0.269 0.163|—0.060 —0.323| —0.379 0.009 0.664
401 0.300 0.298 0.271 0.167(—0.055 —0.321| —0.380( 0.006 0.662
402 0.300 0.298 0.273 0.171]—0.050 —0.318| —0.381 0.003 0.661
403 0.300 0.299 0.275 0.175|—0.046 —0.315| —0.382 0.000(~—){0.659
404 0.300 0.299 0.277 0.179]—0.041 —0.313| —0.383|—0.003 0.658
405 0.300| 0.300| 0.279 0.183]|—0.036 —0.310| —0.385|—0.006 0.656
406 0.299 0.300 0.281 0.186|—=0.032 —0.307| —0.386[—0.009 0.655
407 0.299 (. 300 0.283 0.190|—0.027 —0.304| —0.387 | —0.012 0.653
408 0.298 (1. 300 0.284 0.1941—-0.023 —0.302| —0.388|—0.016 0.652
409 0.298 0.300 0.286 0.198(—0.018 —0.209( —0.389|—0.019 0.650
410 0.297 0.300 0.287 0.201(—0.013 —0.296| —0.390(—0.022 0.648
411 0.206] 0.300] 0.289] 0.204|—0.009 —0.293| —0.390|—0.025 0.647
412 (.296 0.299 0.200 0.208(-0.004 —0.290| —0.391|—0.028 0.645
413 0.295 (.299 0.281 0.211 0.000(4+) —0.287| —0.392)—-0.031 0.644
414 0.294| 0.293( 0.293( 0.215] 0.005 —0.254| —0.393|—0.034 0.642
415 0.292 0.298 0.294 0.218 0.009 —0.281| —0.394|—0.037 0.641
116 0.291 0.297 0.295 0.221 0.014 —0.278] —0.394|—0.040 0.639
417 0.290 0.297 0.295 0.224 0.018 —0.275| —0.395|—0.043 (.638
418 0.289 0.2946 0.296 (. 227 0.023 —0.272| —0.396|—0.046 0.636
419 0.287 (}.295 0.297 0.230 0.027 —0.269| —0.396|—0.049 0.635
420 0.286 0.294 0.208 0,233 0.032 —0.266| —0.397 | —0.052 0.633

APPENDIX C. DIRECTIONAL ANTENNAS HAVING MORE THAN
TWO TOWERS

A Three-tower-in-line-array Pattern Shape

Three towers in line spaced an equal distance hetween adjacent towers and with the
end towers having equal inverse flelds and phasings that are equal but opposite in sign
are shown in IFig. C-la. The resultant inverse field strength at 1 mile in the direction of
any point 2 in the horizontal plane is shown in the vector disgram of Fig. C-16, The re-
sultant vector E always lies along the vector reference axis. This simplifics the pattern
computations.

The resultant inverse field strength E at 1 mile in the direction of point P in the hori-
zontal plane is given by

E = E\[0 + K28 + E3|By (C-1
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Fic. C-1. Three-tower-in-line array.

where ' = resultant inverse field strength at 1 mile, mv/m
FE1 = inverse fleld strength from tower 1 ut 1 mile while array is in operation, mv,/m
7y = inverse field strength from towers 2 und 3 at 1 mile while array is in opera-
tion, mv/m
By = —Ba = Sacos¢ + V2 (C-2)
where Sy = spacing from tower 1 to 2 and 3, deg
¢ = azimuth angle to observation point P, deg
¥y = phase of tower 2 with respeet to tower 1, deg
The magnitude ol E in the above equation ean he written

B = I + 2F cos @) (C-3)

where Fo = Ey/E;. This equation is in convenient form [or computing the horizontal
pattern, It can also be used to determine the effect of any change in tlie design parame-
ters. [for example, for a given spaeing Sy = 90° and direction ¢ = 60°, the equation ean
be written

E = FE\l + 2Fs cos (45 + 1)) (C-4)

If Fo = 0.5, then the equation becomes
B = E\[1 4 cos (45 4 Wa)] (C-5)

Now when Wy is selected properly, £ ean be muude to have any value from 0 to 2E;. If
F is to be zero at 60 and 300°, since the pattern is symmetrical, then cos (45 + W) =
—1 or we = 135° Tor this condition the horizontal-pattern equation is written:

I = E1 4 cos (O cos o + 135)] (C-6)

When ¢ is varied Irom 0 to 180°, the complete pattern can he determined heeause it is
symmetrical around the line of towers,

In general a three-tower-in-line array will produce a pattern with four nulls.  Actually
the pattern of Eq. (C-6) Lax four nulls, but two oeccur at ¢ = 60°, and two vccur at ¢ =
300°. This results in wider angles of low field strength at these two bearings than would
be the case with single nulls,
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The multiplication form for three towers in line is a more useful form and in the hori-
zontal planc is written

— 1 P2 1 2 %
E = 2E,V FoFy [(%— + cos ,B-_z) (;TF? + cos ;33)} (C-7
2 3

where Fq = Ey/E,

Fy = Ey/I

By = Secos¢ + ¥

B3 = —S3cos¢ — Yy
and the other values are defined above. Each parenthesis term in Eq. (C-7) gives the
pattern shape for two towers. The resulting pattern is produced by multiplying these
terms together and taking the square root. With this design the direction of the nuils
can be controlled for each pair of towers, the center tower in this case acting like two
towers. If Fp and Fy are other than unity, 2 minimum rather than a null will result.
Thus it is possible to fill in one pair of nulls independently of the other set.

Attention is directed to the minimum-depth terms
14 F)? 1+ Fy?
- and —
2F, 217

which ean be determined from Table B-1. The actual values of Fs and Fs or their re-
ciproeal values can be used to obtain the same result. If the actual reciprocal values are
used to make adjustments in the field, this fact should be made clear in the report to
FCC and there should be no objection on their part.

Four-tower Parallelogram-array Pattern Shape
General Case

The plan configuration of a four-tower parallelogram array is shown in Fig. C-2 along
with the related vector diagram. The general equation for the pattern ean he written

E = E\fi(8)[1 + Fy* + Fy® + F® + 2Py cos o + 213 cos B3 + 2F4 cos py
+ 2F5Fy cos (Bs — B1) + 2FaFy cos (B2 — B3) + 2F3Fy cos (B3 — B4 (C-8)

where E = inverse field strength at 1 mile in direction of point P,
mv/m
Be = Sa cos (2 — ) cos 8§ + T
By = Szcon{ps — ¢) cos 8 + Uy
By = S1cos (g — @) cos @ + Yo
1y E2p®)
E111(0)
Fy = 331.3(9)
Ene)
Eyf4(0)
EATAC)
Ei, Es, E3, and E; = inverse field strength at 1 mile produced by towers 1 to 4,
respectively when, the array is in operation, mv/m
11(6), f2(8), f3(8), and f4(6) = vertical rudiation characteristic of towers 1 to 4, respec-
tively
This equation is valid for towers of unequal height but is of a form seldom used. If the
resiriction B4 = B2 + B3 und F4 = FaF'5 is applied, Eq. (C-8) ean be written

—_ 1 Fo? 1 F;2 *#
E = 2B,f,0)V FyF; [ ( ;rF;- + cos pg) ( j} > Y cos [33)} (C-9)

Fy =

where the terms are defined above.
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1t iz noted that tower 4 must have the following field rutio:

Iy = Valy = 5 (C-10)
Ev&fce
It £y = E; = Ej, then the vertical-radiation eharaeteristios of tower 4 must be
LA
) = —— (c-1
’ 11%0) )

Since all f(9) values are unity along the ground, this condition cannet be detected in the
horizontal plane. However, il the parallelogram array is operated at night when high
angle radiation is involved, it is necessary to eompute the radiation at various elevation
angles and the above equation must he considered.

Tle greatest practical value of Iig. ((-9) 1x that it gives inlormation conecerning the
exact location of the [our minima, two for each of the two-tower patterns unless spacings
greater than 1807 are used, und in such cases there may he four mininma per two-tower
pattern. This information is useful in the design and adjustment of the parallelograin
array. It eomes from the condition when g = 180°.

Then the minimum-depth terms give useful information coneerning the value of field
strength to be expected in these directions. They are Lelpful in shaping the pattern to
mecet the design reguirements.

The expression inside the brackets completely defines the pattern shape. The factor
2E011(8) A/ FoF; outside the bracket defines the pattern size, especially the term £,
which will be evaluated in a later section of this appendix.

Special Three-tower-in-line Case

I tower 2 is placed on top of tower 3, a three-tower-in-line array will result as shown in
Tig. (2. This anangement is redrwn in Fig. C'-3.

Special Three Towers Not in Line

If in Eq. (("-8) the condition that Fy = 0 is imposed, the equation reduces to

14 14 Fy
I = Ejfi8) [21"2( +, =+ cos .dz) + 2F; (7+' L} ocos #5:;)
2F, 21

C L 2P cos (By — Ha)} Scg)



2-162 Antennas, Towers, and Wave Propagation

NORTH
A
P NO.3
F Fa{ ¥y,
‘"4&2\,953 3/ 2 3
iy Fa&

(A) PLACEMENT PLAN

F, G@WSHS C0S 8C0S (¢~ ¢)

Fth Fz SNVt F3 SINY
- —1 Fz SINYotFs SINY3

\IZF2 s \J 2R F, T COSlHTy) fTAN Fy COSY,+F,COSy, -
5 €058 ¢S ($5¢)

VECTOR REFERENCE AXIS

\ o
~VECTOR REFERENCE
POINT {B) VECTOR DIAGRAM

Fic. C-3. Special three-tower-in-line array.

This equation is essentially an addition formula for a three-tower-not-in-line array as
shown in Fig. C-4 plus the variable term 2Fol'5 cos (B — 83) — 1. The —1 merely
translates the sum of the other three terms to the left one unit. Hence it remains only
to find how the pattern changes with the addition of the two patterns plus the term
2F.F3 cos (B2 — B3). The effect of change in paramieter values can be noted in the com-
putations. The information can be very useful in making adjustments on this type of
array.
Pattern-size Determination

Four-tower Array
The equation to determine the field strength from the reference tower 1 is

Ru
E = E Fi \/*”T’ - T 95 1 nr Dye C’13
PEEENER My - Myt - MyRy (C-13)

where E1 = inverse field strengtiy at ! mile in horizontal planc from tower 1
while operating in the array, mv/m
Ey, = inverse ficld strength at 1 mile in hotizontal plane from tower 1
operating alone, mv/m
F1, Re, Ry, and Ry = driving-point resistance values at input terminals of towers 1 to
4 respectively, ohins
Moy, My, and My, = loop-current ratios of towers 2, 3 and 4 to tower 1, respectively
Only magnitude values are used in the above equution. The driving-point resistances,
as in Bq. (B-3), are made up of self-, mutual-, and loss-resistance terms.
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Fig. C-4, Special three-tower-not-in-line case.

They can be writien

Ry =Ry + PRy + Ren (C-1D)
Iy = Ray + Ry 4 Re (C-15)
Ry = Ry + Rz + Res (C-16)
Ri= Ry + Rra + Ren (C-17)

where Ry, R, Rgs, and Ry, = sell-loop radiation resistance of towers 1 to 4, respec-
tivelv, ohms

Ry, Rra, Bz, and Rpg = loop-loss resistance of towers 1 to 4, respectively, ohins

Rey, Fee, Res, and Koy = loop-coupled resistance of towers 1 to 4 respectively,

ohms

In lq. (C-13) the value of Ky, Ry, 9, K33, and R4y can be obtained [rom Fig. A-5.

Ry, Rre, 13, and Rrg are usually assumed to be 2 ohms for towers 907 high or taller.

The values of coupled resistance can he obtained from the mutual-impedance terms in
mesh circuit equations, which can be written

Ry = MaZiacos (Vi + vi2) + ManZigcos (Vg + via) + MuZigcos (Wiy + vig)  (C-18)
Res = MpZoy cos (Va1 + vo1) + MasZog cos (Wag + yo3) + MaaZey cos (Way + yaa)  (C-19)
Res = Mi3Zscos (Wa1 + va) + MasZyg cos (Vs + vaz) + MaaZsgcos (War + vaa)  (C-20)

Ry = MisZigcos (Wg + va) + MaaZis cos (Wag + va2) + Maudys cos (e + vy3)  (C-21)
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where Z,, = Z,, = magnitude of loop mutual impedance between tower p and tower ¢,

ohms
Ypg = Ygp = angle of loop mutual impedance between tower p and tower g, deg
¥y, = —V¥, = clectrical phasing of tower ¢ with respect to tower p, deg

The loop coupled reactance X ., X2, X3, and X4 of towers 1 to 4, respectively can be
caleulated from Egs. (C-18) to (C-21) by replacing eos by sin throughout. The eoupled
reactance values are not needed for the determination of the size of £;. However, they
are useful when it comes to determining the driving-point impedances and setting up the
matching networks at the towers.

The mutual-impedance terms required above for ordinary equal-height towers are
shown in Fig. B-14. The mutual impedance between top-loaded towers may be assumed
equal to the mutual impedance between the same towers not top-loaded in most cases.

The above equations ean also be applied to top-loaded sectionalized towers but with
major problems. The radiation Ey; and self-resistance values are not readily available
in general. Also, the mutual impedances must be calculated except for special cases
which are available.

When £ is determined by Eq. (C-13), the pattern can be plotted to its exact size.

Three-tower Array

The equation to determine the field strength for a three-tower array can be written

In
o =F Q\/ o 5 C-22
! YN Iy o MRy + MRy (G-22)

where the values are defined following Eq. (C-13). The terms involving tower 4 in Igs.
(C-18), (C-19), and (C-20) will vanish,

Horizontal-plane RMS Ficld Strength of Four-fower Array
The equation for the rms field strength in the horizontal plane of a four-tower array is
Ey = Eil + P + Fy? + FF?
+2Fy cos ¥ o(S1e)
4215 cos W13/ 0(S13)
+2F, cos W14 o(S1a)
+-2F5F3 008 Wagd o(Sas)
+2FyF 4 cos Wagd 3(S2q)
+2073Fy cos Wl ofS3a)1E (C-23)

where Ey = rms inverse field strength in horizontal plane, mv/m
E, = inverse field strength at 1 mile produced by tower 1 while operating
in array, mv,/m
Iy, I'3, and Fy = inverse field-strength ratios of towers 2, 3 and 4 to tower 1, respec-
tively.
Ypq = electrical phasing of tower ¢ with respeet to tower p as designated by
the subscript numbers, deg
S = spacing of tower ¢ to tower p as designated by the subscript numbers,
deg
Jo(Szq) = Bessel function of first kind and zero order of the spacing as desig-
nated by the snbseripts and given in Table B-2
A good check on the arithmetic is to measure the pattern area with a planimeter.
For a four-tower parallelogram array Eq. (C-23) reduces to
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Eo = Ei[l + Fa? + F3* 4 F?
+2(Fy + FyFy) cos Wi Jul(iS12)
+2F4 cos Wis/o(S1y)
+ 2825 cos Fag o (Saa)
F2(F3 + Faly) cos Wiz Jo(Sia) ' (C-24)

where the terms are defined following Bq. (('-23).

Horizontal-plane RMS Field Strength of Three-tower Array
The equation for the rms field strength in the horizontal plane of a three-tower array is
Ey = I + F® 4+ #4?
+2Fq cos iaJo(S1e)
+2F3 cos i3 1(S1s)
+2F203 cos Yoz olSa)]' (C-25)

where the terms are defined following Fq. (('-23).
For the special three-tower-in-line array of Fig. C-1 the above equation reduces to

By = Eq|1 4 2%
+4F5 cos Ve n(S1g)
2857 cos (2920 o(28)2)]'¢ (C-26)

where the terms are defined following Iig. ((-23).



Part 4

MAINTENANCE OF DIRECTIONAL ANTENNAS *°

J. G. ROUNTREE

Consulting Engineer
Austin, Texas

INTRODUCTION

Except for the development of precise frequency control, it is probable that no
other technical development has contributed so much to the efficient utilization of
the standard broadcast band us the directional antenna.  As of Scpt. 1, 1959, there
were authorized in the United States some 3,500 standard broadcast stations. Of
these, abont 1,000, or roughly 30 per cent, use directional antennas in either daytime
or nighttime or both. Becuuse some stations use more than one pattern, a total of
over 1,200 clifferent directional-untenna patterns are involved.

Before anthorization is granted for construction of a directional antenna in the
United States, the Federal Communications Commission requires that a complete
engineering showing be made. Before a license is granted for the regular operation
of a directional antenna, a complete and thorough proof of performance must be
made and submitted by the permittee and approved by the FCC.

We can thus assume that each directional antenna is operating properly at the time
that it commences regular operation. But what of the problems of maintenance of the
antenna in day-to-day operation of the svstem? Let us examine the factors affecting
the maintenance of dircctional-antenna systems,

Factors AHfecting the Maintenance of Directional Antenna Systems

To begin with, the design of the antenna system will affect the maintenance prob-
lems. In his design, the engincer must determine whether the array will operate
with reasonable stability and efficiency. Generally speaking, the design must be
such as to avoid low values of base operating resistance, either negative or positive,
Such a condition could lead to excessive losses in the system and possibly to a “flip-
flop” operating condition where a small change in tuning results in a drastic change
in operating parameters.

In so far as the design engineer can do so, he must avoid deep minima in the
pattern, since this results in a condition where a relatively small change in phase or
current can cause a relatively large change in ficld intensity radiated in the directions
of the minima.

Further factors affecting the stability of a directional antenma and the problem of
its maintenance arise in the design of the phasing and coupling equipment. A design

“ Supplemented by material prepared by Dixie B, McKey from the “NAB Engineering
Handbook,” 4th ed.
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which incorporates a minimum of resonant circuits will, in general, eshibit greater
stability than one which has a nomber of such cireuits.

In the physical location of phasing and coupling equipment, one method frequently
used is to have the power-division and phasing equipment distributed through the
system and placed in tuning houses at the antenna bases. While this has the advan-
tage of requiring a minimum length ot transmission line and furni's‘hes some protec-
tion against unauthorized tinkering by operating personnel, it has the disadvantage
of making the initial tune-up and any necessary subsequent readjustment morc lel-
cult und lengthy than would be the case with a more convenient arrangement. The
alternative and probably better arrangement is to concentrate the phasing and power-
dividing equipment in the transmitter building. Ilere the effect of adjustments can
be ohserved at once with the monitoring system, and the tuning of the array can he
completed more easily and quickly. Under this concentrated arrangement, the equip-
ment is usually better housed, thus making for better and easier maintenance,

Transmission Lines

Still more factors affecting maintenance of the directional-antenna system arise in
the course of construection of the system, The choice of transmission and sampling
lines, for instance, is important,  Open-wire lines are unsuited for use with directional-
antenna systems. The characteristics of such lines change with the accumulation of
water, ice, or snow on the wires and insulators, and this alters the operating parameters
of the array.

The solid-dielectrie transmission lines having an outer conductor of copper braid,
such as RG17U and RG19U, are also unsuitable for a directional-antenna system
unless special precautions are taken. The somewhat lower efficiency of these lines
must be taken into account in the design of the system. Because the outer conductor
of such lines “leaks” RF energy and because of the difficulty of adequately grounding
the lines along cach run, the most satisfactory way in which to handle this type of
line is to install it in well-grounded metal conduit. The expense of doing this, how-
ever, increases the cost of the installution so greatly us to nullify the advantage of the
lower fivst cost of the line itsell.

No more satisfactory transmission line or sampling line can be found than air-
dielectric line having an outer conductor of copper tubing and grounded adequately
along each run.  When properly installed and maintained, such lines provide many,
many years of satisluctory service. The June, 1957, issue of Broadeast News contains
an excellent article by one of the IRE Professional Group members, Joseph Novik, on
Installing Antenna Systems for AM Operations.

In any installation of pressurized lines, particular attention must be given to the
arrangement for pressurizing the lines. Maintenance of pressure in the lines is an
tmportant part of the over-all maintenance of the system; therefore, the arrangement
for pressurizing must be convenient and readily accessible.

It gocs without saying that the tuning equipment must be adequately housed, that
all ground commections must be well made, and that good workmanship must be used
in all details of the installation if maintenance problems are to be kept to a minimum.

Phase Monitor

One of the most important aids in maintaining a directional-antenna system, if
not the most important, is an adequate sampling system and a reliable current and
phase monitor. A sampling loop mounted on the tower is to be preferred to a
resonant pickup circuil coupled to the antenna lead. If the resonant circuit is unsed,
it will be found that the relative phase and current indications of the phase monitor
will change as the circuit drifts or is jarred out of resonance. If such a sampling
pickup is used the maintenance procedure at the station should provide for frequent
checking of resonance of each such circuit.

The phase monitor at the station should be maintained according to the directions

of the manufacturer,
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GENERAL MAINTENANCE PROCEDURES

Mention was made earlier of the desirability of avoiding deep minima in the design
of the directional-antenna pattern. It follows that in the adjustment of the antenna,
the field radiated in the direction of each minimum must not be reduced substantially
below the theoretical value, since, if carried too far, such a reduction will result in
a low value of field strength difficult to maintain in regular operation,

After an array has been properly adjusted in the initial operation, usciul and val-
uable information can and should be obtained by measuriug the reactance of the
component branches of all tuning networks. Then if it should be nccessary to replace
a defective component at a later date, the value of reactance originally cstablished
can be quickly achieved. Also, the data obtained from such measurements can be used
in later checking the condition of a suspected component.

After a directional antenna has been properly adjusted, a record should be made
of all dial settings of variable tuning elements and the position of any clips on tapped
inductors should be marked. Such marking can be done quickly and effectively by
painting a strip of fingernail polish across the clip and the turn of the coil on which
it is located. Where a coil has two or more clips, a different color should be used for
each clip. Then, if a clip should accidentally be dislodged, it is a simple matter to
replace it in the proper location.

In the maintenance of a directional-antenna system, as in the maintenance of other
equipment, one rule is important: Keep it clean! Components should be wiped and
blown clean each week. The tuning houses should be kept rodent and reptileproof.
It adds nothing to the operation of the system to have a scorched mouse, a dead
snake, or a large dirt-dauber’s nest scattered among the tuning componcuts.

Vegetation should be kept down in the vicinity of each tower base. Cut vegetation
should be raked away from the tower base and burmed under supervision to minimize
resecding and to prevent a fire hazard. Chemicals can be used to inhibit growth of
vegetation.

Pressure in the transmission and sampling lines should be maintained at 10 to 15 Ib,
using dry air or dry gas, to prevent the entry of moisture. If a leak develops, it
should be located and vepaired promptly. Periodic checks should be made of the
pressure gauges so as to be certain that no gauge has become stuck aund is giving
false indications.

It is helpful to apply a very light coating of silicone compound to exposed insulators
and end scals to prevent formation of a moisture film during wet weather. It goes
without saying that all insulators should be kept free of paint.

Inspection of Components

An important part of the maintenance procedure is to make a weekly visual inspec-
tion of all clements of the antemma system. Broken insulators or other damaged
clements shonld be replaced at once. Where necessary, lightning gaps should be
respaced, using a piece of flat insulation of the proper thickness as a feeler gauge.

The tightness of all connections in the antenna tuning equipment should be checked
at quarterly intervals. At vearly intervals and also after every viclent windstorm, a
transit should be used to determine whether each tower vemuins plumb. 1t is ad-
visable at the same time to check all tower bolts and nuts for tightness and to check
for bent members. During these checks, a visnal inspection should be made of the
guy wires and insulators for any signs of damage or deterioration. If a tower is found
to be out of plumb or other difficulties are found, a competent tower erector shonld
be ciployved to correct the situuation,

Meter Readings

Meter readings having to do with the antenna system should be made carefully
and logged accurately so that if difficulty arises, a complete and accurate reecord of
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what has transpired is available for reference. 1f an electrical storm occurs in the
vicinity of the antenna, that fact should be entered in the log. Readings of the
antenna hase meters and the sampling loop meters should be made under conditions
of no modulation,  Usually, the cooperation of studio operating personnel can be
obtained and a pause of 5 sec or so allowed between aunouncements or musical
selections so that each reading can be obtained accurately.  When reading antenna
base meters, the operator should carry with him a monitor permitting him to discern
when no modulation is present. A crystal diode rectifier wired across a telephone jack
and equipped with a probe or pickup coil can be used with a pair of headphones to
provide snch a monitor.

Fig. 4-1. Detector—naise lmiter for use in antenna work.

A device which has proved useful in antenna work is shown in Fig. 4-1. With
the switch open, this device is a useful monitor. Adequate pickup is obtained by
holding the sleeve of the plug in one’s hand while touching the tip to a metal panel,
messenger cable, or the like. With the switch closed, the device becomes an effective
noise limiter for use with a recciver in RF bridge work.

Maintenance Report

Components

A report or maintenance book can be set up as follows. The first section shown in
Fig. 4-2 will consist essentially of a complete deseription of the individual component
parts arranged in four subdivisions consisting of inductance coils, capacitors, resistors,
and relays. The listing in each of the subdivisions should carry a description of the
unit, its location or function in the circuit, its type nunber, replacement-ordering
information, and circuit designation. The listing should also cover the number of
turns in use of each inductance coil, the value of each of the capacitors, and the dial
seltings of the capacitors if variable.

Meiers

The second subdivision (Fig. 4-3) should furnish complete information concerning
all meters used in the operation of the array and should consist of a listing of these
units showing the circuit designations, the location and function of the unit, its range,
tvpe and serial number, and the current reading for the recuired output. The required
phasc-monitor reading for normal operation should b listed in this subdivision.
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Crrevrr InForMaTION

Circurt

Desig- Adjustment
nation Cireuit Funclion Information
L1 Shunt input coil 2034 turns
1.2 Series input coil 934 turns
L3 No, 1 tank coil 8 turns
L4 No, 2 tank coil 7 turns
L5 No. 1 line feed «cil Ls turn
L6 No. 2 line [eed coil T3 turis
L7 No. 3 line [eed coil 7 turns
L8 No. 4 line feed col 51, turns
L9 No. 1 line series phase coil 131} turns
L12) No, 2 line serics phase coil 814 turns
1.13)

Li4 No. 2 line shunt phase coil 814 furns
L15) No, 3 line series phase coil 1114 turns
L16)

LL7 No. 3 line shunt phase coil 534 turns
Li8) No. 4 line series phase eoil 81 turns
L18)

120 No. 4 line shunt phase coil 6 turus
L21 No. 1 tower series input coil 11 turns
L22 No. 1 tower series output coil (D) 7 turns
L23 No. 1 tower shunt coil DIO turns

ND 31y turns

125 No. 2 tower series input coil 9 turns
L26 No. 2 tower series output coil 415 turns
1.27 No. 2 tower shunt coil 10 turns
T.29 No, 3 tower sorics input coil 1 turn
L30 No. 3 tower sgries output coil 4 turns
L3l No. 3 tower shunt coil 11 turns
L33 No. 1 tower series output eoil (ND) 1084 turng
1.34 No. 4 tower series input coil 111 turns
L35 No. 4 tower serics output coil 5ty lurns
1.36 No. 4 tower shunt coil 12 turns
L24 No. 1 TC choke coil

L28 No. 2 TC choke coil

L32 No, 3 TC choke coil

1.37 No. 4 TC choke coil

1ag No. 1 tower static drain

L39 No. 2 tower static drain

L40 Ne. 3 tower static drain

L1 No. 4 tower statie drain

Condensers Setting

1 Shunt input eapacily

CA Series input capacity

G2 No. [ tank tuning capacity &5

c3 No, 2 tank tuning capacity 8>

4 No. 1 liue series phase capacity

Ch No. 2 line shunt phase capacity

C6 No. 3 line shunt phuse capacity

7 No. 4 line shunt phase capacity

8 No. 1 tawer series output capacity

co No. 1 tower shunt capacity

C11 No. 2 tower series output capacity

C12 No. 2 tower shunt capacity

C14 No, 3 tower shunt cutput capacity

C16 No. 4 tower shunt capacity

C17 No. 3 tower series output (‘l]nrlty

C19 No. 4 tower series output capacity

C20 Ne. 1 tower serics output capacity (D)

Clo . 1 TC shunt capacity

13 N

C15 No. 3 TC shunt (dpauty

CL7 Ne. 4 TC shunt capacity

Retays

Si Antenna array transfer relay

S4 No. | tower antenna ammeter switch

85 No. 1 tower anlenna transfer relay

36 No. 2 tower antenna annmeter switel

37 No. 2 tewer antenna transfor reluy

38 No. 3 tower antenna ammeter switch

859 No. 3 tower antenna transfer relay

312 No. 4 tower auteuna ammeter switch

813 No. 4 tower antenna transfer relay

Replacement Informatian

Clontinnously variable coil—type 4224 \154 26 uh
Variable tap coil -type 322-4N4—26 uh

Variable tap coil—type 3208NT10—38 zh

Variable tap coil—type 3208NT'10—38 ph
Continuously variable coil—type 4103—HM85—7 uh
Continuously variable coll—type 4103—HMS35—7 uh
Continuously variable coil -type 4103- HMS5—7 uh
Coutinuously variable coll—type 1103—HMR5—7 ph
Continuously variable coil—type 4224 MS4- 26 xh
Coutinuously variable coll—type 4224 MS84—26 ch

Variable tap coil—type 4164-N5—16 uh
Continuously variable coil—type 4224 M8%4—26 uh

Variable tap coil—type 4164-No—16 ul
Continuously variable coil —type 4224 MS4 26 uh

Variable t: p eoil—type 4164-N5—18 uh
Variable tap eoil—type 3164-N3-—16 uh
Variable tap coll—type 4165-N3—22 ph
Variable tap coil—type 3106-NT12—10 uh

Yariable tap coil—type 4165-N5—22 yh
Variable tap coil—type 4105-N53—12 ph
Variable tap eoil- type 4164-N5—16 uh
Variahle tap coil—type 4143-N5—8 ,llh
Varialile tap eoil—type 4165-N5—22 uh
Variable tap eoil—type 4164-N3—16 uh
Variable tap coil—type 4163-N5—22 uh
\anal;lc tap coil type 31064-N3—16 uh
Variable tap enil—type 3165-N3—22 ph
Varlable tap eoil—type 3164-N5— 10 xh
RF choke
RF choke
RF choke
RF choke

Type 750FBAN0—750 upf
Type 1000 FBAYO—L 000 el
Type 750FY
Type 750FVS —750 puf
T}‘pc 1500 TBA0—1,500 ppef
Type 1000 FBAIO—1.000 puf
Type 1000 FBAIO—1,000 gyt
Type 1000 FBAY0--1,000 wuuf
Type 1000 TBAG—1,000 wpuf
Type 1250F D150—1,200 ppf
Type 1000 ¥FBAIG—1,000 wuf
Type 1000 PBAO)—1,000 upf
Type 1000 FBAV) —1,000 uuf
Type 1000 FBA90O—1,000 uul
Type 1000 FBAI0—-1,000 uuf
Type 1000 FBAYO -1,000 upf
Type 1000 FBAGO—1,000 uuf
Type (D 2-MID

Type CD 2.MFD

Type CD 2-MFD

Type CD 2-MID

Ec

RI” contactor
MUB switeh
R eontactor
MBB switeh
RI contactor
MUB switch
RE contactor
MBDB switch
RI contactor

Fic.
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Mpersn INFoRMATION

Current

Meter Range  Model No. D ND {nit
M1 a8 640 2845 4.55% — Transmitter input to divider network
M2 0-15 640 2843 1.0 9.9 Transmission-line current—tower 1
M3 0-8 640 2835 3.0 — Transmission-line current—tower 2
M4 0-8 640 2820 3.8 — Transmission-line current—tower 3
M5 0-8 640 2830 2.5 - Transmission-line current  tower 4
M6 0-15 640 2810 1.0 9.45  Transwission-line coupling unit—tower 1
M9 0-8 640 2815 2.6 — Transmission-line coupling unit—tower 2
M12 0-8 640 2816 3.85 — Transmission-line coupling unit—tower 3
M15  0-5 6400 2819 2.5 — Transmission-line coupling unit—tower 4
M8 0-15 640 2821 3.0 10.39  Antenna current—tower 1
M11  0-8 640 2822 5.4 — Antenna current—tower 2
M14 0-8 640 2823 5.35 — Antenna current—tower 3
M17 05 640 2024 311 — Antenna current—tower 4
*MT 0-15 425 3130 3.0 10.39  Remote antenna current—tower 1
FM10  0-8 425 3131 5.4 — Remote antenna current—tower 2
*M13 0-8 425 3133 5.35 — Remote antenna current —tower 3
*NM16  0-8 425 3134 3.11 — Remote antenna current —tower 4
MP1 0-1309; 743 3638 1009 100%, Phase monitor—tower 1
MP2  0-1509; 743 3624  100% IP’hase monitor—tower 2
MP3  0-1509%, 743 4636 1009, Phase monitor—tower 3
MP4  0-1509%, 743 3621 1009 Phase monitor—tower 4

Note: All meters Weston Tlectric Company.
# Tuxternal heater type—sce Fig. 4-5 [or location i eireuits,

Phase Monitor Readings for Directional O peration
Tower 1 Leads tower 2 by 230°
Tower 1 Leads tower 3 hy 84°
Tower 1 Leads tower 4 hy 302°

Fig, 4-3

Monitoring Points

The third subdivision (Fig. 4-4) should contain a listing of the monitoring points
as designated by the Federal Communications Commission’s license and should show
the number of the monitoring points, « complete description for reaching these points,
the bearing and distance, the specified unattenuated field value at 1 mile, the obtained
unattenuated field value at 1 mile, togethier with the actnal received field.

Diagrams and Measurements

—

The fourth and last subdivision (Fig. 4-5) should contain a schematic diagram and,
if available, a wiring diagram of the complete antenna array equipment together wwith
the series of curves from the Proof of Performance Report showing the dividing net-
work or driving-point impedance of the array (Fig. 4-6) equipment and operating
tower impedance {Fig. 4-7) if a single tower is used for nondirectional dawtime
operation. Additional pertinent information that would be of assistance to the main-
tenance engineer, such as transmission-line and capacitor gas pressures, should be
inclrded.  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 them part of the maintenance routine, the constant relerence to this
information by the station engineering personnel will acquaint lhem with the equip-
ment and its tunctions far better than a casual reference to the Proof of Performance
Report.
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MoNITOR POINTS AND FIELD-STRENGTH INFORMATION

Point 4
Distance, Mv/m 1 mile Mv/m
Azimuth angle miles Specified Obtained Measured
12° 1.89 30 20 3.05

Insert location of measuring point as described in proof of performance

Point 14

Distance, Mv/m 1 mile Mv/m
Azimuth angle miles Specified Obtained Measured
40° 2.7 90 76 6.5

Insert locaution of measuring point as deseribed in proof of performance

Point 25

Distance, Mv/m mile Mv/m
Agzimuth angle miles Specified Obtlained Measured
63° 1.33 70 25 8.55

Insert loeation of measuring point as deseribed in proof of performance

TPoint 62

Distance, Mv/m I niile Mv/in
Azimuth angle miles Specified Obtained Meaxured
181° 1.36 T2 40 10,78

Insert location of measuring point as deseribed in proof of performance

Point R2
Distance, Mv/m 1 mile Mv/m
Azimuth angle miles Specified Obtained Measured
219° 2.18 o2 40 5.6

Insert location of measuring point as deseribed in proof of performance

Point 104

Distance, Mv/m 1 mile M/
Azimutly angle miles Specified Ohtained Measured
302° 0.86 40 17 7.6

Insert location of measuring point as described in proof of performance

Point 118

Distance, M~v/m 1 mile Mv/m
Azimuth angle niles Specified Obtained Measured
337° 1.15 61 40 13.4

Insert Jocation of measuring point as described in proof of performance

Fic. 44

Daily Work Schedules

The second section of the maintenance report 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
4-1. 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 enginecr after
sign-off. This work has been arranged in such a manner that all parts and circuits
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will be cleaned and inspected at least once each week. The second classification
already mentioned has been designed to cover a series of special maintenance routines
for checking the array operation at regular specified intervals.

