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INTRODUCTION

The purpose of this section is to provide broad-
cast engineers and managers information concern-
ing the design, erection and maintenance of an-
tenna structures. While fundamental principles of
the design and behavior of these structures will
be discussed, it is not intended to enable the
reader to design and build his own tower, but
rather to provide him with a basic understanding
of these unique structures that will enable him
to better plan, modify and maintain his facilities.

TOWER CHARACTERISTICS

Types

All towers may be classified in one of the two
basic groups—guyed or self-supporting. As their
names imply, guyed towers are those which de-
pend upon cables running to anchors located
some distances from the tower base for their
structural integrity, while self-supporting towers
rely solely on their own construction as a can-
tilivered space truss.

With only a few exceptions, the cost of the ac-
tual tower structure and foundations is con-
siderably less for a guyed tower than for one that
is self-supporting. The advantage of the self-
supporting tower is the relatively small land area
required. Therefore, the choice between guyed or

self-supporting depends to a large degree on the
availability and cost of real estate.

A self-supporting tower requires a nearly
square plot of land with sides equal to 8 to 20
percent of its height.

The amount of land required for a guyed tower
depends on the distance between the tower base
and the guy anchors. This distance is preferably
between 70 and 80 percent of the height which
would require a rectangular plot having sides
equal to 125 and 145 percent of the height.

Because of the great flexibility in guyed tower
design, it is possible to reduce the anchor distance
to as little as 35 percent of height thereby requir-
ing a much smaller land area. However, the cost
of the tower increases as the anchor distance
decreases. The approximate relationship of cost
to anchor distance for a representative 1200 feet
television broadcast tower is shown in Fig. 1.

It is often possible to position a guyed tower
on an irregularly shaped plot or to obtain long-
term lease agreements or easements for guy paths
and anchor locations in order to minimize the
tower cost without obtaining large, rectangular
land areas.

Configurations

1. Self-supporting Towers may be either square
or triangular in cross section. While it is usual-
ly more economical to use a triangular cross
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Fig. 1. Effects of anchor distance on cost of a
1200 ft. guyed TV broadcast tower.

section, there are situations where a square
cross section is a better choice. The principal
structural elements are the legs, the web brac-
ing in each face, and if required for stability,
horizontal diaphragm bracing. The legs are
usually sloped (tapered) to provide adequate
strength and stability as the height increases.
The degree of slope is an option of the de-
signer to suit the equipment supported, the re-
quired rigidity and the available land area. The
slope is sometimes varied within a tower to
maintain a desirable balance between the costs
of leg members and bracing, or to reduce the
foundation loads. Frequently the legs in the
top section of the tower will be parallel to
simplify the mounting of equipment.

There are several different configurations of
bracing members for the individual truss
panels. The choice is influenced by the width

of the panel, the magnitude of the wind and
ice loads imposed, the location of equipment
and the required stability. Continuity in trans-
ferring the applied loads through the structure
without significant eccentricity is essential
regardless of the configuration used.

. Guyed towers are almost always of triangular

cross section although there are a few unique
conditions for microwave antenna supports
where a square cross section is advantageous.
The principal structural elements are the legs,
the web bracing in each face, and the guy sup-
port systems. Except for sections at the tower
base and locations where the width changes,
the legs are parallel. The width of the tower
is usually constant throughout the height of
the tower with the exception of sections sup-
porting antennas requiring a specific width of
support structure. The base section is often
tapered to a single point to provide a pivot
support to eliminate large bending and tor-
sional moments.

Theoretically there are an infinite number
of arrangements of guy cables to support a
tower. The most common arrangement is three
cables spaced at 120 degrees with one attach-
ed to each leg. This is the minimum number
of cables that can be used. When the tower
supports equipment which imposes large
twisting moments (torques), it is necessary to
provide six cables at a level to maintain tor-
sional stability. If the torque is localized, the
guys at that location may be attached to
triangular frames as shown in Fig. 2b. If the
torques occur throughout the height, it may
be desirable to double guy the tower at every
level as shown in Fig. 2c.

The number of levels of guy cables to sup-
port the tower is dependent on a number of
factors including the height of the tower,
width, location of equipment, and the en-
vironmental loading conditions. Because the
tower is an axially compressed column, its
strength is a function of its slenderness. While
design codes permit slenderness ratios resulting
in triangular towers having a span-to-width
ratio as great as 49, it is usually economical
to limit the ratio to a maximum of 30. While
there is no upper limit to the number of guy
levels imposed by any code, a practical limit
for economical design is 10.

The position of equipment on the tower is
an important factor in determining the loca-
tion of guy levels. Preferably, guy attachments
should not be located within the apertures of
side mounted TV and FM broadcast anten-
nas. Equipment producing large localized wind
loads, such as microwave antennas or clusters
of two-way radio cabinets and antennas,
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Fig. 2. Typical guy arrangements.

should not be positioned near the center of
spans between guys.

If the tower will be subjected to ice loading,
it is desirable to reduce the number of guy
levels to minimize loads imposed on the tower
by ice accumulation on the guy cables.

The number of anchors in each guy direc-
tion is dependent on several factors including
the number of guy levels, the soil conditions,
topography, and obstacles. As a general
guideline, it is desirable to limit the number
of guy levels attached to a single anchor to
five. However, there is nothing absolute about
this number, and other conditions may dic-
tate using an anchor for a greater number.
There are some soil conditions where it may
be economical to provide two or more smaller
anchors while in another instance the use of
one large anchor might be desirable. If mini-
mizing the area within which the tower would
fall in the event of a collapse is a considera-
tion, a minimum of two anchors should be
used in each direction.

Where the elevations of the anchors differ
from the tower base, it is desirable to vary the
distance of the anchors from the tower base
to maintain nearly equal initial tensions in the
guy cables. Anchors higher than the tower
base should be moved toward the tower; and
anchors that are lower, away from the tower.
The amount of movement should be specified
by the designer.

Materials

. Tower Structures

Nearly all broadcast towers are made from
steel because it provides the most economical
structure. The selection of the grade and shape

of steel is obviously an important design
consideration.

Steels used for towers commonly have low
carbon content with yield strengths in the
range of 36,000 to 60,000 psi. These materials
have good ductility and are suitable for
welding. Some towers have been built using
higher grade materials with yield strengths up
to 100,000 psi, but the savings in weight are
more than offset by higher base prices and in-
creased fabrication costs. Regardless of the
grade of material, its physical and chemical
properties should be certified by the produc-
ing mill to ensure that it conforms to the
design requirements.

The shape of the material as well as its size
and strength affects its load carrying capaci-
ty. The shape also has a significant effect on
the magnitude of loads produced by wind.
Design standards permit a reduced wind load
on round members between 60 to 70 percent
of that for flat or angular members of the
same width. For this reason, solid round bars,
round structural tubes and pipe are used ex-
tensively. This advantage in wind load is off-
set somewhat by increased fabrication costs,
due to the necessity of welding plates onto
them for connecting the various members.

There is no one grade or shape of material
that is “‘best’’. The choice depends to a large
degree on the preference of the designer and
the type of fabricating facilities available.

A factor equally as important as the selec-
tion of the grade and shape of the structural
steel is the design of the connections. For shop
welded connections, the compatibility of the
base and filler metals and required preheat
temperatures must be considered. The pro-
cedures used must be qualified and the welders



2.1-4

Section 2: Antennas and Towers

certified for them. Inspection procedures
should be compatible with the weld design.

Bolts for field assembly may be of various
types. Usually those for the main load carry-
ing members are high strength. If positive
resistance to slippage of the connections is re-
quired, interference body, ribbed (‘‘drive’’)
bolts may be used.

. Guys

The most common material for tower guys
is galvanized steel strand. This material has
excellent strength and durability. Its ‘‘struc-
tural’’ elongation due to the seating of the in-
dividual wires in the strand is small and can
be almost entirely eliminated by prestressing
the strand to 50 percent of its breaking
strength at the factory. This should be done
for guys on tall towers with factory connected
end fittings.

For guys on AM towers, and those close to
FM and TV antenna appertures, a non-
conductive material is sometimes desirable.
Two such materials that have been used are
Kevlar rope and fiberglass rods. When using
these materials, careful attention must be given
to protection against corona effects, fatigue
and deterioration from exposure to ultraviolet
light. Also, their elongation characteristics
under load must be evaluated. They require
delicate handling at all times.

Just as for the tower structure, the connec-
tions for the guys are as important as the guy
material itself. Some of the more common
connections are as follows:

a. Sockets of forged or cast steel attached with
molten zinc or epoxy resins develop the full
strength of the guy. They are normally in-
stalled at the factory and proof loaded to
50 percent of the guy breaking strength.
This type of fitting is most common for the
larger guys used on tall towers.

b. Dead end grips are preformed wire loops
in the shape of a large hairpin. The two legs
of the hairpin are wrapped around the guy
with its closed end forming an eye. These
grips are used for guys up to one inch in
diameter and usually develop their full
strength. They are easily installed in the
field, but the ends must be completely
snapped into place and a protective device
installed to prevent ice from sliding down
the guy and loosening the grip.

¢. Clips used to clamp the ends of guys
develop 85 percent of the guys’s strength
when properly applied and tightened. To
install them it is necessary to bend the
strand back on itself to form a loop; thus
their use is difficult on large cables. The
saddle of U-bolt type clips must be on the

load side and not the dead end which pro-
vides another potential error in their instal-
lation.

d. Swaged Sleeves develop between 85 and 100

percent of a guy’s strength depending on
its size and equipment used to squeeze the
sleeve. These fittings are usually installed
at the factory and can be proof loaded.
They are advantageous for connecting
closely spaced insulators where the length
of dead end grips is unacceptable.

e. Serving is a connection made by rolling the

individual wires of a strand back on the
strand itself. This method has for the most
part been replaced with dead end grips, but
it is advantageous for small guys with close-
ly spaced insulators.

3. Insulators

a. Base insulators for AM towers are made
from porcelain with appropriate galvanized
steel end fittings. For a guyed tower, one
end is fitted with a rocker plate or spherical
bearing joint to prevent uneven loading on
the porcelain and subsequent cracking. For
self-supporting towers the fittings must be
designed so that the assembly can sustain
either upward or downward forces while
keeping the porcelain loaded in compres-
sion.

b. Sectionalizing insulators to isolate portions
of a guyed tower have been made from
both porcelain and fiberglass. If these in-
sulators are designed only for the compres-
sion loads they are subjected to after in-
stallation, temporary connections, or fit-
tings to prevent their failure under tension
loads imposed during construction, must
be provided.

¢. Guy insulators are available in several

types. To break up a cable into segments
and prevent re-radiation, porcelain in-
sulators are normally used. These in-
sulators are a single piece of porcelain
placed between interlocking loops of the
guy. In this manner, the porcelain is load-
ed in compression, and even if it should
fail, the loops remain connected providing
a ‘‘fail-safe’’ connection. For larger size
guys, the same concept is achieved by plac-
ing the porcelain within an interlocking
steel frame which is in turn connected to
the guy segments.

Strings of the insulators may be used to
provide insulation between the guy and an
AM tower. Strain insulators made of fiber-
glass rods or porcelain cylinders have also
been used next to the tower where a higher
degree of insulation is required. These in-
sulators are loaded in tension and do not
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have the ‘‘fail-safe’’ characteristics of the
porcelain break-up insulators.

Finishes

1. Corrosion Protection

Steel is susceptible to deterioration from at-
mospheric corrosion. To prevent this, the
tower members and hardware must be given
a protective coating. This coating is usually
zinc which has excellent resistance to corro-
sion, and because it is higher in the elec-
trochemical series, it provides cathodic pro-
tection to exposed steel surfaces adjacent to
it. Even though the zinc coating may be
scraped or otherwise damaged, it continues to
inhibit corrosion of these exposed areas, and
rust will not develop beneath the zinc coat ad-
jacent to them.

There are several methods of applying the
zinc including hot dip galvanizing, flame
spraying electroplating and painting. All must
be applied to clean surfaces.

a. Hot-dip galvanizing consists of dipping the
steel into a bath of molten zinc. A metal-
lurgical bond develops between the steel and
the zinc which adheres to it. When galvan-
izing tubular members, it is necessary to
provide holes in both ends to ensure that
the inside surfaces are coated. Careful at-
tention must be given to the type of base
and weld metals used, as well as to the weld-
ing and forming procedures used in fabrica-
tion to safeguard against possible embrit-
tlement of the steel when galvanized. When
properly applied, this process provides the
most durable coating.

b. Flame spraying consists of spraying molten
zinc at high pressure onto the steel surfaces.
The bond in this process is mechanical
rather than metallurgical. The coating pro-
duced is more porous and has less resistance
to abrasion than the hot-dip galvanized
coating. It cannot be used for the inside of
hollow sections or other cavities where ac-
cess is difficult.

¢. Electroplating, while suitable for small ob-
jects, does not produce a coating thick
enough to withstand an aggressive environ-
ment. It is not recommended for tower
parts or hardware.

d. Zinc Rich Paint consists of extremely fine-
ly divided zinc in an inorganic or organic
vehicle. It is not a metal coating method,
but rather a painting procedure. Its re-
sistance to abrasion and durability are less
than hot-dip galvanizing. It is, however,
useful for maintenance.

2. Aircraft Marking

When required by the FCC construction
permit, towers must be marked as a hazard
to air traffic. To comply with this requirement,
a tower is painted with contrasting colors of
white and international orange in alternate
bands. Selection of the paint materials must
be compatible with surfaces to which they will
be applied. There are several manufacturers
who have one-coat paint systems that can be
applied directly to galvanized surfaces. Like
all paint procedures, clean, dry surfaces and
suitable temperatures are essential to obtain-
ing satisfactory adherence.

3. Ice Prevention

Recently, a coating has been developed that
is intended to reduce the adherence of water
to surfaces and subsequently the formation of
ice on them. There is not sufficient data as
yet to evaluate its effectiveness and life expec-
tancy.

Access Facilities

A tower must have some access facilities in
order to maintain it and the equipment it sup-
ports. For small towers, the bracing members of
the tower itself often serve as steps or step bolts
are attached to one leg or face.

1. Ladders

For taller broadcast towers, a fixed ladder
inside the tower is desirable. OSHA Standards
for these ladders require a minimum clear
width between side rails of 16 inches and a
maximum rung spacing of 12 inches. They also
require that any continuous ladder more than
20 feet in height be equipped with a safety
device. This device consists of a continuous
rail, either rigid or cable, running up the center
of the ladder. A clamping device attached to
the climber’s safety belt rides along this rail.
As long as the climber is in a normal posi-
tion, the clamp slides freely; if he begins to
fall, a cam actuated mechanism freezes the
clamp to the rail and prevents his falling.

