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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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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,



Wave Propagalion, Radiation, and Absorption 2-25

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



Wave Propagation, Radiation, and Absorption 2-35

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



2-44 Antennas, Towers, and Wave Propagation

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



2-46

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