FREQ R X
{KC)  (0HMS)  (OHMS)
1350 a7 8.7
1355 58 4
1360 65 0 FiEQ R X
1385 cos s {KC) {OHMS) (OHMS)
1370 68 -3 1350 415 36
1375 62 -2 1355 42 375
1380 515 0 1360 43 39.2
1385 48 85 1365 44 43
1390 54 25.4 1370 45 435
1395 64 28 1375 455 445
1400 80 23.2 1380 465 464
1405 108 14 1385 475 475
. 1410 153 0 1390 48.25 478
16 7 1395 49 50
1400 50 5144
140 1405 51 527
2=51.5+,0 - ] 410 52 54,
120 USE R=476
1] / 60
o 100 (11 OPERATING
I I T T FR
2 - OPERATING / % a0 1%
Z 80 FREQUENCY - 50 o R
0w =T = V
60 |—b -
£ 60| N gg 3 |
40 AT z20 B N el e ‘
10 =
20 L AR 35 - ’
. -10 1350 1370 1390 1410
1350 1360 1370 1380 1390 1400 1410 FREQUENCY—KC
Fic. 4-6. Dividing network impedance. Fie. 4-7. Noundirectional tower 1 imped-
ance,
Weekly Log

The third section of the maintenance report book contains the weekly station main-
tenance log. This portion of the routine is of extreme importance, as it will provide
the station 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
egnipment at all times. The log shown in Fig. 4-8 as set up for the example station
is mranged to caver one week’s complete maintenance information divided into daily
sections.

Each daily section provides space for recarding the temperature, weather, array
meter readings, phase-monitor reaclings, transmission-line pressures, routine mainte-
nance performed, routine tests results, other pertinent daty, 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 tlie normal conditions will undoubtedly appear in the graphs.
By a careful analysis of the records, it will be passible to identify any vaviations due
to seasonal or weather conditions. This accumulated information properly evaluated
should provide the station engineer with a complete and thorough understanding of
his directional-antenna-array operating and maintenance problems.
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Month Sun, Mon, Tues. Wed. Thur. Fri. Sat. Remarks Eng.
Date
Weather
Temperature
Ml-Dir.

M2-R on-Dir.

M7-Dir.

M7-Non-Dir.

¥l0

W13

M16

#1-#2 Phase

#1-#3 Phase

#1-#4 Phase

TX Line #1 Press.,

TX Line #2 Press.

TX Line #3 Press.

TX Line #4 Press.

Phase Monitor

Prot. Cireults

MG TX Lines

Main Phase Unit

Nop-Dir. Imp.

Dir. Imp.

FS Mon. Pt.

#a

¥S Mon. Pt.

#14

F§ ¥on, Pt.

#25

F8 Won. Pt.

#62

FS Mon. Pt.

#32

¥ Mon. Pt.

#104

FS Mon. Pt%.

#118

Overall Dir.

Test

#1 Coupling

Unit

#2 Coupling

Unit

#3 Coupling

Unit

#4 Coupling

Unlt

Fic. 4-8.

Weekly maintenance report.
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It is, of course, realized that the suggestions and recommendations described above
are not the total and complete answer to all directional antennas. However, it is
believed that the need for establishing schedules similar to the suggested program
is well demonstrated and can be fitted to the individual statian requirements, and
the results of this program will be of mutual benefit to both the engineering staff and
manageinent,

Usually, the station license requircs that Reld-strength measurements be made
periodically at ciach of the monitoring points. In the event that the license does not
require such measurements, it is a good practice lo make them at monthly intervals.®
Such measurements should, of course, be made carefully, and an accurate record
maintained, indicating the date and time of each measurement and the field strength
observed at each monitoring point. If any unusual conditions are encountcred, a
record shiould be made of them. If a monitoring point becomes unusable, an in-
formal application should be made to the FCC to change to a new monitoring point
along that radial.

In dealing with tining cquipment for directional antennas, we must deal with the
component parts which are commereially available, not the idealized components on
which theovetical considerations are based. It will be found that as the components
of the system age and undergo variations in temperature and vibration, their values
will usually drift. Also, tower base impedances will frequently change, and the
effective conductivity of the soil will vary with moisture content and temperature. In
time, these changes may result in change of the operating parameters of the array to
the extent that the Aeld strengths at the monitoring points are no longer within the
allowable valucs and it becomes necessary to readjust the array.

READJUSTMENT OF ARBAY

Any rcadjustment should be attempted only by personmel familiar with directional
antenna theory. Unfortunately, in recent years qualified personnel scem to have left
the feld of standard broadcasting. This has happened for a number of reasons,
primarily financial in nature. Since any adjustments of the tuning elements probably
will alter the common-point impedance, it follows that the person maoking the adjust-
ments must have an RF bridge and associated equipment and must be familiar with
their operation,

In correcting for any drift in adjustment of the array, the initial goal should be to
reestablish the operating conditions obtained in the original adjustment as indicated
by phase-monitor, loop-current, and base-current readings. IHowever, owing to what
has been politely termed the perversity of the inanimatc objects, it will on occasion
he found that reestablishing the original current ratios and phase indications daes not
result in producing the desired field strengths at the monitoring points.  Assuming
that the monitoring system is in good working order, it then becomes necessary to
readjust the array.

Readjustment Aids

In undertaking rcadjustment of the array, certain aids may be found useful in
guiding the adjustments to be made. For a two-clement directional-antenna system,
it is helpful to have a copy of the theoretical pattern on which the directions of the
minima arc indicated, as well as the direction of each nonitoring point.  Figure 4-9
illnstrates such a pattern, It is also helpful to indicate on this pattern the direction in
which the minima will move for an increase in phase difference between the towers.
It will be recognized, of course, that the depth of the minima will depend upon the
current ratio. Theoretically the minima will become complete nulls if the ficlds
radiated by the two towers are equal. This overlooks the effects of reradiation from
nearby objects, but this concept does provide a point of departure for adjustment of
the array.

# This is particularly important if the station contemplates applying to the FCC for re-
mote control authorization.
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A similar device may be found useful in readjusting an array with four towers
arranged in the shape of a parallelogram. In this case, it is desirable to portrayv the
husic patterns which go to make up the final pattern, preferably in contrasting colors.
Figure 4-10 shows a pattern produced by such a four-tower array. In Fig. 4-11, one

| \
) ! \\
ARROWS INDICATE DIRECTION OF MOVEMENT OF
MINIMA FOR INCREASE IN PHASE DIFFERENCE
\ \

\

Fic. 4-9. Two-clement directional-antenna pattern on which have been indicated directions
of minima and directions of movement of minima for increase in phase difference.

of the basic patterns is shown as a solid line and the other as a dashed line. Here,
too, arrows have been placed on the basic patterns to indicate the direction of move-
ment of each minimum for an increase in phase difference between the sets of towers
making up cach basic pattern.  The direction to each monitoring point is also given.
Since the final pattern is the result of multiplying together the values of the basic
patterns in any given direction, the effect of a change of parameters of a basic pattern
on the final pattem can be readily visualized.
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270°

F1c. 4-10. Pattern produced by a directional antenna consisting of four elements arranged
in a parallelogram.

Vector Calculator

Of possible use for a two-tower system is a calculator in the form of a circular
slide rule, based on an article appearing in the December, 1944, issue of Proceedings
of the IRE. Figure 4-12 illustrates such a caleulator, which was quickly constructed
from two sheets of graph paper and a picce of cardboard. In the operation of this
calculator, the towers are numbered 1 and 2, and the phase of tower 2, read on the
scale on the periphery of the rotary clement, is set to the vertical zero degree line. The
outer fixed scale on the base represents the bearing from the line of towers, measured
from the tower 2 end. A separate outer scale is necded for each tower spacing. The
group of figures on the runner represents fleld ratios. The resultant vector field is
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270%90°

9Q¢/2ro°

180°

Fic. 4-11. Basic veetor patterns which make up the pattern of Fig. 4-10.  Arrows indicate
the directions of movement of mintma for increase in phase difference between pairs of
clements.

read from the inner scale opposite the figure for the field ratio. It can be seen that
the effect of a change in plase or field ratio on the field radiated in any given direc-
tion can be quickly determined.

A modified form of the calculator con be used with a three-element in-line array.
The vector representation of the resultant field of such an array in a given direction
is as shown in Fig. 4-13, where vector 2 represents the ficld from the center tower
and vectors 1 and 3 represent the ficlds from the end towers. Considering the posi-
tion of vector 2 as fixed, vectors 1 and 3 revolve in opposite directions as one’s vantage
point is moved around the array,

When redrawn, the vector relationship is as shown in the lower half of Fig. 4-13,
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Here R is the resultant vector, drawn from the origin of vector 1 to the terminal point
of vector 3. If we construct a mechanical device having scales depicting the position
of vectors 1 and 3 for various bearings from the line of towers, we can then deter-
mine the effect of changes in operating parameters on the resultant field in any de-
sired direction.

0°
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W

' Ney .‘Q
4;\' }
/ o

noa\\ ‘0?

270°

SPACING {00°

18Q°

Fic. 4-12. Calculator for two-element directional antenna having spacing of 100° Dbetween
elements.

Such a device is illustrated in Fig. 4-14. Herc the distanee between pivot points
for the rotary elements has been sealed to represent the magnitude of vector 2. The
radius of each of the rotary eclements has been chosen to represent the magnitude of
vectors 1 and 3. If desired, a scale could be marked on cach of the rotary elements
along the line from the center to the 0° mark on the periphery.

When this device is used, a pencil mark or a small tab of drafting tape is placed
on the periphery of each rotary clement at a point corresponding to the phase of the
tower there represented.

To determine the relative field radiated in a given direction, the rotary elements
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i
2
Fre. 4-13. Typical relationship of field vec- 3
tovs for three-element  divectional-antenna
system.

are rotated so that the taly or mark lies at the desired bearing shown on each fixed
scale,  The distance between the 0° marks on the periphery of the rotary elements
then corresponds to the resultant vector field. The effect of a change in phase of
any of the towers or a change in fleld ratios can be readily visualized.

120° 130° 130° {200

Fig. 4-14.  Calculator lor three-clement in-line directional antenna.

Unfortunately, these rclatively simple procedures canmot be so easily applied to
arrays with more elements; however, if the basic patterns that go to make up the
over-all pattern are known, these procedures can be applied to the basic patterns.

Table 4-1. Maintenance Schedules
Sunday

1. Transfer all towers and antenna phasing units to emergency transmission lines and
operate at full power for 5 min.

2. Restore all equipment to regular transmission lines. Check operation under full
POWET.

3. Clean and check all connections, remote meter, phase monitor, and meter panels.

4, Check all phase monitor tubes with tube checker. Check all transmission-line protec-
tive circuits.

5. Check and record all transmission-line gas pressures,
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Table 4-1. Maintenance Schedules {Continued)
Monday

1. Check all condensers and other equipment in antenna phasing unit immediately after
sign-off for overheating.
2. Clean and check all transmission-line end seals.
. Clean interior of all sections of antenna phasing units.
. Clean contacts and check alignment of antenna transfer relay.
. Check and tighten all connections in antenna phasing unit.
. Check gas-filled condensed pressures.

Tuesday

1, With array set for directional operation check drive-point impedance at X with radin-
frequency bridge at operating frequency {first and third Tuesdays).

2, With array set for nondirectional operation clieck drive-point impedance at X with
radio-frequency bridge at operating frequency {first and third Tuesdays).

3. Set up array for normal full-power directional operation. Compare readings of all
antenna and remote antenna meters. Make anyv necessary adjustments.

4. Make complete set of field-strength readings at indicated monitor points { second and
fourth Tuesdays).

5. Check and record all transmission-line gas pressures.

Wednesday

Antenna coupling unit 1:
1. Check all condensers and equipment in coupling house for overheating immediately
after sign-off.
Check spacing and clean antenna and transmission-line horn gaps.
Check and clean all antenna lead-in insulators.
Check and clean all transmission-line end seals.
Clean contacts and check alignment of antenna relay.
. Clean contacts and check alignment of antenna ammeter switch,
Check and tighten all connections of inductance coils and condensers.
. Clean all meters.

e R al ol o

Transmitter building:
Read and record all transmission-line gas pressores.

Thursday

Antenna coupling unit 2:
1. Check all condensers and ecuipment in coupling honse for overheating immediately
after sign-off.
Check spacing and clean antenna and transmission-line harn gaps,
Check and clean all antenna lead-in insulators.
Check and clean all transmission-line end seals.
Clean contacts and eheck alignment of antenna relay,
. Clean contacts and check alignment of antenna ammeter switch.
Check and tighten all connections of inductance coils and condensers.
. Clean all meters.

LR NS

Transmitter building:
Read and recard all transmission-line gas pressures,

Friday

Antenna coupling unit 3:
1. Check all condensers and equipment in coupling house for overhieating immediately
after sign-off.
2, Check spacing and clean antenna and transmission-line horn gaps.
Check and clean all antenna lead-in insulators.
Check and clean all transmission-line end seals.
. Clean cantacts and check alignment of antenna relay.
. Clean contacts and check alignment of antenna ammecter switch,
Check and tighten all connections of inductance coils and condensers.
. Clean all meters.

SRS Fo N P
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Transnritter building:
Read and record all transmission-line gas pressurcs.

Saturduy

Antenna coupling unit 4:

1. Check all condensers and equipment in coupling house for overheating immediately
atter sign-off.

2. Check spacing and ¢lean antenna and transmission-line horn gaps.

3. Check and clean all antenna lead-in insulators.

4. Check and clean all transmission-line end secals.

5. Clean contacts and check alignment of antenna relav.

6, Clean contacts and check alignment of 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.
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INTRODUCTION

Sinee the early days of broadcasting, transmission lines Liave been one of the vital
clements of the broadcasting plant—the connecting link between transmitter and
radiator. The choice of the proper line for adequate plaming, construction, and
maintenanee procedures is an all-important ingredient of a satistactory system. Trans-
mission-line technology has changed radically along with the radical changes in
broadcasting.  Starting with open-wire lines in the early days of AM broadcasting,
the art has progressed through a wide variety of coaxial-line types, both air and solid
dielectric, rigid and flexible, and more recently into waveguides,

It is not the intent here to describe basic transmission-line theory or design methods.
A wide variety of transmission lines are available to the broadcaster of today. His
chief concern is the selection of the proper one for his application and an under-
standing of the proper mcthods of installation and maintenance, Factors to be con-
sidered in selecting a lne for various broadcast services will be presented. A dis-
cussion of recommended installation procedures will allow the broadcaster to lay out
and construct a system suited to his specific requirements,

A large number of different transmission lines have been used in the past, including
lines of various characteristic impedances, sizes, and physical characteristics.

The coaxial lines and waveguides which will form the basis of this presentation and
their flanges and connectors are those that have been standardized or are in the process
of being standardized by the EIA (Electronic Industries Association). Most manu-
facturers of electronic products adhere to these existing and proposed standards so
that interchangeability and interconnection between products of different companies
can be accomplished. The measurcs proposed or adopted by the FIA allow for
standardization of the transmission-line conductor dianicters as well as line flanges
and connectors. The standard lines described herein have a 50-ohm characteristic
impedance. Other EIA standard lines, such as those having a 75-ohun impedance, are
also used, but mostly for special applications. It is, af course, true that some special
applications require transmission lines that are not covered by the standards; how-
ever, the selection and use of these lincs arc usually considerations of the equipment
designer rather than the broadcaster.  Such special lines will therefore not be in-

cluded in this chapter.
2-184
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DESCRIPTION AND APPLICATION

In general, a transmission line is sclected on the basis of efficiency (degree of
attenuation ), power handling, and mechanical considerations. In AM, FM, and TV,
power handling is one of the most important factors to be considered. After a trans-
mission line has been selected which will satisty the power-handling requirement, the
attenuation rating of the line must then be examined. A long-transmission-line instal-
lation requires a lower per-unit attenuation. It is a question of economics, halancing
line cost, installation cost, and maintenance, vs. the alternatives of antenna gain, tower
height, and transmitter power. These ecomomies usually favor a larger diamcter
transmission line (having less attenuation) aud a better antenna rather than a larger
transmiitter.

Solid-dielectric Cable

The simplest and cheapest tvpe of RF energy transfer is through the use of solid-
dicleetrie cables such as RG-8/U and RG-17/U, as shown in Fig, 3-1. Solid-dielectric

Fig. 5-1. RG-8/U and 1RG-17/U solid-dielectric cables.

cables are comprised of a solid or stranded inner conductor, plastic insulating material,
and a braided sheath which serves as the outer conductor. These highly flexible
cables are used in mapy applications where the length is short or the frequency is
low enough that attenuation is not an important factor, Since attenuation in this type
of cable is high, it is not recommended for long runs.  Because of its aging char-
acteristics, it is not suited for permanent outdoor use.

In the broadcast field, its nse is generally limited to sampling lines, jumper connce-
tions, and cccasionally as the main feeder line. In FM and TV installations, it is
rarely used excent for the receiver systems. For microwave, it is used for intercon-
nections between components and in juniper connections at the hottom and top of
the air-dielectric run.  Radio relay svstems use solid-dielectric cables in the 450-Mc
band when the transmission lincs are quite short.  Solid-diclectric cable is frequently
used in translator service because of short-length requirements.

Semiflexible Air-dielectric Cable

Semiflexible cable consists of soft-temper copper inner and outer conductors. The
innev conduetor is concentrically spaced by means of Steatite insulators. Figure 5-2
shows 4-in.-diameter semiflexible cable. Bending of the cable assembly is generally
Jimited to one or two bending cycles, and care must be taken, when bending, to avoid
kinks.

Semiflexible ecable is very popular for general-purpose VHF conmmunications and
AM broadcasting because it is cconomical, dependable, and easy to install.  Semi-
fexible cable, of course, can be wsed for all the above applications. In addition,
because of its lower loss, it can be used for more varied applications. It has a very
high efficiency as compared with solid cables of similar size. For example, a 1-kw
FM transmitter at 100 Mc will lose 425 watts in a 300-ft run of RG-17/U cable com-
parcd with only 250 watts loss in the same length of %-in. semiflexible air-dielectric
cable.  This cable is widely used for directional AM broadcast arrays. It is a
favored cuble for moderate-power AM stations and probably the most commonly
used for AM samplivg lines. Semiflexible cable is occasionally used for FM feeders,
TV translator service, and low-power TV.
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Continuous Air-dielectric Cable

Continuous air-dielectric (flexible) cable is fast becoming the most popular cable
for many installations, since it combines high efficiency with ease of handling and a
very low VSWR. It can be used for all the applications listed for semiflexible cable.
There are several types on the market today. Electrical and mechanical data can be
obtained from the various manufacturers. A typical continuous air-dielectric cable is
shown in Fig. 5-3. Cable of this type is comprised of a continuous inner and outer
conductor. The inner insulation is also continuous throughout the entire length of
the cable. Since the cable is produced by a continuous process, no joints are required
even for very long lengths of several thousand feet. The continuous process thus
eliminates electrical discontinuities, and a low VSWR is achieved.

Fic. 5-2. 74-in. semiflexible cable. Fiz: 5-3. Continu-

ous air dielectric
cable.

Weatherproofing for most continuous cables is accomplished by a tough jacket
covering the outer conductor. This enables the cable to be used in any environment
such as salt air, direct ground burial, or under water.

Some continuous air-diclectric cables can withstand repeated bending, while others
are limited to one or two bending cycles similar to the semiflexible cables mentioned
previously. The manufacturer’s flexing recommendations should be followed in all
cases. Most continuous cables are shipped on reels and are uncoiled without diffi-
culty. They can also be attached dircetly to a tower, thus eliminating the need for
spring or sliding hangers.

Rigid Transmission Line

Rigid air-dielectric transmission line has very low attenuation and VSWR. It is
manufactured from hard-temper copper tubing in standard 20-ft flanged lengths.
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The rigid inner conductor is supported by Teflon pegs. In the past, ceramic discs
were used for the inner-conductor support. The inner connector used with rigid
lines has an insulator (also of Teflon) which anchors the inmer conductor and supports
it in vertical runs. Figure 5-4 shows 1%- and 9-in.-diameter rigid lines.

o @

Fic. 5-4. 19%- and 9-in. rigid coaxial lines.

Rigid transmission line is used mainly for higher power levels. Its use in AM is
generally limited to the main feeder lines on omnidirectional or directional AM arrays
using 5 kw or more. In FM and VHF TV, rigid lines constitute 99 per cent of the
feeders. In UHF TV, rigid line is used for the transmitter-room interconnections,
for the final antenna connection, and usually as the main feeder along the tower. The
T%- and 1%-in.-diameter rigid lines are ideal for inside runs in low- or medium-power
commumications or TV broadcasting installations. These rigid transmission lines are
especially recommended for connections between transmitters, diplexers, receivers,
dummy loads, switching systems, and other components.

For short transmission line runs in UHF-TV installations 3%-in.-diameter rigid line
is particularly economical. Tt can be used for such applications when the transmitter
power does not exceed the line rating (18 kw at Chamnel 14 and 13 kw at Channel
83). For high-power applications in VHF TV uand low-channel UHF TV, 6%-in.-
diameter transmission line is recommended. For the higher UHF TV frequencies
up to 890 Mc (Chanuel 83) 75-ohm 6%-in. line is vsed. Nine-inch-diameter rigid
transmission line has been designed for very high power systems and for low-channel
UHF TV.
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Waveguide

For the UHF TV broadcaster, the use of waveguide from the transmitter to the
antenna provides a lower attenuation than any coaxial line. It is manufactured, using
sheet-metal processes, from copper-clad steel or aluminum. Three common types,

Fic. 5-5. WR-975 waveguide.

supplied in standard 10-ft flanged sections, are WR-1500, WR-1150, and WR-975 with
inner dimensions of 15 by 7%, 11% by 5%, and 9% by 47 in., respectively. A section
of WR-975 waveguide is shown in Fig. 5-5.

The copper-clad steel waveguide has two advantages over aluminum waveguide.

Fi1c. 5-6. Open-wire line.

and interference-producing radiation.

It has a lower attenuation, and its thermal
coefficient is the same as that of the steel
tower, eliminating the need for sliding and
spring  hangers for tower installations.
Aluminum waveguide must be provided
with a means to accommodate thermal ex-
pansion and contraction.

Waveguide is suited for medium and
long runs in UHF TV high-power systems
because of its power-handling ability, noise-
free performance, and its high efficiency.

Others

Another method of REF energy transfer
is the open-wire line. This line is limited
in use generally to AM broadcast and high-
frequency antenna systems. It generally
consists of six solid-copper wire lines act-
ing as a coaxial line. The four outer wires
are grounded, and the two center wires are
“hot” and connected in parallel. Open-
wire line has the advantage of high power
ratings and very low loss but has the dis-
advantage of considerable line maintenance

It is less costly than rigid line of the same

power-handling ability; however, open-wire line has been largely supplanted by rigid
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air-dielectric coaxial line bhecause of technical considerations.  Open-wire line is
shown in Fig. 5-6.

ELECTRICAL CHARACTERISTICS OF TRANSMISSION LINES

Attenuation

Attenuation in a transmission line is loss created by imperfect conductivity of the
conductors and the impetfect insulating wedium or diclectric.  In open-wire lines, an
additional loss is incurred in the form of radiation. In coaxial lines and waveguides,
this loss is not incurred, since the RF field is totally enclosed within the cable. At-
tenuation for RF cables is generally expressed in decibels per 100 ft. In rectangular
or round waveguides with air as the dielectric, the entire loss is conductor loss. In
coaxial cable, the losses are conductor
losses and the dielectric losses associated 10
with material used as the inner-conductor
support. In solid-dielectric cables, the
dielectric loss is appreciable and at high L
frequencies may excecd the conductor
losses in spite of high-quality dielectric
materials. 1In so-called “air-diclectric co-
axial cables,” the insulating supports are
limited to a very small portion of the total
diclectric space, so that the diclectric is
principally air; thercfore, the total diclec-
tric losses are generally negligible. At
very high frequencies, they may become
large enough to become a significant por- o0t
tion of the total loss. »

Because of skin cffect, the RF current
penetrates less of the conductor as fre-
quency creases.  Attenunation due to 0-0065 0 100
conductor losses thus increases with fre- ' 1000
quency aud is proportional to the square FREQUENCY IN MC
root of frequency,  Altenuation due to Fic. 5-7. Measurced attennation for several
dielectric loss is directly proportional to  sizes of air-dielectric coaxial lines.
frequency,  Attenuation can be calcu-
lated; however, actual measured values do not always agree with theoretical values.
1t has therefore hecome common practice to use measured attermation values rather
than calculated ones.  The actual attenuation is generally quite close to caleu-
lated wvalues but may vary owing to surface condition, conncctor alloy, and its
actual conductivity.  Measured attenuation curves for several line sizes are shown
in Fig. 5-7.

Actual attenuation experienced in operation may be further influenced by VSWR
occurring on the line owing to an imperfect load. This is generally not a prob-
Jem from the increased-loss standpoint, since a considerable VSWR is necessary
to produce any significant loss increase,  Loss iy increased by VSWR hy the factor
14+ (VSWR)2/2VSWR. Figure 3-8 illustrates this effect.

Efficiency of a transmisison-line system can be casily caleulated from the total
attenuation.
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where « is the total attenuation in decibels.  Often line sizes larger than necessary from
the power-handling standpoint alonc are used in order to obtain better line efficiencies.
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Fi16. 5-8. TIncrease in attenuation in line due to VSWR on line.

Voltage Standing-wave Ratio (VSWR)

When a transmission line is terminated in an impedance different from the char-
acteristic impedance of the line, a portion of the energy traveling down the line is
reflected. The amount of reflection depends on the degere of mismatch. The inci-
dent and reflected traveling waves combine to produce an uneven voltage distribution
along the line, and voltage and current maxima and minima occur. VSWR has been
defined as the ratio of the maximum to minimum voltage; that is, VSWR = Emas/Emin.
This effect is measurable with varions types of instruments such as slotted lines,
bridges, and reflectometers.

As stated previously, the electronics industry has standardized on 50 ohms for
characteristic impedance of coaxial cables. There are other impedance cables avail-
able for special purposes, as mentioned; however, most antennas, loads, or other
coaxial devices are almost exclusively designed for 50-chm operation. Although the
nominal value of terminating devices can be described as 50 ohms (or other im-
pedance level ), their actual impedance characteristic may be different when a band
of frequencies is considered; thns, an antenna or other load can be described as
50-ohm impedance with a VSWR indicated over a particular band. This means
that the impedance of the device is approximately 50 ohms and, over the band con-
sidered, would create a VSWR on a 50-ohm transmission line no greater than that
indicated.

The effects of VSWR may or may not be a problem, depending on the type of
service, power levels involved, etc. As VSWR increases, the maximum voltage points
increase, and breakdown problems might occur if the power level and VSWR were
high enough and the cable choice was small. Trregular heating along the cable due
to current maxima may cause problems also, especially in solid-dielectric cables, where
the plastic dielectric material may soften. These possibilities would require large
VSWR values to cause problems. Other effects of VSWR, where the cable is not
impaired but the service may be, are ghosts in a TV picture, intermodulation in
multiplex FM, an undesirable impedance at the trausmitter end of the line, ete. As
already described in the preceding section on attenuation, VSWR also causes some
increase in the actual attenuation of a transmission line.

In many services, a moderate VSWR is of no consequence as long as the line
ratings are not exceceded. In AM broadcast applications, VSWR may be as much as
3 or more with perfectly satisfactory operation. In FM broadcasting, system VSWR
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is generally less than 1.75. In TV, an industry standard of system VSWR of less than
1.1 has becn rather arbitrarily arrived at as desirable, but many stations are operating
very satislactorily with greater values.l In general, discontinuities contributing to
VSWR that are located close to the transmitter will have little or no elfect on picture
quality. The transmnission line itself, the line fittings, or both may produce some
VSWR. This is usually very small and is of little consequence for most services.
For TV or certain microwave applications, it is sometimes large enough to influence
performance.
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Fic. 5-9. VSWR improvement due to line attenuation.

In cases where the line has counsiderable attenuation, VSWR at the input end is
lower than that of the antenna or load itself, The curves in Fig. 5-9 illustrate the
extent of this effect.

Power Ratings

There are two basic types of power ratings for transmission lines. One is based
on the maximun heating the cable construction might safely withstand., It is gen-
crally referred to as the “average power rating.” The other is based on voltage-
breakdown considerations and is generally described as the “peak-power raling.”
Consideration of both ratings is necessary for most services.

Average power is the power in the signal capable of creating heat. Peak power is
that maximum rms power which can be reached in any interval (such as during a
modulation cycle) and should not be misinterpreted as any relation between peak
and mms vollages such as V2 in sine waves. In a continuous CW carrier (including
FM), peak power cquals average power. In 100 per cent AM, the power rises to
four times the carrier power, so in this case, the peak power is four times the carmier
power, Since average-power rating is limited by heating which is created by line
losses, this rating decreases with increasing frequency, Peak-power vating is depen-
dent on voltage considerations which are not significantly frequency sensitive; thus
this rating is constant with frequency. Transmission-line ralings can be arrived at
by various cxperimental and caleulaled procedures.  The over-all picture is compli-
cated by the effects of enviromment, such as ambient temperature, cable pressure,
and others. Whatever basis for rating is used, it must be stated with the rating or

1 Not recomnmended for other reasons than power losses, ete.
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it is meaningless.

rating can be adjusted for other conditions.
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where I, = production test voltage, volts
a = inner-conductor O}, in.
b = outer-conductor I, in.
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Once a rating is determined for the conditions stipulated, the

As was mentioned, ratings can be
arrived at by various means. The follow-
ing procednre s one way which has been
used for manv vears and has been found
to be very satisfactory. Curves illustrat-
ing these ratings for several popular line
sizes are shown in Fig. 5-10.

Rigid Air-dielectric Coaxial Line

Peak-power Rating. The procedure
here is to establish a peak voltage the line
will withstand every time if it is manu-
factured properly. The masimum voltage
gradient occurs at the inner-conductor
surface in a coaxial line.

A theoretical breakdown gradient can-
not be used, since breakdown is a highly
variable phenomenen oceurring at widelv
different values depending on small ef-
fects such as scratches, dust particles, and
insulator condition. Derating theoretical
breakdown to 35 per cent of theoretical
has been found to be a practical value
for a d-c test voltage (or 60-cycle peak
test voltage). The equation below is de-
rived from the masimun voltage gradient
in a coaxial line and includes factors con-
Sidcring pressure, temperature, and inner
conductor curvature. Tt also includes the
derating of 35 per cent described above
and results in a very reliable production

This test voltage is then further cderated and used for power rating

0.273)

5 = air-density factor = 3.925/7T
where B = absolute pressure, em ol mercury
1" = temperature, °Ix

(3=1"forB

=76 cem and 7 = 23°C = 296°K)

The values are generally raunded off as follows for the common 50-ohim line sizes:

Nominal
Cable OD,
In.

P U R X
W~ W o B I

(>R RVl

Production Test
Voltage, DC Volts
or 60-cycle Peak Volts

2,200
6,000
11,000
19,000
35,000
50,000
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The next step is to derate this production test voltage to a realistic RF rms operat-
ing voltage. The voltage is derated to 0.7 of its above value to go to RE conditions,
by 1/V2 to go to rms value, and by a suitable safety factor which is usually 2.
0.7%,

1‘;,{;‘ =S = OQ*}?EP volts
/2 (817
where 72,;, = maximum RI" rms operating voltage with no allowance for VSWR or
modulation, but including safety factor
ST = safety factor on voltage of 2
This voltage, E,,, determines peak power rating.

(B

2n

Py = walts

This rating mnst be derated further for VSWR and amplitude modulation, although
these vary with the application and are not a purt of the basic rating. This would
be done as follows:

£t
(L + 1PVSWR
where M is the modulation index and 1 is for 100 per cent.  This wonld derate P
by 4 for 100 per cent AM due to modulation (as mentioned earlier) to obtain the
rating in terms of carrier power or transmitter nameplate rating.  Notice that peak-
power rating must be reduced directly hy VEWR.

A very significant point should he noticed in the equation for E,, in (hat the
breakdown voltage, in the range of pressures normally used, is approximately pro-
portional to absolute pressure; thus, the peak-power rating is proportional to the
absolute pressure scpuared, and doubling the absolute pressure in any line will multiply
the peak-power vating by 4. This is often a valuable tool in achieving high-peak-
power operation.  Certain high-dielectric-strength  gasses other than air, such as
sulfur hevafluoride, have also been used to Increase peak-power rating.  This gas,
as compared with air at egnivalent pressures, will effect approximately a 2-to-1
voltage- or 4-to-1 peak-power-rating improvement.  Combining the effects of using
special gaseous dielectries and pressurizing to several atmospheres pressure are also
possible, compounding the hnprovement.

Average-power Rating (Air-dielectric Coaxial Line).  Average-power raling is
limited by heating due to line losses.  Owing to the character of coaxial-line coustruc-
tion, the loss und lemperature rise of the inner conductor are greater than those of
the outer conductor.  The altimate temperature that the inner conductor might be
safely allowed to reach determines the rating.  This temperature is determined by
such considerations as inner-conductor expansion and oxidation, dielectric mechanical
strength at elevated temperature, cte. The most common standard method in use
for many vears limits the outer-conductor temperature to 23°C rise over 40°C am-
hient. The corresponding inner-conductor rise is 62°C rise; theretore, the ultimate
inner-conductor temperature for normal conditions is limited to 102°C (216°F).
Temperature rise of onter- vs. inner-conductor rise for a 50-ohm air-dielectric coaxial
line iy illustrated in Fig. 5-11.

The average-power taling can be caleulated from the [ollowing:

L _UBs0en
avyg (lbl bt

where Pay, = average-power rating Tor 237" {emperature rise of the outer conductor

(62°(" rise of inner), watts
D = outside diumeter ol line, in.
Ay = 1.083a where « is measured attenuation, dh /100 It (1.085 is increase in «
ab elevated Lempernture)
heat-emissivity eoctlicient of outer conduetor, walts/sq in.