2. Elevators

For tall towers supporting multiple anten-
nas, it is often desirable to install an elevator.
Most tower elevators are of the power, cable-
driven type with a capacity of 500 to 750
pounds and a speed between 80 and 100 feet
per minute. They consist of a driving mechan-
ism, car, guide rails, hoist cable with support-
ing sheaves, tension weights, electronic con-
trols, and a two-way communications system.

Considerable attention must be given to
safety features. These should include limit
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switches to prevent travel beyond the upper
and lower landings on the tower, an automatic
brake on the driving mechanism that is ac-
tivated by any interruption in power, a
mechanism to automatically clamp the car to
the rails in the event of a broken hoist cable,
and interlocks to prevent operation with the
car gate open. It is advisable to determine what
state or municipal government regulations
apply and what permits, tests, and inspections
are required before the tower and elevator
system are designed.

The added wind and dead loads from an
elevator system are substantial and must be
considered in the tower design. Also, careful
attention must be given to the positioning of
the ladder, RF transmission lines and electrical
conduits in relationship to the elevator. The
ladder must be positioned so it is accessible
from the elevator car and can be used for
emergency descent. While the elevator hoist
cables can be restrained in guides on the return
side, they are free to move about under wind
load on the lifting side. Therefore, the con-
duits and transmission lines must be protected
from hoist cables striking and damaging them.
If a side mounted TV or FM antenna produces
a high RF field within the hoistway, protec-
tion must be provided to prevent arcing be-
tween the hoist cables, the tower structure, and
other appurtenances.

3. Transmission Line Bridges

To allow for thermal expansion and con-
traction, it is necessary to locate broadcast
towers some distance from the transmitter
building. Unless the transmission line is go-
ing to be placed underground, it is necessary
to provide a structural support for it at a
height compatible with the transmitter loca-
tion in the building. The top of the support
can be covered with steel grating or plate to
protect the lines from falling ice. The details
of this structure can become quite involved for
sites with multiple antennas, uneven terrain
and roadways, or obstacles between the tower
and building.

4. Stairways

The lower landing for a tall, guyed broad-
cast tower with an elevator is often 30 feet or
more above ground level. A stairway may be
desirable to permit easier access to the landing.
This structure can be combined with the
transmission lines support bridge. It may also
be desirable to install a small capacity boom
above the lower landing to lift radio cabinets
or other equipment onto the landing.

ELECTRICAL SYSTEMS FOR
TOWERS

Tower Lighting

Since a tower is a hazard to air navigation, the
government prescribes certain warning lights to
be installed on broadcast towers. In general, the
lighting requirements are spelled out in a pam-
phlet put out by the Federal Aviation Administra-
tion (FAA) called ‘‘Standards for Marking and
Lighting Obstructions to Air Navigation’ (AC
70/7460-1). Prior to submission of your applica-
tion for construction to the FCC, the various op-
tions for tower lighting should be carefully con-
sidered, and any preferance for an option should
be requested with the application.

The various methods for marking and lighting
towers are as follows:

Red Lights With Orange and White Paint

When considering red lights and paint, the
height of the tower determines the number of
flashing beacons and steady burning side light
levels. (See FAA AC 70/7460-1). Other factors
to be considered are:

1. Due to color fading, repainting may have to
be done every 4 to 5 years to meet the FAA
color specifications. On galvanized towers,
paint peeling can become a severe problem
after several years. Depending on the tower
location, the cost of insurance during the re-
painting may become a very significant eco-
nomic consideration.

2. In view of the high cost of electricity and the
low efficiency of incandescent lighting, the
long-term cost of power should also be con-
sidered.

3. Lamp life is dependent on many factors but
is particularly sensitive to vibrations and high
line voltage. The FAA recommends changing
lamps when they have reached 50% of their
rated life, which in a practical sense usually
amounts to changing all of the lamps every
6 months.

4. The requirement of + 3% of nominal voltage
at the lamp socket must be met by the system
design. If the voltage is too low the light out-
put falls below specifications, and if too high
the lamp life is shortened. For instance, a 3%
low voltage results in a 10% drop in light out-
put, and a 3% high voltage results in a 30%
reduction of the rated lamp life.

5. Although the FCC no longer requires the daily
logging of tower light operation, the logging
of a tower light failure is required along with
notification to the FAA of the failure and the
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proposed schedule for resumption of normal
operation. Automatic monitoring is available
in accordance with FAA requirements to alert
station personnel of a flashing beacon failure
as well as a side light failure. Computer com-
patible monitoring systems are available for
use with logging systems.

Medium Intensity Electronic Lights With Orange
and White Paint

FAA AC 70/7460-1 currently permits the use
of medium intensity electronic lights during
twilight and nighttime on painted towers over 250
feet. This type of lighting is energy efficient;
power costs will typically be less than 10% of
comparable red lighting systems. Although this
type of lighting is especially suitable for remote
locations, it has also proven economical for
lighting systems on towers that use paint for
daytime marking.

Refer to the previous marking method for paint
considerations, and to the following marking
method for the electronic light considerations.

High Intensity Electronic Lights

High intensity electronic lights may be used ef-
fectively to mark towers and eliminate the re-
quirements for the orange and white paint. These
lighting systems have three intensities for mark-
ing the structure during the day, twilight, and
night. Again, the height of the tower will deter-
mine the number of high intensity light levels
needed to mark the tower. (See FAA AC/70/
7460-1). Effective intensity is probably the least
understood term when it comes to the practical
use of electronic flash equipment. The term
candella is used as the unit of measurement, and
effective candella is specified if the Blondel-Ray
relationship has been taken into account.

The eye is able to integrate a light pulse with
virtually no reciprocity failure for pulse lengths
much shorter than the decay time constant for
the eye which is approximately 0.2 seconds.
Therefore, the eye is sensitive to the integrated
value of the light pulse and not to the peak value,
which for short pulses can be stated in impressive-
ly high but meaningless figures, as far as the eye
is concerned.

The effective intensity can be determined from
the Blondel-Ray relationship

IM X t
I = 0.2 + ¢ candella

Where:

Effective Intensity

Measured Intensity in candle-seconds
Pulse width of the light pulse (Usually
between the Y4 amplitude points)

the decay time constant for the eye.

For short light pulses, the effective intensity
can approach 5 times that of a steady light source
with the same candle-second intensity.

Other factors to be considered when using high
intensity electronic lights for marking towers are:

1. With the higher efficiency optics and power
converters of the electronic lights that are cur-
rently available, the 24 hour per day operating
power cost can be reduced to at least one-half
that of the red light nighttime operating cost.

2. The economics of electronic light operation is
governed by many design factors. FAA ap-
proved systems are required to meet specific
operational requirements but must only guar-
antee a minimum of one year life. Econom-
ical operation demands the careful considera-
tion of the following life-determining factors:

a. Even the best quality UV-inhibiting quartz
flash tubes will have a life that will vary
widely depending on the flash tube’s bore
size, length, operating voltage, current
pulse shape, and electrode, operating tem-
peratures. Generally speaking, larger bore
flash tubes using lower voltages between
500 and 1000 volts and a power loading of
less than 5 watts per square centimeter of
flash tube surface area, along with good
electrode cooling, should give a lamp life
in excess of 5 year providing that the flash
tube current wave shape has been optimized.

b. The energy storage capacitors should be
properly derated for the operational voltage
to provide long life. Operational deratings
for capacitors in common use during the
past 10 to 20 years have shown deratings
to 60% as being safe and long-lived. New
technology capacitors using state of the art
dielectric materials have shown derating to
80% as being safe and long-lived. Because
of the significant energy levels used in these
lights, energy storage capacitors using
minimal derating should have built-in pro-
tection devices to minimize the possibility
of overheating, rupturing and causing
damage not only to themselves but to
beacon interiors as well.

¢. The power transformers used in electronic
lights today are typically of the constant
current/voltage regulating type. This type
of transformer is very efficient when used
to charge capacitors and is capable of sup-
plying a near constant current from 0 volts
to full flash operating voltage on the
capacitor. This type of transformer is not
harmed if a flash capacitor shorts out, and
is less likely to catastrophically destroy the
capacitor. Another feature of this type of
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transformer is its inherent immunity to
voltage transients and spikes on the power
line. Since the flash energy is proportional
to the square of the flash voltage, capacitor
safety margins are maintained and light out-
put can be kept within the FAA specifica-
tions over the normal input power voltage
fluctuations. To guard against lightning in-
duced voltages on the tower, the breakdown
voltage from the primary to case and to
other windings should be designed for at
least 5 kV with insulation of high enough
heat rating to hold up for the desired useful
life of the beacon.

d. Using up-to-date technology with properly
engineered designs and low flash voltages
in the 500 to 1000 volt range, recent beacon
designs have been able to virtually eliminate
the corrosion problems that have plagued
many of the older style, high voltage
designs operating in the 1.5 to 3.1 kV flash
voltage range.

e. For enviromental considerations, the optical
design is very important. These lights are
specifically designed to alert pilots, on a col-
lision course, of the tower’s existence. Stray
light reaching inhabited areas on the ground
may be minimized by using louvers to block
the direct radiation from the flash tube.
Special optical designs using polyfocal
parabolas, which provide a very sharp cut
off on the bottom of the beam, may also
be used to further reduce the undesirable
light reaching the ground. Within ranges
where the eye is able to resolve the light
aperture size, a larger aperture will provide
a less intense looking light, while at the
same time, providing the proper far-field
intensity.

f. Although the FCC no longer requires dai-
ly logging of tower light operation, the log-
ging of a tower light failure is required
along with notification to the FAA of the
failure and the proposed schedule for
resumption of normal operation. Auto-
matic monitoring is available in accordance
with FAA requirements to alert station per-
sonnel of a tower lighting failure. Computer
compatible monitoring systems are avail-
able for use with remote logging systems.

Other Electrical Circuits

Other electrical considerations when planning
a tower installation are:

a. Antenna deicing circuits should be designed
to be installed in the main electrical power con-
duit. If a choice of deicer operating voltage
is available, consider choosing the highest

voltage under 600 volts in order to minimize
wire size. In many cases a 208/240 volt deicer
system is fed with 480 volts using a step down
transformer to reduce the I'R losses incurred
in the long run feeding systems on tall towers.
Deicing systems should be designed to provide
no more than 5 to 10 percent voltage drop to
insure the proper operation of the deicer since
the available heating power is proportional to
the square of the voltage. Most deicer control
circuits require a shielded triplet which may
also be installed in the power conduit.

b. An ac utility circuit to provide access to 120
volt power at several elevations on the tower
will often save time during maintenance and
repair work on the tower and associated
systems.

¢. Wiring for the elevator control circuits, if
needed, may also be installed in the power
conduit.

d. A sound-powered telephone system in a
separate % ” conduit to provide communica-
tions with ground personnel from the various
working platforms can likewise save time dur-
ing maintenance and repairs.

e. With the recent increase in two-way com-
munications activity, many tall tower installa-
tions have found it advantageous to provide
several platforms with up to 150 amp, 120 volt
service which will accomodate the full spec-
trum of two-way communication systems.

A separate conduit with 20 to 100 pair
telephone cable is normally used to provide
audio input for these systems.

DESIGN STANDARDS
Industry

The vast majority of towers in the United States
have been designed in accordance with the Elec-
tronic Industries Association (EIA) Standard
RS-222, Structural Standards for Steel Antenna
Towers and Antenna Supporting Structures. This
standard has been used since 1959 when it re-
placed the Radio-Electronic-Television Manufac-
turers Association (RETMA) Standard TR-116.
The current revision ‘‘C’’ of RS-222 was issued
in 1976, and a new edition is contemplated toward
the end of 1985.

This standard is intended to provide minimum
criteria for specifying and designing steel anten-
na towers and antenna supporting structures. Un-
like general specifications and building codes it
is applicable only to antenna towers and support-
ing structures. As such it contains criteria peculiar
to these structures that are not readily available
elsewhere. Therefore it is always advisable -to
specify that your tower must conform to this
standard.
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Statutory

Most municipal and state governments have
statutory codes regulating the design of structures.
Many of these are patterned after or include one
of several model codes. The most common of
these are the Building Officials and Code Ad-
ministrators International (BOCA) Basic Building
Code, The International Conference of Building
Officials (ICBO) Uniform Building Code, and the
Southern Building Code Congress (SBC) Stan-
dard Building Code.

These codes cover all types of structures and
are directed primarily toward conventional types
of buildings. As such, they do not contain all the
criteria necessary to design broadcast towers. For
example, none of them includes a recommended
safety factor for guy cables.

Of particular concern to tower designers is their
provisions for calculating wind load.

The BOCA Code specifies that radio and
television towers be designed for wind loads
in accordance with the American National
Standards Institute (ANSI) Standard
A.58.1, Minimum Design Loads for Build-
ings and Other Structures, which contains
specific criteria for wind loads on towers.

The Uniform Building Code gives specific,
but incomplete criteria for towers up to 400
feet tall, and states that taller structures be
designed in accordance with ‘‘approved na-
tional standards.” No further definition is
given, leaving that determination to the
judgement of the local building official.

Since it is necessary to comply with the ap-
plicable statutory requirements, it is important
to determine what they are and include them in
the specification for the tower. They can have
a significant effect on the cost.

LOADS, ANALYSIS
AND SAFETY FACTORS
Loads

In addition to its own dead weight and the dead
weight of the appurtenances and equipment it
supports, the tower must withstand the forces of
nature: wind, ice, temperature changes, and
earthquakes.

1. Wind Load

Wind produces a principal load on tower
structures. For design purposes it is
represented as a horizontal static force pro-
portional to the square of the wind velocity
and the size and shape of the structure and
its attachments.

While all of the design standards use the
same statistical data for the maximum prob-

able wind velocity at a specific location, they
use different procedures for relating the design
load to that velocity. These differences are in
the shape coefficients applied to the projected
area of the members and in amplification fac-
tors used to account for the dynamic effects
of wind gusts and the tower’s response to
them.

The design standards also differ in their
methods of accounting for the variation of
wind velocity with respect to height above
ground. This relationship has been empirical-
ly determined to be exponential based on
records obtained during severe storms. In this
area the EIA Standard differs significantly
from the others for towers greater than 650
feet in that its recommended design wind
pressures are based on a constant velocity over
the entire height.

Graphic examples of the differences in wind
loads when using various design standards are
shown in Fig. 3.

Since the wind may act from any direction,
it is necessary to apply the wind loads in any
horizontal direction to determine the max-
imum stresses produced in the structure. For
a triangular tower three directions must be
considered, while for a square tower two are
sufficient. These are shown in Fig. 4.

In addition to this direct load in the direc-
tion of the wind (drag), there may also be a
component of load perpendicular to the wind
direction (lift). These lift components are
calculated in a manner similar to that for drag
forces using different shape coefficients that
vary with respect to the angle of attack be-
tween the member’s geometric axis and the
wind direction. They are most significant for
wind acting on guy cables, microwave anten-
nas and rectangular waveguides.