2 —
[m:\x -

witts

=]
i
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I'is. 5-11. Inner- and outer-conductor temperature rise for a coaxial line with Zy = 50
ohms.

The values of ¢ for conmion line sizes are as follows:

Line OD, In. g, W/Sq In.
% 0.1686
% 0.134
15% 0.120
3% 0,111
6% 0.10
9 0.095

The resulting average-power rating must be further derated directly with VSWR;
however, this is variable, depending on type of service, and is not a part of the basic
rating.

The heat emissivity of a conductor varies with surface conditions, and it depends
on whethcer the surface is shiny, oxidized, painted, ete. The valnes shown above are
for copper outer conductors between slightly and normally oxidized. A curve illus-
trating how o varics with temperature rise and tube size is illustrated in Fig. 3-12.
The values of ¢ as given are taken from this set of curves.

The curves of Figs. 5-11 and 5-12 are shown to illustrate how an average-power
rating can be rerated for other conditions, A study of these two figures will show
that it is possible to adjust a rating for different ambicnt temperatures and predict
temperature rises for powers other than the full-power rating. A curve indicating
rating change for other ambient temperatures, as generated from thesc curves, is
illustrated in Fig. 3-13. These curves are valuable for quickly predicting perform-
ance at conditions other than those specified for the standard ratings,

The heat exchange above is assumed to be in still wir with no direct solar radiation.
Moving air will improve the situation, while simshine will increase heating.

Semiflexible Coaxial Lines

These are essentially air-diclectric lines, and power rating is handled the same as
in the previons section. The difference in rating procedure occwrs only in the average-
power rating, which is limited by an ultimate inner-conductor temperature dependent
on the temperature characteristics of the dielectric material used. Peak-power rating
would be influenced by pressure and VSWR as deseribed in the previous section on
rigid air-dielectric coaxial line.
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Fic. 5-12. Heat dissipation by radiation and convection vs. temperature rise for various
outer-conductor diameters.
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Fre. 5-13. Averagepower-rating variation in transmission line for variation in ambient
temperatures,

Solid-dielectric Coaxial Lines

Power ratings for solid-dielectric coaxial lines are controlled to some extent by
agencics such as ASESA and EIA. Manufacturers’ ratings are sometimes different,
but the differences are generally small. The rating limitations are based on con-
siderations similar to those described in detail above; however, the average-power
rating for polyethylene-insulated cables is limited by an ulimate inner-conductor
temperature of 80°C. Most ratings for these cables, such as those given by EIA in
Standard RS-199, are for this 80°C maximum inmer-conductor temperature at an
ambient of 40°C, RS-199 gives conservative power-rating curves and attenuation
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curves for many ol the popular solid-dielectric cables. RS-199 also gives a table for
rerating average-power rating of these cables tor other ambient temperatures, It is
partially tabulated below.

Ambienl Temp, °C Rerating Factor
40 1.00
50 0.72
GO 0.46
70 0.20
80 0

Rectangular Waveguides

Waveguides have power ratings considerably in excess of the transmitter powers
presently availuble to broadcasters; thus, power rating is not a factor in the sclection
of a waveguide.

Power Ratings for Various Sercices

Pawer ratings are often published alrcady derated for various types of service de-
pending on expected VSWR, modulition, and peculiarities in transmitter ratings
(such as in TV).

In derating for VSWAR, it is common to consider system VSWR as follows: broad-
cast and HF: AM, 3.0; M, 1.75; TV, 1.1.

In derating for AM services, the peak-power rating is often derated by 4.5 to
allow for modulation with some overmodulatiom, resulting in a rating for AM in terms
of carrier power or transmitter nameplate rating.

For TV, black level video power plus aural power is actually 10 per cent greater
than the transmitter nameplate rating (for cases where aural power is 50 per cent
of peak video synchirouizing power); thus, TV ratings are often given alrcady derated
by 1.1 for this reason and an additional 1.1 for systemn VSWR.

Some of these deratings may seem of minor effeet but are given to provide con-
sistent ratings for the initial conditions of temperature rise or voltage governing the
ratings. The VSWR deratings given above are assumed as typical maxima, and for
a partcular eircumstance where the actual VSWR is known, it would be hetter to
derate accordingly.

INSTALLATION

Mechanical considerations of a radio or TV station involve not only the installation
of the transmission line but also line maintenance,  Broadeast installations are nsually
planned for long-term operation. A very carcfully planned and executed original
installation will assure long and trouble-free operation. Since air time is expensive,
it is worthwhile to ga to considerable effort to insure continuous uninterrupted
operatiomn.

The transmission-line system (in the casc of FM and TV) consists of a vertical
run which comnects to the antenna and a horizontal run which connects to the trans-
mitter or diplexer. A variety of hangers is required for supporting and anchoring the
line. Connections between various units of transmitter equipment inside the building
are made by unpressurized line, which may incorporate a switching system for
switching between units.

Expansion and contraction, due to c¢hanges in temperature of the line, arc accom-
modated by use of spring hangers on the tower and swinging hangers for the hori-
zontal rTun.  The line is anchored at tbe antenna by a rigid hanger and at the trans-
mitter building by a wall anchor, so that movement of the line is away fram the
equipment. Over a temperature range of —25 to +125°F, expansion of the line is
about 1% in, per 100 fi. This amount of movement must be allowed for in the hori-
zontal run. The steel tower expands or contracts with temperature change at a
different rate from that of copper, and copper conductors of a transmission line will
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change length relative to the tower, approximately ¥ in. per 100 ft over the above
temperature range.  The spring and swinging hangers support the weight of the line
but permit free axial movement during changes in temperature.  This expansion or
contraction of the system accumulates at the base of the tower; therefore, 15 or 20 ft
of line on each side of the clbow at the base of the tower must be free to flex and
accommodate the change in length, A lateral brace, which is used at the buase of
the tower, prevents lateral line motion which would be caused by wind forces but
does not interfere with movement caused by change in line length.

The importance of the cffects of expansion and contraction cammot be overempha-
sized.  The thermal force occurring in rigid transmission lines during a temperature
change is sufficient (when causing contraction) to tear hangers from the structure
and pull the line from the transmitter building hulkhead fitting.  When the line
evpands, severe huckling can ocenr and canse tower strain which could eventnally
end in failure of the transmission line or tower.

Rigid-transmission-line Installation

1. Since rigid-line installations are the most common in use today, the lollowing
pages present a step-by-step approach to the installation of a 3%-in. rigid-transmis-
sion-line system beginning with the Bill of Materials table which gives the approxi-
mate items and quantities required for a single-line television installation on a 300-ft
tower,

Bill of Materials

Item Quantity Use
1. 907 mitered elbow, Hanged 3 For changing line direction
2. Special lengths of line, unflanged 7 For custom applications
3. Soft soldered flange kit 7 For feld flanging lines and elbows
4. Rigid hangev 1 For anchoring top of line to tower
5. Mounting adapter 28 For use if tower members do not
have holes
6. Combination spring and sliding hanger 27 For hanging transmission line
7. 20-It section of line 17 For main run
8. 13-ft section of line 2 For main run
9. Lateral bracc 1 For prevention of lateral line move-
ment
10. Horvizontal hanger 4 For free-swing support of hori-
zontal line
11. Horizontal anchor 1 For anchoring line at building wall
12, Gas barrier 1 For pressure termination of line
13. Automatic dehydrator 1 For automatically pressurizing line
14, Straight coupling 7 For joining unflanged line
15. 90° elhow, flanged one end 3 For changing line direction
16. 90° elbow, unflanged 2 For changing line direction

The antenna input may he a solid-dielectric connection, a flanged connection lor a
pressurized antenna, or a flanged conncction for an wnpresswized antenna.  To mate
the transmission line with the solid-dielectric conneclion, an adapter for connecting
hetween air- and solid-dielectric cables must be used (sce Fig. 5-14). The adapter
also functions as a gas barrier.  For a flange connection, where the diameter of the
antenna input flange is smaller than the diameter of the Iransmission-line flange, a
reducer is used. A reducer is shown in Fig. 5-15.

When the antenna hamess is of air diclectrie, gas from the transmission line should
he permitted to enter the antenma. A gas-inlet fitting (Fig. 5-16) should be inserted
at the point of connection for possible use in purging the line. The fitting can be
omitted if the antenna hamess has a gas port.

1f, for any reason, an antenna with an air-dieleclrie harness is not to be pressur-
ized, a gas barrer, as shown in Fig. 5-17, must be provided at the point of connec-
tion. In this case, the unpressurized line above the gas barrier may collect moisture,
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so drain holes should be drilled immediately above the gas-barrier insulator. Various
antenna connections are shown in Fig. 5-18.

9. Transmission-line assembly normally starts at the antenna and proceeds to the
transmitter. Since the connection at the top of the tower depends on the type of
tower, type of antenna, and the position of the antenna, a custom connection must
be made at the antenna with two mitered elbows and two special lengths of line.
Mitered elbows, like the one shown in Fig. 5-19, are used much more than the older
sweep-type 90° bends, which are now obsolete, since they are more versatile me-
chanically and are of higher quality electrically, The special lengths are feld-cut
to the exact dimension required and are flanged with soft-soldered flange kits (see
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Fie. 5-14, Adapter. Fig. 3-15. Reducer.
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Fic. 3-16, Gas inlet. Fig. 3-17. Gas barrier.
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Fig. 5-20). A rigid hanger (Fig. 5-21) must be used at the top of the transmission-
line run so that thermal expansion and contraction of the line do not affect the
antenna. A typical installation at the top of the tower is shown in Fig. 5-22. For
new installations using towers having angle-type members, the tower manufacturer,
in most cases, will punch the members with holes for mounting the hangers. For
towers that are already erected and for new towers with round members, mounting
adapters that attach the hangers to the towers without drilling must be used. Tower
members should not be drilled without consent of the manufacturer because of
possible weakening of the structure.

3. The second phase of the installation is along the tower where the spring hangers
aud sliding hangers are used. The slidiug hangers are merely guides placed at
10-ft intervals along the vertical run to keep the transmission line from any lateral
motion. The spring hangers are used to support the weight of the line and to
accommodate differential expansion between line and tower, Skding and spring
hangers are made by some manufacturers as a combination hanger, as shown in
Fig. 5-23. As the assembly proceeds, make certain to use a cumbmahon spring and
sliding hanger at 10-ft intervals, placing a hanger 5 ft from each end of the standard
20-ft section (sec Fig. 5-24). The most convenient location to hang the transmission
line is near the tower ladder, where it is easily accessible for periodic inspection.
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Fig. 53-18. Various antenna conncetions.

Alternatively, the line can be attached to a tower leg inside the tower. Do mot
support more than one section of line on a Hange joint without nsing hangers. It is
much safer to leave the hoist line tied to the line section until after the hangers are
attached. Tapered towers involve changes in the line direction that are different
from the 45 and 90° permitted by the standurd clbows. In such cases, it is possible

to bend a section of transmission line to make a change of up to 5° for 31%-in. line or
smualler and up to 1° for 6%-in. line. For greater changes, special angle clbows must
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Fig. 5-19. 90° mui- Fic. 5-20. Softsol-

Fic. 3-21. Rigid
tered elbow, dered field flange.

hanger.
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Fic. 5-22. Installation at top of tower.
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be obtained or two 90° mitered elbows can be connected in tandem, as shown in
Fig. 5-25, to produce the desired angle.

If the supporting tower is also used as an AM broadcast radiator, some method
must be used to prevent the AM energy from being grounded by the transmission
line that feeds the TV or FM antenna. A popular methed is to isolate the line up
the tower for a distance of a guarter wavelength (at the AM broadeast frequency)
from the base, using insulated line hangers. A typical insulated spring hanger is
iltustrated in Fig. 5-26. Extension spacers must be used with the noninsulated

NON-INSULATED

SPRING HANGER
WITH EXTENSION ] SJLJ
SPACER //fﬁ

GROUND STRAP ————J8& a
GROUND

f
iy
OR
LESS
& ( AM
FREQ
B
1]
CONNECTIONj)

[ 5\ S

= == “CAPACITOR

Fic. 5-27. Installation on AM tower.

INSULATED
SPRING HANGER ——

S

hangers above the quarter-wave point to space them the same distance from the
tower as the insulated spring hangers.  This must be done to keep the transmission
line in vertical alignment.  Becanse of the quarter-wave isolation at the base of the
tower, a very high impedance between the tower and the line is presented to the
AM energy. Common practice is to make the isolated section approximately 0.22
wavelength long and to use a variable capacitor at the base of the tower to tune to
quarter-wave resonance. Figure 3-27 shows an installation on an AM  tower.
Caution: Since a high RF potential exists between the line and the tower, the line
should be mounted where it will not be accidentally tonched by anyone on the tower
ladder.

4. The third phasc of the installation is at the base of the tower, The [5-t sec-
tions of line { Item 12 in the Bill of Materials) are installed here, one length vertically
and one starting the horizontal run.  These lengths are not supported by hangers
but are left free to Hex and acconunodate the changes in length caused by line ex-
punsion and contraction (see Fig. 3-28). [If the bend {rom the vertical run to the
horizontal run is 90°, a standard 90° mitered clbow is used; however, if the bend is
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of some other angle as in the case of a tapered tower, two 90° elbows can be nsed in
tandem to produce any angle form 0 to 180°. The bottom of the line {near the
elbow) is supported with a lateral brace, as shown in Fig. 5-29. The brace prevents
lateral motion of the liue but permits line expansion and contraction.

The horizontal run, like the vertical rnn, is also affected by thermal forees, so
provisions must be made to provide horizontal support while permitting the line to
change length. To accomplish this, the line is supported by horizontal swinging
hangers which bolt to support post arms. A horizontal swinging hanger is shown in
Fig. 5-30. Some installations use maple rollers for the support, allowing complete
freedom for the transmission line, As on vertical runs, the hangers should be placed
at 10-ft intervals.

Horizontal runs in icing country should have ice shields iustalled above them.
Effective ice shields are made from ¥-in. steel plate installed like a tent over the full

length of the horizontal run. The angle

SPRING HANGER generally used is 45° for each of the sides.

{F%WJJ A 3- by 3-in. steel angle is placed at the

N top, and a 2- by 2-in. angle is attached to

I the bottom of each side, making a rigid

installation (see Fig. 5-31). In places

where icing conditions arc scvere, this

scheme is frequently reinforced by addi-

tional angles along the top of the plates.

In mountain country, it is not uncommon

to have huge chunks of ice break aff the

tower.

|1l Heating effects of direct solar radiation

g T . j on a transmission line may lower its power

L HORIZONTAL HANGER | rating s1}l?stantmlly. In cases where this

5 . e N is a limiting factor, the problem can be

LATERAL BRACE-" solved by providiug a sun shield that pro-

tects the line from direct radiation. The

I shield must be so designed that it permits
cirenlation of air around the line.

Fic. 5-28. Installation at base of tower. The line is anchored at the bnilding

wall with a horizontal anchor which is
like the rigid anchor on top of the vertical mm. A horizontal anchor is shown in Fig.
5-32. Its purpose is to keep line movement away from the equipment, permitting
expansion and contraction to build np at the tower cnd of the horizontal run.

Long horizontal runs of transinission line are quite common, particularly in direc-
tional installations. Frequently towers are spaced at a considerable distance and
roads and walkways must be crossed, so occasionally lines are buried in the groimd.
It must be pointed out, however, that generally speaking, rigid lines are not recom-
mended for burial. The EIA (formerly RETMA) Standard RS-158, par, 6, states,
“Lines buried or run underground shall be protected and shall have provision for
minimizing the effects of galvanic and corrosive action,” To avoid corrosion prob-
lems, lines are not buried directly in the soil but are laid in a trench made of wood
or concretc which is provided with a cover. Ducts made of tile or other suitable
material are also used. When lines must be buried divectly in soil, the soil conditions
should be carefully checked. If the soil is alkaline, the transmission line will not
deteriorate.  Vinyl- or polycthylenc-covered lines are more suitable for buried in-
stallations than bare copper or aluminum lines and should be used if possible. Stray
ground currents may attack the line. This condition should be investigated periodi-
cally.,  When lines are buried, markers are placed at convenient intervals, usually at
splices in the line.

5. Inside the bnilding, the transmission line connects to the gas barrier immedi-
ately upon entering the bnilding. The barrier has a gas port to which the automatic
dehydrator is attached. The automatic dehydrator keeps the entire length of line
from the building to the antenna pressurized. The transmission line inside the build-
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ing (on the other side of the gas barrier) is unpressurized.  Connections between line
sections inside the building are made with straight ungassed couplings. A coupling
is shown in Fig. 3-33. Thesc couplings muke it convenient to get at connections for
maintenance purposcs.  Connections from the transmitter to the diplexer and the

Fic. 5-29. Lateral brace,

line are shown in Fig. 5-34, This is a simple station airangement.  Since all stations
are different, the inside connections are never quite alike; therefore, no set installation
rules exist.

6. After all oulside flange connections are completed and the gas barrier is at-
tached to the transmission line inside the building, the line should be pressurized.

HORIZONTAL

HANGER !

7 STEEL PLATE

@
~-__ S - e == WSS s I
@
Fig. 5-30. Llorizontal Frg. 5-31. Protected horizontal run.

hanger.

If moist air has entered the system during installation, it should be purged by pres-
surizing three or four times, releasing all air between pressure eycles.  Proper purging
is done by removing the gas port plug located at the antenma end of the transmission
line. After purging, replace the plng and pressurize the line.  Changes in tempera-
ture can cause moisture from any oulside air thal cuters the line to condense and
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very seriously impair the efficiency of the line. For this reason, the line should be
operated under pressure at all times. A gauge pressure of 5 to 10 psi is adeguate for
most installations. Dry air is recommended for this purpose. Dry nitrogen can also
be used, in which case be certain to use oil-pumped nitrogen.

Uupressurized installations are not recommended. If, because of unusual eircum-
stances, the line is to be operated withoul pressure, a hole must be provided at the

F1c. 3-32. Horizon- Fic. 5-33. Straight cou-
tal anchor. pling.

lowest point in the system to allow the condensate to drain. This should be done by
filing a notch through the outer conductor at the underside of the line, using a tri-
angular file. Do wot drill or punch a hole in the line, as this will leave undesirable
burrs inside the outer conductor.

7. Coaxial switching systems are recommended for all television installations. Such
a system greatly reduces transmitter tunc-up and testing time and also reduces off-
the-air time caused by equipment failure. Motor-driven coaxial switches arc ideal
for this application. Manual coaxial switches and coaxial patch panels are also
frequently used. Use of switches eliminates time-consuming manual changes of
transmission-line connections during emergencies.  Standby equipment can be quickly
and easily checked under actual operatiug conditions. Many stations usually are
equipped with such standby egnipment as an auxiliary diplexer, standby antenna,
and a dummy load for tuning. The chart of Fig. 5-35 shows three frequently used
switching systems.

ELBOW FLANGED
ONE END

STRAIGHT
COUPLING

SPECIAL

UNFLANGED
ELBOW

SOFT SOLDERED

Fic. 5-34. Installation inside transmitter building.

8. There are numerous other accessories used with trunsmission lines to make
broadeast operation more reliable, convenient, and versatile. Some items are break-
away sections, flexible sections, slug tuners, and stub tuners.

a. Prior to the advent of the breakaway section, it was necessary to install four
elbows in the shape of a U in order to break into a transmission line installed on a
tower in order to measurc antenna characteristics or trouble-shoot the line (see Fig.
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5-36). Now, with a breakaway section { Fig. 5-37) these four elbows can be elimi-
nated, and it is a simple matter to service the antenna or transmission line. To hreak
a long run bhefore breakaway sections were available, it svas necessary to start at the
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Fic. 5-35. Typieal switching arrangements.

bottom and take the line apart all the way up or, alternatively, to push the line down
against the pressure of all the spring hangers.

b. Flexible sections (Fig. 5-38) are ideal for correcting slight errors in transmis-
sion-line alignment and for providing a slight change iu direction as may be necessary.

el

Fic. 3-36. Break in Fic. 5-37. DBreak-
arrangement. away section.

The fexihle section for 3%-in. transmission line is only 18 in. long; vet it can take
up to a 1%-in. offset in the transmissiou-line path and can also take a 30° bend. The
section also accommodates much of the line vibration, Flexible sections are not
made to accommodate line expansion and contraction.
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¢. Slug tuners, single-stub tuncrs, and double- or multiple-stub taners are used in
the transmission-line systcm to improve VSWR, to filter harmonics, or to reduce
spurious radiations {see Figs. 5-39 to 5-41). A single-stub tumer is primarily used
as an even harmonic filter. A single-stub tuner can be used for VSWR tuning if it is

Fis, 5-38. Flexible section. Fic. 5-39. Slug tuner.

i

T
o —

I

moved along a line section, but this is mechanically hard to do. Slug tnners and
multiple-stub tuners are used for VSWR tuning. They operate on the principle of
moving or varying reactances in the line. In any VSWR tuning method, the tuner
is usually placed near the discontinuity being corrected.

Solid-, Flexible-, and Semiflexible-cable Installation

1. Solid, flexible, and semiflexible cables are much easier to install than rigid cables
or waveguide. One of the biggest advantages is that the cable, through its flexing
characteristic, nullifies the effects of the thermal forces of expansion and contraction.
Without the effects of these forces to consider, the need for rigid hangers, sliding
hangers, spring hangers, elbows, breakaway sections, flexible sections, lateral braces,
horizontal anchors, expansion loops, etc., is climinated. This vesults in a greatly
reduced installation cost.

9. The cable is nsually shipped on a reel, and to make hoisting easier, the vcel
should be supported at the base of lhe tower on an axle so it rotates freely. The
cable is uncoiled as it is being hoisted. Before hoisting can he started, of course,

—
—1

F1G. 5-40. Single-stub Fic, 5-41. Multiple-stub tuner.
tuner.

a suitable steel hoisting line or rope that will adequately support the weight of the
cable nmst be obtained. Next, a strong pulley must be placed high enough on the
tower to allow the cable to be elevated sufficiently to make the connection to the
antenna easily. A means of hoisting, such as a truck or a portable electric winch,
is the main reqmisite for the vertical installation.  Short lengths of cable can be pulled
satisfactorily by tying the hoist line near the end of the cable. Do not place the
weight of the line on the end fitting. A special cable grip or a suitable rope sling
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should be used to hold the cable without damage. A cable installation is shown in
Fig. 5-42.

3. The cable is attached to the tower members with Wraplock, adjustable hose
clamps, or even tapc for the smaller types and is supported every 5 ft along the tower
(see Fig. 5-43). It can be bent aronnd tower members, building corners, and equip-
ment, thereby making the transmission-line path much less restrictive than is possible
in rigid-line installations. The bending is limited to a radius that is ten times the
cable diameter, In other words, a l-in.-diameter cable has a minimum bending
radius of 10 in. For very sharp bends, o 90° mitered elbow should be used, as shown
in Fig. 5-44.

The EIA {(formcerly RETMA) Standard RS-158, par. 7, Bonding to Tower, states,
“The outer conductor of transmission line shall be bonded as a minimwn at both the
top and bottom of the tower by low impedance conductors to a metallic tower or to
a suitable ‘down’ conductor physically separated from the transmissian line if the
tower is non-metallic.” In addition to the minimum, the cable should be grounded
at the point where it enters the transmitter building, especially if there is a long
horvizontal run. Vinyl-covered cables must have o grounding strap attached to the
cleaned outer conductor (after the vinyl has been removed at the honding point).

4, Support the horizontal run of the cable above the ground by attaching it to a
messenger wire or other horizontal supports with Wraplock or adjustable clamps.
Use mounting straps when attaching the cable to wood support poles. The cable
should be supported cvery 5 ft as on the vertical run.  Semiflexible cable which is
not covered should not be bmied divectly in the soil. It should be either wrapped
or placed in a conduit. The flexible cables which are covered with a vinyl jacket
can be used in any environment such as salt air, direct ground burial, or under water
with no effects of galvanic or corrosive action. This complies with the EIA Stand-
ard RS-158, par. 6, Underground Burial.

5. The connections inside the building are made with the same type of cable
being used for the transmission line. Where possible, the flexible cable from the
antcnna is connected directly to the transmitter without any short interconmections.

6. After all connections have been completed, the Hexible or semiflexible air-
dielectric cable should be pressurized with dry air or dry nitrogen in the same way
as is done for the rigid-transmission-Hine installation.

Waveguide Installation

1. Installation of waveguide for broadcast use requires much more advance plan-
ning than a comparable installation of coaxial line. Each stallation introduces
special problems in mounting the waveguide on the supporting structure and in con-
necting it to the transmitter equipment. A great advantage of installing copper-clad
steel waveguide is that there is no differential problem of expansion and contraction
between the tower and the wavegnide. This is true for two reasons: first, because
the waveguide and tower ar¢ both madc of steel and are identically affected by
changes in temperature, and sccond, because of the very high efficiency and ex-
tremely low loss, no heat is created from the RF energy. Aluminum waveguide, be-
cause of its expansion and contraction, must be suspended by spring hangers in the
same manner as rigid copper lines. The transitions at either end of the waveguide
ran are equipped with a gas barrier for pressure termination of the 8%-in. coaxial
line. Though the wavegunide is unpressurized, the antenna and the 3%-in. coaxial-
line jumper connectians outdoors usually are kept under pressure. A small copper
tube is used to bring the gas supply up to the antenna.

The coaxial line between the transmitter building and the waveguide is alsa pres-
surized. Inside the building, however, the line is not pressorized.

The following Bill of Materials gives the approximate items and quantities necded
for a typical copper-clad steel waveguide installation on a 600-ft tower plus a 30-it
horizontal run:
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Bill of Materials

Item Quantity Use

I. 90° mitered elbow, Hanged 3 For changing line direction

2. Special lengths of line, unflanged 8 For custom applications

3. Soft-solder {flange kit 9 For feld flanging lines and elbows
4, Transition, waveguide to 3'%-in. line 2 For RF energy passage from wave-

guide to coaxial line

5. Tower hanger 59 For attaching waveguide to tower
6. Horizontal hanger 3 For horizontal support of waveguide
7. Gas barrier 1 For pressure termination of line

8. Automatic dehydrator 1 For automatically pressurizing line
9. Straight couplings 7 For joining unflanged line
10. 90° elbow, flanged one end 3 For changing line directian
11, 90" elbow, unflanged 2 For changing line direction
12, Waveguide, standard 10-ft lengths 62 For main run
13. 90° waveguide elbow 1 For changing waveguide direction

2, At the top of the tower (as in the rigid coaxial transmission-line installation)
a custom connection to the antenna is necessary, The couxial connection from the
autenna fange to the waveguide transition is made with two 90° mitered clbows,
a special length of line cut as required, and two soft-soldered field flanges, as shown
in Fig. 5-45.

3. Along the tower, the waveguide hangers are used at 10-ft intervals. They are
placed at the middle of each standard 10-It waveguide scction. Do not support

ANTENNA
FLANGE -

SPECIAL

Fic. 5-45. Installation at top of tower,

SOFT SOLDERED

W,
AVEGUIDE FIELD FLANGE

TRANSITION-

more thgn one section of waveguide on a flange joint without using a hanger. Tt is
much safer to leave the hoist line tied to the waveguide section until after the han ger
attaches the section to the tower. The hangers used are the type that balt directly
to angle-lype towers. Lateral-position adjustment is provided.  Attachment to the
waveguide iy not difficult, as the hardware is captive and the clamping plates slide
casily into place after the wavegyide is pasitioned. A waveguide installation is shown
in Fig. 5-46.

4. At the bottom of the waveguide run, a 90° war eguide bend is used. The one
shown in Iig. 5-46 is an H-plane bend.  Bends are usually supplied for 45 or 90°,
but most suppliers fabricate special hends to customer specifications. A hanger is
not required for the bend. i

5. The horizontal run is supported with hangers that can be adapted to supporl
the waveguide in either plane, as shown in Fig. 53-46. These are equipped with
threaded adjustments so that perfect ulignment of the waveguide sections can be
made.

6. A transition is added to the end ol the horizontal waveguide run for connection
to the 3%-in. coaxial line.  (In some installations, the transmitter huilding is very
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close to the base of the tower. In such cases the transition can be installed at the
bottom of the vertical run of waveguide and coaxial line used for the horizontal run.)
From the transition, a 90° mitered elbow and two special lengths of line are used to

ANTENNA FLANGE

(TOP VIEW) (SIDE VIEW)

WAVEGUIDE
HANGERS

HORIZONTAL
HANGERS

Fre. 5-46. Installation of waveguide.

bring the horizontal run inside the transmitter building. A gas barmier is then
attached to the line, and the automatic dehydrator is connected to the gas barrier.
For short lengths of line, a dry-air hand pump can he used for pressurization,

7. Once inside the building, all installations, procedures, accessories, etc., are the
same for stations using waveguide as they are for those using rigid coaxial transmis-
sion line for the main RF feeder.
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ANTENNAS FOR FM BROADCAST

RoBerT M. SILLIMAN

Consulting Engineer
Silliman, Moffet & Rohrer
Washington, D.C.

GENERAL THEORY

The radiation pattern of an antenna, together with its impedance, can be com-
pletely specified from a knowledge of the position, magnitude, and phase of all the
current in the system. The cquation that specifies the electric field, which will be
radiated from an clement of current, as developed by Helmholz from Maxwell’s equa-
tions, is

G607 d
B =—allcosw (i. - —) cos 8 6-1) *
ofn e

The meaning of the symbaols in formula (6-1) is as follows:

E = electric field strength, volts/m

d = distance, m

! = length, m

A = an merement of the quantity which follows
I = current, amp

w = 2rf

f = frequenecy, eps

{ = time, sec

-

J \

-\pee(l of light, m/sec—3 x 103
X = wavelength, m

This is probahly the most useful equation P
in antenna theory.
The expression is actually not complete,
since E and I are vector quantities and the d
directions are not specified. In order to
visnalize the direction of E correctly, let us

Y,
examine E in tenus of the magnetic field H, T /

which is somewhat less difficult to envision

4
Recall, then, that the H field is always per: 'ALN/ J

pendicular to the direction of the current flow
of the current element producing it. Now
at a great distance from the antenna, it is

| : e . 6.1, Calculati tE i E
simple to think of E and H as mutually per- leulations of E at point P

* Formula 1 and Fig. 6-1 from F. E. Terman, “Electronic and Radio Engincering,” 4th
ed., McGraw-Hill Book Company, Inc., New York, 1955.
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pendicular and hoth perpendicular to the direction of transmission of the wave.
Therefore, no trouhle should he experienced in visualizing the directions of polari-
zation of the Reld from a complex system

CONCUCTING ELEMENT  ELEMENT NORMAL ~ of currents.

IN PLANE OF PAPER TO PAPER Attention is invited to the term cos
w(t —d/c). This term expresscs the
sinusoidal variation of the magnitude of

CURRENT the vector E with time at the distance d.

ELEMENT It does not indicate the vector direction
of the field in space as discussed in the
preceding paragraph,

It is of interest to consider the radia-
tion patlern of the single-current element
hefore considering the patterns af com-
plex structures consisting of many such
elements, The radiation patterns in a
plane through the element and in a plane
normal to it are given in Fig. 6-2.

The application of this principle to a
horizontal end-loaded loop, such as is used

DIRECTION OF E FIELD £ FIELD NORMAL in several commercial FM antennas as the

IN PLANE OF PAPER 10 PAPER radiating element, \‘avill yield the informa-
DIRECTION OF H FIELD H EIELD PARALLEL tion that the radiation pattern is substan-
D ALL P e - -
NORMAL TO PAPER 10 PAPER tially circular in tl'le 110112011Fa1 plane and
doughnut-shaped in the vertical plane.
Fre. 6-2. Radiation patterns through and Application to a symmetrical V-an-
normal to current element. tenna element will yield a figure-eight

vadiation pattern.  This alsa can be made
to approach a circle in the horizontal plane if the two halves of the V are fed with
somewhat unequal currents somewhat out of phase,

FIELD PATTERN OF ANY ANTENNA FROM KNOWLEDGE OF
THE CURRENTS AND PHASES OF THE SYSTEM

In order to determine the distant field pattern of any antenna in which the current
distribution, directions, and phases are known, simply break the vadiating system
down into inerementat elements of current. Then sum the effects computed by
Fig. 6-1, taking due account of the current phascs and directions. This is a com-
pletely general procedure and can be applied to any antenna, although most uscful
for loops, Vs, dipoles, and rhumbic radiators, It is not so readily applicable to horns
and parabolas. Oue must be sure to include all currents not completely enclosed in
metal, Currents within a coaxial transmission line, the diameter of which is small
compared with a wavelength, can be neglected.

THE PRACTICAL FM TRANSMITTING ANTENNA

The practical FM antennas presently in production have filtered down into a very
simple pattern. They consist of a series of small, lightweight radiating elements
spread approximately one wavelength apart and fed unsymmetrically. One side of
the balanced radiator only is fed, the other side is excited parasitically. The ele-
ments are fed exactly in phase by tapping them off a transmission line exactly one
clectrical wavelength apart.

It is a well-known transmission-line law that, regardless of whether or not a trans-
mission line is matched, the voltages at a series of points, integral wavelengths apart,
will be exactly in phase. It is also well known that loads tapped across a transmis-
sion line at points integral numbers of wavelengths apart will appear to be electrically
in parallel when viewed from the gencrator side of the point of connection of the
last load. This is shown diagrammatically in Fig. 6-3.
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This provides a very simple method of putting together a multielement high-gain
transmitting array.

Experience has shown that the mutual impedance between the elements of such
an antenna array will be quite small and can be neglected to a first order of approxi-
mation,

Iience, the design problem 1is basically as tollows:

Assume that an eight-element FM array is desired.  The process would be to space
the eight elements along the transmission feed line exactly one wavelength apart
with respect to the wave velocity within the transmission line.

Tune each element to present a purely
resistive load of eight times the character- - Z:=R/4
istic impedance Zy of the transmission line
at the point of connection. The trans-
mission line will then be automatically

!

|

I >R R R R
matched at the generator side of the bottom |
Joop, and the voltage applied to all the |

|

T

|

i

loops will be automatically in phase.

Each element will receive one-eighth of
the total power and (to the extent that
mutual impedance can be neglected) will  Fie. 6-3. Diagrammatic represeutation of
produce 1/ Vv 8 the field of a single element  leads tapped across transmission line,
taking all the power. The fields will add
in phuse. The power gain of a single-loop or V-anteuna clement is approximately
unity.t Hence, to a first approximation, the ficld gain of an eight-element FA antenna,
cach element of which receives one-cighth of the total power, would approximately
cqual 8/V 8 and the power gain of the antenna would be 8, or equal to the number
of clements in the antenna. Examination of the data supplied by the manufac-
turers, made a portion of this part, shows the above to be guite a good approxi-
mation,

Vertical-radiation Pattern

FM transmitting antennas, consisting of a series of V or loop elements mounted a
wavelength apart and fed to produce in-phase fields, will have nulls in the vertical
pattern depending on the number of elements used. To a first approximation, the
single clement can be visualized as having a doughnut-shaped pattern.  The vertical
patterns will be substantiully the same for the three makes of antennas to be discussed.

A family of vertical-radiation patterns supplicd for the RCA-BFA scries of an-
tennas is shown in Fig. 6-4 and illustrates the position of the pattern nulls. It will
apply almost as well to the Andrew and Collins antennas.

An antenna located a substantial height above its service area, such as on a moun-
tain top, may have a pattern null falling in the vicinity of a built-up section of that
arca. For example, the first null of an cight-bay antenna, 5,000 ft above flat torvain,
will be seen from Fig. 6-4 to fall 7.7° below the horizontal or a distance of 7 miles
from the site. If a populated area lies in such an arca, it would pay to apply what
is called electrical heam tilt or null fll or a combination of both,

For example, beam tilt could be obtained in such an eight-clement array, if manu-
facturing details permit, by phasing the upper bank of four loops ahead of the lower
bank. Sixty degrees af lead to the upper bank would “tilt” the beam about 214° helow
the horizontal.

In addition, it would be feasible to fill the null, as is common practice with tcle-
vision antennas, by adjusting the power ratio between the upper and lower banks.
A B0-to-40 division has been extensively used in TV.

For illustration, the pattem of an eight-loop FM transmitting antenna with 60°
lead in the upper bank of four autennas and a 60-to-40 power distribution has been
computed and is compared with the pattern of the normal cight-buy antenna in Fig.

1 Referred to a half-wave dipole.
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6-5. Such a modified antenna might be very worthwhile for special mountain-top
installations.

POLARIZATION

All the antennas described are for horizontal polarization. The FCC has recently
denied a petition requesting permission to use vertical polarization for FM stations
but will permit elliptical polarization. Either vertical or horizontal polarization can
be quite simply obtained, but elliptical polarization is relatively difficult to obtain,
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¥ic. 6-5. THustration of beam tilt and null
fll for an eight-element antenna.
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and there is no presently available FM ransmitting antenna suitable for this purpose.

It is possible to obtain tilted lincar polarization by tilting the loops, but this prac-
tice, although capable of transmitting a component of vertical polarization in some
directions, produces a figure-eight pattern for vertical polarization and scems of
doubtful value.

Another problem facing the deveclopment of a suitable elliptically polarized an-
tenna will probably be the difficulty of side mounting. A greater spacing from the
supporting tower is likely to be reguired to obtain a reasonably circular pattern with
a vertically polatized, side-mounted antenna.

SIDE MOUNTING OF FM ANTENNAS

With the early development of TM transmitting antennas, it was assumed that it
would be necessary to mount the antenna on top of or symmetrically around the
tower. Later tests, however, indicated that in many cases the antennas will operate
in a satisfactory mamer when side-mounted, and most FM antennas are side-mounted
todayv.

1t iy believed likely, however, that many FM antennas suffer some deterioration
in both pattern and standing-wave ratia, as a result of side mounting on the tower,
Experience has shown that the effcet on the standing-wave ratic may not be nearly
50 setious as on the pattern,  Ience, it is recomunended that if the performance of a
side-mounted antenna is seriously suspected, a check be made into the possibility
that the pattern has been upsct owing to side mounting.

The upset in such cases may be expected to be prineipally due to two factors. One
is believed to be a gain reduction resulting from detuning some of the elements which
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might happen to fall adjacent to horizontal members in the supporting tower so that
the scparate elements no longer radiate equal fields. The other is the excitation of
clements of the tower which could radiate appreciable fields, which might tend to
cancel the direct radiation from the FM antenna in certain directions.

The following account of one case of side-mounting tromble will be of interest.
The performance of a station employing an antenna side-mounted 8 in, off the Hat
face of an AM tower 36 in. on a side was reported to be extremely bad in the central
part of the principal city. The antenna was checked for standing-wave ratio, which
was found to be 1.4 to 1, while factory tests prior to shipping showed a standmg-
wave ratio of 1.1 to 1. Field retuning easily corrected the SWR, but no improvement
in the service was reported,  Checks of the tower structure showed high circulating
currents and resonant voltage points. The side mowunting was suspected.

36"
8”‘-1
ANTENNA TOWER ,
| FIELD OBSERVED
ORIGINAL FROM THIS
¥ POSITION /_\DIRECTIONi
72N
A
/ Yot

Fic. 6-6. Vertical section through an FM antenna and supporting tower.

A test was made during which the relative field in a direction roughly toward the
paor service area was observed while the antenna was temporarily spaced out from
the supporting tower. It was also tested on a corner instead of the flat face. A ver-
tical section through the supporting tower and FM antenna tested is shown in Fig. 6-6.
The results were as follows:

Antenna Mounting Position Relative I'ield, Db
Normal position 8 in. oft face 0
Maved to a cormer +2.7
22 in. olf face +4.8
36 in. off face +6.9

Permanent relocation 36 in. off the face appears to have materially improved the
coverage in the area previously reporting poor service.

BANDWIDTH, STANDING-WAVE RATIO, AND
PROBLEMS INTRODUCED BY MULTIPLEX

FM is a comparatively narrow-band service from the antennma standpoint. For in-
stance, the 6-Mc bund of a Channel 2 TV station is 10.5 per cent of the carrier fre-
quency while the 200 ke occupied by an FM station is only 0.2 per cent of the carrier
frequency. The narrow-bandwidth requirement permits the use of physically small,
lightweight, low-wind-resistance radiating clements such as loops and Vs for FM.
Conversely, in the TV service, it has been necessary to resort to massive broadband
elcments.
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At this point, it would appear in order to mention the effect of the recent trend
toward multiplex opcration on the antenna problem. Tests and calenlations of re-
quirements for multiplex operation have indicated that it is desirable to match the
antenna feed line of an FM station desiring to use multiplex to approximately 1.1 to 1
over a frequency range of 200 ke even though standing-wave ratios of 1.5 to | to
2.0 to 1 have worked quite satisfactorily with ordinary FM service. The reader is
referred to the part on Multiplex in Section 8 of this handbook for further information
on this subject.

Analysis of manufacturers’ data on the Andrew, Collins, and RCA antennas shows
that if the antennas were matched closcly at center frequency, their bandwidth would
be perfectly acceptable for FM, including the multiplex service.

Matching of an FM antenna is usually accomplished at the factory at the desired
center frequency.  However, mismatch between the transmission line and the an-
tenna can be expected when the antenna is side-mounted on a supporting tower. This
mismatch can be expected to result in a VSWR of about 1.5 to 1.

Henee, it a standing-wave ratio not in excess of 1.1 to 1 is desired, a side-mounted
FM antenma can be expected to require field tuning after it is mounted on the snp-
porting tower.

HINTS FOR FIELD TUNING OF FM TRANSMITTING ANTENNAS

The RCA antenna is furnished with an adjustable matching section mounted im-
mediately under the radiating portion of the antenna and designed to be used for this
purpose. In the case of the Andrew antenna, the procedure will be to purchase a
similar device and install it immediately below the antenna in lieu of the first few
feet of transmission line. This method can also be applied to the Collins antenna if
desired.  Since the adjustment of devices of this sort has been adequately covered
clsewhere, it will not be explained here.

The Collins antenna can, if desired, be ficld-tunced without the addition of extra
devices, and the procedure for accomplishing this is the following:

The antenna may readily be brought to within 1.1 to 1 by a combination of rota-
tion of all dises the same amount in the same direction, coupled with a slight adjust-
ment of the feed-linc straps, again using caution to keep the adjustments together.

1t is recommended that before any changes are made, the center spacing of all
dises be calipered and the position of all feed straps be measured. This information
should be recorded carefully.

1n addition to this, the strap positions should be marked on the loops themselves
and a prominent mark placed at the top of each disc to estimate rotation in fractions
of turns.

Rotation of the discs should be by approximately the same amount for the discs
on each side of the capacitor of each loop. By this, it is meant that if a disc on one
side of the capacitor is rotated a quarter turn in a direction which reduces the
spacing between discs, the dise on the other side of the capacitor should likewise be
rotated a quarter turn in a direction to reduce the spacing further.

It is recommended that the impedance be checked at least at carrier, carrier + 100
ke, and carrier — 100 ke for each adjustment of either the loop capacitors or the feed
straps. This data should be plotted on a Smith chart.  (See Section 9 for use of Smith
charts.)

Caution should be exercised that the accuracy of the signal generator used be
within about 3 ke. The measurement can be made at the transmitter input to the
transmission line using a General Radio admittance meter or instrument of comparable
accuracy.

One should remember that field adjustment of this or any other side-mounted FM
antenna to correct the upset standing-wave ratio which has resulted from interaction
between the radiators and the supporting structure will not, in general, correct any
noncircularity of the pattern or gain reduction which may have resulted from the
side mounting of the antenna.
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SOME ANTENNAS CURRENTLY IN PRODUCTION

Andrew Multi-V FM Antenna

The antenna is available for any frequency within the 88- to 108-Mc FM band at
51.5 ohms input impedance with a standing-wave ratio under 1.5 to 1 and 10-kw
power-handling capacity. The eight-bay model is also available with a 50-kw rating.

The antenna radiating element is basically a folded half-wave dipole element bent
into a V shape and operated several megacycles above resonance to obtain a basically
circular horizontal-radiation pattern, A single element is shown in Fig. 6-7.

F1e. 6-7. Single radiating element of An- Fic. 6-8. Single radiating element of
drew multi-V FM antenna. Collins 37M FM antenna.

The antenna is designed for side mounting.

The antenna is not designed for field tuning. If a 1.1-to-1 standing-wave ratio
over the 200-kc band is required for multiplex operation, it is necessary to add an
adjustable matching section immediately below the antenna on the tower. (This
cannot be placed at the transmitting end of the line.) The manufacturer has de-
veloped a slug tuner for this purpose.

Andrew Antenna Characteristics

No. of Bays Power Gain Power Rating, Kw
2 1.6 10
4 3.7 10
8 7.3 10

Collins 37M Ring Antenna

The antenna is available for any frequency within the 88- to 108-Mc¢ FM band
at an input imipedance of 51.5 chms. The standing-wave ratio is sct at the factory
to about 1.1 to 1 but may rise to about 1.5 to 1 when the antenna is side-mounted on
a supporting structure. The power rating is 6 kw when thc antenna is mounted on
1%-in. line and 27 kw when it is mounted on 3%-in. line.

The basic radiating element is an end-loaded half-wave dipole bent into a loop so
that the end-loading discs form a disc capacitor as shown in Fig. 6-8.
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The antenna is designed for side mounting.

The antenna, though not designed specifically for field tuning, can readily be field
tuned. Field tuning will be required if a 1.1-to-1 standing-wave ratio over a 200-ke
band is required for multiplex operation. Hints on field tuning of this antenna are
provided elsewhere in this part.

Deicing equipment is available and is recommended by the manufacturer in areas
in which icing conditions occur.

Collins Antenna Characteristics

No. of Rings Power Guain

0010 Ut W=
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RCA Type BFA FM Antenna

The antenna is available for any frequency within the 88- to 108-Mc FM band
at an input impedance of 50 ohms.

The antenna radiating element is basically an end-loaded half-wave resonant folded
dipole bent into a loop. A single element of the antenna is shown in Fig. 6-9.

Frc. 6-9. Single radiating element of RCA
BFA FM antenna.

The standing-wave ratio is set at the factory so that the mounted antenna will be
1.2 to 1 or better when top-mounted or 1.5 to 1 or better when side-mounted.

This antenna is especially designed for simple ficld tuning to obtain a standing-
wave ratio of 1.1 to 1 or better over a 200-ke band for multiplex operation. Field
tuning is accomplished without the necessity of trimming the loop adjustments. An
adjustable matching transformer is furnished for this purposc and is located immedi-
ately below the antenna.
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Deicing equipment is available and is recommended in areas in which icing condi-
tions occur.

RCA Type BFA Antenna Characteristics

No. of Sections Potser Gain Power Rating, Kw
1 0.9 3
2 9 6
3 3.0 9
4 4.0 12
5 5.1 15
6 6.3 18
7 7.3 21
8 8.4 24

10 10.5 30
12 12.5 36



Part 7

ANTENNAS FOR TELEVISION BROADCAST

H. E. GiHRING

Manager of Antenna Engineering
Radio Corporation of America

GENERAL INFORMATION

Television broadeast antennas presently operate at the following frequencics:

Channels 2 to 6, 534 to 88 Mec
Channels 7 to 13, 174 to 216 Mc¢
Channels 14 to 83, 470 to 890 Mc

Television antennas are unique with respect to several characteristics.

Since each channel is 6 Mc in width, the antenna must have the proper performance
characteristics over this band. Since higher gain antennas are used, especially at the
higher frecquencies, the vertical pattern must be suitable for the population distribution
in the vicinity of the antenna so as to provide adequate field strength for television
service.

Definition of Antennas

An antenna is defined as a structure associated with the transition between a guided
wave such as may exist in a transmission line and a free-space wave. Such a structure
usually consists of radiating elements and micans for distributing the energy to these
elements.

Antenna Terminals

The antenna terminal is defined as an accessible point where the entire antenna
including the distribution system terminates into one ! feed 2 line at the design surge
impedance.

1 Or two lines tor a guadrature system.
2 In accordance with Electronics Industries Association Standards.

2-221
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Broadeast-antenna Requirements

Azimuthal Pattern

Definition. An azimuthal pattern is a plot of the free-space radiated field intensity
vs. azimuth at a specified vertical angle with respect to a horizontal plane (relative to
smooth carth ) passing through the center of the antenna,

A horizontal pattern is an azimuthal pattern when the specified vertical augle is
zero.

For many higher gain antennas where beam tilt is employed, the azimuthal pattern
at the specified beam tilt is significant. In general it has been customary to determine
television broadcast-untenna radiation by an azimuthal pattern at the specified beam
tilt and a sufficient number of vertical plane patterns all taken at various frequencics
in the channel.

An omnidirectional anteuna is defined as one that is designed to be omnidirectional.
Antennas with variations up to =3 db have rendered satisfactory service and are
considered to be ommidirectional,

A directional antenna is one which is designed to be directional.

Present FCC Standards have limited the maximum to minimum radiation at 10 db.

Vertical Pattern

Definition. A vertical pattern is a plot of free space radiated field intensity meas-
vred in the Fraunhofer region vs. vertical angle in any specified vertical plane which
contains the center of the antenna and the center of the earth.

The Fraunhofer region,® or “far field,” as usually defined extends beyond a point
where the distance betwecn the transmitting and receiving point is 2L2/\, where L is
the length of the radiating portion of the antenna and A is the wavelength.

Requirement for Broadcast Service. A free-space radiated feld should not be
influenced by the proximity of the earth in such a way as to set up a nonuniform
field over the antenna aperture, and proper precautions must be taken to accomplish
this.

Gain

Definition. Cain ? is the ratio of the maximum % power flow per unit solid angle
from the subject antenna to the maximum power flow from a thin, lossless, half-wave,
horizontally polarized dipole having the same power input when the measurements are
made in the Fraunhofer region.

As can be seen from the above, gain depends on several factors.

1. The amount of power concentrated in the maximum direction

2. Losses in the antenna, which include ohmic and other losses such as energy
radiated at polarizatious other than the desired one

The amount of power concentrated in the maximum direction can be determined by
a comparison with a reference antenna ¢ or by integrating the total power flow through
a sphere,” which is done by taking a sufficient number of vertical patterns and an
azimuthal pattern.

3 Kraus, “Antennas,” Sec. 1-2.

+ Ibid., Sec. 2.

5 “Maximum” refers to the maxinum in the vertical plane. For an omnidirectional an-
tenna these maxima must be averaged for a number of vertical patterns taken at various
azumuths.

6 “IRE Standards,” Antennas, Methods of Testing. C. C. Cutler, A, P. King, and W. E,
Kock, Microwave Antenna Measurements, Proc. IRE, vol. 35, pp. 1462—-1471, Decemnber,
1947,

T E. H. Shively and L. D. Wetzel, Pattern Measurements of RCA UHF TV Antennas,
Broadcust News, vol. 82, pp. 14-21, February, 1955.
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Both methods are capable of giving accurate vesults when the proper precautions are
taken.

Ohmic losses are taken into account in the comparison method or can be calculated
when using the power integration method. Cross-polarized radiated energy can be
measured.

The measurement of gain must be carefully done with a full knowledge of all the
problems that are involved.

Gain Requirements. Gain requirements for a television broadcast antenna depend
on transmitter, power, economics, and ficld-strength requirements as determined by the
terrain and population distribution.

Transmitter Power. The maximum effective radiated powers currently permitted
are:

Channels 2 to 6, 100 kw
Channels 7 to 13, 316 kw
Channels 14 to 83, 5,000 kw

For the most popular transmitter sizes in each range, the following gains are needed
allowing 80 per cent transmission-line efliciency:

Channels 2 to 6, 3.6 to 5
Channels 7 to 13, 8 to 18
Channels 14 to 83, 25 to 50 (to achieve 1,000-kw ERDP)

Economics. Economics is a factor in antenna choice.  As a general rule, combined
costs of transmitters and antermas are less to achieve a given effective radiated power
when a higher gain antenna is used. This is true until unsupported antenna heights
are of the order of 200 ft, where structural considerations cause antenna costs to go
up rapidly.

Terrain and Population Distribution. 1t is usually desirable to have a high uniform
field strength over the primary service aren. In relatively flat terrain, a higher gain
antenna with a vertical pattern shaped to accomplish this is a desirable choice becanse
of the economic factor. In mountainous terrain, under some conditions, a lower gain
antenna may he desirable, especially when large amounts of energy must be radiated
downward at steep angles for a distance of 5 to 10 miles such as may occur when a
city is located at the base of a mountain on which the antenna is placed.

Input Impedance

Input impedance is the complex impedance looking into the antenna terminals
throughout the television channel.

Most autenmas are designed for the same input impedance as the standard trans-
mission line at the antenna terminal. Impedance-matching requirements for tele-
vision antennas are generally more severe than for other types to avoid reflected
energy which would cause an echo or ghost in the picture when the antenna does
not terminate the line properly.

Electrical Performance Changes Due to Mechanically Imposed Conditions

Deflection of Antenna and Tower Due to Wind

Guy tension in guyed towers is usually adjusted so that the tower deflects as a
straight member,

Towers for broadcast service when so specified are designed for a maximum de-
flection of 0.3°, which means that the top plate will deflect this amount for the
maximum wind velocity. For instance, a 40-1b tower will thus deflect 0.5° for a
100-mph wind. Since tower deflection varies as the square of the wind velocity, the
deflection will be 0.125° for a 530-mph wind.

Structurally u free-standing antenna can be considered as a cantilever beam in
which the deflection increases toward the end,  Antenna deflection is nsually stated as
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Fic. 7-1. Calculated vertical patterns of the TFU-46C antenna aftected by static wind load:
flat-surface wind load 10-psf, wind velocity 50 mph.
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the angle that 4 tangent at the center of the antenna makes to the undeflected position.

In order to evaluate the effects of deflection, an example for a high-gain UHF
antenna will be given,

Figures 7-1 and 7-2 show the effects of deflection on a UHF antenna of the slotted-
cvlinder type with a gain of 46 when the antenna is 115 ft in height. The lower half
of the antenna is a 16-in. schedule 160 steel tube, and the upper half is a 14-in,
schedule 60 steel tube.

The phase and amplitude of each layer of the antenna were synthesized to obtain
a vertical pattern for the curved condition where the antenna was bent toward the
service area and away from it.

Two conditions are shown for a wind velocity of 50 and 100 mph as summarized in
Table 7-1.

Table 7-1

Wind velocity, mph 50 100
Wind lead, pst 10 40
Deflection of antenna at tap, in. 5.03 20.12
Deflection, wavelengths 0.235 0.94
Deflection of antenna at tangent to

center, deg 0.208 0.832
Tower deHection, deg 0.125 0.5
Antenna and tower deflection, deg 0.333 1.332
Signal Variution for Deflection Extremes, Totlz_{frrl Au‘.‘uy fmm TO'U'.”d Atay )“mm

db Service Service Service Sertice

Area Areu Area Area

At horizon {main beam) antenna only -0.5 -0.3% —-7.8 -5.8
At horizon for antenna and tower -0.7 -0.4 —18.8 —-13.4
At a lecation with respect to the vertical

pattern where the greatest signal varia-

tion ocecurs for antenna only +3.6 -2.7 46 —-10.8
At a location with respect to the vertical

pattern where the greatest signal varia-

tion oceurs for antenna and tower +4.2 -5.3 +12.7 -5.2

? Values are not the same, since in this antenna, radiation above the horizen has been
suppressed and the pattern is not symmetrical.

The 50-mph wind condition is one that may occur * twenty-five times a year at a
1,000-ft elevation ahove terrain and about four times a vear at a 500-ft elevation.

The 100-mph wind is a design-limit figure which rarely occurs and is one during
which there would probably be little television viewing. Most outdoor receiving
antennas would probably be severely damaged in such a wind, and power service
seriously curtailed.

Hence the 30-mph figure is one that is generally considered applicable for an evalua-
tion of this type.

Most television receivers are designed to have a flat AGC response down to 100 mv
across the reeeiver terminals. Hence no eflects due ta wind acting on the transmitting
antenna will be noticeable except in fringe areas where the signal drops below this
value.

In the case cited above, the signal variation in the fringe areas would be less than
1 db and could be considered ncgligible.

The waximum variation in the case cited above occurs at 1.75° below the horizon
or at 6.3 miles for a 1,000-It dilference in clevation between the transmitting and
receiving antenna. At this distance the field strength is wsually at a sufficiently high
level so that a 2-to-1 variation will not go below the 100-my level at the veceiver
terminals.

Analyzed on this basis even the 100-mph wind condition is not too serious except

s Report of TASO Committee 1.3 on Television Antennas. Final Report of TASO Sub-
Committee 1.3.2, on Towers, Sec. 3.6,
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in the fringe arca. It should be noted that the variations are limited by the fact that
the antenna is designed not to have nulls near the main beam.

For lower gain antennas with a wider beam the variation would be even less than
those shown.

As a confirmation of the above analysis it would be noted that six antennas of the
type described with gain from 46 to 52 are in operation in various parts of the United
States, some since 1956. In none of these have any complaints or problems occurred
with respect to variations in ficld strengths due to high wind conditions.

Deicing

Desirability. The need for deicing depends on local icing conditions and the sensi-
tivity of the antenna performance to ice.

Local conditions, with respect to frequency and severity of icing, can be ascertained
from the local Weather Bureau. It should be remembered that most of their observa-
tions arc at a low altitnde and that conditions are more severe at the antenna height,
particularly if it is of the order of 1,000 ft or more above terrain.

The sensitivity of the antenna to ice is specified by the manufacturer.

Both the reflected power and the radiation patterns may be affected. An increase
in reflected power with ice as evidenced by an increase in VSWR will often result in
secondary images or ghosts. In some cases a higher VSWR may also necessitate run-
ning at reduced power. Pattern changes are more subtle but could cause a loss of
field strength in some areas. Television antennas are generally more sensitive to ice
than other types, and manufacturers usually recommend deicers where icing is
likely.

Methods. The most satisfactory method is the use of strip or rod electric heaters
fastened in or near the radiating element. In some cases the radiators are heated
directly. Other methods snch as generating heat at the base of the antenna and
distributing it by convection tend to overheat the lower portions and underheat the
upper nortions, resulting in a loss of both heating efficiency and effcctiveness.

Various types of controls are on the market to actnate the dcicers. These work
on temperature alone or a combination of temperature and precipitation or humidity,

Advantage is taken of the fact that icing occurs only in a narrow range of tem-
perature. Most deicing systems have more than enongh capacity to keep the antenna
free from ice if they are mmed on before the ice starts to form.

Tce removal may require considerable time if a large amount has already formed,
especially under high wind conditions when large lieat losses occur. Hence the use
of an automatic device to turn on deicers is desirable.

DESIGN AND THEORY

Elemental Radiators

Television antennas in conmmon use are developments of one or another of a few
basic types of radiator. These are the half-wave dipole, the loop (magnetic donblet},
the slot, and the helical. Some of the antennas combine characteristics of more than
one of these types.

For purposes of mathematical representatian or as a reference for comparison of
characteristics of antennas, the concepts of “point source”—a fietitious emitter so
small as to have no dimensions—and “isotropic radiator”—which radiates energy nni-
formly in all directions—are sometimes used.

Antenuas of the horn, lens, and long horizontal (Beveridge) or vertical wire types
do not currently find application at television frequencies and are unot considered
herein.
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Half-wave Dipole

If the ends of an open-wire transmission line are turned outward, as shown in Fig.
7-3a, they form what is known as a dipole, The clectric (E) fields, at right angles
to and connecting the two sides of the transmission line, extend cutward, forming
gircles in all planes passing through the axis of the dipole, as shown in Fig. 7-30.
The magnetic (H)} fields, which, in the transmission line encircled the separate wires
and tended to cancel each other owing to the opposing directions of the flow of current
in the two wires, now appear as cireles about the dipole.

1f the length of the dipole is made a half waveleugth long at the frequency of au
imposed signal, it becomes, in a sense, a resonator, with energy reflected from the
ends of the radiator setting up standing waves. The energy is alternately stored
in the electric and magnetic ficlds.

At high frequencies, the fields so formed do not have time to collapse completely
before other fields, of opposite polarity,
are set up. The result is that outer por-
tions of the field never return but are
pushed out of the area close to the an- I
tenna known as the “induction-field”
region and move away, forming the “ra-
diation field.” 1t should be noted that
because of the shapes of the fields this
effect does not take place olf the tips of
the dipole whereas it is a maximum in  Fig. 7-3. Electric (E) field, and magnetic
directions at right angles to the dipole. (H) field of a dipole.

Since the power in the feld is dissi-
pated power (I®R) in the same sense that power appearing as heat due to ohmic
resistanee in the dipole is dissipated power, it is convenient to relate this power to the
current which produces it by a fictitious “radiation resistance.” This is in addition to
the ohimic resistance in the radiator circuit.

The ratio of stored energy to dissipated energy is called the Q of the antenna
circuit.  As any circuit contains L, C, and R, this is a function of the relationship
between the inductive reactance of the circuit and the resistance. In the case of
the dipole the inductance decrcases with increasing diamcter of the dipole arms.
Also the amount of energy reflected from the ends, resulting in greater stored criergy,
is reduced by increasing the size of the arms. This results in greater bandwidth.
Application of this fact leads to the biconical radiators in Fig. 7-4a and b and to the
slot-fed sheet radiator, Fig. 7-4c.

il
== ﬂﬁ =
(c) (D) {

(8) <)

Fic. 7-4. Examples of radiators having dipolelike characteristics: (A) and (B} biconical
antennas, (C) slot-fed sheet, (D) folded dipole, (E) folded dipole with additional element.
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Another form of the dipole is the half-wave folded tvpe shown in Fig, 7-4d. Here,
the ends of a simple dipole have been joined by another closely spaced element.  £ince
the voltage distribution is the same in both, the currents are in the same phase and
direction. The result is an input impedance of 300 ohms as compared with 73 ohms
for a simple half-wave dipole. Addition of rectangles as in Fig. 7-4e increases the
input impedance by a still greater factor.
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Because the folded ends act like stubs, they become capacitive at higher fre-
quencies. This is opposite to the tendency of the series LCR circuit by which a di-
pole can be represented. The result is a cancellation to some degree of the re-
actances and a tendency for the impedance to remain constant, making the an-
tenna more broadband than the half-wave dipole.

The distant radiated field of the folded dipole is the same as that of the simple
dipole.

Loop

The folded dipole discussed above may be considered as a special case of a loop
antenna as well as a type of dipole. In fact, any closed loop of conductor which
does not carry equal and opposite cur-
. rents very close together, that is, within
] the “near,” or “induction,” zone, will fall
' into this category and will radiate at least

t f ,) some of the power supplied to it,

The lovp or ring radiator may be rec-
- - tangular or circular, as seen in Fig, 7-5a
and b.

(A) (8) Variation in the size of the loop yields

radiation patterns of various shapes, in
Fie. 7-5. (A) Square loop and (B) ring  planes at right angles to that of the loop,
radiator. as could be expected by comparison with

the horizontal fields of two AM radiators
with various spacing and phase relationship. That is, if sides 1 and 2 of the square
loop in Fig. 7-5¢ are considered to he the two AM radiators, the combined radiation
pattern in a plane at right angles to them will vary with the spacing between them.
For loops with diameters less than 0.585) the maximum field will be in the plane of
the loop, and loops much smaller than a wavelength are therefore most commonly
used as elements of television antennas. Radiation in a direction normal to the loop
is always zero, regardless of the size of the loop.

Slot Antenna

As has been mentioned uwnder Half-wave Dipole, the slot antenna has a great
similarity to a dipole.

Figure 7-6a and b shows the two types, oriented so that the {E} fields of both are
horizontal. Currents in the slot type spread out over the entire sheet, and radiation
takes place from hoth sides of the sheet,

The resemblance between the two Dbecomes even more pronounced when it is
recognized that the field patterns of the two will be equivalent if the physical dimen-
sions of the slot and the cross section of the dipole are the same. For example, the
fields of the two radiators in Fig. 7-6¢ and d are the same. A verv similar situation

——

(A}

(B8} (0}
Fi16. 7-6. Dipoles (A) and (C), with complementary slot-fed sheet radiators (B) and (D).

oceurs in optics, where the phenomenon is known as Babinets principle. Using a term
from optics, the antennas are said to be complementary where this situation exists,
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Furthermore, the impedance of the slot is proportional to the admittance of the
dipole of the same dimensions by the relationship

35,476

Z\li]:o]r

Gslot =

and the bandwidth characteristics of one are the same as those of the other.
Actually, the above discussion is rigorously accurate only if the sheet is of infinite
extent, but it is substantially correct if the edge of the slot is half a wavelength from
the slot.
The inpnt resistance to a slotted sheet is of the order of 500 vhms. This can be
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J Fis. 7-8.  Slot-fed
sheet radiator hent
Fig. 7-7. Slot-fed sheet to form a cylinder,
radiator with slot hoxed to showing resemblance
limit radiation to one side to stack of ring radi-
of sheet. ators.

modificd by shifting the position of feed along the slot. A valuc of 30 ohms can, for
example, be obtained with the feed about 0.1 of the slot length from one end.

Radiation can be limited to one side of a very large sheet by boxing in the slot on
the other side. If the depth of the box is such as to present zero susceptance at the
feed point, the input impedance will be appropriately double that of the same antenna
without the hox {see Fig. 7-7).

Bending the sheet into a cylinder results in another form of slot antenna which also
takes on characteristics of a stack of coaxial rings ( Fig. 7-8).

Helical Element

A conductor wound in the form of a helix can he made to have maximum radiation
either in the axial direction or in a direction normal to the axis, depending on the
ciremmference of the helix and on its pitch.  For radiation in the “normal” (or side-
fire ) mode, the helix dimensions must be small compared with a wavelength (sce Fig.
7-9a and [).

The limitation on the size of a helix for normal operation imposes restrictions on
bandwidth. This can be offsct to some extent by phase-shifting devices along the
heliy which compensate for variations in impedance with frequency.

Since the helical element is used in almost a pure form in a commercial antenna to
be deseribed under Helical Antennas, further discussion will be left till that section.

Antenna Patterns

Azimuthal Patterns

In television, with the inherent limitations on coverage due to high-frequency
propagation effects and the limitation on the number of stations with any area as set
up in the existing allocation plan of the Federal Communications Comumission, the
large majority of requirements have been for omnidirectional antennas.
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Fi1c. 7-9. Helical antennas, showing effect Fic. 7-10. Typical azimuthal patterns of
of pitch and diameter on direction of maxi- well-known types of TV broadcast antennas.

mum radiation.

As is pointed out in the discussion of onmidirectional patterns, the primary eriterion
of a truly circular or ommidirectional pattern is the intent to make it omnidirectional.
In the past, variations of 3 db on each side of a truc circle have been accepted as
within the meaning of the word ommidirectional,

Since cnergy flows equally in all directions from a theoretical “point source,” its
horizontal pattern is a true circle. A thin dipole, vertical to the earth’s surface (i.e.,
with vertical polarization), most nearly approaches this and has a similar azimuthal
pattern. Except for these two cases, however, the finite physical size of television
transmission antennas and the physical irregularitics of their surfaces, due to the
requirements of mechanical construction, result in the sum of the energies from various
portions of the antenna as received in one dircction varying from that received in
another, Typical azimuthal patterns of some well-known antennas are shown in
Fig. 7-10.

Except for the effects of supporting structures upon which they are mounted, rings
or cylindrical antennas inherently have better circularity than other shapes. Ingenious
methods have been used, however, to combine noncircular patterns of several radiators
to obtain circularity, An illustration of this is the so-called turnstiling principle applied
to dipoles. Figure 7-11a shows the typical “figure-eight” horizontal pattern of a very
small dipole. If a second dipole is placed at right angles to the first, the two patterns
will overlap, as shown in Fig, 7-115. 1f both arc fed in phase, addition of the radiated
energies will result in a pattern such as is shown in Fig. 7-1lc.

If the dipoles are fed 90° out of phase, the separate ficlds will add as shown in
Fig. 7-12a. Here we have two dipoles 1 and 2 placed in space quadrature, with
current conditions in the radiators as shown at various times. At time #; the current
in dipole 1 and the resultant ficld of that dipole will be at a maximum, represented by
a vector of unity length pointing upward., For dipole 2 they will be zero. The com-
bined field will be unity, At time &, 30° in phase later, the field of dipole 1 will have
reduced to 0.866 of its value and that of dipole 2 will be 0.5 of its maximum value.
Addition of these two vectors at 90° in space phase will produce a resultant which
again has a value of unity,
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Fre. 7-11.  Addition of felds of crossed dipoles. (A) Figure-eight pattern of a single

dipole, (B) superposition of a second dipole at right angles, (C) pattern obtained when
both dipoles are fed in phase.
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Fic. 7-12. Addition of field of crossed dipales using “turnstiling” principle to produce
circular pattern.
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Analvsis of the conditions at ts, ¢4, and £; indicates that the same total field will be
obtained iu each case. Ideally, then, we see that turnstiling produces a constant feld
rotating in the horizontal plane at the rate of the signal fregquency.

In actual practice the dipoles are not infinitesimally small, and a supporting pole
and feed lines tend to distort the fields of the dipoles from the ideal. The vectors do
not then add in such a way as to result in the same total in all directions. The normal
pattern is then scalloped, as shown in Fig. 7-10q¢, with the amonnt of variation from
circular inereasing with size of the supporting pole at a given frequency and with
increase in frequency for a given-size pole.