. Ice Load

Ice accumulations have two effects on a
tower. The weight of the ice acts directly on
the structure in the same manner as the dead
weight. The ice accumulation also increases the
area exposed to the wind and consequently the
load produced by the wind. This increase is
substantial on small components such as guy
cables, tension rods, ladders, small diameter
transmission lines and reflector screens for
antennas. It is also possible for the ice ac-
cumulation to alter the aerodynamic shape of
members thereby requiring the use of a dif-
ferent coefficient in calculating the wind load.
An example of this would be a set of closely
spaced parallel coaxial lines. Without ice they
would each be considered a round cylindrical
member. With accumulated ice they would
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Fig. 4. Wind directions to be considered.

i

present a large flat area to the wind requiring
a much larger coefficient.

Ice produces an entirely different stress
distribution in a tower than wind so it is not
reasonable to merely increase the design wind
load to provide for ice accumulations. It is also
a misconception that ice will break up and
blow off the tower, and therefore, ice and

wind need not be considered simultaneously.
In areas where ice may form, it is advisable
to specify an ice accumulation and a wind load
to act concurrently.

While all of the design standards say that
ice accumulations should be considered, none
of them gives specific recommendations for
the magnitude of accumulation or the wind
load with which it should be considered. This
is unfortunate because ice is a significant load
on a tower and has been the direct cause of
a number of collapses in recent years.

. Temperature Changes

Changes in temperature have no significant
load producing effects on self-supporting
towers, but they can on guyed towers. Because
of their differences in length, the guy cables
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expand and contract different amounts than
the tower itself and thereby require elastic
deformations from stress changes. The effects
are greatest for those cables having the flat-
test angle with the ground. While the stresses
produced are considerably less than those pro-
duced by wind and ice loads, they should be
considered in the design of guyed towers.

4. Seismic Loads

Loads due to earthquakes are considered to
act horizontally and are dependent on the mass
and stiffness of the tower. They are usually
less than those produced by wind but are
distributed in a different manner. Procedures
for calculating these loads are given in some
of the design standards including ANSI AS8.1,
but not in EIA RS222C. While a tower pro-
perly designed for wind load is usually ade-
quate for seismic forces, they cannot be
neglected in areas with frequent and intense
earthquake occurrences.

Structural Models and Analysis

A self-supporting tower may be described struc-
turally as a cantilevered space frame or truss.
Although it may have many different members,
it is a relatively simple structure, and the deter-
mination of the forces in the individual members
due to the applied static loads is easily done using
fundamental principles of structural mechanics.
The potential modes of failure are buckling of
individual leg or bracing members under com-
pressive loads, and shear or tension failures of
the connections.

A guyed tower is a much more complex struc-
ture than a self-supporting tower. Whereas there
is only one basic path through a self-supporting
tower for the loads to be transferred to the
ground, there are several for a guyed tower. The
distribution of the loads among these paths is
dependent upon the relative stiffnesses of guy
systems and the tower shaft. ~

Each span of the tower has a stiffness with
respect to axial and shear forces and bending and
torsional moments. These stiffnesses are a func-
tion of several variables including the geometric
configuration, the mechanical properties and size
of the individual guy cables, the amount of in-
itial tension, the magnitude of ice load, and the
magnitude and direction of wind load on the
cables.

By evaluating all of these it is possible to
simulate all the guys at a given level as a spring
having a specific stiffness. Because of the
nonlinearity of some of the relationships involved,
the spring constant derived is only valid for a
specific set of conditions and for a finite range
of translation. Similarly a torsional spring cons-

tant can be derived. It is interdependent with the
translation stiffness and is also valid for only a
finite range of translation.

Another difference between a guyed and self-
supporting tower is the magnitude and
significance of the axial load. For a self-
supporting tower this is composed only of the
gravity loads from the tower, its appurtenances
and any ice load. It is independent of wind load
and its effects on individual member loads are
relatively small. The axial load for a guyed tower
includes in addition to the gravity loads, the ver-
tical components of the tensions in the various
guys. Since these tensions are directly affected by
the wind loads, the axial load is now dependent
upon wind load, and its effects on the individual
leg members are relatively large. It also produces
an additional bending moment on the tower equal
to the product of the axial load and the deflec-
tion of the tower.

Despite the complexity of the relationship in-
volved, the availability and wide spread use of
digital computers permits accurate structural
analysis of guyed towers. There are several dif-
ferent structural models that may be used.

One of the most commonly used is to idealize
the tower shaft as a continuous beam-column on
non-linear elastic supports (the guys) subjected
to simultaneous transverse (wind and/or seismic)
and axial (dead, ice and vertical components of
guy tensions) loads.

The modes of failure are buckling of individual
leg or bracing member under compressive loads,
rupture of bracing members, guys or guy anchor
arms under tensile loading, and shear or tension
failures of the connections.

Dynamic Considerations

As previously mentioned, even though wind
and earthquakes involve kinetic energy, their ef-
fects are simulated by equivalent static loads
determined in accordance with the design stan-
dards. In recent years there have been more
sophisticated efforts to investigate the actual
response of tower structures to the dynamic
aspects of wind gusts. A conclusion drawn from
these studies is that the bending moments in the
upper portions of tall guyed towers are con-
siderably higher than those determined by the
usual static analysis. Consequently the loads im-
posed on the vertical legs and their splice con-
nections would be amplified beyond safe limits
indicating a potential failure condition. Consider-
ing the usual fundamental periods of tall guyed
towers, it appears that towers taller than 1200 to
1300 feet should be investigated dynamically as
well as statically.

There are two other phenomena related to the
dynamics of wind that are important in guyed
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Fig. 5. Typical anchor connection with
dampers to prevent aeolian vibrations.

tower design. These are aeolian vibrations and
““galloping’’, both of which involve periodic
loading.

Aeolian vibrations are low amplitude, high fre-
quency movements which occur in the tower guy
cables due to a phenomenon known as vortex
shedding. If they are not suppressed through the
use of dampers, they can result in destruction of
the filaments in the tower lights at the least, or
fatigue failure of a guy cable and collapse of the
tower at the worst. Stockbridge dampers attached
at one or both ends of the guy cables have proven
effective in controlling these vibrations and
should be considered for all tall guyed towers.

Galloping is a condition of instability involv-
ing large amplitude, low frequency movements.
It is caused by the perpetual amplifications of
periodic load due to the motion of the body itself.
The most dramatic and well-known example of
galloping is the collapse of the Tacoma Narrows
suspension bridge in 1940.
~ For tower structures, galloping is usually
associated with the guy cables on tall towers, but
in at least one instance it was related to a large
rectangular waveguide. There have been several
different methods involving detuning and energy
dissipation used for preventing galloping in guy
cables that appear to be successful. In the case
of the rectangular waveguide, galloping was con-
trolled by moving the waveguide inside the tower
along the centroidal axis from its original posi-
tion on the outside of one face. This reduced the
torsional rotation of the structure which was the
source of the perpetuating force. Based on this
experience it would appear prudent to always in-
stall this type of waveguide inside the tower unless
adequate torsional rigidity is provided throughout
the height of the tower.

Allowable Stresses and Safety Factors

Towers, like all other structures, are designed
so that the maximum anticipated stresses that oc-

cur in them are less than those which would cause
failure. This ratio of failure stress to maximum
allowable stress is known as the safety factor. It
is intended to provide for several variations from
the ideal conditions assumed for design including
loads greater than anticipated, imperfections in
materials and tolerances in fabrication and con-
struction.

The design standards refer to the American In-
stitute of Steel Construction (AISC) “‘Specifica-
tion for the Design, Fabrication and Erection of
Structural Steel for Buildings,’’ and the American
Concrete Institute (ACI) ‘‘Building Code Re-
quirements for Reinforced Concrete Structures,’’
for the allowable stresses and safety factors to
be used. Both of these specifications permit an
increase in allowable stresses (or a reduction in
safety factor) for stresses due to wind and seismic
loads acting alone or in combination with dead
and live loads above those values normally per-
mitted for dead and live loads only. The reason
for this is that maximum wind and seismic forces
are infrequent and of brief duration. EIA Stan-
dard RS-222 has always prohibited use of this in-
crease for stresses due to wind load on tower
structures. Thus, while wind loads calculated ac-
cording to other design standards are greater than

Fig. 6. Anchor connection with
snubber system to prevent galioping.
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those calculated according to EIA RS-222, their
effects are offset by consideration of the increase
in allowable stresses. This demonstrates the im-
portance of not extracting portions of different
design standards and combining them into a
single specification.

EFFECTS OF ANTENNAS
AND TRANSMISSION LINES

Except for AM radiators, the tower is the
“‘necessary evil’’ to support the broadcast anten-
nas and transmission lines at a suitable height
above ground. Thus the effects of this equipment
are of paramount importance.

Loads

Every antenna imposes a wind load and a dead
load on the tower. If the antenna is mounted atop
the tower, it also imposes an overturning mo-
ment, and if it is mounted off one side of the
tower, it imposes a torsional moment. For TV
and FM broadcast antennas and microwave an-
tennas, these loads are relatively large, and their
location has a significant effect on the placement
of guy cables.

Transmission lines feeding the various anten-
nas also impose wind and dead loads on the
tower. These loads are distributed uniformly be-
tween the antenna and their entry point near the
base of the tower. The total load produced by
a coaxial line or a waveguide is frequently greater
than that produced by the antenna itself. The
shape of the transmission line influences the
magnitude of the wind load, with circular or ellip-
tical lines having loads two-thirds of those for
rectangular lines with the same projected area.

It is important not to overlook the support
system required for transmission lines. Some large
waveguides have support systems that require
nearly continuous vertical structural members that
add substantial wind and dead loads. Small, flex-
ible lines require supports at a maximum inter-
val of three to four feet which is often less than
the vertical spacing of horizontal members in the
tower. Thus it may be necessary to provide an
additional support structure for these lines, again
adding to the total load.

Width Restrictions

Some antennas impose restrictions on the width
of the supporting tower. One common example
is a side mounted FM antenna requiring a max-
imum width of 18 to 24 inches. For antennas with
more than 8 bays, this results in a very slender
structure. When placed at the top of a tall guyed
tower, the design of the guy system for this struc-
ture becomes extremely critical. Use of a con-

Fig. 7. Triangular multiple TV antenna support
with FM antennas side mounted below.

tilevered pole structure above the top of the main
tower should be considered for these cases.

Another example of width restriction is a panel
type TV or FM antenna mounted on the faces
of the tower. Here, too, it is often better to sup-
port these antennas on a cantilevered structure
above the main tower rather than placing guys
within the aperture of the antenna.

As previously mentioned, it is desirable to place
large waveguides inside the tower near the ver-
tical centroidal axis to prevent large torsional
loads. This requires a tower having a minimum
face width in the range of 7 to 8 feet to accom-
modate the waveguide and its supports.

Initial and Future Considerations

Because the antennas and transmission lines
have such a significant effect on the tower design,
it is important to consider all possible uses for
a tower before it is designed. It is better to have
unused capacity than to undergo expensive mod-
ifications or replacement in several years to ob-
tain additional height or accomodate another
antenna. This has become apparent in recent
years with the proliferation of microwave, two-
way communication, and cellular radio systems.

When providing for multiple antennas, it is im-
portant to determine not only the number and
type of antennas and lines, but also their loca-
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tion on the tower. The distribution of load is
equally important as magnitude.

Triangular top platforms (‘‘candelabras’’) to
support broadcast antennas on each corner have
been successfully used for many years. They have
the advantage of placing all antennas at the same
height. A variation of this platform to support
only two antennas (‘‘tee-bars’’) has also been
used. Both of these systems require multiple guy
cables at the top platform to provide adequate
torsional stability. It is possible to design the
tower for a multiple antenna support platform,
but not install it until some later date.

Another arrangement of multiple antennas is
““stacking”’, i.e., installing one antenna atop the
tower and arranging others along the tower, one
below the other. This arrangement can also be
combined with a multiple antenna support
platform.

If capacity for microwave antennas is required,
it should be provided near guy levels and
preferably above to minimize interference with
the guy cables. The guy system and web bracing
at these levels must be designed to provide ade-
quate torsional rigidity.

Capacity for small antennas may be provided
at various locations throughout the height of the

Fig. 8. Tee bar antenna support
platform for two TV antennas.

tower. One arrangement for a large number of
antennas is to provide a platform around the out-
side of the tower large enough to support the
radio equipment for these antennas. The anten-
nas can be mounted on the outside railing of the
platform, thereby requiring only a short run of
coax. Electrical power must be provided to the
platform. This arrangement imposes a large con-
centrated load at the platform location with a
relatively small uniform load between the tower
base and the platform. If the same number of
antennas were mounted along the tower and each
fed by an individual coax line from the base, there
would be only small concentrated loads at the
antenna locations, but a relatively large uniform
load due to the lines. This is an entirely different
distribution of load and would have a pronounced
effect on the design.

Another important consideration for future
antennas or height extensions is the electrical
system. If an extension in height is planned, the
wiring for the aircraft warning light system should
be designed so that any additional lights can be
connected to the system without adding or replac-
ing wires in the existing conduit. The same holds
true for any circuits required for future anten-
nas. If the necessary wiring cannot be provided
during the initial installations, capacity should be
provided for additional conduits to hold the
future circuits.

Replacement, Relocation or Additions
to Existing Towers

Since every tower has been designed for a
specified arrangement of equipment, changes
should not be made without considering their ef-
fects on the structural adequacy of the tower.

Two common misconceptions related to
changes in equipment are: ‘‘lower is better’’, and
“‘smaller is better’’. Neither is necessarily correct,
especially for guyed towers. Decisions based on
these premises can have serious consequences.

It is much better to have a structural analysis
of the tower made by a structural engineer ex-
perienced in tower design. This analysis will deter-
mine if any overstresses would occur in the tower
or its foundations and what modifications and
reinforcing would be required to retain the struc-
tural integrity. To make this analysis, it is
necessary for the engineer to have complete data
on the tower and its foundations including con-
figuration, member sizes and material strengths.
The use of presumptive values can result in an
analysis with little value.

FOUNDATIONS AND ANCHORS

The component of a tower installation for
which it is most difficult to predict the cost is
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the foundation system. This is due to the non-
homogeneous nature of soils and the uncertainty
of what conditions exist below grade. Therefore,
it is necessary to have an investigation made of
the sub-surface soil conditions.

It is important to note that the soil design
parameters given in EIA Standard RS-222-C are
intended to serve only as a basis for preliminary
design and estimating of foundation costs prior
to obtaining specific soil data. They should not
be used for the final design without verification
by subsurface investigation.