SUPERTURNSTILE CLOVERLEAF TRIANGULAR LOOP
(A) (B} (€)

_L T—/REFLECTING

IDIE
T ]

— I

SQUARE LOOP SUPERGAIN HELICAL
(o) (E} {F}

Fis. 7-13. Configuration of elements used to obtain omnidirectional patterns.

Other methods of obtaining omnidirectionnl patterns which have been used are the
“clover leaf” of small loops ( Fig, 7-13b), the triangle of folded dipoles (Fig. 7-13¢),
the small loop (Fig. 7-13d), the “supergain” with the dipoles backed by screens and
fed in quadrature (as are the turnstiled dipoles) (Fig. 7-13¢), and the helix wound
around a tower structure with phase compensators to maintain cortect phase relation-
ship between successive turns of the helix {Fig, 7-13f).

Althongh omnidirectional antennas predominate in television broadeasting, there are
locations where their use is impractical and even insufficient, and it becomes obviously
desirable to direct the main portian of the vadiated energy in both the horizoutal and
vertical planes to serve specific areas best. Examples in the United States are the
Denver, Colo., area, where the presence of mountains to the rear of logical trans-
mitting sites would set up undesirable reflections if the signal were allowed to radiate
toward them, and the southeast coast of Florida, where the populated area borders
the coast for great distances with only swamp immediately ta the west.

Here the irregularities of the so-called omnidirectional patterns can be exploited
to some extent, but truly “directional” patterns are more desirable. In order to oltain
directional patterns, in either the vertical or the horizontal planes, comrect relation in
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amplitude and phase of the signal coming from different portions of the antenna is
necessary, This can be accomplished to some extent by physically spacing the radiat-
ing clements properly.  For a given spacing, the pattern can be further modified by
varying the phuse and amplitude of the respective radiated signals. An example of
this is shown in Fig., 7-14a¢ where two point sources are fed in phase with each other
but are spaced 180° apart. By the time the signal from A reaches B, the phase of
the signal being radiated from B will have changed 180°. If the signals are equal
in magnitude, they will cancel in the direction to the right. The same line of reason-
ing shows that no signal will be radiated to the left. Toward the top and bottom of
the page, the signals will always be in phase, giving a total radiation eqgual to the sum
of the two individual ones. Factors showing amplitude and relative phase are given
in all four cases.
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Fis. 7-14. Formation of field pattern from two sources placed a half wavelength apart, as
shown in {A) and fed in phase. Leg of signal from source A in direction R is shown in
(B) and the sum F of the signals from A and B are shown in {C).

At some other angle in the plane of the paper, conditions shown in Fig. 7-14b will
pertain, At some great distance R, the signal from A will lag that from B by an
amount «. The sum of the two will have a value F, somewhat less than the sum of
A and B, as shown. 1f this process of analysis is continued for all angles of ¢ and
the values plotted as relative magnitudes, & radiation pattern like the one shown in
Fig. 7-14c (commonly called a figure-cight pattern) will be obtained.

I A and B are radiating 180° out of phase with the same spacing, signals to the
right and left will reinforce each other, and they will by the same reasoning cancel at
right angles to this, as shown in Fig. 7-15¢.

For a spacing of one wavelength and a phase difference of 90° the signal from A
will lag that of B by 90° toward the right, giving a resultant of 0.707 of the value of
one signal. At an angle of ¢ — 60° toward R, the two will become equal but opposite
i phase and the signals will cancel (Fig. 7-15¢). Continuing this analysis yields a
pattern shown in Fig. 7-13b.

It can be seen that varying the third parameter, amplitude of sigual, from either
or both sources will increuse the number of patterns which can be obtained, since the
vectors now being added vary in length as well as in angle to cach other.

The same method of analysis can be applied to more thun two sources, with a
corresponding increase in the number of vectors. In fact, the effect so analyzed
actually takes place with any type of antenna which is not a point source, since each
small portion of the antenma acts as a point source with partienlar phase, amplitude,
and position relationship to every other such position,

Where individual radiators of finite size, having by themselves patterns which are
directional in character (as, for example, a dipole), are grouped to form an “array,”
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F1c. 7-15. Field patterns resulting from sources {(C) a half wavelength apart fed 180° out
of phase and (B} a wavelength apart fed 90° out of phase. (A) Formation of a null at
¢ = 60° for condition {B).

it is customary to consider each as a point or isotropic radiator in determining the
phase at which their signals must be added to those of the other individual radiators,
or “elements.” For arrays of reasonable complexity, this relationship can usually be
expressed as an equation, and the pattern which it represents is known as the “array
pattern.”

If the pattern of the individual element is itsclf expressed as an equation, the total
field pattern (i.e., pattern of relative magnitudes of field intensity) of the array can
be obtained as the product of the “element pattern” and the array pattern.

To find the phase of the resultant signal in any direction it is necessary to add the
phase of the element pattern to that of the array pattern in that direction.

As pointed out above, an “element” may be considered in turn as a group of
smaller elements, We have thus a tool for handling the calculation for quite complex
arrays as illustrated in Fig. 7-16a. Assume that elements 1 and 2 are fed in phase
and 3 and 4 are fed in phase but 1 and 3 are fed 90° out of phase. 1 and 2 give a
pattern shown in Fig. 7-16D.

Now if 1 and 2 are considered as onc single clement with effective center of
radiation halfway hetween the two and 3 and 4 are considered another element, the
array pattern of the two new elements is a cardioid (Fig. 7-16¢). Multiplying the
patterns of Fig. 7-16b and ¢ together in all directions yields the pattern shown in
Fig. 7-16d.

If all elements of an array do not have the same element pattern, or if the array
is quite complex in phase, amplitude, and geometry of elements, it is necessary to
combine the element patterns on an angle-by-angle basis taking into account the
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Fic. 7-16. Evolution of a pattern (D} by multiplication of an element pattern (B} by an
array pattern (C}. [Sources located and phased as shown in (A).]
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aray factor.  An illustration of the method is shown in Fig. 7-17, where two point
sources are fed with unequal currents in the ratio of 2 to 1 and with the upper one
lagging the lower by 30°. In the direction ¢ = 60, A lags B by A/2 owing to its
relative position. 1t lags an additional 30° due to the imposed phase. The unequal
vectors are therefore combined at an angle
of 90° 4 30° = 120°, giving a total ampli-
tude of 1.732. Increasing the number of
elements simply requires the addition of
more vectors with correct relative signal
strength and phase.

Examples of directional patterns of an-
tennas in cuwrrent use are shown in Fig.
7-18.

A reversal of the above procedure makes
it possible to start with a desired pattern
and to determine what relative phases and
amplitudes are required to obtain it. A
particular type of element and form of
array mnust be presumed, of course, to make
such a computation possible, This proce- p=1
dure is known as pattern synthesis. The {0°) (4]
speed of eleetronic computing devices

renders this approach highly practical and ~ Fre. 7-17.  Combination of signals from
effective. two sources having uncqual currents and
phase and positioned a wavelength apart.

The above discussion of the caleulation
of patterns has ignored the effects on ele-
ment patterus of the presence of other radiators in close proximity. Mutual effects
among elements alter current and phase conditions within the element and must he
taken into account if the effect is appreciable,

A word should be said about the limitation on the use of directional antennas for
commercial television in the United Statcs. Where there is clear indication that
directionalizing will not he against the best interests of the market arca being served,
the Federal Communications Commission will approve its use. The broadcaster may
desire this to conserve power by limiting radiation over nonpopulated areas or to

(8) (¢ (0
SUPERTURNSTILE, SLOTTED RING, HELICAL, SUPERGAIN,
WITH UNEQUAL WITH PATTERN WITH STUBS FOR WITH RADIATORS
POWER DIVISION SHAPING MEMBERS VARYING PHASE AT ANGLES

Fic. 7-18, Examples of directionalized horizontal patterns in current use.

avoid multipath echocs from nearby mountain ranges. There i3 currently in effect a
rule which provides that the difference in field strength bebween the maximum signal
and the minimum signal in the horizontal plane shall not excced 10 db.

Vertical Patterns

The need for higher gain (see under Gain) than can be obtained with a single
radiating element requires “stacking” the elements onc above another. This, on the
undesirable side, increases the condition of “lobing,” or wide variations in the ampli-
tude of the resultant radiation pattern in the vertical planes. On the desirable side,
however, it provides more separate clements by control of which the patterns can be
made nearly ideal for tclevision broadcasting.
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Fic. 7-19. Efect of stacking several point e, 7-20. (A) Vertical field pattern of an-

sources having equal currents and phasc.
{A) Vertical pattern of single source, (B)
two sources, {C) six sources. Information
given in {C) is shown in rectangular co-
ordinate form in (D) for angles betwecn
horizoutal {0°) and directly below the

tenma with a gain of 12 having twice as
much power in the upper half as in the
lower half. (B) Vertical field pattern of an
antenna with many separate radiating ele-
ments with ideul phase and power distribu-
tion to obtain smooth pattexn.

array {270°).

Reference is made to the discussion of Azimuthal Patterns for an outline of the
theory of pattern formation. ‘The same principles apply in the vertical plane. Figure
7-19¢ shows the vertical pattern of a point source or of a harizontal dipole. Figure
7-195 and ¢ shows the eflect of stacking two- and six-point sonrces one above another,
a half wave apart, with currents of equal amplitude and phase. Fignre 7-19d shows
the same information as [Fig. 7-19¢ for the portion of the pattern between ¢ = 0°
(harizontal} and ¢ = 270°, on rectangular coordinates, with field intensities plotted
against angle below the horizontal. This is the customary method of pattern repre-
sentation, enabling one to see in convenient manner the relative field strength at any
angle into the area served by a broadeast station down to the base of the antenna
tower.

The presence of nulls in the pattern of a television broadecast antenna is undesirable,
because receiving areas at the angles where nulls are indicated reccived either less
than the required signal or one which is the sum of reflections from objects which lie
outside the null area. This latter condition often results in multiple “echoes™ in the
received pictnre.

The angles at which nulls appear for the case of a vertical array of equally spaced
radiators fed by signals of equal amplitude and phase can be approximately found by
the relation

+=K
¢ = arctan ——
el
where K is the null in question (the one nearest the main beam having a K valuc of
1, the next one 2, and so on). The number of elemeuts is given by n, and the spacing
of clements in wavelengths by d.
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A quick rule-of-thumb method te obtain the distance of a null is to multiply the
anterma height by the antenna gain and divide by K, thus

o = ]L(J
I

Various methods are used in the design of antennas to “flt in” the null axis. Simple
power division, whereby the upper or lower hall of the elements are fed with a
greater amount of power than the other half, results in the elimination of all odd-
numbered nulls {see Fig, 7-20a).

A more complex power distribution was proposed by J. S. Stone, wherein succes-
sive eloments are fed with amplitudes proportional to the coefficients of a binomial
serics.  Thus for three clements the distribution would be in the relation 1, 2, 1,
and tor five 1, 4, 6, 4, 1. The result is an elimination of all minor lobes and all nulls
except the ones directly at the bhase of the tower and directly above the antenna,

A similar result is obtained if the amplitude is exponentially tapered from one end
of the antenna to the other, as in the traveling-wave antenna.

Still more elaborate is a combination of power division and phasing to obtain specific
desired pattern shaping ({see under UHF Antenmas).

With the number of elements available in antennas having gains of 30 and upward,
patterns have been obtained by these methods which are almost without a visible
ripple (see Fig. 7-20D).

The filling of nulls, while highly desirable in cases where the area served would
be otherwise affected, must be done at the expense of gain to somc extent, since
power is usually drawn from the main beam to furnish the filling signals. Proper
pattern synthesis can, however, reduce this effect to a minimum, taking power instead
from the portion of the pattern above the horizon, where it would otherwise serve no
useful purpose.

Directionalizing tie vertical pattern sa as to direct the main lobe of energy at
other than the horizontal direction is permitted by the Federal Coninunications Comn-
mission where it can be shown that the public can be more adequately served.
Certain restrictions limit the type and amount of such directionalizing, however,
naely:

1. The power radiated in the main lobe mayv not exceed that authorized for non-
directional operation for the particular area.

2. Power radiated in any direction above the horizontal may not exceed the power
radiated in the horizontal after directionalizing.

3. Requirements for Class A and Class B coverage must still be met,

Directionalizing in the vertical planes is normally aceomplished by variation in
phasing among elements in the array. This may be a lumped effect, as when the
lower half of an antenma is fed in such a way as to lag the upper half in phase, or it
mav be a smooth transition of progressive phasing throughout the length of the
antenna. In either case, the nct result is to tilt the main beamn downward, so that
it points to the horizon or below.  Antennas on Mt. Wilson in California, serving
the Los Angeles area, offer examiples of this type of directionalizing to obtain maxi-
mum coverage of the arca with the least loss of power over the ocean beyond.

Combinations of electrical and mechanical “tilt” are used when the antenma {s on
top of a plateau overlooking a city in which a strong signal is desired. When the
electrical and mechanical tilt are made equal, the total tilt toward the city is double
the electyical tilt alone, with no tilt in the opposite divectian along the plateau,

In considering the formation of total patterns a word should perhaps be said on
the effect of distance on this formation. With antennas having a length (or “aper-
ture”) of several wavelengths, there is a distance within which the shape of the
pattern is found to vary. This occurs because the distance is so small that radiation
from the separate elements comes to the receiving point at different angles from the
source rather than along parallel paths. Movement changes the angles and the dis-
tances from the separate elements at an unequal rate, resulting in variations in the
sums of the individual signals, The field svithin this region has not “stabilized,” and
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calculations which assume parallel paths of the rays do not yield an accurate result.
The region from the outer border of the near or “induction-ficld” zone to the point
at which the rays become essentially parallel and the pattern stable is known as the
Fresnel zone. Beyond this region the formed pattern takes the form investigated by
Fraunhofer, and the region is known as the Fraunhofer zone. For practical purposes
the distance to the boundary between the zones is

2

a”
A

where a is the total aperture in wavelengths.

Gain

Directionalizing horizontal and vertical patterns has been discussed in previous
sections. The object is to force the energy to radiate in directions in which it can
be usefnlly employed. In television broadcuasting, these directions involve all the
region below a plane tangent to the eartl’s surface and passing through the anteina.
The area with which we are concerned is from the base of the antenna ont to points
somewhat beyoud the horizon. Power radiated above this region serves little useful
purpose, and it is desirable to reduce it as much as possible.

To indicate the effectiveness of this directionalizing process, the increase of signal
intensity obtained thereby is related to the signal intensity which would be received
from some standard reference antenna such as a half-wave dipole or an isotropic
source having the same input power. The value of the ratio so obtained is called
the “gain” of the antenna. A more specific definition of gain is given on page 2-222.

It should be noted that because of the fixed relationship between the shapes of
the patterns of the two antennas commonly used for refevence, a gain value as com-
pared with a half-wave dipole can be converted to a corresponding value nsing an
isotropic source as a base of comparison by use of a mmnltiplying factor of 1.64.

As has been seen, the effect of adding more and more basic elements in a linear
array with equal spacing between them and energized by equal currents in the same
phase is to force the formation of a major lobe of energy. The result is greater gain
in the direction of that {main) lobe. Gain can just as well be stated for any other
direction, and at times this is done, but wsually statements of gain are limited to the
main-lobe direction.

Ideally, the determination of the value of gain of an antenna would be made by
measurement of the received signal in the direction being considered followed by
the same measurement with the reference antenna inserted in place of the antenna
being evaluated. This is one of the methods in use. Various precantions must be
taken to ensure accuracy, such as tlie construction of a theoretically exact reference
antenna and recognition of the change in propagation conditions during the substitu-
tion process and of the difference caused by the electrical effect of the environmental
condition (the supporting structure, for instance).

For all practical purposes, it has been found to he just as accurate to measure the
radiated pattern of the antenna being considered in as much detail as is necessary
to be able effectively to veproduce a solid, the distance to each point of which from
the antenna position within it is representative of the relative value of field strength
in that direction.

To determine the gain, it should be rememnbered that with the same input power
to the two antennas being compared and omitting ohmic losses, the total radiated
power will be the same in both cases. If, then, we imagine the solid referred to
above as being remolded into a sphere (in the case of comparison with au isotropic
source) of the same volume, this volume will be the same as that of the pattern of
the reference antenna with the same power input. With this condition and holding
the volume constant, if the pattern of the measured antenna is allowed to re-form to its
proper shape, the main lobe will project beyond the surface of the sphere. The radius
of the sphere and the distance to the tip of the main lobe will be in terms of volts.
Corresponding powers will be proportional to the squares of these values. Compari-
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son of these powers will give the power gain desired as compared with an isotropic
source in this instance.

An illustration of this in one plane only is given in Fig. 7-21. The circle contains
the same area as the pattern being considered and represents the field pattern of an
jsotropic source with the same power input. The gain in the main lobe, ignoring
losses, will be

For an antenna having the same vertical pattern in all directions of azimuth, com-
parison using the pattern in only one planc is sufficient.  Since such an ideal casc
never exists, However, integration of the entirc pattern is required to take account
of directivity of the horizontal pattern
and variations in the shape of the vertical
patterns.

As an example, gain determination of
a superturnstile antemna is found to be
quite accurate if one horizontal pattern is
talen along with vertical patterns every
30° about the antenna. These patterns
can, of course, be computed for a given
antenna  if enough information of the
characteristics is available to justify con-
fidence in the accuracy of computations.
Determination of the gain in this case
follows the same method as with meas-

PATTERN OF ANTENNA REFERENCE

ured patterns. BEING PATTERN
The niethod of obtaining measured MEASURED
field patterns of broadcast television an-  Fic. 7-21.  Comparison of pattern of a

tennas is to support the antenna in a
hovizontal position at a sulficient distance

measured antenma with circle of equal area
to determine gain.

from ground and nearby objects to mini-

mize the effects of reflection. By the principle of reciprocity a signal radiated from a
distant source and picked up by the antenna under test will appear at the input to the
antenua with the same value as if the input and output conditions of the antenna and
the distant source were reversed. This simiplifies the measurement, since in this way
work on the antenna and measurement of the pattern can take place at the same
location with the distant source fixed and the signal simply radiated.

With these conditions, rotating the antenna about a vertical axis will provide a
vertical ficld pattern in one plane (and for both sides of the antenna). Revolving
the antenna 30° about its own (normally vertical) axis will place it in a position
where a new vertical pattern can be taken.

With the antenna at right angles to a line to the “source,” revolution about its own
axis will vield a horizontal pattern.

For any other position than that normal to the line to the source, an azimuthal
pattern can be obtained for the aungle being cousidered (for instance, the pattern of
the variation of the maximmum value of a main lobe tilted below the horizontal ).

Since it is customary to measure the guin of an antenna in terms of the amount of
signal radiated with the desired polarization considered effective, all energy with
other polarizations being considered lost for effective use, measurement of this lost
energy is also necessary, the amount being accounted for as a decrease in gain.  This
is usually donc by rotating the polarity of the transmitting source and deternining
the amount of energy received for this condition by the antenna under test.

In the statement of guin for commercial purposes, losses in the feed system and
radiating elements must also be accounted for.

Gain is proportioned to aperture, which, for the types of antennas used in tele-
casting, is the active height of the antenna.  Length represents both antenna cost and
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an overturn load for which the tower must be adequately designed. The efficiency
with which the aperture is used becomes an important criterion of antenna desigu.
Gain per wavelength is a yardstick by which this efficiency is indicated. This yard-
stick must, of course, be used judiciously, since desired characteristics such as null
fill and directionalizing must, in turn, be paid for in terms of gain. In general, omni-
directional broadcast antennas currently being built and used have gains per wave-
length which vary between 1.05 and 0.80, depending on the amount of null £1,

It is interesting to notc that for a uniform current sheect, with all elements of the
sheet having equal phase and amplitude, the theorctically maximum gain per wave-
length which can be achieved for antennas over two wavelengths is 1.22. With such
a value, full nulls would exist throughout the pattern, No commercial antennas now
in usc attain this ideal value.

Impedance

Transmission-line theory tells us that maximum transfer of power takes place when
a load terminating a line has the same impedance as the characteristic impedance of
the line. Since the final load in a radiating system is space, it is desirable that the
antenna match the impedance of space, or approximately 377 ohms, at the point of
radiation.

The easc with which a signal is radiated determines the effective impedance of the
antenna at the boundary with space. Thus, a logarithmic horn of the type shown in
Fig. 7-22 flaring outward to a considerable diameter at the mouth expands the wave-
front and launches it practically without interference. If the characteristic imped-
ance of the horn (determined by the ratio of D to d) is maintained down to the
entrance to the taper, that entrance (input to the antenna) will have an impedance
of 377 ohms. Because the impedance throughout the elements is constant and re-
sistive in mature, the antenna is not sensitive to frequency, signals of all frequencices
being transferred equally well. This insensitivity to frequency is called “bandwidth,”
and the horn has nearly the ultimate in bandwidth.

A biconical dipole antenna (Fig. 7-4a and b) with flaring arms, has a similar
action and an input impedance of around 300 ohms. This, too, has a large band-
width. On the other hand a dipole with thin areas is very critical to frequency and
so transfers the energy to the vadiated feld at a maximum rate only at the frequency
where the over-all length is A/2. At other freqnencies considerable veflection occurs
and the input impedance changes rapidly. At the resonant frequency the input im-
pedance is about 73 ohms.

The inpnt impedance of a superturnstile antenna (see under Superturnstiles) is
about 150 chms (hoth batwings together), of a hclical antenna 100 ohnis and of a
resonant fullwave slotted cylinder about 40 ohms.,

In each of thesc cases it will be seen that the antenna has, because of its construc-
tion and electrical response, effectively transformed the impedance as seen at the
space boundary to some other value. If, in the process, compensation has been made
so that the impedance seen hy the signal is relatively constant at all frequencies in-
volved, the antenna will have adequate bandwidth. If compensation is not made,
the bandwidth will be narrow. The supertumstile, with its broad radiators and cam-
pensation afforded by the slot between radiator and pole, is very broadband. A ring
or a thin-dipole antenna, on the other hand, is extremely narrow.

If the load terminating a line does not have an impedance equal to the character-
istic impedance of the line, some of the power is not transferred but is reflected back
down the line. Combination of this energy with that coming up the line sets up
“standing waves” similar to those found at sound frequencies in musical instruments
or on a vibrating string. The ratio of the maximum to the minimum voltage of such
a wave is called the voltage standing-wave ratio { VSWR) and is denoted by the
symbal p. It is used as a figure of merit to indicate the efliciency of transferal of
power.

Another such figure of merit is the ratio of reflected to incident component of
voltage at the load or at an impedance discontinuity, This is denoted by the symbol
I" and is called the reflection coefficient,
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The values of p and I' are related by the formula

BE
T

There are several undesirable results of a mismatch of impedances of line and an-
tenna. Because of the standing waves set up, high current regions occur every half
wavelength along the line. If the mismatch is of considerable magnitude, the ohmic
losses resulting may overheat the line, causing damage, particularly at junction points.
The high voltages of the standing wave, which also occur every half wavelength, may
exceed the rated voltage of the line, causing corona or flashover.

A third effect of an impedance discontinuity and the resulting reflection of power
is the possibility of creating an “echo,” or repeated picture as viewed by a receiver.
If the portion of the signal reflected from a mismatch in the line or antenna is not
totally absorhed in the output circuit of the transmitter, it is rereflected toward the
antenna. The part of this which reaches the antenna and is radiated appears as a
second picture, to the right of the primary one, which may be of such intensity as to
be very objectionable.

Where an echo causing mismatch occurs, it is possible to locate approximatcly the
section of line in which the reflection occurs by measuring the distance between the
initial picture and the echo on a receiver screen. Since the width of a picture repre-
sents 53 wsec of time, and since a signal can travel 26,150 {t through a transmission
line and return to the starting point in this length of time, the proportion of the
picture width (in inches) which the delay (in inches) of the echo represents is the
same proportion of 26,150 ft which the signal traveled before striking the reflecting
mismatch. That is,

. delay of echo beyond initial pieture, in.
D=26150 X ——— —"— — ————
width of receiver screen, in.

where I is the distance from transmitter to discontinuity.

It has been pointed out that antennas may translorm the impedance seen at the

space boundary to some other impedance at the input.

It, for instance, the D/d ratio of the horn shown in Fig. \ “‘d ‘1

7-92 was changed gradually along its length, there would NN e P
be a smooth transition to some new impedance looking N ! -
into the input of the value 0
7, = 138 log 2mpu)

d (input)

Because the horn is difficult and costly to manufacture,
it is customary to use simpler and more abrupt trans-
formations in order to match two unequal impedances,
A simple and effective transformer for a narrow band
of frequencies is obtained by inserting between the im-
pedances to be matched a quarter-wave section of line
having a characteristic impedance equal to the geometric mean of the two impedances.
That is,

Fra. 7-22.  Logarithmic
hom used as ideal broad-
band radiator.

Z, (of transformer) = \/ZZ

Since the length of the transformer is A/4 for only one frequency, the bandwidth
of the transformation is small. Matches over wider bandwidths can be ohtained,
however, by using several such transformers cnd to end (thus approximating the
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tapered horn). Choice of proper characteristic impedances for the various sections
can be made by following standard techmiques or by cut and try.
Another method of impedance matching is to choose
A a point in the line where the input admittance appears
2 ‘){ as pure susceptance. Insertion of a lumped susceptance
of opposite sign (for instunce, a disc of TeHon as capaci-
tive susceptance) will balance that in the line and yield
a matched condition. This method is good only for a
single frequency.
Fic. 7-23. Impedance Impedance matching of an antenna to a line can be
matching by selection of accomplished by choosing a point to feed the antenna
point of feed of dipole where the impedance of the antenna appears as the desired
with shunt stub. value, Off-center feed of a slot, for example, offers a eon-
siderable choice of input impedance.
The placement of input to a A/2 dipole along a quarter-wave shorted stub offers
again a large range of input impedance (see Fig. 7-23).

Bandwidth

As discussed under Impedance, the range of frequencies over which a civenit
maintains a more or less constant impedance is called its impedance bandwidth.
Limits of the bandwidth occur when the impedance exceeds some value agreed upon
for defining the bandwidth.

Methods of obtaining this bandwidth have been touched upon. Basically they con-
sist of so designing the antenua or intermediate transforming elements that they arc
not sensitive to frequency change. The hom, through its shape, presents only ve-
sistance at the input. The superturnstile {see under Superturnstiles), by paralleling
a parallel-resonant circuit {which becomes
capacitive with increase in frequency) with  gast NORTH WEST SOUTH
the serics-resonant cirenit of its radiator
{which becomes inductive with increase in
frequency ), obtains a virtunal cancellation of
reactance over a considerable frequency
range, rendering this antenna one of the most A
broadband television antennas in general use,

The same principle is applied in the travel-
ing-wave antenna, which, instead of using
quarter-wave stubs in parallel with the feed
point as in the superturnstile, utilizes a slot
whose shape provides the response of a
parallel-resonant circuit.

On other antennas, broadbanding stubs
and, at times, a series of half-wavelength A
transforniers, spaced at proper intervals ry SECTION
apart, are used to obtain impedance band-
width,

Another interesting method, quite different
from the above, is the use of a “power equal-
izer” to broadhand otherwise parrow-band }
radiators. In supergain antennas (sec under INCOMING SIGNAL
Supergain Antenna), which are quite narrow  yie. 7-24.  Use of bridge diplexer as
band at low channels (2 to 6), the bridge  “power cqualizer” in broadbanding of
diplexer (sce Avnral and Visual Transmis-  supergain antenna.
sions) can be effectively used to absorb most
of the power reflected from the antenna. Figure 7-24 shows east and west radiators
being fed 90° out of phase with north and south radiators.

The incoming signal fed from a notch diplexer or filterplexer through a single-line
feed enters the visual input of the bridge diplex and leaves it as two signals 180°

BRIDGE DIPLEXER
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out of phase {or + —). After passing through the additional 90° length on the left
line, the signal in this line reaches A 270° out of phase with that reaching B.  With
equal reflection from A and B, the reflected signals return to the diplexer.

The 90° section again shifts the phase in line A, and the two signals reach the
diplexer in phase. The diplexer action is such that both reflected signals are now
passed out through the aural input to a load which absorbs all the power. Since
none return to the transmitter by way of the visual input, there is no standing wave,
and the transmitter thercfore appears to see an impedance match over the whole
channel.

An antemna may have impedance bandwidth, but its radiation pattern may vary
with frequency. That is, it may not have pattern bandwidth. This normally occurs
because radiating portions of the antenna, being fixed in position mechanically rela-
tive to other elements, in effect change this relative spacing as the frequency changes
(i.e., in terms of wavelength).  The higher the frequencies of operation, the less sensi-
tive antennas are Lo this as a gencral rule, because, for a given spread of frequencies
(6 Mc for television), the present bandwidth (ratio of operating range, Mc/center
frequency of range, Mc¢) becomes less at high frequencies.  Thus, a change of 6 Me
at 600 Me is only 1 per cent, while at 60 Mc it is 10 per cent.

The traveling-wave antenna, operating normally in the vicinity of 200 Mec, takes
care of the problemn by incorporating circuit elements which effectively retard the
phase of the signal with increase in frequency and advance it with decrease in fre-
quency (see Traveling-wave Antenna). The result is to maintain the wavelength
constant at all frequencies of a chaunel and so in turn to maintain the radiating
clements at constant virtual spacing from each other.

Pattern bandwidth is important to the maintenance of video response. Correct
relationship of amplitude and phase of signal is important at all frequencies within the
chamnel, within the limits of good engincering practice, particularly in color trans-
mission.

Gain bandwidth is the range of frequencies over which the gain remains constant.
This is, of course, closcly related to pattern bandwidth. 1t is particularly impottant
in television, where it is desirable to use a given physical size of antenna over a
hroad number of channcls to obtain approximately the same characteristics at each
chunnel.

Feed Systems

The feed system of a television broadcast antenna is commonly considercd that
portion of the transmission system having its input at the antenna terminal which
is at the top of the vertical run of couxial transmission line in the tower and its
output at the radiating clements.

Most antenna gains in the manufacturers” literature take the losses of the feed
system into account, which are considered as reduced antenna gain.  Therefore, when
svstem losses are caleulated, the fecd-system loss should be exclnded, having already
been accounted for.

Types

In the television braadeasting field, threc tvpes of feed systems are in wide use.
They are the branching, standing-wave, and traveling-wave feed systems. Each
meets a need peculiar to its own application.  Where frequencies vary from 54 to
890 Mec, where power-handling-capacity requirements vary from 500 to 100,000
watts, where gains vary From 0.5 to 60, and where pattern shapes vary between
extreme limits, it is logical that good economics dictates various types of feed systems.

Branching. The branching-type feed system is used in the superturnstile anteima.
It is characterized by the progressive subdivision of input signal in a more or less
aniformy manner, from the input of the antenna to the end seals. A large mzjority
of the antennas using this feed system accomplish the subdivision of power by means
of a junctivn-box assembly into which is plugged the individual radiator feed lines.
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Figure 7-25 is a picture of a junction box. If filling of the first null is desired on
antennas of 12 sections, the power can be divided 70 per cent in the upper six
sections and 30 per cent in the lower six sections to obtain a fill.

Fic. 7-25. A junction box as used in 12-section superturnstile antenna. Twelve feed lines
at a 7714-ohm impedance from 12 radiators are combined. The net impedance is transferred
to the line impedance of 5114 ohms by means of a three-section transformer.

Standing Wave. The standing-wave-type feed system is used in slotted-cylinder
UHF antennas. For details refer to Slot Types on page 2-268.

Traveling Wave. The traveling-wave feed system operates on the principle of
a gradual attenuation of the input signal through radiation resistance as it progresses
from the input along the aperture of the
antenna. An application of this principle
is the helical antenna. Page 2-254 gives
more details. A more recent development
is the applicution of this feed system to
a cylindxical-slot antenna known as the
traveling-wave antenna described on page
2-257.

Figure 7-26a shows the principle of
this feed svstem using short rod radiators
to illustrate the theory. A number of ra-
diators per wavelength uniformly spaced
are loosely coupled to a coaxial line. Be-
cause of the number of radiators and the
relatively slight reflection due to each, the
effect is essentially that of a uniform load-
ing. The result is a uniformly attenuated
traveling wave in the line. Since a travel-
ing wave has a linear-phase characteristic,
the excitation of each successive radiator
will be lagging from the previous one by
an amount which depends on the spacing
between the radiators and the velocity of
Fic. 7-26. Basic principles employed in the  propagation in the line. If the radiators
traveling-wave antenna feed system. are alike, their currents will have the

same phase relationship as the excitation.
Thus the rcdiating currents will be successively lagging, and repetition of phase occurs
after every guide wavelength.

To obtain an omnidirectional pattern the radiators, instead of being in line, can
be moved around the periphery to form a “spiral” as shown in Fig. 7-26b. For a
horizontal main beam the pitch of the spiral has to be equal to the guide wave-
length in the transmission line. In this arrangement all the radiators in any one
vertical plane on one side are in phase and the phase difference between radiators
in different planes equals the azimuth angle difference between the planes; that is,
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the phase rotates around the periphery. The rotating phase produces a rotating
field which, because of the relatively small amount by which the magnitude of cur-
rent changes from layer to layer, produces an omnidirectional pattern.

Aural and Visual Transmissions

For the broadcasting of standard television signals, the video-signal amplitude
modulates a separate visual transinitter and the audio-signal frequency modulates
a separate aural transmitter, the output of which is generally one-half the peak visual
power output of the visual transmitter. To radiate these two separate signals, vari-
ous techumicues can be employed.

Separate Antennas. Separate antennas can be used, one to radiate the visual
signal, the other to radiate the aural signal. When this procedure is used, a separate
transmission line connects the output of the particular transmitter to the input of the
respective antenna. Two precautions should be observed: (1) The isolation of the
individual antennas must be sufficient to prevent interaction and cross modulation
within the systems. (2) The patterns of the individual antennas must be sufficiently
alike so that the ratio of the visual signal to the aural signal is neither too large nor
too small. An example of this kind of installation is the use of the upper half of a
superturnstile antenna for visual and the lower half for aural transmission.

Bridge Systems. The bridge diplexed system of antenna feed is used in the
superturnstile antenna.  The complete antenna is used in both visual and aural
transmission. The superturnstile antenna is fed through a bridge network where
the two inputs are in quadrature. The radiating systems are also arranged i a
quadrature relationship so that the azimuthal pattern is substantially cireular as
described under Azimuthal Patterus. The north-south system, which radiates a figure-
eight horizontal pattern is constructed in a vertical plane at right angles to the plane
of the east-west system, which also radiates a figure-eight pattern with 30 db or more
isolation between the two systems. Each of these radiating systems forms a termi-
nation for the two legs of the “Wheatstone-bridge-type diplexer” as shown in Fig.

NS - ANTENNA

TO ANTENNA \
TERMINATION VISUAL

EW-ANTENNA T INPUT

TERMINATION

AURAL
INPUT
BRIDGE BRIDGE _ i %
ELEMENT AURAL
INPUT
* - TO ANTENNA—~a]
¥re. 7-27. Bridge diplexer represented as a Fic. 7-28. Ring T diplexer schematic
Wheatstone bridge. showing inner conductors only.

7-27. The visual signal is fed into the bridge balanced to groumd, and the aural
signal is fed in unbalanced to ground.

The superturnstile antenna can be fed with a “ring-T” type of diplexer, which also
requires a two-line feed as illustrated in Fig. 7-28,

Notch Diplexer. Where an antenna has a single input, a network for combining
the visual and aural signals is required. One type of circait which accomplishes this
function is shown in Fig. 7-29. The aural signal, divided by means of a balun (bal-
anced to unbalanced network 9), is reflected from the cavities tuned to aural fre-
guency, These cavities are arranged so that they present a very low impedance across
the line. Because of the quarter-wave separation the aural signal on the lower line in
the figure travels an additianal half wave to and from the cavity reversing the phase
so that the signal enters the balanced antenna terminals instead of returning to the

<

9 Balanced is sometimes referred to as push-pull, and unbalanced as push-push,
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unbalanced aural input. Any anral encrgy which leaks past the cavities is absorbed
in the terminating load.

The balanced visual signal enters the balanced antenna terminals. Any energy
in the visual signal whiclt is at the aural frequency is rcjected and because of the
guarter-wave separation of the cavities is reversed in phase and is absotbed by the
terminating load. In order to obtain the proper visual respanse, a shaping cavity is
somnetimes associated with each aural cavity.

Filterplexer,’® A vestigial-sideband filter is a device used with some tvpes of
transmitters to absorb the rather small lower sideband energy lying outside the 6-Me
channel. When a notching diplexer is used, it is desirable to combine the visual-
sidebaud filter aud the notching diplexer into a single unit.

This is accomplished in a manuer similar to the notching diplexer described above.
As shown in Fig. 7-30, two additional pairs of cavities are used on opposite sides

CAVITIES TUNED TO
HIGH Q CAVITIES FREQUENCIES IN LOWER
TUNED TO AURAL SIDE BAND REGION

FREQUENCY TERMINATING
LO

HIGH Q CAVITIES
TUNED TO AURAL
FREQUENCY

TERMINATING

B INPUT VISUAL INPUT
et % N\ INPUT
ANTENNA ANTENNA
INPUT INPUT
Fig. 7-29, Notching diplexer schematic. Fic. 7-30. Schematic of filterplexer.

to provide reject points in the portion of the lower sideband lying outside the 6-Mc
chanmnel.  The rejected lower-sideband energy is dissipated in the tenninating load.

Isolation Using Traveling-wave Feeds. Onm an antenuna which employs a traveling-
wave-type feed, the input power is radiated as the signal proceeds away from the
input along the aperture. By the time the signal arrives at the end of the aperturc,
it should be so low that the reflected energy fromn the end is quite small.  In practical
designs this energy is about 20 db below the input, Therefore, if the visual signal
is fed at the center of the aperture, the aural signal can be fed at the ends. The
helical antenna described on page 2-254 uses this method of feed.

System Performance

The EIA specifications, while recognizing the need for a system specification, has
never established one. By system specification is meant the performance of the en-
tire antenna system including the antenna with its feed system, the main transimission
line from the station to the antenna, switches and various fittings in the station, and
the diplexer. Most antennas are built to a VSWR specification of 1.1 to 1. In some
cases the same value was used for the transmission line. At times the same specifi-
cation lias been used for the entire system. Since there is bound to be vector addi-
tion in some parts of the band, which can be found if the measnrements are suffi-
ciently discerning, it is difficult, if not impossible, to meet a system VSWR of 1.1 if
each component is designed to the smue specification. Hence, in many cases 1t is
necessary to make changes in the system, which do not improve tlie picture, merely
for the purpose of mecting a specificetion whicli does not truly describe systenr per-
formance. System performance, to be meaningful, must be related to the quality of
the picture transmitted. This is best described by the ability of the system to faith-
fully reproduce a square-wave pulse since in essence a picture is composed of a series
of such pnlses. Hence a specification is currently being studied bused on the relative
reflection voltage returning from a radio-frequency pulse propagated aloug the line

10 Also designated as a Filtrexer.
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to the antenna, I narrow pulses and broad pulses are used, the complete system can
be analyzed in a manner which determines true performance.
Since this study is currently in progress, full details cannot be given at this time.

Multiple Antennas

In an area where two or more television stations are providing coverage, various
advantages accrue to the broadcasters if they enler into what is referred to as a
wultiple-antenna installation.'t These advantages include reduced costs of individual
tower and better reception, since all receiving antennas can be oriented toward the
common source of racdintion. Furthermore, the fact that tall towers can be located
only in limited areas, owing to wir-space restrictions, offers a further incentive for a
common installation,

Multiplex TV Installations

The most notable multiple television installation is the Empire State tower system.
At present there are seven television stations radiating signals from this structure.
Three mstallations (in Minncapolis, Minn.; Havana, Cuba; and Hamilton, Ontario)
provide three-station operation with \ert]call_\f stacked antennas.  Many installations
provide for two stations with vertically stacked antennas.

Instead of mounting the antennas vertically, some have found it more desirable to
mowunt their antennas on a common platform at substantially the same elevation.
Tustrations of this approach can be found in Balthmore, Md., and Dallas, Tex. Such
an arrangement does not limit antenna design and permits antenma modification or
replacement more readily,

AM and TV Installations

There are occasions when an existing AM tower can be adapted for a television
antenma.  Usually two problems must be taced.  First, a portion of the tower must
be removed to accominodate the television autenna so as to minimize the detuning
effect of the AM system, and second, the wiud load of the television antenna over the
portion of tower removed and the transmission lines ruuning the full length of the
tower is incrcascd.  The ability of the tower to withstand this load must be deter-
mined. The costs of alterations must be considered in relation to the cost of a new
tower.

A further consideration is the need for isolaling the television transmission lines
from ground in order to mount on the AM tower. This is usually accomplished by
the use of insulated hangers for one-quarter wavelength along the tower. This same
problem must be faced where it is intended to mount a tclevision tower in the pros-
imity of an AM array. The television tower is insulator-mounted, and the transmis-
sion lines are isolated with a guarter-wave run of insulated hangers.

Systems Planning

Many times, the mdividual aspects of a television installation are meticulously scru-
tinized, and yvet how they work together is given sccondary consideration. An ex-
haustive check list would be almost endless.  But a few important items are listed:

1. Detailed stucdy of coverage taking terrain and competitive signals into account
2. Antenna location velative to population centers
3. Antenna vertical pattern design for best coverage
4. Antenna mounting methods
5. Layout of transmission limes

11 Predicting the Operating Characteristics of Closely Spaced Antennas an the Same
Supporting Structure, by Irl T. Newton, Jr., and M. S, Siukola, presented at the 1lth
Annual NAB Engineering Conference, April, 1957.
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a. In the vicinity of the tower top

b. Main tower run

c. Iorizontal run to statiom
. Transmitter and associated equipment locations
. RF filter networks and load locations
. Station layout
. Emergency provisions

a. Emergency antenna

b. Emergency transmission lines

¢. Standby provisions

d. RF switching features

[CoNe I We)

A few of these will be discussed in more detail.

Propagation Siudy

In hilly terrain, especially at higher frequencies, shadow areas will occur which
cannot be predicted from FCC curves. A mecthod of predictinug is outlined in the
following paper, A Method of Predicting the Coverage of a Television Station by
J. Epstein and D. W. Peterson, RCA Rev., vol. 12, no. 4, December, 19586.

Antenna Mounting Methods

The method is determined by the antenna manufacturer, and the tower must be
built to accept the antenma.  Common methods in use are:

Buried pole section in which a pele socket at the bottom of the buried pole sup-
ports the dead weight of the antenna.

A gnide flange supports the antenna laterally near the tower top.

A guide flange and pole socket are normally supplied by the antenna manufacturer,
but the tower should be drilled to receive them.

Pedestal Mounting. The pedestal is mounted on the tower and reccives the hutt
end of the antenna.

Flange Mounting. The base flange of the antenna rests directly on the tower top
which is drilled to reccive it.

For these methods a much heavier tower top must be designed. In each case the
tower design must be coordinated with the antenna.

Layout of Transmission Lines

In the Vicinity of the Tower Top. Usually, it is desirable to avoid as many elbows
in a system as possible. However, near the towcer top, it has been found advisable
to have a pair of 90° miter elbows at the end of the vertical run in order to provide
aceess to the system. It also provides a measure of mechanical flexibility, depending
on the horizontal length of line between elbows. This flexibility is very desirable.
The amount required is dependent on the movement, due to antenna sway, expected
from the lines coming down from overhead.

Where complicated circuitry involving power-dividing Ts, transfarmers, phasing
scctions, and cut-over elbows (for an emergency feature) are used, considerable
thought should be exercised in planning the hanger supports and line layont in co-
operation with the tower designer.

Since mismatches at or ncar the antenna are the most potent source of echoes, any
eqquipment in this area should be very well matched.

Main Tower Run. Normally, in tower-transmission-line runs composed of 20-ft
sections, the top section is supported with two fixed hangers spaced 10 ft apart and
the sections below on spring hangers lncated on 10-ft centers. Care must be applied
at installation to locate the transmission-line sections so that the hanger springs do
not cross over or rub against the transmission-line flanges. When the spring hangers
are installed, they should be streteled according to the chart supplied by the manu-
facturer. If this is not done properly, it may vequire an excessive pull to separatc
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the line in hot weather and the line may not be supported adequately by the springs
in cold weather. At the base of the tower, clearance must be provided to accommo-
date the differential expansion of the steel tower and copper transmission line.

Horizontal Run to Station. If the run from the tower to the station is short, 20 ft
or less, and the tower run is 500 ft or more, the mounting of the horizontal line must
be arranged to allow for the vertical movement of the line due to differential expan-
sion between the tower and tower-transmission-line run.

If the run from the tower to the station is long, 100 ft or more, the horizontal run
can be anchored at the station wuall. At the buse of the tower, the differential ex-
pansion of both the horizontal and vertical runs must be considered. Proper hangers
and mounts should be used to secure the line, providing for the expansions involved
and vet restrict its inovements for high wind conditions. In areas where icing condi-
tions are troublesome, protection from falling ice shonld be provided over the hori-
zontal run.

RF Filter Networks and Load Location

The sideband filter, filterplexer, and similar networks should be located with suffi-
cient clearance so that easy access to all portions for servicing and cleaning is pos-
sihle.  While ceiling mounting conserves floor space, accessibility of all elements
should still be a consideration. Since many of these devices use cavities which cannot
be pressurized, a cleau atmosphere is important, since dust accumulation inside the
cavity will eventually cause trouble. Cavities should be arranged so that they are in
the same ambient temperature. A diffcrence in height when a high-temperature
gradient exists or sun heating of one cavity may result in unbalance. Since hot air
is less dense than cooler air, a hot location will reduce the safcty factor for voltage
breakdowns.

Emergency Provisions

It has always been the desire of the broadeaster to keep the ratio of nonscheduled
“off-the-air” time to schedule “on-the-air” time as small as possible—preferably zero.
An efficient maintenance procednre is excellent insnrance. Emergency facilities can
also help to kecp this ratio small. A great variety of items are available. A word of
caution—do not make the emergency provisions too complex and check their operation
periodically.

Emergency Antenna, The simplest emergency-antenna provision is that found in
the superturnstile, where, if one portion of the antenna fails, the power going to that
half can be absorbed in a load while the other hulf continues to provide some measure
of service with a fgure-eight pattern. In various antenna designs the power is dis-
tributed to the npper and lower halves through combining networks mounted at the
tower top. Simple change-over eguipment permits the selection of either the upper
or lower half for emergency service, Relatively low-gain antennas have been used
mounted on the sides of towers and some inside towers for cmergency use. It must
be remembered that the tower will distort the antenna pattern somewhat. At UHF
this distortion may be small. However, at low VHF the pattern is practically un-
usable, depending on what degree of pattern distortion, and system reflections will
be tolerated for this type of service. Some very elaborate emergency systems have
been installed to the point where every item of transmission has been duplicated for
CIIETZENCY PUTPOSES.

Emergency Transmission Line. One extra provision of insurance can be provided
by the installation of a spare transmission line so located that it can he inserted in
place of the main run with a minimum of cliange-over connections at the input and
output. It is wisc to use gas stops at both ends and keep it pressurized.

Standby Provisions. Ilow wmuch insurance one wishes to buy in the form of
standby equipment can be based on the losses incurred by interrupted service. Where
broadeasters have expanded their operations to higher power, the replaced transmit-
ters have been retained for standby use. In some new installations broadcasters have
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obtained duplicate transmitters and worked them both on alternate schedules. In
addition to this excellent emergency feature, a large portion of maintenance work
can be scheduled during regular working hours. A standby Diesel generator set,
duplicate microwave equipment, duplicate RF networks, and duplicate tower and
antenna all contribute to potentially more reliable service.

RF Switching Features. Perhaps the most common emergency feature is the cut-
back circuit from transmitter amplifier to driver. This usually is performed quite
rapidly using motor-driven RF switches. Where a standby system, including trans-
mitter and RF networks, is available but a common antenna is used, motor-driven RF
switches can be inserted to transfer the input of the antenna from the main trans-
mitter to the standby system. Many elaborate cutover and cutback systems have
been proposed.

In many switching applications the speed of the motor-driven switch is not re-
quired and a manual transfer panel is adequate. To terminate various points in the
RF system with a dummy load, it has been found convenient to install a single-pole
double-throw switch to break open a line so that the load termination can be made
by way of a separate multiposition manual-transfer panel.

TYPES OF ANTENNAS

The development of television was such that Channels 2 through 13 (54- to 216-Mc
band) were assigned first and, later, with the demand for more stations, Channels
14 through 83 (470- to 890-Mc band) were
assigned. The lower of these two bands, re-
ferred to as VHF, resulted in antenna types
suited to those frequencies. The higher of these
two bands, referred to as UHF, required a type
different from those previously developed.

VHF Antenna Types

Even within the VHF band various applica-
tions dictated antennas of differing designs for
both electrical and mechanical reasons.

Superturnstiles

The first antenna developed for commercial
service was the superturnstile.12 Tt consists of
a central sectionalized steel pole upon which
are mounted the individual radiators, or “bat-
wings.” These radiators are mounted in groups
of four around the pole in north-south and east-
west planes to form a “section,” and the sec-
tions are stacked one above the other to obtain
the desired gain, Figure 7-31 illustrates this
construction showing a 12-section high-band
Channel 7 to 13 antenna.

In this type, each of the radiators is fed

] separately by its own feed line to whose imped-

Fie. 7-31. Erection of a TF12AH  znce that of the radiator is carefully matched.
supe;turnstile antenna at KTBC-TV,  Tle feed lines, in turn, are combined in sets of
Austin, Tex. 12 at junction boxes, which perform the dual
function of feeding power simultaneously to all

feed lines and of transforming the combined impedance of these lines to that of the
51%-ohm transmission line which caries the power from the base of the antenna.
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12 R. W. Masters, The Superturnstile Antenna, Broadcast News, January, 1946.
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This latter function is achieved by the use of three-stage transformers immediately
below the junction box.

At the base of the antenna at the tower top, a combining network is used when
there are more than two junction boxes. These networks accomplish power division
between portions of the antenna if so desired. These antennas are manufactured in
various gains from 3 to 12 for Channels 2 to 6 and 6 to 18 for Channels 7 to 13.13
They can also be obtained for various types of null fill #+ (see under Vertical Pat-
terns) and wind loading. They have also been used in stack and candelabra installa-
tions.'®  Antennas can be split by the use of additional junction boxes for emergency
use and for other purposes. Elliptical azimuthal pattern can be obtained by changing
the power division between the north-south and east-west planes.

Supergain Antenna

The supergain antenna 1 consists of half-wave dipoles mounted in front of re-
flecting screens. The construction of the diploes is modified to achieve a high degree
of mechanical strength. The addition of
a power-equalizing 17 circuit (see under
Bandwidth) for Channels 2 to 6 is re-
quired to assure the necessary bandwidth.

The reflecting screen forms a square,
each side of which is one-half wave in
length. This antenna lends itself to
stacked arrangements for a number of
channels as carried out in the Empire
State installation.18

A single layer of supergain consists of
the tower screens and four dipoles di-
rected in the four principal horizontal
directions. In order to increase gain,
these layers are stacked vertically. Feed  Fic. 7-32. Portion of a slotted-ring antenna.
lines from the north-south dipoles termi-
nate in one set of junction boxes, and those of the cast-west in a second set. The
power equalizer divides the power equally between these two systems and through
the use of a terminating load absorbs the reflected power from the dipoles.

AMCI Slotted-ring Antenna

Description. The AMCI slotted-ring antenna is designed for VHF television broad-
cast transmitting service. It consists of a series of slotted rings mounted on a channel
as shown in Fig. 7-32. The rings are lenticular in cross section with the long axis
in the plane of the rings so that the wind resistance of the structure may be as low
as possible. Two rods are mounted to the rings, parallel to each other, one along

each side of the open portion of the rings to form a continuous slot and to act as a

13 H, H. Westcott, New 50 KW VHF Superturnstiles, Broadcast News, May—June, 1953.

14 Irl T. Newton, Jr., and H, H. Westcott, The New 12BH High Gain Antenna, Broad-
cast News, March—April, 1954.

15 Matti Siukola, Predicting Performance of Candelabra Antenna by Mathematical Analy-
sis, Broadcast News, October, 1957. R. H. Wright and J. V. Hyde, The Hill-Tower An-
tenna System, RCA LEngr., August—September, 1955.

16 L. T. Wolf, High Gain and Directional Antennas for Television Broadeasting, Broadcast
Neuws, vol. 58.

17 R, W. Masters, A Power-equalizing Network for Antennas, Proc. IRE, July, 1949, p.
735.

18 J. B. Dearing, H. E. Gihring, and R. F. Guy, Multiple Television and Frequency
Modulation Transmitting Antenna Installation on the Empire State Building, Proc. IRE,
March, 1953,
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balanced transmission line. Figure 7-33 shows a larger portion of the slotted-ring
antenna mounted on a supporting mast. In certain instances, the antenna can be
mounted directly on the side of a tower.

Each bay consists of two radiating elements ( “half bays”) arranged one above the
other and fed with a single 3%-in.-diameter rigid coaxial transmission line.

The antenna is provided with a feeding arrangement
of a type which enables each bay to handle high power
and allows the entire exposed feeder along with every
other active part to be deiced. When necessary, tubu-
lar sealed heaters are supplied as a part of the antenna
for deicing purposes.

Each bay is approximately 3.4 wavelengths long and
has an average power gain of approximately 4. As many
as five bays can be stacked one above the other to give
additional gain, the gain being proportional to the num-
ber of bays used.

When several bays are stacked to give a higher gain,
they are joined through the use of a rigid coaxial trans-
mission-line harness into a single feed line for the entire
array. This type of feed requires only a single trans-
mission line from the transmitter up the tower to the
array.

Null fill-in and/or beam tilt, where required, are
achieved through the proper selection of line trans-
formers and transmission-line lengths in the coaxial feed
lines between the bays.

The horizontal-radiation pattern of the slotted-ring an-
tenna itself is essentially circular, with slight maxima
along a diameter which passes through the slot of the
antenna and with slight minima at approximately right
angles to this diameter as shown in Fig. 7-34a. Since the
potential at the point of attachment to a supporting mast
is small, masts of adequate size can be used without sub-
stantially affecting the operation of the antenna or its
horizontal ecircularity.

Directional horizontal-radiation patterns are achieved
o by the addition of pattern-shaping members to the basic
Frec. 7-33. Portion of a  antenna. Usually, there are two beam-shaping members
slotted-ring-antenna bay. connected to each alternate active ring in a directional

antenna. The rings provided with these members act
differently from simple rings in that a substantial portion of the current which nor-
mally flows in a ring is directed into the beam-shaping member. The radiation pattern
of a directional-antenna bay, then, depends on the configuration of these additional
members and on the proportion of modified loops. Figure 7-34b shows a typical
directional horizontal pattern of a modified slotted-ring antenna.

Theory of Operation.’? The operation of the slotted-ring antenna can best be
understood by considering a balanced transmission line shunted by a number of small
loops or rings. It is possible by arranging the separation and cross-sectional area of
the rings substantially to increase the phase velocity at which a high-frequency wave
is propagated along the transmission line. Figure 7-35a shows such a loaded trans-
mission line which has been short-circuited at one of its ends and is fed with an RF
source at the other. The standing waves which are set up along the line have an
apparent wavelength, \. When the number of rings along the balanced transmission
line is of the order of 12 per free-space wavelength and the diameter of each ring
is of the order of 0.14 frec-space wavelength, the apparent wavelength will be ap-
proximately twice the free-space wavelength.

19 A. Alford and H. H. Leach, High-gain Antenna Arrays for Television Broadcast
Transmission Using a Slotted Ring Antenna, IRE Conv. Record, part 7, pp. 87-94, 1956.
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If this same arrangement is fed at the center throngh a length of transmission line
as shown in Fig. 7-35b and short-circuited at both ends, then a wave propagates
from the center feed point toward each of the two short circuits. The reflections from
these short-circuited cnds set up a standing wave, and the difference of potentinl
between the conductors of the balanced transmission line is distributed approximately
as shown by the dotted line. The phase of this difference of potential is substantially
constant over the entire length of the line.

The potential which exists between the balanced conductors causes circumferen-
tial currents to flow in the shunting rings. Since the potential and hence the currents
are very nearly cophasal, the over-all behavior of the loaded line is similar to that
of an array of closcly stacked loops. This fact results in a snbstantial concentration
of the power radiated by the rings in the direction of a plane passing throngh the
halfway point along and perpendicular to the balanced conductors.

Construction. Corrosion-resistant alumitmm alloys, both wrought and cast, are the
primary materials of construction in the AMCI slotted-ring antenna. Stainless-steel
screws and bolts are used throughout the antenma, The total weight of a bay is
approximately 300 1b when designed to operate at Channels 7 or 8, with the higher
channel bays weighing slightly less.

There are two Teflon seals per bay. The diameter of the inner conductors which
pass through these seals is approximately 194 in. The outer-conductor diameters are
approximately 3 in,

The antemna itself is designed to withstand wind velocities exceeding 200 mph
and to present a small surface area to the wind. The antenna can be mounted on a
standard mast (dcsigned for a wind loading of 50 psf on projected flat surfaces), on
special masts {designed for larger wind loadings), or, in certain instances, on the
corner of a tower,

VHF Helical Antenna General Description

The VHF helical antenna is essentially a coil of uniform pitch wound around a
usnally round mast section. A left-hand and a right-hand helix are used, joined at
the center. In some cases a triangular or square tower section is used instead of a
round mast. The tower section is partially covercd by screens to back up the helix.

In operation, a radio-frequency wave is established which travels between the helix
wire aid ground “plane” formed by the meet. The wave thus travels circumferen-
tially around the mast, turn after tnm. It progresses axially up or down the mast
because of the pitch of the helix.

The antenna is designed to radiate in “side-fire” fashion. That is, the beam maxi-
mizes at right augles to the helix axis. In order to hiave successive turns of the helix
work together to give additive side-firing fields, each helix turn has a circnnferential
length equal to an integral nomber of wavelengilis, such as one, two, three, or fonr.
The two-wavelength turn is most commonly used because it yields good structural
dimensions,

While the wave travels circumferentially aronnd the helix, it radiates power aud
hecomes attenuated. The attenuation rate depends on the spacing of the helix coil
from the mast. A value of attenuation of 3 to 6 db per turn is uscd, depending on
the channel, gain, and bandwidth requirements.

In traveling axially up or down the helix, the radiating wave distributes the radia-
tion over the length of the helix. This results in excitation of a fairly large apertme
irom a single feed point and so gives a considerable gain per feed. Nowminal valnes
of gain per feed are between 3 and 5 rms over a dipole. This makes it possible to
simplify the feed harness because of the fewer nmumber of feed pointls required for
high-gain antennas.

The turn-to-turn phase of the radiating traveling wave determines how well the
side-firc beam is formed. This phase varies as the frequency changes from its op-
timum center value. Over a certain frequiecy range, there is a sort of “locked-in”
mode over which the beam formed is quite uniform in its main characteristics. Out-
side this range the beam broadens and gradually breaks up. The frequency range
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over which a certain sized helix can he used depends on its attenuation rate and
number of turns. For example, a helix pair giving a gain of 5 per feed forms a good
heamn over about 6 to 7 per cent frequency range. For a gain of 3 per feed, this
increases naturally to about 10 per cent. The beam-forming bandwidth can be
increased further by suitable electrical “loading” of the helix, which alters its phase-
velocity vs. frequency relationship.

The radiating traveling wave does give very good VSWR characteristics, because
there is very little resonant energy in the helix. The wave energy reflected from the
ends of the helices is down about 40 db when it rveturns to the feed, and so it affects
the fced impedance very slightly.

The wave dies down by about 20 db before reaching the end of the heliv. This
makes it feasible to put a second feed here. Two different signals can then be
diplexed directly into the same antenna. The visual normally is fed in the center and
the aural at the ends in this “self-diplexing” scheme. Though 20 db of isolation is
suflicient operationally, more is needed to prevent a visual ghost. This ghost would
result from visual signals going down the aural feed line and reflecting back to be
reradiated as a delayed signal. To increase the visual to aural isclation, a visual
veflecting cavity is placed on the aural input near the antenna. This incrcases the
visual to aural isolation to about 40 db.

For certain requirements, the helical antenna lends itself to “wrap-around” con-
struction.  This is done by assembling the helix around a tower already in existence,
using techniques similar to those used for the low-chanmel helical as described on
page 2-257.

In those cases where horizontal dircctional patterns are desirable, the azimuthal
radiation of the helix can be modified. This is usually done by attaching radial or
tangential stubs directly to the helix. These stubs are short compared with a wave-
length and are nonresonant.

To maintain optimum performance under icing conditions, the helical antennas
an be provided with deicing means. The helix itself, being made of copperweld
material, is nsed as the heater. Several hundred amperes of 60-cycle current arc
caused to flow through the helix from a transformer located at the tower top. A
nominal deicing power intensity of about 2 watts per square inch of helix is used
for normal conditions. Figure 7-36 shows an aural feed point with deicing conneetion.

High-channel Helical Antenna, Channels 7 to 13, Specific Description. These
antennas are built m a standard series by General Electric. Gains vary from 4 to 23,
from one to five bays being used. The physical length is constant (for fixed number
of bays) through the channel range, and so the gain varies over the channel.

The mast is made from 24-in.-diameter steel tubing or piping, varying in thickness
from 14 to % in. for different sections.

The helix is made from 0.365-in.-diameter copperweld material. It is supported
on insulators made from Steatitic, Teflon, Cymac, or Stveast. A low-loss, low-dielec-
tric-constant matcrial is preferred. Height of the insulators is adjustable by plates
under the mounting to accommodate helix-diameter changes needed for on-channel
moding, Figure 7-37 shows an antenna during assembly.

Feed systems provide either single- or two-line feed up to three bays and single
line ouly for four and five bays. Space limitation reduces the size of feed lines that
can be used if dual feeds are wanted for four- or five-bay antennas., The standard
feed harnesses use 3l@-in. EIA-tvpe line as a minimum. The one-bay antemna may
use 6%-in. lines to pernit full ERP operation from one bay, say with a 100-kw trans-
mitter. The feed lines include a quarter-wave series-isolating capacitor which isolates
the 60-cycle deicing current from the remainder of the transmission-line system.

Nominal feed impedance at the helix is about 100 ohms. A quarter wave of
70-ohm line is used to transform this to the 30-ohm EIA standard. An elbow with
end-scal mounts through a hole in the mast provides means for attaching and feeding
the heliv. A close-up of a feed point showing the helix attachment is given in Fig.
7-38. This elhow is 70 ohms and is part of the quarter-wave transformer.

Mechanically, the feed harness is so arranged that pieces of harness can be lowered
inside the mast after loosening holts from outside the mast only. A rope is dropped
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Fic. 7-36. Aural feed point on self- Fic. 7-37. A view of a high-channel helical
diplexed two-line-feed high-channel hel-  antenna during assembly. The climbing
ical antenna. The deiciug current pole is outrigger-mounted from the antenna
connection is also shown. It is a  mast. The metal “slugs” on the helix near
quarter-wave long to the bypassing the feed are for fine matching. (GE photo-
feed-through capacitor, thus not up-  graph.)

setting electrical performance. The

small slug on the helix is for fine

matching. (GE photograph.)

Fic. 7-38. This view shows the end-seal
feed mounting in the mast and the helix
attachments. Before shipment, the helices
are brazed into the attachment blocks and
the temporary set screws are removed.
{GE photograph.)
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through the mast from the top and fastened to the elbow, using a handhole in the
mast for access.

Low-channel Helical Antenna, Channels 2 to 8, Specific Description.20 The basic
operating principles of the low-channel antenna are identical with those already de-
scribed.  As mentioned earlier, the bandwidth of the helical antenna is controlled
mainly by its beam-forming characteristic. To form a fairly constant beam over a

Fic. 7-39. A low-channel helical-antenna prototvpe in pattern test. Note the open grids
mounted on the triangular tower section. The insulating helical supports shown are tem-
porary for the prototype work only. (GE photograph.)

wider frequency range, the active aperture must be reduced. Fewer tumns with higher
attenuation per turn are the basic answer. In addition, further increase in beaming
bandwidth can be achieved by electrically “loading” the helix.

Use of a triangular tower section for the mast accomplished some “loading” due
to corner discontinuities. Also, a standard tower section for a “mast” is preferable
because of the size. Backup screens of open-grid construction are placed under the
helix by fastening to the tower section. See Fig. 7-39 for a picture showing a low-
channel prototype.

Traveling-wave Antenna

The traveling-wave antenna embodies principles found in the operation of the
superturnstile, the slot antenna, and the helix but employvs these principles in a
manver which results in its being different from any of them.

20 See also “The TV Helical Antenna Adapted to Structural Tower Shapes” by Ronald
E. Fisk, General Electric Company, presented at the 12th NAB Engincering Conference,
Los Angeles, Calif., 1958.
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In form, the antenna is a coaxial line, with pairs of slots in the outer conductor
spaced at intervals of a quarter wavelength throughout its length. FProbes at the
center of each slot distort the field within the line to place voltages across the slots.
These, in turn, drive currents on the periphery, setting up a radiated field. Attenua-
tion of the signal by withdrawal of a portion of the power at cach slot reduces it to
a very low value at the upper end of the antenna. There, a special pair of slots,
designed to match the line, extracts the remaining portion and radiates it.

Figure 7-40 shows the physical shape of the antenna. The signal, entering through

[ } TOP LOADING |
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T MAIN APERTURE

PICKUP PROBES

) =

INPUT AND SUPPORT i
i SECTION
[ \ INPUT
Fic. 7-40. The traveling-wave an- Fic. 7-41. Cross
tenna—external appearance, section of travel-

ing-wave antenna
at input, aper-
ture, and top.

the input section (normally in the buried portion below the tower top), is progres-
sively attenuated as it passes through the main aperture. The portion reaching the
top is radiated from the “top-loading” section.

Figure 7-41 shows cross sections of the antenna in the three main portions. It
will be noted that the entire inner connector is supported by the base plate of the
antenna and can be removed through this base.

Operation of the antenna can be better understood if the section of the aperture
having pairs of slots are recognized as being, in effect, dipoles. Figure 7-42 shows
this similarity.

Successive pairs of slots are alternately in one plane and in another at 90° to it, so
that the antenna can be simulated by stacked dipoles with a 90° angle between suc-
cessive layers.

In a given plane, reversal of the direction of feed every half wavelength (by
placing the probes on opposite side of the slots), together with the half-wave change
in phase of the signal as it passes along the aperture through this distance, results
all the “dipoles” in that plane being fed in phase. The same action takes place in
the other plane except that they are fed 90° out of phase with the first plane owing
to their 90° displacement along the antenna.

The result is shown in Fig. 7-43.

FEach plane of dipoles radiates essentially a figure-eight pattern. Since the planes
are fed in quadrature, addition of the patterns results in a circular pattern, as outlined
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nnder Azimuthal Patterns. Because of the circular cross section and the lack of
obstruicting radiators, the resulting herizontal pattern is almost a true circle, varying
from circular by only about 0.5 db in a typical case.

As slot spacing is actually 90° only for a specific frequency in the channel, variation
in frequency across the channel wonld be expected to result in a progressive lag or
lead in the signal as radiated from successive slots inasmuch as the spacing becomes

7

o [/ =< |

Fic. 7-42. Cross section of Fic. 7-43. Stack
traveling-wave antenna at a of half-wave di-
slot pair level, showing re- poles which trav-
semblance to a dipole. eling-wave an-

tenna resembles
in operation.

greater than 90° for higher frequencies and less than 90° for lower frequencies. Cor-
rection for this effect would obviously be accomplished if, at each slot pair position,
another circuit element were added which, with change of frequency, had the op-
posite effect on the phase.

Such an element is available in the form of a parallel-resonant circnit with resistive
loading with its familiar reactance characteristics {Fig. 7-44). The resistive portion
is the radiation resistance.

In the region between ! and 2 (Fig. 7-44), increasing frequency results in a lower
inductance (higher capacity) while decreasing frequency vields a more inductive
circuit,  1f this circuit is placed across the transmission line at a slot position, the
effect will be to cause the voltage at this position to lead the voltage at the preceding

REACTANCE
IMPEDANCE AT RESONANCE

TOTAL
IMPEDANCE

Fic. 7-44. Universal curve (high-Q
parallel-resonant circuit). (INDUCTIVE)

~=Q=—— = \| /" REACTANCE
COMPONENT
(CAPACITIVE)

slot at higher frequencies and to lag it at lower frequencies within the frequency
range 1to 2 {Fig. 7-44).

By adjustment of the values of inductance and capacity the slope of the response
curve can be changed until a compensation is obtained over a considerable frequency
range for the apparent change in line length between slot pairs due to frequency
change.

The above circuit is obtained by shaping the slots to obtain the required value of
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inductance and capacity, the length of the slot and the shape of the end portions
controlling the former and the width of the slot at the center of the latter.

A further control of the phase at each slot is obtained by the insertion between
slots of compensating probes. By means of these, the phase can be made progres-

1.0
o8
)
06
COMPENSHRNG -~ SLOT COUPLING 5
PROBE PROBE =04
o
RADIATION xz02
IMPEDANCE
0 | ! !
\ 0 10 20 30
CIRCUIT OF SLOT ANGLE BELOW HORIZONTAL
Fic. 7-45. Equivalent circuit of one Fic. 7-46. Vertical field pattern of travel-
slot pair section of traveling-wave an- ing-wave antenna with gain of 12.

tenna.

sively more lagging from top to bottom, bringing about a downward tilt of the main
beam if desired.