Soil Investigation

The soil investigation should be made by an
engineering firm which specializes in soil in-
vestigations and evaluations and is familiar with
the general area of the tower site. It should con-
sist of making a test boring at each foundation
and guy anchor location, analysis of soil samples
taken from the borings, determination of the
structural properties of the soils, determination
of ground water levels, recommendations of
parameters for designing the foundations, iden-
tification of any special construction procedures
required, and recommended backfill specifica-
tions. If piles or rock anchors are necessary,
recommendations related to these should be pro-
vided. It should also address requirements for
frost protection and bouyancy effects.

Because the loads imposed on foundations for
towers are unique from those for conventional
buildings in that they include large uplift and
horizontal components, it is important to pro-
vide the soils engineer with the loading conditions
before he makes his investigation. This will enable
him to plan his work in a manner suitable for
obtaining and reporting those characteristics rele-
vant to designing for these loads.

Self-Supporting Tower Foundations

Except for relatively small towers with narrow
base spreads isolated foundations at each leg are
usually more economical than a single mat for
all legs. These foundations may be spread
footings, drilled caissons or driven piles. If sound
rock is present at shallow depths it is often
economical to anchor the footing to the rock.
These anchors should be proof loaded to ensure
their holding capacity in uplift.

Since these foundations are subjected to large
uplift forces, it is important to consider bouyan-
cy effects if ground water is present. Also, if
driven or cast-in-place piles are used, they must
be adequately anchored to the reinforced concrete
cap.

Guyed Tower Base Foundations

These foundations may be spread footings,
drilled caissons, or driven piles. Since they are
subject only to downloads with relatively small
horizontal forces, they require no special an-
chorage details for uplift unless they are placed
above expansive soils. Bouyancy is usually not
a problem.

Guy Anchors

Deadmen (buried reinforced concrete blocks),
drilled caissons or driven piles may be used for
these foundations. If sound rock is present at
shallow depths it is often economical to anchor
the foundation to the rock.

These foundations are subject to large horizon-
tal forces as well as vertical uplift. Therefore,
deadmen must have a large enough frontal area
bearing against the soil to resist sliding; drilled
caissons must have sufficient diameter and depth
to prevent excessive lateral deflection; and driven
piles must be sloped to prevent large lateral loads
being imposed on them. Rock anchors may be
installed along the slope of the resultant of the
horizontal and vertical loads, or they may be in-
stalled vertically and post tensioned to clamp the
concrete cap to the rock to prevent sliding.
Because of the uplift forces, it is important to
consider buoyancy due to ground water and to
provide adequate anchorage for driven or cast-
in-place piles.

Construction

Since nearly the entire foundation system will
be below finished grade and not subject to later
inspection, it is important to carefully monitor
its construction. The following items should be
verified:

1. Location and alignment of anchors in plan and
elevation.

2. Condition of excavation surfaces on which
concrete will be placed.

3. Position, size and grade of reinforcement steel.

4. Placement of concrete to prevent voids and
air pockets.

5. Strength of concrete using test cylinders for
7 and 28 day break tests.

6. Protection of concrete against freezing dur-
ing the curing period.

7. Placement and compaction of backfill.
8. Driving records and/or load tests of piles.

9. Proof loading and post-tensioning of rock
anchors.
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For towers with extensive foundation systems,
it is advisable to retain an independent inspec-
tions service for this work. Often the firm mak-
ing the subsurface soil investigation can also pro-
vide this service.

ERECTION

The erection of towers is a highly specialized
field and should be done only by firms having
the proper equipment and experienced rigging
personnel. It is also important that the erector
have adequate insurance coverage including
workmen’s compensation, general and auto-
mobile liability and all risk for direct damage to
the tower and antennas being erected.

Owners Preparation

Prior to the arrival on site of the erection crew,
the site should be made ready for work to begin.
These preparations include:

1. Access

Suitable access from public roads for
delivery of the tower materials and erection
equipment is required. While a paved road-
way is not necessary, the access must be able
to handle heavy trucks and construction
equipment.

2. Permits

All necessary building and construction per-
mits should be obtained and posted as re-
quired. Any inspections required during con-
struction should be noted.

3. Clearing

A work area must be cleared to permit
unloading, sorting, and assembling the tower.
Paths from the tower base to the guy anchors
must be cleared for a width adequate to per-
mit hauling the guy cables to the anchors and
pulling them to the tower. Paths must also be
cleared for the hoist line from the tower base
to the hoist location and for the tag line used
to stabilize the loads as they are uplifted. The
sizes and locations of these cleared areas
should be agreed upon beforehand with the
erector. A typical layout is shown in Fig. 9.

4. Electrical Power

Power for operating the temporary aircraft
warning lights must be available before erec-
tion begins.

Assembly

The usual procedure for erecting a guyed tower
is to assemble the individual sections on the
ground and then lift them one at a time as an
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Fig. 9. Typical layout for guyed tower.

assembled unit. For a self-supporting tower, the
wider sections near the bottom of the tower are
often assembled in the air as the tower is con-
structed.

Assembly of the tower sections should be done
on a level bed to ensure that they will be
straight and not racked or twisted. Bolts must
be properly tightened and have a locking device.
For high strength galvanized bolts, tightening by
the “‘turn-of-the-nut’’ method is preferable to
using a calibrated torque wrench.

Stacking

For a guyed tower, the first group of three to
six sections are often joined together on the
ground and then lifted into place using a crane.
This portion of the tower is then guyed with tem-
porary cables, and the remaining sections are
erected one at a time using a vertical boom or
‘“‘gin pole’’. This boom is moved or *‘jumped,”
up the tower as each section is installed. This ar-
rangement is shown in Fig. 10. Temporary guys
to stabilize the tower should be used as instructed
by the designer.

GIN POLE

LIFTED SECTION

>LOAD LINE

TAG LINE

TEMPORARY
Guy x

Fig. 10. Typical erection setup for guyed tower.
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For a self-supporting tower, a crane is often
used to lift as many of the tower sections as possi-
ble after which a gin pole is installed and used
for the upper sections beyond the crane’s reach.

Temporary aircraft warning lights must be in-
stalled at the top of the construction at the end
of each day.

The tower should be grounded as soon as the
first section is in place.

Guy Installation

When the tower reaches a guy attachment level,
the cables at that level are installed. The guys in
all three directions should be pulled out simul-
taneously to prevent any large unbalanced loads
on the tower.

The tower should be checked for plumbness
as each set of guys is installed and tensioned.
Maintaining a plumb tower during erection
eliminates the need for time-consuming adjust-
ments later. Final tensioning of the guy cables
and a plumbness check are done after the entire
tower is erected.

INSPECTION AND MAINTENANCE
PROCEDURES

To ensure trouble-free performance of a tower
and its appurtenances, it is desirable to have a
regular inspection and maintenance program.
Portions of the program can be done by station
personnel while others require experienced tower
personnel.

Safety precautions should be observed at all
times when working on or around the tower. If
the tower itself is energized or if a high intensity
RF field exists from antennas mounted on it, no
work should be done on the tower without clear-
ing it with the station engineer. When climbing
the tower, safety belts and climbing devices
should always be used. Automatic safety features
on elevators should never be by-passed to save
time. It is a good idea to never work alone.
Failure to observe proper safety measures can
result in serious injury or death.

Tower Structure

1. Damage or Deformed Member

A visual inspection should be made of the
entire tower structure to determine if any of
the members have been deformed or damaged.
Any bowed or kinked member should be noted
as to type, location in tower, and nature and
magnitude of deformation or damage. This in-
formation should be reported to the tower
designer for evaluation and recommended
action.

2. Condition of Paint

A visual inspection should be made of the
entire tower structure to determine the condi-
tion of the paint. If the painting of the tower
is for aircraft observation marking only, and
not for corrosion protection, it is necessary
only to note any general deterioration rather
than small blemishes and scratches. If repaint-
ing is necessary, it is important to properly
prepare all surfaces and select paints that are
compatible with the existing finish.

3. Corrosion

Small scratches in the galvanized surface are
not detrimental as the exposed surfaces will
be protected by cathodic action of the adja-
cent zinc. If corrosion is observed, the source
should be determined and noted. The affected
areas should be wire brushed clean to bare
metal and then painted with a zinc rich prime
coat and, if necessary, a finish enamel coat
of the appropriate color.

4. Connections

All bolts should be checked for tightness.
Any loose bolts should be tightened in accor-
dance with the original installation instruc-
tions.

5. Alignment

The tower structure should be checked for
alignment using an engineer’s transit. This
check should be done only on a calm day, i.e.,
with wind velocity less than 10 mph, and in
conjunction with measuring the guy tensions
(described later).

Two transit positions, each a distance of at
least one-half the tower height from the tower
base and separated by a 90 degree azimuth
angle should be used.

When the transit has been properly leveled,
set the vertical cross-hair on the edge of one
of the vertical legs at the tower base and lock
the instrument in this position. By moving the
telescope upward it is then possible to observe
the straightness of the tower over its entire
height. The magnitude of misalignment can
be accurately estimated by comparison with
the tower leg diameter. A record should be
made of the observations at each guy level.
Tolerances for plumbness and straightness
should be as provided by the designer. EIA
Standard RS-222 gives a plumbness tolerance
of one to 400 for guyed towers, one to 250 for
self-supporting towers, and a straightness
tolerance of one to 1000. These are extremely
generous and should never be exceeded. A
good rule of thumb in the absence of other
data is to keep the tower plumb and straight
within the diameter of the leg members.
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If straightening of the tower is required, it
should be done by adjusting the guy wires as
described later.

When checking the plumbness of top
mounted poles and pylon antennas, the effects
of direct sunlight on them must be considered.
It is best to make these checks early in the
morning or on a cloudy day.

Guys and Guy Insulators

Inspection of the guys can be done visually only
for those portions adjacent to the anchors and
tower. The range of this visual inspection can be
extended by using binoculars, but its reliability
is limited. If experienced riggers are available, it
is possible to ride down the guy on a bosun’s
chair, but this method should be used only under
the supervision of qualified personnel.

1. Damaged Components

A visual inspection should be made of the
guy cables, insulators, and hardware. Cables
and dead end grips should be checked for
nicks or cuts in the individual strands. Break-
up insulators should be checked for cracks or
chips in the glazed ceramic surfaces. Fiberglass
should be checked for deterioration of the
epoxy coatings and exposure of individual
glass strands.

2. Corrosion

If the guy cables show signs of corrosion,
consideration should be given to coating or
replacing them. The cost of cleaning and
coating the cables should be considered along
with the life expectancy of the coating when
comparing it to the cost of replacement. All
guy hardware should be checked using the
same procedures for inspection and corrective
actions as previously described for the tower
structure,

3. Connection

All pins should be checked for tightness and
the condition of the cotter keys. Dead end
grips should be checked to ensure that their
ends are completely snapped close, preventing
any ice from forming inside. The surface ap-
pearance of the guy strand immediately next
to the connections should be noted for
evidence of slippage. Threads should be given
a light petrolatum coating.

4. Tensions

Guy tensions should be checked in conjunc-
tion with the tower alignment. These tensions
should be measured at the anchor end and
compared to the specified values. It is impor-
tant to remember that they are dependent
upon the ambient temperature.

For the usual guy arrangement with cables
in three directions, it is necessary to measure
the tensions in only one direction while keep-
ing the tower plumb in all directions. For guy
arrangements with cables in four or more dir-
ections, it is necessary to measure the tensions
in only one of the two guys in the same ver-
tical plane while keeping the tower plumb in
that plane.

There are several methods of measuring guy
tensions with varying degrees of accuracy. For
small guys up to % inch, a shunt dynometer
calibrated for the size and type of strand is
often used.

For larger guys, a series dynamometer may
be placed in a temporary line between the an-
chor and a clamp on the cable. This line is
then tightened until the permanent connection
is relieved, and the tension is indicated on the
dynamometer. Hydraulic jacks with a calibrat-
ed pressure gauge or load cells can be used
in place of the temporary line and dynamo-
meter. These are particularly effective for large
guys attached with bridge sockets.

There are two indirect methods of measur-
ing tensions in guys that do not have any large
insulators or other loads in them. The intercept
method consists of sighting along a straight
bar attached at the bottom of the guy and
measuring the vertical distance between the
point where the line of sight intercepts the
tower and the point where the guy is attached.
This distance can be accurately estimated by
counting the number of bracing panels in it.
The tension in the guy is directly related to
this intercept distance, the weight of the guy,
and its length and slope.

The tension in a guy cable is also directly
related to its length, weight, and natural fre-
quency of free vibration. The natural frequen-
cy can be determined by putting the guy in
motion with your hand and measuring the fun-
damental period with a stop watch. It should
be noted that because a guy slopes, the ten-
sion on it varies along its length, and this
method will only provide the average tension
and not the tension at the anchor point. For
long cables, this difference can be significant.

All tension measurements should be re-
corded along with temperature and wind speed
and direction. If any substantial changes are
noted from the values previously measured,
careful checks for slippage of all connections
should be made.

Tolerances for guy tensions should be as
provided by the designer. In the absence of
any other tolerance, tensions should be within
plus or minus five percent of the specified
values.
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SUGGESTED INSPECTION AND MAINTENANCE SCHEDULE

ITEM

Monthly
Recommendation

After a major
wind or ice
Manufacturer’s

Before Each
storm

Use
Annually

Daily

Tower Structure:
Damaged or deformed members
Condition of paint
Corrosion
Connections
Alignment

Guys and Insulators:
Damaged components
Corrosion
Connections
Tensions

Base Insulator
Tower Base and Guy Anchors

Ladder Safety Device
Elevator System
Operate

Lighting System
Lamp Failure
Conduit Systems, fixtures

Fig. 11. Suggested Inspection and Maintenance Schedule.

Any necessary adjustments in tensions can
be made by adjusting the turnbuckle or bridge
socket at the anchor. Make such adjustments
slowly and carefully. Never leave less than
three threads sticking through the turnbuckle
body or nut on the socket U-bolt. Remember
that the tower must be kept plumb.

Base Insulator

The porcelain surface should be wiped clean
with a soft cloth to remove any salt deposits or
other foreign substances. A check should be made
for any evidence of cracks in the porcelain sur-
faces. Any such defects should be noted.
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Any signs of corrosion in the upper and lower
bearing plates, rain shield or lightning gap should
be noted and corrected in a manner similar to
that described for the tower structure. The light-
ning gap should only be adjusted in accordance
with instructions from the station engineer.

Tower Base and Guy Anchors

The tower base and guy anchors above grade
should be visually inspected for spalling and
cracking of the concrete. The soil surrounding
the tower base foundation should be inspected
for evidence of settlement. The anchor arms and
surrounding soil should be examined for evidence
of movement of the anchor. Any such settlement
or movement should be noted.