Omission of particular slot pairs is a method which has been used to obtain special
effects such as reduction of signal at a particular angle in the vertical plane to
“protect” areas where radiation is undesirable. Such a situation has arisen where
important radio-frequency measurements on equipment being manufactured in a
particular location would have been disturbed by the reception of television signals.

This equivalent circuit of cach layer is shown in Fig, 7-45.

Fic. 7-47. Section of traveling-wave antenna being lifted to high horses for check of
attenuation and phase velocity.
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The coupling probes are all set at the same depth.  As a result, the same percentage
of power arriving at the slot location is picked up and radiated at each slot. The
amount of powcer so radiated is therefore decreased exponentially from the hottom to
the top of the autenna, giving the cffect of a constantly changing power division except
for the elimination of slots necessarv for the insertion of Aanges, and for the change
at the top-loading slots the result is a smooth vertical pattern without any nulls.
The flanges and top loading cause a small ripple in the pattern, but the effect is
slight,  Figure 7-46 shows a typical vertical pattern of a traveling-wave antenna with
a gain of 12,

Because the slots are a quarter wave apart, giving an impedance-compensating
effect similar to that of insulators similarly spaced in a coasial transmission line, and
because the slots are only lightly coupled into the line, there is almost no reflected
energy returning to the input of the antenna, The action of the top loading further
reduces the chance of energy reflection, As a result the standing-wave ratio at the
input is inherently low, and no input-matching transformers are required to broad-
band the impedance.

As the antenna is primarily a large-size transmission line, the power-handling
capacity is very high.

The antenna tubing is of steel, hot-dip galvanized. The inuer conductor is copper
tubing. Hardware is of stainless steel with the exception of the probes, which are of
alnminum treated to resist atmospheric corrosion. The slots are covered with poly-
ethylene covers to keep out rain, snow, and ice.

Figure 7-47 shows a portion of a traveling-wave antenna being lifted to the test
platform for a check of the attenvation and phase velocity., This type of high support
is nsed to ensure that no errors are introduced by reflection from the ground. The
shape of the slots employed to obtain the electrical compensation reterred to above
is shown,

UHF Antennas

Need for High Gain. The power gains used for UHF transmitting antennas are
higher than those cnstomarily used for VHF, since it is more economical to obtain
cffective radiated power in this mammer. This is truc, since the costs of generating
power generally trend upward with frequency. Conversely, the cost of obtaining
antenna gain is less, since for a given height, gain is related to frequency. For in-
stance, with an antenna 100 ft in height a gain of 6 is obtained at Channel 2. At
Channel 30, however, a gain of 46 is obtained for this same height. Gains of this
order, however, result in problems in coverage which must be solved. Figure 7-48
shows a vertical pattern of an antenna in which all the radiating elements have the
samc current and phase. Snch an antenna provides a maximum gain for a given
height. However, in covering the service area, nulls, or areas of low signal strength,
oceur periodically from the base of the antenna out to 7.4 miles, which seriously
affects the coverage.

Null Filling. To overcome this problem a number of methods have been used.
Earlier types of slotted-cylinder antennas uscd power division in which more power
per layer was radiated from the lower clements than the upper. This resulted in a
certain degree of null fill as shown in Fig. 7-38 { TFU-24DDL). The power division
lLelps fill the first null closest to the main beam, but to fill the second null effectively
requires tilting the main beam below the horizon.  Since this gives rise to a secondary
lobe above the horizon, the gain is reduced depending on the degree of tlt.

Eliminating Nulls. Another solution resulting in a smoother pattem can be ob-
tained by varying the current distribntion of each radiating element of the whole
antenna. For instance, if snccessive radiators, spaced less than one-half wavelength,
have current ratios of 1 to 4 to 6 to 4 to 1 as shown in Fig. 7-49, the vertical pattern
resulting from such a distribution will be as shown in Fig. 7-50.%1

Beam Tilt, Since UHF antennas have a relatively narrow main beam as compared
with VHF, being of the order of 1.5 to 2.5° wide across the hall-power (or 0.707-

21 Kraus, “Antennas,” Sec. 4~7, p. 94.
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voltage) points, it is desirable to tilt the beam downward to aim at the horizon or
even lower when there is insufficient effective radiated power to reach the horizon.
For an antenna 1,000 ft above terrain the beam should be depressed 0.5° to aim
at the horizon.
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It is possible to tilt the beam and retain the smooth vertical pattern of Fig, 7-50
by progressively changing the phase of each radiating element—advancing the phase
in the upper half of the antenna and retarding it in the lower half.

Reducing Radiation above the Horizon. In Fig. 7-50 as much energy is radiated
above the horizon as below, assuming that the maiu beam is aimed at the horizon.

Fic. 7-49. Binominal distribu-
tion.

L |

L—APERTURE —»‘

This means that only cne-half of the encrgy is effectively used. It is possible by
properly choosing the phase of each radiating element greatly to reduce radiation
above the horizon and thus make the energy available for use below the horizon, thus
increasing the gain for a given height of antenna,
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Fic. 7-50. Vertical pattern resulting from binominal distribution.

Pattern Synthesis. In order to accomplish the objectives discussed above, namely:

1. The elimination of nulls
2. Beam tilt by progressive phasing
3. Reducing energy radiated above the horizon

ng

a method of synthesizing the desired pattern is possible.
The vertical pattern depends entirely on the current amplitude and phase of each
radiating element. With the use of an amplitude and phase distribution such as
shown in Fig. 7-51, a pattern as shown in Fig. 7-52 can be achieved. The method is
quite flexible, and a great variety of patterns for various necds can be synthesized.

AMPLITUDE :
PHASE;
F1c. 7-51. Amplitude and phase distribu-
tion required to achieve a smooth pattern
with minimum radiation above the horizon. “Il i' 1]
|

Slotted-cylinder Type

These antennas consist of a self-supporting galvanized-steel pole using slots as
radiating elements, 23

Energy is coupled to the slot either inductively or capacitatively from the feed
system inside the cylinder so that a voltage appears across the slot. This causes
currents to travel around the cylinder at right angles to the long slot dimension, which
gencrates an RF field which is horizontally polarized. The amount of cross polari-
zation is quite small with this type of antenna.

If the path around the cylinder is of such length that the current attcnuates ap-

22 P, M. Woodward, A Method of Calculating the Field over a Plane Aperture Required
to Produce a Given Polar Diagram, Proc. Inst. Elec. Engrs., London, 1946.

250, O. Fiet, A New UHF Television Antenna TFU-24B, Broadcast News, March—April,
1952. Kraus, “Antennas,” chap. 13. Jordan, “Electromagnetic Waves and Radiating
Systems,” Sec. 15.11. See under Slot Antenna in this Part.
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preciably owing to radiation, the circularity is affected. Advantage is taken of this
fact in designing directional antennas. To maintain the circularity required, a number
of slots similarly fed are used at the same level.

The feed system is of the standing-wave type as shown in Fig. 7-53. Each coupling
loop extracts sufficient energy so that the VSWR reaches a low value at the feed point.
It should be noted that the phase steps in the region of high VSWR, which exists over
most of the antennas, are well defined. This is important in achieving pattern and
impedance bandwidth.

Mechanical Description. The cylinders vary in diameter from 3 in. for an antenna
which has a single slot and a gain of 6 to 16 in. in diameter for an antenna which has
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Fi1c. 7-52, Pattern of an antenna with a nominal gain of 50 using pattern synthesis.

c.2

four slots and a gain of 46 and is 134 ft in length at Channel 14. The larger cylinders
are constructed of hot-dipped galvanized steel tubing. Radiation results entirely from
currents traveling on the surface of the eylinder. The diameter of the cylinder, except
in special cases, is determined by structural requirements only.

The lower half of the feed system is a single coaxial copper transmission line with
an end seal near the center of the antenna. The upper half consists of the outer con-
ductor only., The feed system appears as a continuous copper tube of constant
diamcter with an end seal at the center. Energy is picked up from this feed system
by coupling loops or cylindrical couplers described below, there being no actual con-
tact with the feed system, The feed system can be removed by sliding it out of either
end of the antenna. Nothing inside the antenna needs to be disconnected.

Deicing is accomplished by long electric strip heaters placed adjacent to the slots.

Ultragain UHF Slotted-cylinder Antenna. A specific design is an antenna having
a gain of 46 for Channels 14 to 30 shown in Fig. 7-54. The antenna is ready for o
pattern test which is made on the turntable shown in the background. Figure 7-55
shows the correlation between the calculated and measured pattern. This antenna
has a minimum 10 per cent fill for areas where good coverage in the first few miles is
required for city locations,

A unique method of coupling is used in this antenna consisting of cylinders of
varying diameters placed adjacent to the slot.
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standing-wave feed system in the slotted-cylinder type.

FiG. 7-54.
tests.

UHF antenna of the slotted-cylinder type with a gain of 46 ready for pattern
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The cylinders are shown in Fig. 7-56, and their relation to the slot in Fig. 7-57.
They are capable of handling high power and also make achieving the necessary
bandwidth possible because a desirable loading can be chosen independent of the
illumination.
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Fic. 7-55. Calculated and measured performance of an antenna with a gain of 46 having
a 10 per cent fill.

Medium-gain UHF Slotted-cylinder Antenna. The same coupling means and the
method of synthesizing the pattern described above can be applied to lower gain
antennas. Figure 7-58 shows the vertical pattern of an antenna with a nominal gain

Fic. 7-56. Coupling elements used in
slotted-cylinder antennas which have re-
placed coupling loops used in earlier types.

of 25 and a power rating of 60 kw. The pattern of an earlier type of antenna using
loop coupling is shown in comparison.

Increasing ERP by Means of High Gain While Maintaining Local Coverage. In
some cases it is desirable to have the local coverage of a lower gain antenna and the



Antennas for Television Broadcast 2-267

Fic. 7-57. Coupling elements shown in relation to the slot. Sleet melters are shown
adjacent to the slot. The beacon cable is also shown.
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effective radiated power of a higher gain antenna. A closer approach to a good com-
promise is possible by the use of pattern synthesis as shown in Fig. 7-59.
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Fic. 7-59. Vertical patterns which ecan be synthesized for special conditions such as pro-
viding the same local coverage with a higher gain antenna as previously obtained with a
lower gain antenna,

UHF Helical, General Description >+

The basic operating principle of the UHF helical antenna is as already described
under Helical Antennas. The UHF antenna differs from the VHF antenna primarily
in its method of feed. The helix is made from 0.247-in.-diameter copperweld.

At UHF, the per cent bandwidth becomes small, and it is feasible to end-feed the
vertical array at least up to gains of 25. If matched condition is maintained along the
feed as power drops off at the different bays, the beam will tilt with frequency an
amount 57.3 AF/fy degrees, where fy is the mid-frequency and AF is the change in
frequency relative to fo. With a gain of 25, a half-power beamwidth of about 214°
is obtained and a +14° tilt causes no difficulty.

UHF Helical Antenna, One to Five Bays. The basic UHF antenna bay has a gain
of 5. Its leugth is varied with channel, so that its gain is constant. These bays are
stacked together end to end, up to five bays.

Each bay is like a coaxial of about 90 ohms Z;, with a capacitive fecd probe
coupling out power to the helix.25 The top bay couples out all the power remaining,
Impedance match is maintained throughout the feed for optimumn impedance band-
width.

Phasing of the bays relative to one another is done by relative rotation of the bays.
( Because the wave travels circumferentially around, the phase varies with azimuth.)

24 Electronics, August, 1951, pp. 107-109.

25 Additional information on the feed may be found on p. 130 of Convention Record of
the IRE, 1954, part 1, Antennas and Propagation, as part of paper “A Comparison ol
Antenna Problems at UHF and VHF-TV” by Lloyd O. Krause, General Electric Company.



Antennas for Television Broadcast 2-269

Swivel flanges are used to fasten the sections together to make this rotation easy to
perform, Rotation of the upper one or two bays can even be done after erection for
slight modification of pattern contouring if desired.2s Figure 7-60 shows a five-bay
UHF helical antenna.

UHF Helical Antenna, 10-bay.2? This antenna is made by stacking two five-bay
antennas one above the other. A structural adapter is used to mount the top antenna
above the bhottom one. These antennas have half-power beams about 1° wide, and

Fic. 7-G0. This is a complete five-bay UHF helical antenma. Note the five feed points,
one at center ot each bay. The input adapter is mounted at the hottom for connection to
standard 50-ohm ElA line. The projecting “spikes™ are climbing steps. (GE photogruph.)

structural rigidity Dbecomes important.  For this reason, the center of the antenna is
guyed to outriggers at the tower top.

To ensure proper coverage, the beams Irom these antennas ave usually carefully
contoured and extensive pattern measurements are made during manulacturing test.
A view of snch an antenna in position for pattern test is shown in Fig. 7-61.

The feed for the vipper five-bay antenna runs along the lower five bays and conneets
to a feed adapter mounted in the structural adapter. See Fig. 7-62 for a closer view
of this arrangement.

Because of the special nature of these antennas; a table of standard characteristics
is not warranted.

26 Simple contouring of patterns is discussed in a paper “Contouring TV Antenna Pat-
terns” by L. O. Krause, Tele-Tech & Electronic Industries, April, 1954.

27 Description of a particular 10-bay antenna may be found in the paper A Simplified
3 Megawatt Antenna for the UHT Broadcaster by R. E. Fisk, IRE Trans. on BTS, PGBTS-9,
December, 1957, pp. 46-51.
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FiG. 7-61. A view of a complete 10-bay UHF helical antenna in position for pattern test.
The feed line to the upper five-bay antenna is readily visible. The large rollers are made
from wood and nylon for easy antenna rotation for taking horizontal patterns. (GE photo-
graph.)

Fic. 7-62. A closer view of a one-bay UHF helical antenna, showing the feed and mount-
ing arrangement for the upper five-bay antenna. (GE photograph.)
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ANTENNA TESTS

Before Shipment

Antennas are tested to mect the necessary requirements for impedance and patterns.
This is usnally done for all prototype antennas but not necessarily on the repeat an-
tennas of the saine type before shipment.

Custom antennas are usually impedance-tested before shipment, and in most cases
patterns are taken unless sufficient background exists to muke this unnecessary.

Impedance is tested by tuking VSWR measurements over the channel at the input
of the antenna. In order to facilitate work on the antenna, the antenna is placed in
a horizontal position parallel to the ground. Since objects in the field of the antenua,
including the earth, affect the impedance, it is necessary to measure the antenna
only when such objects are two to three wavelengths removed in order to reduce this
effect to a negligible value. In order to reduce the error when the two- to three-
wavelength height is impractical and to reach design ceuter as closely as possible,
space cloth can be used below the antenna, which is 1 material having the impedance
of space, or 377 ohms. When the cloth is backed by a metul surface or screen removed
one-quarter of a wavelength, energy at that wavelength is absorbed, so that the
reflected cuergy from the earth does uot affect the impedance.

Measurements are usually made with a slotted line which indicates the voltage
standing-wave ratio (VSWR). If the impedance of the slotted line is the same as
that intended for the antenna, then a unity standing-wave ratio indicates a match.
The resistance and reactance component of the impedance can be obtained with a
slotted line when a reference point, called the antenna point, is taken at each fre-
queucy at which the standiug-wave vatio is to be measured by placing a short circuit
across the transmission line that is to be connected to the antemna. This antenna
point is a voltage node that falls on the slotted line some multiple of a half wavelength
from the short-cirenited transmission line,

After the short is removed and the input system is connected to the antenna, the
standing-wave-tatio measurewents are made. Voltage nodes, called E-min points, are
obtained by moving a probe box along the slotted line in the same manner the antenna
points were obtained. The slotted line is 12 ft long aud therefore provides enongh
length to obtain E-min points for the lower-band as well as the medium- and high-
band chanmels. The difference between the antenna point A and E-min divided by
the wavelength at each frequency gives the rotation on the Smith chart at a radius
of the standing-wave ratio obtained at that frequency. These points A-P-E-min/wave-
length, are then plotted on the Smith chart, (1) toward the load and (+) toward the
generator, giving an fimpedance plot of the antenna system at cach frequency under
consideration.

For superturnstile antennas these measurements are made on both the north-south
and east-west systems and all effort possible is made to make the one system identical
with the other at the best standing-wave ratio obtainable. Individual radiator ad-
justments can be made to help improve the input impedance by varying the length or
width, or both, of the slot between the radiator and pole.

Paitern Tests

The object of a pattern test is twofold. One of the objectives is to determine the
gaiv as compared with a dipole for which perhaps a substitution method could be
uwsed. The other objective, however, is to determine the amonnt of radiation at all
vertical and horizontal angles which have an influence on the coverage. Both objec-
tives can be accomplished by taking patterns as described under Gain, since the gains
can be determined by integrating all the power flow through an imaginary sphere,

To pattern-test the antenna it can be placed npen 25-ft-high wooden turntable
which has a speed-controlled motor drive.2s Figure 7-61 shows such a turntable,

28 The RCA Test Facilities for TV Antennas, Broadsast News, October, 1958,
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From the reciprocity theorem it is possible to use the antenna as a reeeiving antenna
as well as a transmitting antenna and obtain the same resulting pattern. This is done
for the sake of convenience, since it permits the pattern recorder and the antenna
under test to be located at the same point, thus allowing quick analysis of the resnlts,
The transmitting dipole, remotely controlled to turn either vertical or horizontal, is
placed some distance away. To obtain the required patterns, the transmitting dipole
is placed in a vertical position, since the antenna under test is in the horizontal posi-
tion of the turntable. In this manner, the exact radiating and receiving positions of
both antennas are simulated as if the antenna being tested was actually standing
vertical and was radiating an electric field which the receiving dipole would have
received in its normal horizontal pesition. The signal in the antenna under test is
amplified in a receiver, and the pattern is drawn out on a recorder. A voltage regu-
lator is inserted between the recording instruments and the supply line to avoid line-
voltage fluctuations. From the recorded patterns, the actnal coverage can be deter-
mined as well as the gain. The gain 29 is determined by integrating E2 sin # over the
entire sphere, which is simulated by eight or more eqgually spaced longitudinal lines,
which are the vertical patterns, and onc latitudinal line, which is the azimuthal pattern.

After Shipment, before Erection

After the antenma is erected, the difficulties of working on it are greatly com-
poinded. Since few engineers climb, the work must be done entirely by riggers, who
do not have the background to do electrical testing. Furthennore, the time dnring
which work can be performed ou the antenna is very limited, owing to both scheduled
operation and the weather, which frequently prevents work or even climbing. Hence,
it is extremely important that thorongh tests be made on the ground before erection.
Both electrical and mechanical tests should be made.

A thorough mechanical inspection should be made to see that the required com-
ponents are in their proper places and securely fastencd using the specified fastening
materials. The pressnrized portions shonld be pressure-tested for a long enough period
to be certain that there are no slow leaks. A loss of over 2 Ib in 24 hr should be
investigated. The fit of major mechanical assemblies should be checked on the
ground, since wy discrepancies during the rigging operation can become major
problems. Such fits include ficld joints between portions of the antenna and the fit
of the pole into the pole socket or pedestal.

Electricully, resistance nmeasurements should be made, when applicable; to assure
proper electrical contact at all points. End seals and insnlators should be checked
with high voltage or with a megger if the antenna requires this test. The most im-
portant electrical test is the impedance test or VSWR vs, frequency across the channel.
Continuous readings or frequent readings taken across the chamnel are advisable.
This information is extremely difficult to obtain after the antenna has been erected.
Since VHF antennas are usually less than two to threc wavelengths above the ground,
the impedance may not conform to the requived values. TIf any doubts exist, the
antenna can be picked up aud suspended above the ground at a greater height in
order to obtain a more accurate measurement. For some types of antenuas it is
desirable to recheck a few points after the antenna has been hoisted to a vertical
position just prior to crection. This will assure that nothing has radically changed
when the normal strains are imposed on the components. All auxiliaries should also
be tested. Full power should be supplied to the sleet melters to sec that they operate,
and the beacon lighting should be checked also.

29 Pattern Measurements of RCA UHF TV Antennas, Broadcast News, vol. 82, February,
1955.
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After Erection

Ocer-all Test

After the complete antenna svstem is installed, it should be checked. New RF and
d-c pulse techniques arc currently being evaluated which will be more discerning than
previous VSWR measwrements.  The antenna system should then be connected to
the line, and over-all measurements taken,

Reflectometer Test

In order to protect antenna and line components properly it is mandatory that a
reflectometer be used on both visual and aural transmitters to interrupt power when
the VSWR cxeeeds a predetermined value. I an arc occeurs in the antena system,
it nsually loads the transmitter so that meter readings may fail to give a wamning
resulting in major damage to the antenna system.

Ilence, before application of power to the antenna system the reflectometers shonld
he checked for proper operation.

INSTALLATION

Advance Planning

The instruction book for a particular antersaa usually contains considerable useful
information which should be carefully read and followed. There are a number of
items, however, common to most antennas which will be discussed,

Preinstallation Procedure

Usually it is advisable to have the manufacturer’s serviceman take care of assembly
supervision and testing. Some detailed procedure is outlined helow,

Antenna Mounting Trestles

Most antennas are impedance-tested on the ground hefore erection, This is a wise
precaution, since any corrective work, if required, is extremely difficult to accomplish
once the antenna is at the tower top.  The impedunce of the antenna is affected by
the ground, and trestles are required to obtain adequate clenrance.  Usually the
furnishing of the trestles is the responsibility of the station, although the design is
furnished by the manufacturer.  They should be on hand when the antenna arrives
located on reasonably level ground close enough to the base of the tower so that the
antenna can be hoisted directly but far enough away so that assembly work can he
done on the antenna without danger of falling objects from the tower while the viggers
are working on it.  The antenna should bhe placed so that the tower is not in the
radiated field of the antenna, which would affect the impedance during the ground
test, This will vary with the Lvpe of antenna and the frequency, and the manufac-
turer’s recommendation shonld be obtained.

Precautions during Unpacking and Assembly

Antennas are usually heavy and appear to be quite tugged. Riggers used to
handling heavy, imgged components often overestimate the ruggedness of the antenna,
since many of the components can be damaged by rough handling.

If lifting lugs are not provided, the usual practice is to use cable wrapped around
the mast with a 2 by 4 “carset” to protect feed lines, slot covers, or other components
mounted on the pole.  Special oak 2 by 4 lumber should be used for this purpose,
since regular lumber crushes, causing damage to components.
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Long poles can be given a “set” or internal components damaged if the pole is not
properly supported over its entire length when it is lifted from a horizontal position,
Strains can be set up under this condition which exceed the maximum wind-load
conditions.

To ensure proper handling, a qualified rigger who has a reputation for making
successful antenna iustallations is desirable. Some manufactnrers will, if the customer
desires, provide a “package” for the tower, line, autenna, and all installation work,
This avoids split responsibilities and has mauy other advantages.

Checking Shipment

It is a wise precaution to check the shipment in detail against packing lists and see
that no damage has oceurred during shipment. The per-diem rate for a crew of
riggers is costly, and any delays due to missing or dumaged parts will prove expensive.
If there is any damage or shortage, the shipper should be notified immediately.

Pressurized Equipment

Equipment that is normally pressurized should be either stored in a dry place or
kept under pressure during storage. The latter will also establish whether any leaks
have resulted from shipment.

Assembly

Usually the manufactwwer furnishes detailed instruction for the asseinbly which
should be carefully followed.

Special tools are sometimc furnished or called for in certain opcrations which
should be uscd.

Since the antenna is primarily a piece of electrical equipment, cleanliness at points
of electrical contact is mandatory.

Electrolysis can occur if proper hardware specified is not used.

Forcing parts into place will usually result in future difficuldes. The reason should
be investigated.

All hardware should be tight and sccure.

If anything does not appear to be correct, consult the manufacturer rather than take
a chance.

1If any field welding is required, certified welders should be used, since failure could
result in loss of human life.

Tests before Erection

It is extremely important that certain tests both mechanical and clectrical be per-
formed before the antenna is erected, since the difficulties of working on it after
erection are greatly compounded. These tests are described under After Shipment,
before Erection.

Erection

The erection procedure should be left in the hands of a qualified rigger. It is
highly desirable to ercct the antenna in one piece when this is feasible. If not, the
rigger must be thoroughly instructed in the assembly procedure. The orientation of
the antenna should be carefully cstablished and well muarked so that there is no
misunderstanding.

In some antennas when transmission lines pass through the top plate of the tower
orientation is doubly important.

>

Vertical Alignment

For a buried-pole or pedestal-type mounting, vertical alignnient is relatively simple.
For fHange mounting, shims should be used. Vertical alignment is best checked with
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transits from several directions. Allowance must be made for wind deflection.  Ac-
curate vertical alignment is especially important at UHF, where beamwidths are much
narrower owing to the use of higher gain antennas.

Tests before Application of Power

These tests are important to ensure that the over-all requirements are met and also
to be certain that the system is ready to receive power. Much damage can be done
if there are loose or open connections or if the reflectometer cireuits in the transmitter
are not properly adjusted.

MAINTENANCE

Daily Operation

A drop in gas pressure (in cexcess of 2 1b in 24 hr), an increase in VSWR as indi-
cated by the reflectometer, or the appearance of an echo on the monitor indicates
an unusual condition in the antenna system.

Gas leaks can usually be located by sectionalizing parts of the system. An increase
in VSWR may denote icing or a change or failure of some part of the system. Power
should be reduced when the VSWR rises, since the power-handling capability is in-
versely proportional to the standing-wave ratio.

The appearance of an echo is a symptom of some change in the system which should
be investigated. New pulse techniques will make the location of faults much simpler.

Weekly

In superturnstile antenmus it is advisable to tuke resistance readings between the
inner and onter conductor for each side of the line. Any significant change from the
initial readings should he investigatecd.

Semiannually

A qualified rigger who is thoroughly familiar with all the aspeets of the line and
antenna should inspect the svstem.  He should inspect for signs of corrosion, loose
clamps or hardware, condition of slot covers, need for paint, physical damage, etc.,
as the particular antenna requires.

SAFETY IN WORKING NEAR RF FIELDS

1t is always necessary to have the power off when working on or near the antenna.
At times, however, it is necessary to go through or work near to the field of an
emergency antenna located on the same tower.

Frequencies under 1,000 Mc can cause deep heating of which the individual may
not be aware. If the field is too intense, the body may not be able to dissipate the
excess heat. Body temperatures under certain conditions may go up to 106° with
heat exhaustion, heat stroke, possible collapse, or destruction of body cells. The
blood cirenlation permits adequate cooling at 0.01 watt/sq cm. The U.S. Navy in
areas such as radar rooms where people are exposed for fairly long periods tries to
keep fields below 0.01 watt/sq cm. Complete knowledge does not as yet exist on
this subject, but the following data have been reported in papers.

0.01 watt/sq ¢cm = 60 volts/m is considered safe for comtinuous day-to-day exposure
as in a radar room aboard an aircraft carrier for instance.

0.1 watt/sq en1 = 190 volts/m is considered safe for limited exposures. This figure
has been used when engineers were exposed during a test of an antenna lusting a
number of hours.

1.0 watt/sq cm = 600 volts/m according to one paper will cause brain damage at
UHF frequencies in 45 nun.
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For a given effective radiated power i kilowatts for free-space propagation these
fields will occur at the following distance in feet:

0.01 watt/sq em at 12.1+/P kw ft
0.1 watt/sq cm at 3.824/P kw ft
1.0 watt/sq cm at 1.214/P kw ft

In areas where the exact power or ficld configuration is not known, a simple dipole
can be built with a 14-watt unmounted neon bulb (no base) connected across the
open center of the dipole. TFor 0.1 watt/sq cm, 47 volts will exist across the center
of the dipole. The neon bulb generally requires 85 volts to ignite and will stay lit
as it is gradually removed from the field down to 50 or 60 volts. Hence, the area in
which it just extinguishes will correspond approximately to 0.1 watt/sq cm.
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THE MEASUREMENT OF FM AND TV
FIELD STRENGTHS (54-890 MC)

Howarp T. Heap

Consulting Enginecer
A. D. Ring Associates
Washington, D.C.

INTRODUCTION

The coverage of a broadcasting station and the technical quality of the service
provided are determined by the received signal and field strengths. Presently available
methods of estimating ficld strengths within the service ranges of FM and television
stations are only approximate, and even the best methods of calenlating field strengths
often fuil to take into account variations due to important local conditions. For
operating stations the best cletermination of station coverage is provided by properly
made ficld-strength measurements.

This part describes equipment and techniques for measuring field strengths over
the frequency ranges emploved for FN and television broadcasting.  These services
are assigned to several hands between 54 and 890 Mec, as shown in Table §-1.

Table 8-1. Frequencies Employed for FM and Television Broadcasting

Channel

Service Frequencies, Mc Channel Nos. Bandwidth
TV 54-72 2-4 6 Mc
TV 76-88 5-6 6 Mc
FM 88-108 201-300 200 ke
vV 174-216 7-13 G Mc
v 470-890 14-83 G Mece

The quality of service is related to the field strength by considerations of veceiver
sensitivity and noise figure, receiving antenna gain and transmission-line loss, and
tolerable signal-to-noise ratios. The required fields vary with the class of service and
frequency assignment.  Interfering signals from other transmitters on the same or
adjacent chamnels may limit service to higher values of field strength. Table 8-2 lists
values of median field strength required lor various grades of FM and television service
in the absence of mterfering signals, as cstablished by the Federal Communications
Commission’s Technical Standards.!- ©  There are also included revised estimates of the

2 Superscript numbers refer to References at end of Part 8.
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Table 8-2. Median Field Strengths Required for Various Grades of Service in the
Absence of Interfering Signals

T'M Broadcasting (All Channels)

Grade of service wv/m dbu *
Principal eity......... 5,000 74
Urban............... 1,000 60
Rural................ 50 37

Television Broadcasting
(FCC Technical Standards)

Ch. 2-6 Ch. 7-13 Ch. 14-83

Grade of service
uv/m | dbu | pv/m | dbu uv/m dbu

Principal city....... .. 5,000 74 7,000 7 10,000 80
Grade A. . ... ... .. 2,500 68 3,500 71 5,000 74
GradeB........... .. 225 47 630 56 1,600 64

(Bascd on TASO Data)

Primary...... ....... 250 48 1,400 63 7,500 75
Secondary ... ... ..... 50 34 200 46 630 56
Fringe............... 20 26 55 35 180 45

* This abbreviation was coined by the FCC for television service and signifies the field
strength in decibels above 1 pv/m. 0 dbu = 1 pv/m,

fields required in the television bands to provide aecceptable grades of service based
on the practical experience of operating stations and the findings of the Television
Allocations Study Organization {( TASO).2 These latter have not as of the present
date (May 15, 1959) been officially adopted by the Connnission.

Service is defined in Table 8-2 in tenms of the median field at a teceiving an-
tenna at a height of 30 ft above ground. In thesc frequency bands, the field usually
varies appreciably with antenna height, generally tending to increase with increasing
anterma height. However, the variation in field with height may not follow simple
laws, as discussed more fully in subsequent paragraphs.

The presence of trces, buildings, and terrain irregularities 3-7 often results in
considerable variation in the signal from one location to another, even within rela-
tively small areas. The variation in field strength with location must be taken into
account in measuring the field strengths as well as in specifying service. Service is
usually defined in terms of the median value of field strength, which is the value
exceeded for at least 50 per cent of the time at the best 50 per cent of the receiving
locations.

The results of field-strength-coverage surveys are customarily presented as con-
tour maps, showing lines of constant median field strength which represent the outer
limits of various grades of service. A typical map of measured television-station
coverage is shown in Fig. 8-1. Methods of preparing contour maps are deseribed in
detail under the heading “FCC Standard Method.”

Much of the present knowledge of wave propagation in these frequency bands
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has been derived from ficld-strength-coverage surveys on operating FM and television
stations.  The information gained from these commercial coverage surveys has added
to the body of scientific knowledge, but field-strength-measurement surveys employing
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Fic. 8-1. Map showing measured service contours for an operating television station.
{Courtesy of jefferson Stundard Broadcosting Compuany.)

special techniques are often needed to supply data for special propagation problems.
Examples of such special techniques are discussed wnder “Reconunended TASO
Method for Special Studies.”

BASIC EQUIPMENT PRINCIPLES

Field strengths in the VHF and UHF bands {30 to 3,000 Mc) are ordinarily
measwred by determining the voltage which the field induces in a half-wave dipole.
The basic relationships can be expressed in several forms. The power transferred
between two half-wave dipoles in free space separated by a distance d is given by

Py (L840)° &1
Py dnd
where 7, = received power
P; = transmitted power
A = wavelength in salne units as d

I

i
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In terms of the field at the receiving dipole, the power delivered to a matched load
by a half-wave dipale in a field of E volts/m is

P, = (0.0186E)* watts (8-2)

where \ is expressed in meters. For a resistive load of B ohms, the voltage V de-
veloped across a matched load by a dipole in a field E is

y oo I (8-3)
T 53.24/R

The fundamental problemn presented, therefore, is that of measuring the developed
RF voltage by a practical instrument of acceptable accuracy.

Figure 8-2 is a graph showing the available power and voltage developed across
a matched 56-ohm load as a function of frequency for a half-wave dipole in a uniform
field of 1 volt/m at the frequency iudi-
cated. This graph sunmmarizes the rela-

a7 ToR=
5 A " & tionships shown in Egs. (8-2) and (8-3).
= | POWE_Ri—:_E_ H = The voltage-measuring device is ordi-
w NN T [ S narily separated from the antenna by a
= L INCIDENT FIELD
=T — .
z VOLTAGE =1 WM 2 length of cable. The cable may introduce
b N = losses, and auy impedance mismatch must
ERR i[ L \L L o2 £ Dbesufficiently small that calibration errors
= i T = are not introduced by dilferences between
5 T [N W - ﬂ,j:‘ < ;
& TH=<N\E = the antenna and cable impedance and
w _ M ) . . . .
- \ & the internal impedance of the calibrating
2 17 2 oscillator.

(&g
j N <
ESon 0 S
=3 i = = PRACTICAL FIELD-STRENGTH
v x 2 METERS
E E - =
B - L N = Figure 8-3 is a block diagram af a prac-
= ‘ b W tical field-strength meter. The antenna
@ 1] H U ’ \ = delivers its received power to a transmis-
= 107 0" 8 sion line leading to the receiver input.
= 50 1000 =

If the receiver input is unbalanced to

ground, a halance-to-unbalance trans-

Fic. 8-2. Power and valtage extracted by  former (“balun”) is required. The trans-

a half-wave dipcle in a field of 1 volt/m as  jjigsion line bhetween the antenna and

a function of frequency in megacycles. the receiver is shiclded to avoid stray
pickup.

The RF attenuator shown serves twa purposes: to avoid overloading of the
recciver input on strong signals and to improve the impedance match when the re-
ceiver input impedance is substantially different from the characteristic impedance of
the transmission line. It is frequently omitted when not required for either of these
purposes.

The signal at the receiver input is amplified and converted to the intermediate
frequency. Amplification and attenuation at the intermediate frequency permit oper-
ation over a wide range of field strengths; further range is provided by the receiver
gain control. The rectified receiver output operates the indieating meter.

In operation, the attenuators and gain control are adjusted to provide an on-
seale reading of the indicating meter. The receiver input is then switched between
the output of the transmission line and the autput of the calibrating oscillator, which
is tuned to the frequency being measured. The output of the calibrating oscillator
is adjusted to a predetermined fixed value using the RF power monitor, and the
calibrated attenuator is adjusted until the indicating meter deflection is the same as
that obtained from the antenna and transmission line,

FREQUENCY - MC
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For this condition, the voltage at the output of the calibrated attenuator is the
same as that from the antenna and transmission line. By taking line and balun
Insses into account and applying Eq. (8-3) above, the field at the anterma required

RECEIVING TRANSMISSION
ANTENNA || PARUN LINE

ouTPUT
METER
RE RECEIVER
o ATTENUATOR
CALIBRATED
ATTENUATOR o
CONTROL

CALIBRATING
OSCILLATOR

RF
POWER
MONITOR

Fic. 8-3. Block diagram of practical field-strength meter.

to produce this voltage can be determined. The relationship between field strength
and receiver input voltage is usually expressed as E = KV, where K is a function of
frequency. Figure 8-4 is a typical graph showing values of K for a UHF field-
strength meter.
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Fic. 8-4. Graph of K for typical UHF field- v 24 i
strength meter. E = KV. 22 /
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A typical commercial field-strength meter of professional quality is shown in
Fig. 8-5. The instrwment shown is a Nems-Clarke type 107-A, covering the VHF FM
and television band from 54 to 216 Mc. A companion instrument, similar in appear-
ance, covers the UHF tclevision band from 470 to 890 Mc.

Accurate instrument calthration is essential in measuring R¥ fields. During use,
the calibration of the instrument described is provided by the calibrating RF volt-
age source, which is usually an integral part of the field-strength meter (sce Fig.
8-5). The calibration of the oscillator and the over-all calibration of the instrument
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as a whole must in turn be established and maintained by reference to laboratory
standards.

The most direct laboratory calibration of the complete field-strength meter is
established by generating a known standard field in which the receiving antenna is
placed. Standard-field ranges have been developed and constructed at VHFE 8 and are
sometimes used in primary calibration of VHF field-strength meters. Most commer-
cial laboratory calibrations at VHF, how-
ever, are made by removing the dipole
elements from the standard antenna and
applying a known RF voltage at the
proper frequency to the dipole terminals
in series with an impedance equal to the
receiving-antenna impedance. The cali-
bration of the balun, line, and receiver is
established in terms of this applied volt-
age, which is then related to field strength
through Eq. (8-3) above.

Standard-field ranges have not yet been
developed at UHF, and both primary and
secondary calibrations are made in terms
of the voltage appearing at the receiver
input. The line and balun losses are
measured or calculated from line-attenua-
tion data.

The calibration of the internal reference
oscillator section includes the calibration
of both the oscillator proper and the
variable-output attenuator. The attenu-
ator is usually of the inductively coupled
; Y piston type,® which depends only on its

kf# { dimensions for proper functioning; this

- =¥~ can be checked against the correct di-

Fic. 85. A VHF field-strength meter of mensions or against a laboratory standard

professional quality. (Courtesy of Nems- attenuator. The oscillator can be com-

Clarke Company. ) pared with a standard oscillator, or its

output can be measured with a laboratory

standard such as a bolometer bridge.® This calibration is normally performed only
by the manufacturer.

If measurements are made on the visual carrier of a television station, the dif-
ference between the peak and average powers of the transmission must be taken into
account. This can be done by establishing a calibration in terms of average power
for a still scene (such as test pattern or black picture), or a peak-reading voltmeter
can be employed to indicate the level of the synchronizing peaks. Such peak-reading
voltmeters are an integral part of many of the commercial field-strength meters such
as the one illustrated in Fig. 8-5. A schematic diagram of a typical peak-reading
voltmeter is shown in Fig. 8-6.

In addition to the field-strength meter, several accessory items are needed in
making a field-strength survey. The principal items and their use are described in
the following paragraphs and include (a) a special receiving antenna, (b) an an-
tenna-supporting mast, (¢) a chart recorder, and (d) power supplies. The size and
weight of the equipment usually dictate that it be mounted in an automobile or light
truck. Figure 8-7 shows a large station wagon containing permanently mounted
equipment for field-strength surveys.




+8

BALANCE

INDICATING
CALIBRATE METER

F1c. 8-6. Schematic diagram of bridge circuit for reading voltage corresponding to synchro-
nizing peaks. The component values in the grid circuit are chosen to provide a long time
constant.

Fic. 8-7. Station wagon equipped for
making ficld-strength-coverage measure-
ments showing 30-ft hydraulic mast.
A UHF receiving antenna is mounted
on the mast. (Courtesy of Association
of Maximum Service Telecasters, Inc.)
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RECEIVING ANTENNAS

The measurement survey can be made employing the standard dipole antenna
furnished with the field-strength meter, or other antennas can be utilized. An antenna
which is essentially omnidirectional in the horizontal plane does not require orienta-
tion as the vehicle is moved. Figure 8-8 shows a typical nondirectional receiving
antenna designed for this purpose. Di-
rectional receiving antennas can be em-
ployed when their gain is needed (prin-
cipally for UHF measurements) or when
their rejection is desired to eliminate un-
wanted signals from sources other than
the transmitter being measured.

The antenna employed for the meas-
urements must be calibrated on the meas-
urement vehicle.1t The received field is
first measured using the standard dipole
antenna removed from the vehicle. The
antenna to be used in making the survey
is then mounted on the vehicle at the
height to be employed in making the sur-

; vey, and the receiver input voltage deter-

Frc. 8-8. Nondirectional VHF receiving mined with the receiving antenna at the

antenna for making coverage surveys. same spot in the field. If an omnidirec-

tional receiving antenna is employed, the

circularity of the pattern of the antenna as mounted on the vehicle must be determined.

Unless the vehicle can be rotated, this can be done by driving the vehicle in a small
circle in an area of uniform field and recording the received signal.

The gain of the service antenna can be established relative to the dipole an-
tenna by means of measurements with the antennas stationary, but more consistent
results are often obtained by making short mobile runs over identical paths and
recording the signals from the two antennas. For either procedure, the voltage gain
of the service antenna G. relative to the standard dipole antenna G. is G./G4 =
V./Va, where V, and Va are the voltages delivered to the receiver input using the
service and standard dipole antennas, respectively.

If the transmission line or balun between the antenna and receiver is different
from the standard cable and balun supplied with the instrument, the antenna cali-
bration must include the cables and baluns.

ANTENNA-SUPPORTING MAST

The receiving antenna is ordinarily supported at a height of 10 to 30 ft above
ground, depending on the measuring technique employed. For the 10-ft height, a
simple mast of metal tubing can be used. For the 30-ft height, a special mast is re-
quired to raise and lower the antenna, and the mast arrangement should permit the
vehicle to move over limited distances with the mast elevated.

The measuring unit shown in Fig. 8-7 employs a telescoping mast of five scc-
tions of aluminum tubing ® elevated by low-viscosity oil forced in under pressurc;
the mast descends nnder gravity when the pressure is relieved. A handle inside the
vehicle permits the mast to be rotated to orient the receiving antenna.

CHART RECORDER

For measurements made with the vehicle in motion, a chart recorder is em-
ployed. The chart can be driven from the vehicle speedometer or a drive motor.

@ The mast shown was manufactured and installed by the Thomas Mold & Die Company,
Wooster, Ohio.
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The pen clement of the chart recorder is driven by a galvanometer coil; excitation
of the galvanometer is provided by a d-c amplifier, which may be built into the field-
strength meter or may be a separate accessory.

When the chart recorder is employed, the recorder pen element must be cali-
brated against the receiver output indicator of the field-strength meter. The d-¢
amplifier is adjusted for balance at the ends of the meter scale, und a calibration
curve is prepared for intermediate values.

POWER SUPPLIES

The power drain of the measuring equipment can be fairly substantial, espe-
cially if much accessory equipment is emploved. It is usually preferable to provide
a power source for the measuring equipment separate from the vehicle battery, This
may consist of a scparate battery bank to operate the meter and accessories, or a
separate 115-volt a-c generator may be mounted in the vchicle.

MEASURING PROCEDURES AND TECIHNIQUES

The IFCC ™™ and TV Techmical Standards preseribe measuring methods to be
emploved in making measurements to be submitted to the Commission. These
methods are also usnallv emploved in making station-coverage surveys, although
variations from the official procedure are frequently taken, The Television Alloca-
tions Study Organization report yecommends a number of changes in the FCC pro-
cedure and also recommends thc testing of a radically new measuremnent technique.
The following paragraphs summarize the present requircments of the Commission’s
Standards and indicate the changes recommended by TASO. The proposed revised
method is also described.

FCC STANDARD METHOD 72

The Connnission’s Technical Standards vequire field-strength-measurement surveys
to be made with mobile equipment along roads following as closely as possible
to radial lines from the transmitter, laid out along bearings separated by 45° Degin-
ning with true North. Measurements are required out to a point in each direction
somewhat beyond the field-strength contour which it is desired to establish, Con-
tinnous recovdings of the field strength are made along the rouds employing the
chart recorder. A minimum chart speed of 3 in. per mile is requived. Figure 8-9
shows a sample of a typical chart recording obtained by this method.
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Frc. 8-9. Sample of typical recording chart showing the chart record obtained in making
mabile field-strength recordings.
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The completed recorder charts are divided into mot less than 15 sections in
each direction. Each section of the chart is analyzed to determine the median (50
per cent) field for each section. The chart median values are then converted to
received field strength by combining the individual calibrations of the antenna, trans-
mission line, field-strength mecter, d-c amplifier, and chart recorder as discussed
above.

The received fields mnst be corrected for the field cxpected at a receiving an-
tenna height of 30 ft above ground. The Commission’s Standards do not specify
the conversion factor to be employed, bnt it has been common practice to assnme the

field strengths to increase linearly with

100 antenna height, as indicated by classical
propagation theory. For this assumption
90 N the relationship between the field Ezo
N which would be expected at 30 ft and the
80 X ficld measured at a receiving antenna
e . hcight H, is Eso/Eu = 30/n. For ex-
70 Tl ample, the ratio of the field at 30 ft to the

P RN ficld at 10 ft is 30/10 = 3.0, or 9.5 db.
<50 ™ The median fields as established in ac-
2R cordance with the procedure described
50 1 above are plotted as a function of dis-
= tance from the transmitter, and a smooth
40 K curve is drawn through the plotted points.
N Figure 8-10 is a typical graph showing
30 the plotted field strengths as a func-
10 20 30 40 50 60 70 80 tion of distance from the transmitter,

DISTANCE - MILES together with the smooth curve through
Fic. 8-10. Graph of measured field strength d},e plotted_ points. T!]e dashed curve in
vs. distance for a typical radial route series Fig. 8-10 is the predicted ﬁCl_d strength
of measurements. FEach circle represents caleulated using the propagation cnrves
the median value of field strength for a  and prediction methods specified in the
5-mile recording interval. The dashed line FCC Television Broadcast Technical
is a best-fit cwrve through the points. The  Standards.1?
solid ]ine. is the expected Reld strength com- Individual graphs of median field
puted using the FCC F(50,50) curves. strength vs. distance as shown in Fig.
8-10 are prepared for each of the direc-
tions along which the measurements were made; the distances to the desired field
strength contonrs, selected from Table 8-2, arc determined in each direction. These
distances are then plotted on a smnitable map, and contours are drawn to prodnce a
finished map such as shown in Fig. 8-1.

TASO RECOMMENDED CHANGES IN FCC PROCEDURE

TASO has recommended that the radial route-measuring pattern be modified to
permit wider discretion in the selection of the measuring routes. A minimum of
eight routes is recommended, selected to encounter representative terrain and to
permit reasonable interpolation between adjoining radials. Additional routes, includ-
ing branch routes, are recommended where needed.

In the analysis of the recorder tapes, TASQ has recommended that the sec-
tions of the route chosen for analysis be as nniform as possible, with 2 minimnm
length of 2 miles.

One of the most important changes recommended by TASO in the present pro-
cedure is in the antenna height-gain correction factor. The application of the
hinear height-gain function discussed above is recommended only in relatively flat
terrain, and in rolling or rough terrain the following height-gain factors (in decibels)
are recommended to convert from 10- to 30-ft fields:
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Smooth Rolling
Unobstructed Hilly Rough
Channel Terruin Terruin Terrain
2-6 9.5 db 8 db 7 db
7-13 9.5 7 5
14-83 9.5 5 2

NEW METHOD RECOMMENDED BY TASO FOR FIELD TRIALS

TASO has also recommended field trials of a radically new method of measure-
ment. The measuring pattern for this method is laid out as a series of five concentric
circles centered on the transmitter rather than along eight radial lines as now em-
ploved. Four hundred measuring points are established on these five circles is-
tributed in approximate proportion to the square root of the radii of the circles.

Field-strength measurements arc to be made at each of the 400 points so lo-
cated. If the designated point is inaccessible, the measurement should be made at
a location as close to the designated spot as possible and as nearly as possible at the
same ground elevation. Each of the 400 measurements is to consist of a single spot
measurement made with the receiving antenna at a height of 30 ft above ground.

The data collected are to be analyzed by dividing the arca surveyed into eight
or more sectors not exceeding 45° in width. These sectors are to be chosen so as
to include reasonably homogeneouns terrain in so far as possible. For each constant-
radius arc within each sector, the mean value of the spot measurements is deter-
mined.® This analysis provides five values of field strength as a function of distance
in the direction of each section, from which curves of mean field strength vs. distance
for the scctor can be drawn. Linear interpolation can be employed for intermediate
distances between adjoining circles.

RECOMMENDED TASO METHOD FOR SPECIAL STUDIES

For purposes of scientific investigation of field-strength behavior, measurements
are often required employing special techniques. Omne such method, recommended
by TASO in making measurements to be analyzed in terms of the terrain profiles
between the transmitting and receiving antemmas, is briefly outlined in the following
paragraphs.

A precise radial line is Iaid out from the transmitter on topographic maps to
the distance to which measurements are to be made.t Along this radial line, meas-
uring locations are marked at exact 2-mile intervals, beginning at exactly 10 miles
from the transmitting antenna. The actual measurements are made precisely on the
radial, at locations as close as possible to the exact 2-mile marks established as
described.

The individual measurements consist of short mobile runs (100 ft along the
road) at each location so chosen, with the recciving antenna at the 30-ft height.
The chart recorder is used, and the median, nunimum, and maximum values of the
field for each recording arc determined from the chait recording.

PRACTICAL PROBLEMS ENCOUNTERED IN MAKING
FIELD-STRENGTH SURVEYS

Before any fAcld-strength-measurement survey is undertaken, the radiated power
of the transmitting installation must be cstablished as closely as possible.  The
transmitter output power should be determined by means of the dummy load and
maintained as closely as possible to the proper value throughout the survey. The

# When the sighal is below the noise level at one or mare locations in each group, the
median value rather than the inean value should be established.

t Precise methods of calculating accurate radial lines for this purpose are desecribed in
detail in the TASO report.
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radiated power is established from the mcasured transmitter output power, taking
into account the antenna power gain and the transmission line and diplexer losses.

The use of a 30-ft receiving antenna mounted on a vehicle requires special
permission from police or highway authorities in most states. These requirements
vary among the individual states, but full details can be obtained from the state
police or highway headquarters in the various state capitals.

The operation of a 30-ft mast presents safcty hazards which require the exercise
of utmost caution in the use of an elevated mast. The TASO field-strength meas-
uring spectfication includes a special appendiv dealing with safety requirements.
When measurements are made with an elevated antenna, the need for caution must
be borne in mind at all times.

FADING OF SIGNALS NEAR THE RADIO HORIZON

Fairly substantial variations in field strength with time are frequently noted near
and beyond the radio horizon. These variations may be relatively rapid, occur-
ring over a period of a few minutes, or slow variations may appear over periods of
several hours. Average field strengths in this region are usually lowest during winter
afternoons, and higher average fields may be ohserved during the evening hours and
during summer. The variations in field strengths with the passage of time must be
taken into account in planuing and making field-strength-coverage surveys.

The observed fluctuation of the field neav the horizon is believed to be due
principally to vaviations in the refractivity gradient of the lower atmosphere, which
in turn is determined by the temperature, humidity, and barometric-pressure grad-
ients. Measurements for coverage surveys should not be made beyond the radio
horizon during periods when unusual conditions of temperature, humidity, and
barometric pressure are believed to prevail. In particular, such measurements should
not be made during changing weather conditions or if weather fronts are known to
be in the area.

The variations in field with time often result from canses which are not readily
apparent, and it is frequently difficult to determine whether typical propagation
conditions prevail. One method which has been proposed and tried with some
success is that of establishing fixed recording stations in one or more directions, at
locations near the expected outer limit scrvice, and recording the received signal
over a period of several davs, These recordings will give an indication of the signal
to be expected under average conditions; the coverage survey measurements beyond
the horizon can be made during a period when the recordings indicate propagation
conditions to be typical. Measurements should not be made on days when these
recordings indicate excessively high or excessively low field strengths.
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FIELD-STRENGTH MEASUREMENTS (540-1600 KC)

Rosert E. L. KENNEDY

Consulting Engineer
Kear and Kennedy
Washington, D.C.

INTRODUCTION

Shortly after broadcasting began in the early 1920s, when “wavelength” was
checked by a Kolster Decremeter, power was estimated from the product of plate
voltage and plate current, and antennas were flat tops or cages hung on a roof, broad-
casters sought somec uniform and relinble means of describing their service areas.
Expressions such as “You're coming in loud and clear” or the more flattering “You're
coming in like a ton of bricks” needed to be reduced to some accurate descriptive
systenn.

These desires for better information about coverage or service gave birth to the
field-strength mcter. In the beginning, this device consisted of a standard signal
generator and a stable loop antenna receiver. This apparatus was so bulky that it
was usually permanently mounted in a car, and where the car couldn’t go—well, there
were no measurements. Later on in the twentics, Western Electric wrapped the
whole works up in onc unit about the size of a piano, but one still required a medium-
sized truck to transport the device.

In the early thirties RCA made the first step, albeit a short one, in the right direc-
tion. They put handles on a couple of boxes and advertised them as “portable.”
One contained the field-strength meter and the other an assortment of dry batteries,
loops, and plug-in coils. Most of the hunchbacked enginecrs alive today got that
way because their bosses believed that word “portable” in the ads.

In the late thirties Jim McNary in cooperation with Federal rednced the size and
weight to somethiug less than backbreaking, but this meter was still far from what
engineers needed to do a really good and complete survey job.

At last, shortly after World War II, Allen Clarke of Silver Spring, Md., brought
forth that sweetheart of an instrument called the 120-D or WX-2, depending on
whose nameplate it bears. Self-contained, direct reading throughout the broadcast
band, and not mmch larger than a press camera, it almost makes the job of measuring
field strength a pleasure (see Fig. 9-7). Its only drawback is that we no longer
have an excuse that some desirable measuring sites are inaccessible. Wherever we
can walk, there we can take this meter and measure the field strength.

2-290
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FACTORS TO BE CONSIDERED

Now that the equipment situation is in hand (no pun intended}, let’s take a look
at the FCC Standard Broadcast Technical Standards and Rule 3.186 in particular.
This section only partially details the requirements for good, supportable, and in-
telligent field-strength measurements.  Along with the instructions given in the Stand-
ards there are many more factors to be considered and applied that make the differ-
ence between acceptable and questionable data.  Some of these factors are applicable
to all field-strength measurements, and some assume greater importance in specific
applications of field-strength measurements.

Reasons for Measurements

Of the many reasons why we may desire ficld-strength measurements, the following
may be considercd the most usual:

1. Location of contowrs of specified intensity or the determination of quality of
service (This started it alll)

. Interference range of the transmitter

. Proof of performance of a directional antenna

. Proof of efficiency of a nondirectional antenna

. Site survey—to determine the adequacy of a proposed transmitter site

. Determination of the amplitude of the radio-frequency harmonic radiation of
the transmitter

7. Evaluation of the sky-wave-signal intensity from a distant station

Gy UL v oD

RADIAL MEASUREMENTS

General Considerations

In all the above situations with the exception of 6 and 7, strict adherence to the
radial bearing from the transmitter is most important. Lay the radial ont on the
hest available map (topographic preferred), and then stick to it! Examine the radial
in fine detail and measure as often as practical in unobstructed locations (see Fig.
9-1). This is particularly important when establishing the unattenuated field strength
at 1 mile. What do we mean by “unobstructed”? Well, we meun, stay away from
overliead wires or similar conducting obstructions.  Stay away at least five times the
obstruction height and if at all possible ten times the obstruction height. Don’t
worry ahout whether this puts us off the “tenth-mile” or “quarter-milc” distance
referred to in Sec. 3.186 of the Rules. The bearing is of primary importance; the
distance is unimportant as long as it is known and as long as we have a sufficient
number of measurements in each distance range. Somcthing slightly in excess of a
passing glance at a sheet of log-log paper or semilog paper will impress the idea
upon you.

Also, stay away from underground cables, pipelincs, etc., in the same manner.
These nuisances are usually shown on topographical maps and are usually marked
by painted stakes where they cross rights of way. These “gadgets” are particularly
obnoxious when they happen to run radially from the transmitter site.

How do we know when we are at a sufficient distance from such obstacles?
Usually, that little field-strength meter is a reliable source of such information. Just
note the direction of the approaching wavefront. 1s it coming from the direction of
the transmitter? If not, the mecasurement is suspect. Note the depth of the null
as the loop is rotated. Is it sharp and deep? If not, the mcasurcment is suspect.
What do we do? We record the signal measured and note the ohserved effect in
our measurement log. Maybe when we get to plotting it along with the other
measured data, it fits the curve nicely and fills in a blank space we need. On the
other hand, if it is out in left ficld, we jnst forget we made that one and go looking
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Frg. 9-1. Typical radial with numbered measuring points.

for another place or places in that arca where we can get some hetter information to
fill in the blank spots.

Detailed Plotting

Let’s try a typical radial. Also, let’s assume that we are going to try to prove
a protected radial from a directional antenna. This just about covers all the more
important factors which will concern us in making gronmd-wave measurements, with
the exception of determining the location of distant service or interference contours.

Preferred Maps

First, obtain the most accurate map available for the path to be measured. U.S.
Geological Survey maps are to he preferved if they are of recent issue and/or are the
result of an adequate survey., The map should say: “This map complies with Na-
tional Map Accuracy Standards” on the lower edge. It should be aceepted subject
to careful checking if it says: “Surveyed by Reconnaissance Mcthods.” If these are
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not available, county road maps can be employved. However, some road maps are
not very accurate, and they should be cliecked by an auto odometer hefore placing
full reliance in them. On the map, carefully Jocate the transmitting antenna site,
Auny significant error in the antenna location will result in a distorted pattern and
consequently inaccurate radial data. Then carcfuly project a meridian (true North
line) through the transmitter site.  With the site as the origin and with a good pro-
tractor, lav out the radial bearing and continue its projection for at least 13 or 20
miles from the site. (The precise determination of radial bearing recaommended by
TASO is not required in the standard hroadcast hand.)

Noudirectional Measurcments

Now we are ready to begin a radial with the antenna operating nondirectionally.
Nondirectionul data are required by the Commission because they usually give
smwother attenuation information than will he obtained in a decep null {see Fig, 9-5).
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Fig. 9-2. Example of radial measurement log.

Now, beginning at a distance of about five times the height of the antenna we start
looking for unobstructed measuring locations on the radicl. Upon reaching the first
acceptable peint on the radial, we observe the field strength, paying particular at-
tention to the direction of the arrival of the wavefront and to the depth of the mull
on the meter when the loop is rotated 90° to the direction of the transmitter. Having
recorded the value of the signal in our notebook, we mark the location on our map,
number the location, and moest important, describe the location in sufficient detail
so that we can return to the exact same spot in the future (see Fig, 9-2).

We proceed along the radial, obtaining as much data us we can and preferably
obtaiming more data than are required by 3.186 of the FCC Rules.  If because of
topography or if we encounter large reservations in which we cannot measure, then
we try to obtain additional data in other distance ranges to compensate partially for
the missing distance range. As a minimum, we should have measured at least 25
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points along the radial within a 15-mile distance. If the directional antenna, which
we are going to try to prove on the busis of these data, is a complicated one, then
we should get more than 25 and probably as many as 40 points on the radial. The
reason for the additional points becomes apparent when we rerun the radial direction-
ally (sce Fig. 9-5).
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Fie. 9-3. Inverse distance and measured fields: nondirectional operation in direction of
protected null, 223° true.

Plotting

Now, we return to the map, carefully measure the distance from the transmitting
antenna to each of the measuring points, and tabulate these distances opposite the
signal values. The values of field strength which we have measured can now he
plotted as a function of distance, and for this plot we can usc one of the following
commercially available graph papers or its equivalent:

1. If we wish to employ the charts of ground-wave field strength found in Part 3,
Radio Broadcast Services (January, 1956, edition), or “FCC Broadcast Engineering
Charts” available from the Superintendent of Documents, the data can be plotted
on K&E “Ground Wave Field Intensity,” paper No. 61729, This paper has the same
logarithmic scale as that employed in the above FCC documents, and the data which
we have measured can be matched dircetly against the appropriate graph for the
frequency involved. By matching the abscissa of our data with that of the FCC
graph, we can then slide the ordinate information data up and down as described in
Sec. 3.186, and when the “best fit” is obtained, we have determined both the un-
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attenuated ficld at 1 mile and the conductivity along the radial path. On a light
table or against a window, mark the inverse distmce field and trace off the apparent
conductivity.

2. For those who prefer a slightly higher order of accuracy, we should refer to
Graph 20 of the above publications “Ground Wave Field Intensity Versus Numerical
Distance over a Plane Eartl.” By use of this graph, we can construct a new family
of attenuation curves for our exact frequency for any desired values of conductivity
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Fic. 9-4. Inverse distance and measured fields: nondirectional operation in the direction
of the maximum, 6° true.

and also for several values of dielectric constant. For each value of conductivity
and its associated value of dielectric constant we must compute the numerical dis-
stance in terms of R(1 mile} from the equations shown on Graph 20 for vertical
polarization. After drawing the inverse distance line on our graph paper, we then
simultaneously match this line with the equivalent line on Graph 20 while holding
our 1-mile distauce line on the computed nunerical distance value. We then draw
the attenuation curve most closelv approaching our calculated value of b, interpolat-
ing where necessary.  This is repeated for each value of conductivity and dielectric
constant chosen.

For convenience, it is most practical to assume one value of dielectric constant,
compute the numerical distance for several values of conductivity, and plot this
family on one graph sheet. 1If other values of diclectric constant are assumed, the
same conductivities assumed before should be computed and a separate graph em-
ployed for this family. The plotted radial data can then be matched to these families.
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8. If a still higher order of accuracy is desired, the curves shown on Graph 20
can be transferred to either Dietzgen 3- by 3-cycle logarithmic graph paper No. 840-
1.33 or K&E No. 859-120, which is equivalent. Using this paper and having our
own Graph 20, we can construct our families of attenuation curves as outlined in
the second method above. The principal advantage gained by the use of this latter
method is that the data are well spread out and more precisely analyzed. Again we
match measured data to theoretical graph.
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Fre. 9-5. Inverse distance and measured flelds: directional operation on radial of protected
null, showing increased scattering, 223° true.

If we have prepared the data by the third method above, we should have a
radial plot similar te Figs. 9-3 and 9-4. Hecre we have more data than are needed for
a nondirectional radial alone, but we are preparing for more difficult tasks ahead.
When we have completed a sufficient munber of such radials to determine the non-
directional pattern and have analyzed them, we are prepared to measure ouv direc-
tional pattern or patterns.

Directional Measurements

If we have taken our nondirectional data carefully and noted the exact location of
each measuring point, the measurement of the directional data will be easy. I we
have been careless in describing the measuring points, we are in for trouble, and the
deeper the null in the directional pattern, the more trouble we are likely to encounter.
Take heed! Do it right the first time.
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The basic difference in the measurement of directional vs. nondirectional antennas
is that the dircctional Jooks much less like a point source of radiation. Where we
began our nondirectional measurements at five times the tower height, we now begin
our directional measurcments at about ten times the maximum separation between
the extremities of the array. In some instances even this is toa close, which will
appear as wide scattering of the measured values at locations close to the transmitter.
We must then depend on data at greater distances where the scatter has diminished
to cstablish the unattenuated field of the array (see Fig. 9-8).
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Fre. 9-6. Inverse distance and measured fields: divectional operation in the direction of
the maximum, 6° true.

It is of the utinost importance, in the directional case, to verify the direction of
the approaching wavefront. If in doubt, refer to a good magnetic compass and be
sure to correct for the earth’s magnctic variation.

After the radial has been run in the directional case, we again plot our data as
before but this time we try to match it with the previously analyzed nondirectional
data. Now you can appreciate the importance of adeguate data carefully taken in
the nondirectional case! In most cases, there will be more scatter to the directional
data, and the scatter is nsually emphasized where we have one or more of the fol-
lowing conditions prevailing:

. Widely spaced arrays in terms of frequency
. Deep nulls

. Poor soil conductivity or rugged terrain

. Metallic obstacles near the path

M= GO
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5. Reradiation from obstacles near the antenna
6. Buried pipelines running near the path

Under such circumstances it is necessary that we obtain as many data as possible
and depend upon the most probable grouping of measurements to determine the
directional field. Most often we find that the points at the greater distances give the
best comparison with the nondirectional field values. Refer to Fig. 9-5. This is the
same radial that is shown nondirectionally in Fig. 9-3. Note that we started our data
at a greater distance from the antenna and we still encounter severe scattering. In
this particular case, the scattering is attributable to conditions 1 and 2 above. Note
also that some of the points measured and plotted in Fig. 9-3 are omitted from the
plot in Fig. 9-5. Either these points produced poor nulls on the field-strength meter
or the wavefront arrived from some direction other than that of the transmitter or
both.

In contrast, see Figs. 9-4 and 9-6 taken on the same array but in the direction of
maximum directional radiation. Here, we observe that there is little or no scatter in
the directional data in spite of the fact that condition 1 above still applies. These
data are typical.

Monitoring Points

The next order of business is to locate the “monitoring points” required on the
protected radials. At least one such point and preferably one or two alternate points
must be established on each such radial. They must be easily accessible. The loca-

Frc. 9-7. Typical monitoring point location. Note freedom from overhead wires, etc., at
point of measurement.

tions should be clear of obstacles and likely to remain so. The measured values at
the point should lie reasonably close to the attenuation curve shown on the graph
of the measured data, and there should be some readily identifiable object near by
that will show in the photograph of the point. The description of the point itself
should be clear, and the route from the transmitter to the point should be specified
along main highways or well-traveled and marked roads. Figure 9-7 illustrates a
good monitoring point.

Requirements for Satisfactory Results

Now for a few tips—
1. Read the rules of the FCC and understand them before you begin.
2. Obtain accurate and up-to-date maps and check them.
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3. Use a recently calibrated meter or check it against another meter which has
been recently calibrated.

4. Start out with fresh batteries and have a spare set available.

5. Stay on the radial.

6. Dont’ skimp on the amount of data even at the larger distances.

7. Accurately describe each point so you can find it again.

8. You dou’t need headphoncs if you have a car radio receiver. Listen to the
station and then to the heterodyne when vou turn the calibration oscillator on.

9. Treat your meter with care—it’s expensive and is a precise instrument.

Establishing Coverage

Everything that has been written so far has dealt with the signal intensities rela-
tively close to the transmitter. If we wish to extend our data further for the purpose
of establishing owr coverage, we merely continue along onr radials until the desired
signal level has been reached and passed by a reasonable margin. Fairly abrupt
changes in conductivity can extend the average contour distance beyond that antici-
pated on the basis of just passing the desired signal value. Besides, if this does occur
and the boss wants the data for sales purposes, he may be happy enough to “cough
up” a raise.

For extended measurements, to establish the degree of electrical interference which
may be expected, and where these data are to be submitted to the Conmunission either
by petition or in hearing, strict adherence to the rules in principle as well as in fact
is demanded. Furthermore, it is of the utmost importance that measurements taken
at the larger distances be made several hours after sunrise and be completed several
hours before sunset. During these hours, propagation via the ionosphere is at a
minimum and more realistic values of the gronnd wave obtain.

So far we have limited the discussion to those techniques required to cover the
originally stated usual reasons for making field-strength measurements in the broad-
cast band with the exception of items 5, 6, and 7, Actually, we have covered 5
because a site survey is in most cases just a nondirectional survey with low cffective
power. In the few instances where this statement doesn’t hold, we may be required
to make a directional survey at low power. In cither case, the procedures previously
outlined apply.

Harmonic Radiation

In measuring the performance of a broadcast transmitter to satisfy the annual and
prelicense renewal requirements of Rule 3.47(a){5), we are told by FGC that field-
strength measurements are preferred to observations made with a communications
receiver although the latter will be accepted.  Actually, either method yields nothing
move than the field strength in either absolute or relative values at the point or points
at which « measurement was taken. Neither method defines the harmonic content
of the transmitted signal. Only in the case of the relatively short {compared with a
wavclength at the fundamental frequency) nondirectional antenna do field-strength
measurements of the harmonic have any meaning. Here they do give a fair approxi-
mation of the harmonic content of the system. In the case of a directional antenna,
we know energy distribution of neither the horizontal plane nor the vertical plane;
hence, emphasis on the italicized sentence above.

This doesn’t miean that harmonic radiation from a broadcast antenna system can’t
cause serious interference to other services. The author has experienced too many
instances of such interference to deny it. It does mean, however, that when oper-
aling directionally, a few field-strength measurements of the harmonic signal near by
won't prove a thing.

The best solution to the problem is to locate some point where the harmonic signal
is audible and using a Communications receiver with an S meter, insert between the
transmitter and the conmnon point a trap or low-pass filter, then adjust it for minimum
S-meter reading. Thereafter, oncc the harmonic signal is sufficiently reduced, com-
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parative checks of the harmonic intensity can be made using the same receiver and
antenna.

If absolute values of the harmonic signal are required, alas the Clarke 120-D is of
no use. Start looking for an old RCA TMV-75B, 308-B, a Federal 101 with high-
frequency loops, or resort to one of the newer products of Stoddart, Empire Devices,
Polarad, or equal.

Sky-wave Signals

The measurcment of sky-wave signals from distant stations by individuals has
passed into limbo in recent years. The Commission has consistently held that snch
data will not be admitted in contested hearings and that these data are admissible
ouly in “rule-making” procedures. Since there have been no such procedures re-
cently—no sky-wave data! Besides that, FCC and the Central Radio Propagation
Laboratory of the Burean of Standards have miles of recordings for every inch an
individual could assemble, and they've been collecting it for years. lience, there is
little incentive to go to the trouble to set up the equipemnnt and then analyze thc
recorded data,