Appurtenances

1. Ladder and Safety Device

The ladder and its connections should be
checked for corrosion and tightness along with
the tower. The sleeve and belt of the safety
device should be visually examined and tested
near the ground level before each use.

2. Elevator System

Inspection and maintenance of the
elevator system should be in accordance with
the manufacturer’s instructions. It is a good
practice to operate the elevator at least once
a month.

3. Lighting System

Inspection and maintenance of the lighting
system should be in accordance with the
manufacturer’s instructions. Checks for cor-
rosion in the conduit, junction boxes and light
fixtures should be made along with the tower
inspection. Any obstructions in the breather
or drain in the conduit should be removed.
Broken or cracked glass and any leaking gas-
kets should be replaced.

Frequency of Inspection and Maintenance

A suggested schedule for inspection and main-
tenance performance is shown in Fig. 11.

Reports

A written report of each maintenance and in-
spection procedure performed should be made
and filed with the station engineer.
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Lightning, shown by National Oceanic and At-
mospheric Administration studies to be the
leading cause of weather-related deaths in
America, is at the same time the most frequent
yet least well understood of the atmospheric
forces.

Lightning is also a leading destroyer. Identified
as electric current by Benjamin Franklin more
than 230 years ago, lightning has kept pace with
every electrical and electronic advance of man,
exhibiting a new destructive facet to match each
technological advance.

As semiconductors, and later, integrated cir-
cuits found widespread use in the electronics in-
dustry, it became apparent that measures were
necessary to protect these components from ex-
posure to surges. Protection was required not only
from lightning but from man made sources as
well.

It is hoped that the reader will obtain a basic
understanding of the fundamentals of protection
from this chapter. A wealth of information is
available to the reader who wishes to understand
this subject in greater detail. Several of these
sources are listed in the references at the end of
this chapter.

THE THUNDERSTORM CELL

Thunderclouds are created by convective ac-
tion of the atmosphere, as an invasion of cool

air causes lighter, warm moist air to migrate up-
ward into the cooler upper atmosphere. Cooling
of this moisture-laden air causes condensation of
the moisture on small dust particles forming a
cloud. Cooler dry air surrounding the cloud is
forced downward as displacement occurs. This
updraft and downdraft mechanism can become
quite intense as demonstrated by an aircraft fly-
ing through a cloud.

The convective action generally stems from
solar heating of the earth’s surface and adjacent
atmosphere or from frontal activity where warm
moist air is displaced upward by an encroaching
cooler air mass.

The exact mechanisms of cloud electrification
are not completely understood and at present
there is no consensus of opinion by researchers.
It is known, however, that a separation of elec-
trical charges occurs causing pockets of positive
and negative charge within the cloud. As this ac-
tivity continues, the lower portion of the cloud
typically assumes a net negative charge with
respect to both the earth and upper portions of
the cloud.

THE LIGHTNING DISCHARGE

The cloud action continues until sufficient
potentials are achieved to cause a point discharge.
This mechanism is not unlike dielectric break-
down of a capacitor where the charged bodies
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represent plates and the atmosphere represents the
dielectric. Discharges can occur within the cloud,
between clouds or between cloud and ground. For
purposes of this document, only the latter will
be considered.

An intense electric field is developed between
the cloud and earth prior to a discharge. Voltage
gradients are present ranging from very positive
to very negative between the cloud and ground.

- As field intensity increases, corona discharge or
““St. Elmos Fire”’ is sometimes observed from
conductive bodies. This is a form of leakage be-
tween the charge bodies and is similar to leakage
caused by impurities and irregularities in a
capacitor.

As field intensity continues to increase, the air
between cloud and ground begins to ionize and
pockets of jonized air are formed and shifted by
the wind. These pockets are more conductive than
the surrounding air and form irregular conduc-
tive paths of increased current flow.

50.000 FT. ~60°F

Fig. 1a. This thundercloud has reached Its
mature stage and a downdraft has developed
on the cloud’s lee side, producing a sudden

drop in temperature, wind gusts, rain and

perhaps hail, and lightning flashes.

These are the sequential stages of a typical
lightning flash to a protected structure....

(1) typical charge configuration of a thundercell
prior to a lightning flash; (2) local discharge be-
tween a small P region at the cloud’s base and
its N region; (3) free electrons start downward,
propagating in steps averaging 150 feet; (4) leader
stroke may fork as it moves downward, neutraliz-
ing positive ion pockets; (5) as negative stepped
leader nears effective earth, positive point-
discharge currents strain upward; (6) several
positive streamers may reach upward; (7) when

a positive return stroke rises upward; (8) the
return stroke makes the trip from earth to cloud
at near the speed of light as thousands of amperes
of current flow down the channel to earth.

1000 -
s f ]
Lol . N5XA  FIRST RETURN STROKE _|
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c [ 70 kA N
4
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x 10 —
s F 1 3
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Fig. 1b. Lightning stroke intensity.
Courtesy SRI International (Stanford
Research Institute), Menlo Park, California 94025.

THE LIGHTNING ROD

From the previous discussion on behavior of
upward streamers, it is apparent that lightning
rods and tall grounded objects such as towers are
effective in controlling where a lightning point
discharge will occur.

A certain amount of protection is afforded to
bodies in areas of lower elevation in the vicinity
of a lightning rod or tower. For many years this
“‘zone of protection’ was described as a 45 degree
cone extending downward from the uppermost
tip or structure. Statistical data is revealing that
this zone should be reduced by defining the sides
of the cone with a concave hyperbolic shape. It
is also not uncommon for the upper sides of a
tower or other tall structures to receive a direct
strike from lightning.

THE LIGHTNING CONDUCTOR

Lightning currents must be carried safely to
ground by allowing them to travel along a pre-
determined path. This path consists of dedicated
lightning conductors or through the steel
framework of a tower or building. The lightning
current waveform will typically have a very fast
risetime on the order of 1 microsecond. Decay
will be slower and is largely dependent on im-
pedance characteristics of the current carrying cir-
cuit. Lightning currents of 200,000 amperes are
not uncommon with the average stroke falling
within the 20 to 30 kiloampere range.
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Inductance plays a major role in performance
of any conductor to be used for lightning pro-
tection or bonding. Inductance of a straight cir-
cular conductor is approximately 1 to 1.5 micro-
henries per meter and does not change ap-
preciably with conductor size. During the fast
risetime of the current, the inductance is respon-
sible for most of the voltage drop through the
conductor. During the slower decay, the resistive
voltage drop is a larger part of the total. This
behavior may be best explained by example.

Voltage drop through a lightning conductor is
given by the formula:

E = IR + L(di/dt) (1]

Where:
I = current in amperes
R = conductor dc resistance in ohms
L = conductor inductance in henries
di = change of current in amperes
dt change of time in seconds (risetime)

Assuming:
conductor length = 10 meters
conductor material: copper
conductor size = #6 AWG
total DC resistance = .013 ohms
total inductance = 10 microhenries
current = 1,000 amperes
risetime = 1 microsecond

(1000. x .013) + .000010 (1000/.000001)
13 + 10,000
10013 volts

try Iy Iy
Il

The resistive voltage drop is only 13 volts. The
reactive voltage drop, however, is 10,000 volts.
The lesson to be learned by this example is that
conductor length is far more important than size.
Minimum conductor size is a function of ther-
mal properties (temperature rise), corrosion
resistance, and mechanical properties.

Conductor arrangement should be such that
conductors always run either horizontally or
downward along their path to the ground. Multi-
ple ‘‘down”’ conductors are required by most
codes for two reasons. First, if one should become
damaged, a path to the ground will be maintained
by the others. The second and equally important
reason is to lower the impedance of the overall
network. As you recall, increasing the size of con-
ductors has little effect on its surge impedance.
Providing multiple paths, however, will substan-
tially decrease system impedance and provide a
better path to ground.

GROUNDING

Grounding of protected buildings and metallic

structures such as towers, earth stations, etc., may
be accomplished in a number of ways. Driven
rods, buried electrodes, counterpoise system, and
underground mats are among the common
grounding systems. The specific method used will
depend largely on soil and rock conditions at the
site.

Grounding effectiveness will vary depending on
soil conductivity, type of system, and size of the
system used. Lightning protection codes explain
grounding requirements and indicate those
systems which are considered acceptable.

For a better understanding of the fundamen-
tals of grounding, it is necessary to examine the
lightning current on its way to ground. Assum-
ing consistent soil structure, a lighting current
entering a ground rod will radiate equally in all
directions. Passage of this current through the
resistive soil will establish a voltage gradient
decreasing in strength with distance. The ground
rod will also exhibit a similar impedance to that
described for conductors, thereby reducing effec-
tiveness of deeper portions of the rod.

If one were to install a number of ground rods
or electrodes at a reasonable distance apart, the
overall system effectiveness would increase due
to division of currents between rods. A greater
distance between rods will result in less overlap
of their individual voltage gradients and better
overall grounding. The counterpoise system, com-
mon to AM radio tower, provides a very effec-
tive ground if installed properly.

BONDING

In the section dealing with lightning conduc-
tors, it became apparent that substantial voltages
are developed as lightning currents pass through
a conductor. It is also virtually impossible to
achieve a perfect ground leading to production
of even higher voltages along the conductor.

Voltages of this type may pose a hazard to per-
sonnel or equipment whether on dedicated light-
ning conductors or finding their own way through
a building. The most common problems are as
follows:

Touch Voltages:
Injury of a grounded person in contact with a
conductive body energized by a lightning current.

Step Voltages:

The earth forms a voltage divider around a ground-
ing electrode during a discharge. A person or
livestock standing on the ground may be sub-
jected to injury due to potential difference be-
tween different parts of their body.

Sideflash:
Voltage on a lightning conductor or other ener-
gized body reaches enough magnitude to create
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a secondary lightning flash or “‘sideflash’’ to a
nearby grounded body.

Dealing with these voltages is where bonding
plays an important role. Bonding is simply the
practice of equalizing the potential difference be-
tween conductive bodies through metallic connec-
tions.

As an example of bonding, we will examine
a typical television transmitter site with remote
studio facilities:

PRIMARY POWER SUPPRESSOR(S
TELCO SERVICE DROP

9 ELECT SERVICE DROP
TELCO SUPPRESSOR

ELECT. SERVICE GROUND
ELECT. SERVICE
UPPRESSOR

$
B!

TRANSMISSION LINE
SUPPORT

BURIED BONDING COND,

EQUIPMENT —af ™" %4 TRANSMISSION LINES
— P "

WATER

P
SERVICE | |
— GAS TUBE | !
Lo g
GAS SERVICE [-GROUND BUS

&

|

!
[TTGATE 1 PaRkiNG — ]  6UY BONO
MAT L MAT

\_4

TOWER
\—TOWER GROUND
\MNDING CONDUCTOR

X _6ur 6ROUND
GUY ANCHOR

2

f—FENCE BOND

Fig. 2. Typical transmitter site.

The tower structure for this example constitutes
a superb lightning rod due to its height and con-
ductivity. Vertical tower elements must be elec-
trically contiguous; if not, copper or aluminum
lightning downconductors should be used. The
base of the tower should connect to a suitable
grounding system such as a counterpoise or a
ground rod array.

Except in the case of AM towers, each guy
cable should be bonded to the tower and to a
ground rod array at each anchor or to the
counterpoise system.

If a counterpoise system is not used, a bond-
ing conductor should be installed between the
ground array at each guy anchor and the base
of the tower. This bonding arrangement will help
to minimize step voltages near the base of the
tower. The transmitting antenna should be prop-
erly bonded to the tower through its mounting.
Transmission lines should be bonded to the tower
at a minimum of 100 foot intervals.

Transmission lines supporting structures, be-
tween the tower and transmitter building, should
be bonded to the tower grounding system with
the bonding conductor extended into the transmit-
ter building and attached to a ground bus. All
transmitter, utility and other grounds should at-
tach to this bus. Any combustible gas service
should be bonded to this bus through a spark gap
arrestor if direct bonding is not permitted by local
codes. (Stray voltages may present a spark hazard
to gas companies.)

Surge suppression devices should be installed
on all electrical and communications services
entering the building with their ground leads at-
tached to the bus. Transmission line suppressors
should also be bonded to the grounding system.

A ground mat should be installed below grade
along paths traveled by personnel and at vehicle
parking locations. This mat should be bonded to
the tower grounding system to minimize step
voltage hazard to personnel.

Bonding requirements for an AM radio facili-
ty will differ slightly since the tower is an active
radiator. In this case, a spark gap arrestor should
be installed across the base insulator in parallel
with a choke coil or isolation stub. The spark gap
serves as a discharge path for lightning currents.
The choke coil or stub provides a path for drain-
ing static charges to ground.

Lightning rods are essential to protect warn-
ing lights or other vulnerable equipment from
direct strikes. And a full lightning downconduc-
tor system is recommended on towers whose elec-
trical continuity may be interrupted, either by
design or by an accumulation of rust at joints
with aging. Proper maintenance should prevent
the latter, but the additional safety of the
downconductor system is still important.

Fig. 3 shows optimum protection with light-
ning rods at the top of the tower and at the ends
of all outriggers. In this instance, grounding con-
sists of standard copperclad steel rods driven to
a minimum depth of 10 feet. If superior ground-
ing is required due to soil conditions, three rods
may be used in an in-line or triangular configura-
tion, with a minimum 10 feet separation between
rods.

It is not possible to cover all conceivable aspects
of bonding in this document. As stated earlier,
the goal in bonding is to equalize potentials dur-
ing a surge. These potentials may rise to many
thousands of volts during a strike. If all conduc-
tive bodies rise and fall in potential at the same
rate, there will be no stray current flow and no
damage or injury.

SURGE SUPPRESSION: BONDING
THE UNBONDABLE

By now, you realize the importance of bond-
ing to equalize potential. Surge suppressors pro-
vide a means of bonding a wide variety of cir-
cuits, but only during a surge.

Many of us recall the days when lightning in-
duced transients had little effect on equipment.
Technology keeps marching on and much of to-
day’s equipment has remarkably low tolerance for
noise and surges.

Most manufacturers of equipment provide
limited surge suppression in the design of their
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equipment. This suppression is often not adequate

for locations where exposure to transients is high.
A surge suppression device must meet the

following criteria to be of value to the user:

1. Under normal operating conditions, it must
not interfere with the circuit it protects.

2. Its clamping voltage must not be greater than
the surge withstand rating of the protected
equipment,

3. Clamping speed must be fast enough to pre-
vent damage to the protected equipment.

4. The device must be capable of withstanding
surges without damage.

SURGE SUPPRESSOR
COMPONENTS

Surge suppression assemblies are packaged by
a number of manufacturers to protect a variety
of circuits. To understand the operation of these
devices, one must be knowledgeable in the
characteristics of their component parts. The
following section describes each basic type of
device with its inherent advantages and disadvan-
tages.

Spark Gaps

The spark gap consists of two electrodes placed
in free air or some arc quenching material. One
important characteristic of the spark gap involves
“flow current”” when used on power circuits.
Once an arc is established by a surge, the normal
circuit voltage may be high enough to sustain the
arc. This characteristic is normally dealt with by
using a series interrupting device (circuit breaker),
magnetic blow out, series resistive element or
deionizer.

Advantagés:

1. Simple and reliable.

2. High energy handling capacity.

3. Very low voltage drop across gap during con-
duction (typically 10-20 volts).

. Bipolar operation.

. Reasonably fast response.

. Zero power consumption.

. Long life expectancy.

. Low capacitance.

0 ~I RN b

Disadvantages:

1. Used alone, will not extinguish follow current.

2. Limited to use on circuits of relatively high
voltage.

3. Firing voltage depends on atmospheric condi-
tions and surge risetime.

INSULATOR ) i GGI:OPUND ELECTRODE
ﬂ == 1

END SIDE

SCHEMATIC
TYPICAL 3-ELEMENT GAS TUBE

o

? —@;
END SIDE SCHEMATIC
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GAS TUBE FIRES

N —GAS TUBE
N l- EXTINGUISHES
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TYPICAL GAS TUBE CLAMPING CHARACTERISTIC

Fig. 4. Typical gas tube details.

Gas Tubes

Gas tubes exhibit many of the characteristics
of the spark gap. The problems associated with
atmospheric influence are eliminated by enclos-
ing the gap in an atmosphere of neon, argon,
krypton, or other gas easily ionized at low
pressure.

Advantages:

. Low cost.

. Small physical size.

. Good life expectancy.

. Fairly low capacitance.

. High energy capacity.

. Lower breakdown voltage than spark gap.

. Very high current capacity and low clamping
voltage.

SN B WN

Disadvantages:

1. Follow current limiting required on power
circuits.

2. Firing voltage depends on surge risetime.

3. Does not absorb appreciable surge energy.

4. May be ionized by strong RF fields.

Metal Oxide Varistors

Metal oxide varistors, or MOVs, are composed
of sintered zinc oxide particles pressed in to a
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wafer and equipped with connecting leads or ter-
minals. These devices exhibit a non-linear re-
sistance characteristic and a more gradual clamp-
ing action than either spark gaps or gas tubes.
As a surge voltage increases, these devices con-
duct more heavily and provide clamping action.
Unlike spark gaps or gas tubes, these devices ab-
sorb energy during surge conditions.

Advantages:

1. Available for low voltage applications.

2. Absorb energy.

3. No external follow current protection required.
4. Fast response time.

Disadvantages:

1. Clamping time depends on surge wavefront.

2. External fusing required for power applications
(fails partially shorted).

3. Limited surge life expectancy.

4. High capacitance.
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Fig. 5. Typical varistor details.

Silicon Avalanche Devices

Silicon avalanche devices used for surge sup-
pression are similar to Zener diodes except they
are designed to handle large surge currents
without damage. Junction construction for these
devices is typically 10 times larger than an
equivalent Zener device. The junction is sand-
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Fig. 6. Typical silicon avalanche suppressor details.

wiched between silver electrodes to improve cur-
rent distribution and aid in thermal dissipation.
These devices exhibit an extremely fast clamping
action with an absolute clamping level.

Advantages:

1. High clamping speed (less than one nano-
second).

2. Hard clamping threshold.

3. Available in bipolar configuration.

4. Small size.

Disadvantages:

1. Subject to damage by large surges.
2. Lead length substantially affects clamping
time.

After reviewing characteristics of the basic
surge suppression components, it is apparent that
no single component is appropriate for all situa-
tions. It is, however, possible to use these devices
in combination to fit almost any surge suppres-
sion need.

SURGE SUPPRESSOR ASSEMBLIES
FOR POWER APPLICATION
To best explain the function of power surge

suppressors, it is appropriate to examine the path
a surge might follow on its way to your equip-
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ment. For this example, we will assume the surge
begins on the power company primary electrical
system and your equipment is located within your
control room at the studio.

The Primary Suppressor

The first line of defense against a power line
lightning or switching surge is the primary sup-
pressor installed by the power company. These
devices are installed between each phase conduc-
tor and the grounded neutral. They are commonly
located at step down transformers and at poles
serving underground primary distribution.

These devices are intended to clamp surges to
a value below the insulation breakdown rating
of power company transformers and cables.

PRIMARY

:
A

PRIMARY
SUPPRESSOR —/

NEU TRAL:

/—SERVICE DROP

3 PHASE SERVICE

\,C SIMILAR

v

Fig. 7. Typical primary suppressor installation.
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Fig. 8. Typical electrical service suppressor.

The Secondary Suppressor

The second line of defense against surges is a
suppressor installed at the building electrical ser-
vice location. Most of us are familiar with the
common cylindrical lightning arrestors installed
on commercial and residential electrical services.
These devices consist of a low voltage spark gap
with a series thyrite element connected between
each phase conductor and the grounded neutral.
The thyrite element provides follow current
limiting allowing the arc to extinguish following
a surge. This type of suppressor will clamp a
typical surge at a level of 1000 to 2000 volts,
dependent on surge current and waveform.
Clamping at this level is sufficient to prevent in-
sulation breakdown on internal wiring, motors,
and more rugged electrical devices.

A more effective device utilizes a large metal
oxide varistor (with protective fuse) connected
between each phase conductor and the grounded
neutral. Inductance of the connecting leads plays
a major role in the effectiveness of the suppressor.
The voltage drop through these leads is additive
with the rated clamping voltage of the device.
(Keep suppressor leads as short as possible.)

It is interesting to note that many codes do not
require service surge suppressors on underground
electrical services even though the service is fed
from a pole a few feet away. It is advisable to
provide service suppression in all applications.

Equipment Suppressors

It is quite possible to experience voltage surges,
within a building, of 2000 volts. These surges may
be in the form of residual energy from an exter-
nal event or generated within the building itself.

Equipment surge suppressors range in both
complexity and cost. These factors are usually in
direct proportion to the clamping effectiveness
of the device. Most of these devices depend on
installation of a suppressor at the electrical ser-
vice to prevent their exposure to large transients.

One of the simplest and most common forms
of equipment suppressors is a varistor and ther-
mal fuse connected across the line and neutral
conductors. Packaging is usually in the form of
a series plug and socket arrangement or as part
of a plugstrip. For a typical 2000 volt, 15 ampere
surge, these devices will typically limit equipment
exposure to 500 volts.

For more sensitive equipment, hybrid suppres-
sors are available which provide a lower clamp-
ing voltage and very fast response time. These
devices use a high energy metal oxide varistor first
stage with the varistor and fuse connected in series
between line and neutral. The line voltage then
passes through a large air core inductor to a
silicon avalanche second stage consisting of series
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connected bipolar suppression diodes between line
and neutral. This configuration permits the
varistor to absorb the majority of the surge while
the diodes provide fast clamping. The inductor
provides sufficient voltage drop during the surge
to prevent damage to the diodes.
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Fig. 9a. Typical 120 VAC hybrid
equipment suppressor.
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Fig. 9b. Typical 120 VAC gas tube
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Fig. 9c. Equipment suppressor configurations.

SURGE ASSEMBLIES FOR SIGNAL
APPLICATION

Surge suppression for signal lines encompasses
a broad variety of circuit types and characteris-
tics. Suppression techniques for video, RF,
telephone, audio, data and similar circuits are
slightly different but the fundamentals remain the
same.

Careful consideration of the operating charac-
teristics for each circuit and the level of protec-
tion required will usually make one device stand
out as most appropriate for the application.

Shielding and use of twisted pairs is also an
important part of obtaining an acceptable level
of protection. During tests conducted in Orlando,
Florida, we found common mode transients of
300 volts on a 24 volt dc unshielded circuit. This
would not be too remarkable except the circuit
was in PVC conduit, buried 24 inches deep, and
the lightning discharges were several miles away.

Let us examine methods for protecting several
different circuit types.

Single (Non-Paired) Conductors

Circuit protection for individual conductors
will depend largely on the sensitivity of the equip-
ment being protected and on impedance charac-
teristics of the circuit. For low sensitivity applica-
tions, a simple varistor or gas tube, connected
from the line to ground, will suffice. The gas tube
would be the obvious choice if normal leakage
current through a varistor could not be tolerated.

For more sensitive applications, the gas tube
should be followed by a series inductor and a
silicon avalanche second stage from the circuit
to ground. A resistance may be substituted for
the inductor (typically 10 ohms) if the circuit will
tolerate the additional voltage drop.
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Fig. 10. Typical unbalanced signal line suppressors.
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Balance Pairs

Balanced pairs are often protected with a
3-element gas tube. In this application, each side
of the pair is connected to an element with the
third element connected to ground. This con-
figuration will insure both sides of the pair are
clamped to ground at the same instant; thus
avoiding possible damage from differential mode
surges.

If equipment sensitivity dictates, a series induc-
tance can be inserted in each side of the pair
followed by a silicon avalanche device across the
pair. Here again, resistors may be substituted if
circuit characteristics permit.

PROTECTED

UNPROTECTED

Fig. 11. Typical balanced line suppressor.

Low Level Audio Circuits

Low level audio circuits are treated in a man-
ner similar to balanced pairs except they are nor-
mally shielded. Standard engineering practice nor-
mally requires these shields be bonded to ground
at one point to prevent ground loop problems.
In addition to suppression for the pair, a gas tube
is connected between the shield and ground at
its remote end and at intermediate points. With
this configuration, the shield floats under nor-
mal conditions but is bonded during a surge.

Video Circuit Protection

Triaxial cable should be used for all video cir-
cuits. The outer shield of this cable should be kept
electrically isolated from the inner shield and
bonded to ground as often as possible. The in-
ner, or signal, shield of the triaxial cable is
generally grounded at one point only to minimize
ground loop interference.

A video surge suppressor is a low capacitance
device equipped with two coaxial connectors and
a ground lug. At the point of installation, the
following procedure should be observed:

1. Install appropriate connectors on the inner
shield and center conductor and connect to the
video surge suppressor.

2. Bond the outer shields together and to ground
exercising care to prevent contact with the
inner shield, connectors, or suppressor body.

TRIAXIAL CABLE

-
f

Fig. 12. Typical video suppressor connection.
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3. Install a 2-element gas tube between the sup-
pressor ground lug and grounded outer shield.

RF Circuit Protection

Coaxial RF cables should be equipped with a
coaxial gap type suppressor with its ground lug
bonded to ground. The coaxial sheath should be
bonded to ground frequently in areas where ex-
posure to lightning is high. Bonding in this man-
ner will reduce potentials induced into the cable
sheath.

SHIELDING—GENERAL
GUIDELINES

A lightning discharge radiates an intense elec-
tric and electromagnetic field. It is not uncom-
mon to find electric field intensities approaching
1 volt per meter at a distance of 10 kilometers
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from a discharge. Close discharges may produce
field intensities of 100 volts per meter. An ex-
posed conductor subjected to an intense electrical
field will produce a substantial voltage across its
length.

Shielding and use of twisted pair wiring where
possible (for common mode rejection) will help
relieve some of the induced voltage problems. The
following guidelines should be observed:

1. Bond shields to ground as often as possible.
For ground loop reduction, bond through gas
tubes.

2. Use metallic conduits instead on non-metallic
types.

3. In direct burial application, use cable with
polyethylene jacketing and a flooding com-
pound between the jacket and shield. This
compound seals jacket pinhole damage re-
sulting from lightning, prevents water migra-
tion into the cable, and electrolytic decay of
the shield.

4. Where pairs are required, consider using
telephone type cables which have a corrugated
copper shield.

5. If cable must be run aerially, bond the cable
shield to the vertical ground conductor at the
first, every fifth, and last pole. Bond more fre-
quently if practical.

6. In areas of high lightning exposure, provide
a grounded lightning shield wire several feet
above the cable on the poles. This wire should
be bonded to ground at every pole. For direct
burial cables or duct banks in high exposure
areas, a counterpoise system is recommended.
This system consists of two or more bare wires
buried above and to the side of the cable.
Counterpoise conductors should be bonded
together and to driven rods at manholes, 150
foot intervals, and at each change in cable
direction.

CONCLUSIONS

Your interest in lightning protection and surge
suppression will largely be dictated by the area
of the country in which you live. For some, this
information will prove invaluable; for others not
plagued by lightning, it should provide a basic
understanding of the principles involved.

In this chapter we have dealt briefly with the
subjects of lightning physics, lightning protection,
and surge suppression. Many volumes have been
written on these subjects and the reader is en-
couraged to study them in greater detail.

Another point to consider is that lightning is
an electrical current, and like any other electrical
current, it is both predictable and can be control-
led.

Please consult an engineer familiar with light-
ning protection or a lightning protection contrac-
tor when planning a lightning protection system
or adding surge suppression devices to your elec-
trical system.
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Transmission Lines

Spencer J. Smith
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INTRODUCTION

The intent of this chapter is to give detailed
information, tables and charts, which can be used
as a type of cookbook by broadcast station
engineers in evaluating their present systems,
planning modifications to their existing systems,
or planning a completely new installation. The
area of coverage will be from the transmitter out-
put up to the antenna input, including AM, FM
and TV installation.

The transmission line system for any transmis-
sion site has always been the vital link connect-
ing the power generator to the antenna. We have
seen the evolution from open wire line to coaxial
lines and finally to hollow tube waveguide trans-
mission systems. This evolution has been brought
about by both higher frequencies and increased
power requirements. In addition, the increased
sophistication of the system in areas of perfor-
mance and philosophy of operations have made
the current transmission systems completely un-
recognizable when compared with initial broad-
cast systems.

TRANSMISSION LINES

In general, this chapter deals with two basic
types of transmission lines: coaxial and hollow
tube waveguides. The use of open wire seems to

be fading for new installations both in commer-
cial broadcast, as well as the HF frequency band
(international shortwave broadcast).

COAXIAL TRANSMISSION LINES

Coaxial transmission lines are characterized by
a circular inner conductor supported within a cir-
cular outer innerconductor. Usually both conduc-
tors are copper, especially in the high power
transmission line used in broadcast. There are two
major categories of coaxial transmission lines, one
being rigid and the second being a semi-rigid, and
both types have achieved wide acceptance in AM,
FM and TV installations. The designs for the
most part have exhibited a well proven track
record for trouble free operation over years of
use. The graphs and charts that follow represent
a cross-section of manufacturers’ data available
to the transmission line users. On close examina-
tion, one will see that, for a given size, rigid
transmission lines with air dielectric will tend to
have slightly lower attenuation and, therefore,
slightly improved power handling capabilities.
Also the rigid line is usually used in installations
where extremely low VSWR s required of the
system. The costs are for all practical purposes
the same; however, during installation the semi-
rigid line will provide a lower cost for the physical
installation due to its continuous nature as op-
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posed to the approximate 20 foot length in the
rigid line sections. In addition semi-rigid line can
be attached directly to the tower members while
rigid line requires the use of hangers to allow for
differential expansion between the tower and the
rigid line.

The primary questions of any transmission line
for broadcast use is, ‘‘how much power will it
transmit?’’ Shown in respective areas are some
attenuation and power curves taken from manu-
facturers’ data and adjusting it for the exact con-
ditions the transmission line has to operate in.
Shown below are some general curves applicable
to all transmission lines. Fig. 1 shows the increase
in insertion loss due to VSWR at the output of
the transmission system. Fig. 2 represents attenua-
tion change due to ambient temperature, show-
ing that as the temperature goes up so does the
attenuation. Fig. 3 shows the variation of average
power rating with changes in ambient temperature
for three different center conductor temperatures.
This is closely related to the change in attenua-
tion due to ambient temperature. Fig. 4 shows
the improvement in peak power handling one
might achieve in coaxial lines due to pressuriza-
tion with either dry air or sulfurhexafloride. It
is essential always to use manufacturers’ data in
planning a new installation or evaluating or
repairing an existing system. Almost all manufac-
turers of transmission line put out very complete
data and performance curves for their product.
These particular curves for any manufacturer rep-
resent the limits they have placed on their prod-
uct. Close examination will show that these curves
do differ slightly in various areas. Only through
direct contact with the manufacturer should a
broadcaster plan to exceed these ratings for what-
ever reason.

SEMI-RIGID TRANSMISSION LINE

The use of semi-rigid transmission line is almost
as old as the use of transmission line itself in the
broadcast area. As the power levels have increased
in the broadcast industry, we have seen the use
of solid dielectric cables give way to foam dielec-
tric cables and further give way to air dielectric
semi-rigid transmission line. The data shown at
the end of this section reflect the performance
curves of one manufacturer and should not be
construed as being the absolute value for all
manufacturers. The semi-rigid transmission line,
especially in larger sizes, is generally characterized
by a corrugated outer conductor of copper; this
is how the flexibility is achieved. However, it
should be noted that the term ‘‘semi-rigid’’ is used
because in larger sizes, 1% ” and up, the semi-rigid
bending radius becomes quite large (Fig. 5). The
major manufacturers of semi-rigid transmission

line have a very wide variety of adapters from
most cable sizes to either rigid line or flexible fit-
tings, such as type N, L, C, etc. Typical construc-
tion of these is shown in Fig. 6.

LINE SIZE TYPICAL BEND RADIUS
15/8" 207
3" 30"
3 1/2” 30"
41/8” 30”
5” 35 1/2”
6 1/8” 47"
8” 67”

Fig. 5. Typical bend radius for semi-rigid cable.

Installation

General

Smooth wall aluminum and copper corrugated
cables can be installed without special tools or
equipment. Hoisting grips are employed to sup-
port the cable to the hoisting line during lifting.
Wrap-lock or cable hangers are used to affix the
cable securely to the tower and angle and round
member adaptors eliminate any need to drill
holes.

Preparation For Installation

Coaxial cables are usually shipped coiled in
crates or cartons, or on non-returnable deposit-
type wooden reels. Although cable on reels is pro-
tected by wooden lagging or a fiberboard wrap,
it should be handled carefully. Reels should rest
on their flanges and never be dropped during
handling. If fork lifts are used, the forks must
be long enough to engage both flanges or cable
damage can result. When cable is ordered with
factory installed connectors, the antenna end is
wound on the outside of the coil and hoisted by
means of a cable grip, which can also be factory
installed if specified on the order.

After carefully unlagging the reel, inspect the
cable for any signs of shipping damage. Air
dielectric cables have been pressure tested and
each assembly is tagged with the factory pressure
test verification, there should also be instructions
to be followed should the pressure be found to
have declined substantially in shipment. Factory
installed EIA connectors (Gas Pass) include a
sealing cover to retain pressure during shipment.
This cover may be left in place for protection dur-
ing cable hoisting.

Hanger Spacing

The coaxial cable should be attached to a good
electrical ground by grounding kits at the top of
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Connector For Foam Wellflex Cable
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Rated Max.
Wind Speed Radial Ice 1%" to 3" %" %" to A"
mph  (km/h) inches (mm) feet (m) feet  (m) feet (m)
90 (145) 6 (1.8) 4  (120) 3 (90)
110 (180) no 5 (1.5) 4  (120) 3 (90)
130 (210) ice S (1.5) 3 (90) 3 (60)
180 (290) 4  (1.2) 3 (90) 2 (60)
90 (145) Y (12) 6 (1.8) 4  (120) 3 (90)
110 (180) 5 (1.5) 3 (90) 2 (60)
130 (210) 4  (1.2) 3 (90) 2 (60)
90 (145) 1 (25) 4 (1.2) 3 2% (75)
110 (180) 4 (1.2) 3 (90) 2 (60)
130 (210) 3 (0.9) 2 (60) 1% (45)
90 (145) 2 (50) 4 (1.2) 3 (90) 2 (60)
110 (180) 3 (0.9) 2% (75) 1% (45)
130 (210) 3 (0.9) 2 (60) %o (60)

Fig. 8. Recommended cable hanger spacing.

the vertical run near the antenna, at the bottom
of the tower and at the building entrance. Fur-
ther information on this is included in the
“Lightning Protection” chapter in this section of
the Handbook.

Tower Installation

Few tower installations are identical and only
typical planning considerations are outlined
herein. A pulley and line are recommended for
safe lifting of coaxial cables. The hoist line should
be long enough to allow tying it to the cable along
the vertical run about every 50 feet (15 m) for
hoisting. Cable grips are used to support the cable
every 200 feet (60 m) and may be fastened to the
tower as permanent hangers.

For short lengths, uncoil the cable along the
ground, away from the base of the tower, and
attach the hoist line. For longer lengths, position
reel at the base of the tower, supported on an
axle to allow smooth and controlled unreeling.
Attach the hoisting grip and line. Place a protec-
tive wrap covering over the connector to prevent
damage during hoisting and slowly hoist the
cable.

After the cable has been raised, the cable grip
is permanently secured to the tower and the con-
nector attached to the antenna. For the standard
case, ties or cable hangers may be spaced approx-
imately 3 feet (1 m) apart for cables up to 1%”
diameter, and 5 feet (1.6 m) apart for 3” cable.
The chart of recommended hanger spacing for
different wind and ice loadings is shown in Fig. 8.

Horizontal Runs Supported By An Ice Shield

Horizontal cable runs suspended from ice
shields or support structures normally require the
same hanger intervals as the vertical run. A broad

drip loop will prevent undesired moisture build-
up at the building entry feed-thru.

Horizontal Runs Supported By Messenger Cables

Horizontal cable runs may be supported by a
steel messenger cable from the tower to the equip-
ment building. The size of the messenger is depen-
dent upon the weight of cable and length between
supports. Cable may be spun to the messenger
by a spinning machine similar to those used by
many utility companies.

Buried Horizontal Runs

Jacketed smooth wall aluminum cables can be
safely buried in many cases; however, jacketed
corrugated copper cable is inherently more cor-
rosion resistant and is normally recommended.
Cable should be located below the frost line and
placed in the middle of a 12" inch layer of sand
to protect the jacket from stones or sharp ob-
jects. A duct or conduit should be used to pro-
tect cable which runs under a service road or in
similar situations. All buried connectors or splices
should be carefully sealed with a splice protec-
tion kit, and the cables should include good elec-
trical grounds at both ends to reduce any light-
ning effects. In any buried installation there is
always the possibility that certain soil conditions
can lead to premature deterioration of the cable.
Therefore, it is desirable to review local practice
and, if in doubt, contact an experienced engineer-
ing firm for specific guidance.

Pressurization

Air dielectric coaxial cables should be pres-
surized with dry air or nitrogen to prevent moist-
ure condensation within the cable and deteriora-
tion of electrical performance. If any cable has
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suffered from condensation it should be dried out
by flushing with dry air. The cable may be con-
sidered ‘‘dry’’ when the insulation resistance be-
tween the center and outer conductors, tested on

a ““megger,’’ reaches 100,000 megohms.

Power Handling of Semi-Rigid Transmission Line

Line sizes of primary interest to the broadcast
engineer range from 1%” diameter up to 8"
diameter. The attenuation, peak power handling,
and average power handling for typical lines in
these sizes are given in Fig. 9a & b. Again, cau-
tion should be exercised in using exact data from
the manufacturer of the transmission line that is
to be installed.

RIGID COAXIAL
TRANSMISSION LINE

Rigid coaxial line has been used by the broad-
cast industry since the mid-Forties. It represents
a well-proven method of transmitting RF power
to the antenna. In general, a high quality broad-
cast transmission line has the following features:

* High conductivity of the inner conductor,

* Flange expansion joint on the inner conductor
which will compensate for the differential
mechanical expansion between inner and outer
conductors,

* Welded flange to prevent excessive softening
of the outer conductor especially in the area
of the flange expansion joint,

* Expansion connection designed to capture any
contamination generated by the mechanical
motion,

¢ Retention of the inner conductor within the
outer for vertical installations,

® Teflon support structures on the inner conduc-
tor and the interfacing connector joints.

On long transmission lines, allowances must be
provided for differential expansion between outer
and inner conductors. Therefore, the inner con-
ductor provides for some relative movement of
inner and outer conductors. The result is a very
small electrical discontinuity which is a function
of differential temperature and which can be com-
pensated to zero at only one temperature differen-
tial. Since these discontinuities are a fixed distance
apart and numerous in a run of, for example,
300 feet, the combination can produce an
undesirable VSWR at frequencies where each sec-
tion length is a multiple of a half wavelength.
The resulting VSWR is, of course, also a func-
tion of temperature and is sharply frequency
sensitive. If the operating frequency should coin-
cide with one of the critical frequencies for

20-foot section lengths, 19V2-foot sections may
be used to avoid the possible buildup of standing
wave ratio. Fig. 10 gives the critical frequencies
for both section lengths. It is not advisable to
work closer than = 2 MHz to the frequencies
listed.

Small reflections at inner conductor connectors
under flanged areas may add at the following fre-
quencies. For 20-foot and 19%2-foot sections, the
frequencies in megahertz are 24.52 n and 25.12
n where n is any integer. For other lengths, the
critical frequencies in megahertz may be calculated
by:

_490.4n
/= L

Where: L is the length in feet.

(1]

Fig. 10 shows recommended section lengths for
various frequencies. In addition 17%:-feet length
has been established as an accepted length for
Multi Station FM installation. Fig. 22 gives typi-
cal mechanical dimensions for coaxial line 1%”
thru 9%,”. The dimensions shown are for EIA
style transmission lines which is the most com-
mon flange in the broadcast industry. At present
however, it should be noted that other styles of
flanges i.e., universal, bolt universal are in exis-
tence. In the area of power rating on coaxial lines,
exact information should be obtained for the
manufacturer of the line to ensure its accuracy.

Electrical Specifications

Rigid transmission line does offer generally bet-
ter electrical specifications than semi-rigid as com-
parison for dealing with normal sections 20 feet
long as opposed to the continuous run. Typical
VSWR figures, both as installed and with special
tunning, are given in Fig. 11. The average power
rating vs. frequency for typical high quality coax-
ial lines is given in Fig. 12. The attenuation of
these various lines is given in Fig. 13. In addi-
tion, Figs. 14 through 19 contain tabulated data
for attenuation vs. frequency as well as power
transfer efficiency for various lengths of transmis-
sion lines.

Installation Instructions

Installation Precautions

Care is required in handling the various trans-
mission line components to prevent damage and
assure proper installation. Procedures are outlined
in “Transmission Line Do’s and Don’ts’’ (Fig.
23). These recommendations are important.

Tower steel must be designed to support the
vertical run in a straight line and maintain line
clearance within spring hanger guide rings under
load.
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Air Wellflex Cable Attenuation
CORRUGATED COPPER/50 OHM/AIR DIELECTRIC
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Fig. 9b. Air wellflex cable attenuation.
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Chennel 20" 19V’ Either 19V2° Channel 20 19v2* Either 192" | Channel 20" 192" Either 192" | Channel 19va” Either 19%4"
No. Only Only or 20 No. Only Only or 20’ No. Only Only or 20" No. Only Only or 20
2 - 19 . 36 ° 53
[ 3 ° 20 . 37 ° 54 °
4 ® 21 [ ] a8 [ ] 35 [ ]
5 P 22 P 39 ° 56 °
6 ® 23 [ 40 [ 57
7 ° K2 ) 4 . 58 .
] ® 25 [ 42 ® 59 ®
9 Py 26 ° 43 ® 60 °
10 ® 27 [ ] 44 o 81
n * 28 ® 45 ® 62 ®
12 Y 29 3 46 3 43 ®
13 e | % ° 47 ° 64 Py
14 3 n [ 48 ® 43
15 ° 32 [ 49 ® 66 [ ]
16 ° kK] [ 50 ° 67 3
17 e 34 [ ] 5 [ ] 68 [ ]
18 ° s ° 52 ° &9
L_7° [ ]
Fig. 10. Recommended section lengths—U.S. TV channels.
CHANNEL LENGTH 3% 4'/s 6% 8% 9/
RANGE T/L RUN DIA. DIA. DIA. DIA.
2-6 0 to 1000 Regular 1.05 Regular 1.05 Regular 1.05 Regular 1.05
and 1000’ to 1500’ Regular 1.06 Regular 1.06 Regular 1.06 Regular 1.06
EM 0 to 1000° *Special 1.04 *Special 1.04 *Special 1.035 *Special 1.03
1000’ to 1500° *“Special 1.05 *Special 1.05 *Special 1.05 *Special 1.05
7-13 0 to 1000’ Regular 1.05 Regular 1.05 Regular 1.05 Regular 1.05
1000’ to 1500’ Regular 1.06 Regular 1.06 Regular 1.06 Regular 1.06
0 to 1000° *Special 1.04 *Special 1.04 *Special 1.035 *Special 1.03
1000° to 1500° *Special 1.05 *Special 1.056 *Special 1.05 *Special 1.05
14-30 0 to 800 Regular 1.05 Regular 1.05 Regular 1.05 Regular 1.05
800" to 1500’ Regular 1.07 Regular 1.07 Regular 1.07 Regular 1.07
O to 800" *Special 1.0356 *Special 1.035 *Special 1.03 *Special 1.03
800" to 1500 *Special 1.05 *Special 1.05 *Special 1.05 *Special 1.05
31-62 0 to 800 Regular 1.06 Regular 1.06 Regular 1.05  --ssmeciomcmmaean
800 to 1500 Regular 1.08 Regular 1.08 Regular 1.08  -------emooeee-
0 to 800" *Special 1.05 *Special 1.05 *Special 1.04  ------ooo-eeoeoee
800" to 15600° *Special 1.05 *Special 1.05 *Special 1.05 = ---cecocoooenee-
0 to 800" —ssmmmmemmmmeen mmmmmemmmeeeees e Regular 1.05
31-52 800" to 1500"  ---mmemcmmeceis emmmeeeeees oo Regular 1.08
0 to 800" —-smeseiemeensn mmmememeeemeneen e *Special 1.04
800 to 1500°  ~m-sssmmmmsmsoon mmenmcmemiiin e *Special 1.05

Fig. 11. VSWR maximum limit values.
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POWER RATING VS. FREQUENCY
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Fig. 13. Transmission line attenuation.
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Total Length in Feet (Meters)

Yotal Length in Feet (Meters)

77.6

& | = s H & s ] s |
LIEIE CRERENEE
875 | 847 | 819 |792 37 9.8 33 |84 |339 | 302
87.0 B3.9 81.0 78.2 38 7697.6 436 38 33.77%’_29.9_
B;;_§3.2 80.2 77.3 39 6;.1 _‘2.7 izse 335 297‘

;;4_851_7877 ;ST "_:0 Tg.: B 42.6 33? _33.7%;29.4:
84.9 51;——737_75 1 72.0 692 b6 4 41 69.3 42.4 3.5 kx@ ] 293
387 | 740 |69.9 | 658 | 620 | 583 |sav | | 42 | 692 |61.2 | 541 | 47.8 | 423 | 37.4 | 330 | 292
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68.4 [60.3 [ 530 | 468 | 412 (363 | 320 | 2812

48 88.1 1 683 60.1 53.0 48.6 a9 362 3.8 28.0
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63 | oz9s | 72| 760 |ss3 |578 ] Tas ] y | 253 |

3 | 439 | 383 | 334 | 290 | 253
2 438 38.1 33.2 28.9 25.2

B

64 0.299 B7 1 759 662 577 TO
65 A’T.JOO N 87.1—< 759 66.1 57.5 500 43.7 38.0 3 ZB.B_ ;S.I

Fer1 | i 50.

(o

b6 0.301 B7 1 758 66.0 57 4 .0 435 | 379 330 | 287 25.0
— —T 1 = -1 — — -
87 0.302 B7.0 757 65.9 573 9 434 37.8 329 28.6
68 0.2025 | 87.0 757 658 573 49.8 434 377
e P L i N

32.8 28.5 | 24.8
69 0.303 87.0 | 75.6 | 658 572 498 ’73.3 377 327 28.5 24.8

- - —— - —— = —
34 0.256 889 (790 [ 702 |62.4 [ 555 | 493 | 438 | 289 |345 [ 308
35 0.257 86.8 78.9 700 623 553 49.2 43.7 388 344 305
36 0.258 88.8 789 70.0 62.2 55.2 49.0 | 435 | 387 343 30.4

70 0.3035 | 87.0 | 754 | 658 572 | 49.7 432 37.6 32.7 28.4 | 247

Fig. 14. Transfer efficiency (%) 3-1/8” 50-ohm line.
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_ Total Length in Feet (Meters) _ Total Length in Feet (Meters)
T3 | s|s|s] a|.a].2]c] 5] 5.2 Tl 2| slelslalal.als ]l =] =
§ |%es #s g% §% g% |83 B3 %2 8% B3B8 | G |ios | ossec (of (s (BEEE (N (m |8 | B
2 0.050 | 97.7 [ 955 | 93.4 | 913 | 89.2 | 87.2 | 852 | 833 | 81.4 | 79.5 36 066 | 927 (858 | 79.5 |73.7 | 68.3 | 633 | 586 | 543 | 50.3 | 464
3 0052 | 976 | 953 | 93.0 | 90.8 | 887 | 86.5 | 84.5 | 82.5 [ 80.5 | 78.6 37 0.167 | 926 |858 | 79.4 (736 | 68.1 | 63.1 | 585 | 541 | 50.1 | 464
4 0055 | 975 | 951 | 92.7 | 90.4 | 882 | 860 | 83.8 | 817 | 797 | 77.7 38 0.167 | 926 | 857 | 79.4 [735 | 68.0 | 630 | 583 | 540 | 500 | 463
5 0.059 | 97.3 [ 947 | 922 | 89.8 | 874 | 850 | 82.8 | 80.6 | 78.4 | 763 39 0168 | 925 | 856 793 [73.4 | 679 | 628 | 58 | 538 | 498 | 461
6 0.061 | 97.2 [ 945 | 919 | 894 | 86.9 | 84.5 | 82.2 | 799 | 77.7 | 755 40 0.169 | 925 | 856 | 792 732 | 67.8 | 62.7 | 580 | 53.6 | 49.6 | 459
FM 0.066 | 970 | 941 | 913 | 88.6 [ 860 | 83.4 | 81.0 | 786 | 762 | 740 o 0170 | 925 1855 | 790 | 73.1 | 67.6 | 62.5 | 57.8 | 53.5 | 49.5 | 457
7 0.089 96.0 92.2 88.5 84.9 81.6 783 75.2 72.2 693 66.5 42 071 924 85.5 79.0 73.0 67.5 624 | 577 53.3 49.3 456
8 0.090 5.9 92.0 88.3 84.7 81.3 78.0 748 71.8 68.8 66.0 43 0.172 92.4 85.4 78.9 729 67.4 62.3 57.5 53.2 49.1 45.4
0.092 95.9 9.9 88.1 84.5 810 77.6 74.4 71.4 68.4 65.6 44 0.172 92.4 853 78.8 72.8 67.2 62.1 564 530 4.0 45.2
10 0.093 95.8 9?18 87.9 84.3 80.7 77.3 74 71.0 68.0 65.2 45 0.173 923 85.3 78.7 72.7 67.1 62.0 57.2 52.8 48.8 451
n 0.094 95.7 91.7 87.8 84.0 80.4 77.0 737 70.6 67.6 | 64.7 46 0.174 92.3 85.2 78.6 72.6 67.0 61.8 571 52.7 48.6 44.9
12 0.096 95.7 915 87.6 83.8 80.2 76.7 73.4 70.2 67.2 64.3 47 0.175 92.3 85.1 78.6 72.5 66.9 61.7 569 52.5 48.5 447
13 0.097 95.6 91.4 | 87.4 83.6 79.9 | 76.4 731 69.9 66.8 3.9 48 0.176 92.2 85.1 78.5 72.4 66.8 61.6 56.8 52.4 48.3 446
T4 0.146 935 87.4 81.7 76.4 7.4 66.8 62.4 58.4 54.6 51.0 49 0.176 92.2 85.0 78.4 723 666 61.4 56.6 52.2 48.2 44.4
15 0147 | 934 | 873 | 816 | 763 [ 71.3 | 666 | 622 | 582 | 543 | 50.8 50 0177 | 922 | 849 [ 783 [72.2 | 665 | 61.3 | 565 | 520 | 480 | 442
16 0.148 93.4 87.3 8.5 76 AR 66.4 62.0 58.0 541 50.6 51 0.178 92.1 84.9 78.2 721 66.4 61.2 56.4 | 51.9 47.8 441
17 0.149 | 93.4 [87.2 | 814 [ 760 710 | 663 (619 | 578 | 53.9 | s50.4 52 0.179 | 921 | 848 | 781 |720 | 663 | 610 | 562 | 518 | 477 | 439
18 0.150 | 933 | 871 | 813 | 759 | 70.8 | 66.1 | 617 | 57.6 | 537 | 500 53 0.179 | 9.21 | 84.8 | 780 |71.9 | 66.2 | 60.9 | 56.1 | 51.6 | 47.5 | 438
19 0151 | 933 | 870 | 81.2 | 757 | 707 | 659 | 61.5 | 57.4 | 53.5 [ 45.9 54 0.180 ( 920 |847 |78.0 |718 | 660 | 60.8 | 559 | 515 | 474 | 436
20 0.152 | 933 | 870 | 811 | 756 | 70.5 | 657 | 61.3 | 57.2 | 53.3 | 497 55 0.181 | 920 846 779 |71.6 | 659 | 60.6 | 558 [ 513 | 47.2 | 435
21 0153 | 932 | 869 | 81.0 | 75.5 | 70.4 | 656 | 611 | 57.0 | 531 | 49.5 56 0182 | 92.0 (846 |77.8 |715 | 658 | 60.5 | 557 |51.2 | 471 | 433
22 0154 | 932 | 868 | 809 | 754 | 70.2 | 65.4 | 61.0 | 56.8 | 52.9 | 493 57 0183 | 91.9 (845 | 777 [71.4 | 657 | 60.4 | 555 | 51.0 | 469 | 431
23 0.154 93.1 86.7 80.8 75.2 70.1 65.3 60.8 56.6 52.7 49 58 0.183 1.9 84.5 77.6 71.3 65.6 80.3 55.4 50.9 | 46.8 43.0
24 0.155 931 86.7 80.7 751 69.9 65.1 60.6 56.4 52.5 48.9 59 0.184 1.9 84.4 77.5 7.2 65.5 80.1 55.3 508 46.6 428
25 0.156 931 86.6 80.6 75.0 69.8 64.9 60.4 56.2 523 48.7 &0 0.185 ?1.8 84.3 77.5 710 653 60.0 55.1 50.6 | 46.5 427
26 0157 | 930 | 865 | 80.5 | 74.9 | 69.6 | 648 | 603 | 56.1 | 521 | 485 81 0.186 | 918 |843 [774 (710 | 652 | 59.9 | 550 | 50.5 | 46.3 | 42.5
27 0.158 93.0 [ 865 | 804 | 747 | 69.5 | 64.6 | 801 | 559 | 519 | 483 62 0.186 918 |84.2 | 773 [71.0 | 651 | 59.8 | 54.8 | 50.3 | 46.2 | 42.4
28 0.159 929 86.4 80.3 74.6 | 69.4 64.5 59.9 55.7 518 48 63 0.187 9.7 84.2 77.2 70.9 65.0 | 59.6 54.7 50.2 46.1 423
29 0.160 92.9 86.3 80.2 745 69.2 64.3 59.7 55.5 51.6 47.9 b4 0.188 97 841 771 70.8 64.9 59.5 54.6 | 501 459 | 421
30 0.161 92.9 862 80.1 74.4 69.1 64.2 59.6 | 553 51.4 47.7 65 0.189 97 84.1 7 70.7 648 59.4 54.5 49.9 45.8 42.0
N 0.161 92.8 | 862 | 80.0 | 74.3 | 68.9 | 64.0 | 59.4 | 552 | 51.2 | 475 66 0189 | 917 (840 |77.0 |70.6 | 647 | 59.3 | 543 | 49.8 | 456 | 41.8
32 0.162 92.8 86.1 79.9 74.2 68.8 63.9 593 550 510 | 473 67 0190 96 839 76.9 70.5 64.6 | 59.2 54.2 49.7 455 417
33 0.163 92.8 86.0 79.8 74.0 68.7 63.7 590 54.8 50.8 472 48 0.191 91.6 83.9 76.8 70.4 64.5 59.0 | 540 49.5 45.4 41.5
34 0.164 927 8s.c 79.7 73.9 685 | 63.6 | 58.9 54.6 50.7 47.0 69 0.19% 1.6 838 76.8 70.3 64.3 58.9 | 539 49.4 45.2 41.4
| 35 0165 | 92.7 | 859 | 79.6 | 73.8 | 68.4 | 63.4 | 58.8 | 54.5 | 50.5 | 468 70 0192 [ 915 [83.8 [767 |70.2 | 64.2 | 58.8 | 53.8 | 49.3 | 451 | 413

Fig. 15. Transfer efficiency (%) 4-1/16” 50-ohm.
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Antennas and Towers
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Chapter 3: Transmission Lines
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Fig. 18. Transfer efficiency (%) 8-3/16” 75-ohm line.

Fig. 19. Transfer efficiency (%) 9-3/16” 75-ohm line.
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Section 2: Antennas and Towers

Vertical Run Considerations

Provision must be made to accommodate the
difference in expansion coefficients between the
copper of the line and the steel of the tower. Cop-
per temperature rise due to RF heating as well
as ambient temperature changes must be taken
into account. In the vertical run this is accom-
plished by fixing the line at the tower top and
“floating’’ it down the tower on spring hangers
with expansion accumulating at the bottom of the
tower. To accommodate for this movement, the
length of the horizontal run must be as specified
in Fig. 20. In addition, the minimum distance
from the horizontal run to the first vertical sup-
port ring must be maintained as specified in Fig.
21 to accommodate for movement of the horizon-
tal run.

Generally, only standard lengths should be in-
cluded in the vertical run except at the top where
a field-cut section is utilized. However, one or
two special lengths may be inserted if it permits
a better pattern of hangers. Positions of flanges
relative to hangers, guide rings and tower mem-
bers must be carefully planned to avoid inter-
ference as the line moves relative to the tower.
Where interference between line flanges and
spring hangers may occur due to a particular
spacing of tower horizontal members, a steel plate
may be used to mount the hanger a sufficient dis-
tance above or below the flange to avoid such
interference.

Ideally, spring hangers supporting the vertical
run of transmission line should occur every 10
feet (3.1 m); however minor variations may be
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used provided an average of one hanger for each
10 feet of line is maintained. The vertical por-
tion of line near the top of the run should be
anchored firmly using the appropriate fixed
hanger(s). Spring-loading charts are used to set
spring tensions of expansion hangers. As finally
installed, the line must be vertical and free to
move in the hanger guides, and the tower must
be designed to keep the vertical hangers perpen-
dicular to the line and the fixed hanger(s) from
moving. When installing transmission line, the
preferred method is to start at the bottom and
work toward the top. The transmission line must
be mounted with the anchor insulator of each sec-
tion in the ‘‘up’’ position.

In most cases, the elbow which joins the verti-
cal and horizontal runs should be a reinforced

type.

Horizontal Run Considerations

In complex horizontal-line layouts involving
elevation and direction changes, care must be ex-
ercised not to overstress mitre elbows or intro-
duce excessive flexing of the line. Back-to-back
elbows may be used to achieve desired vertical
and horizontal angles.

As stated previously, the horizontal run should
be at least as long as indicated in Fig. 20 to allow
for sufficient movement due to expansion of the
vertical run. Adequate bending of the vertical line
to allow for movement of the horizontal run is
assured by proper placement of the first vertical
supporting ring as specified in Fig. 21. Three-
point-suspension spring hangers should be used
in the horizontal run for at least the distance
shown in Fig. 20. Beyond the minimum distance
specified, horizontal roller assemblies or swivel
hangers may be used to support the line. Where
several lines are in close proximity, special pro-
vision may be required to prevent lateral move-
ment while allowing vertical movement. The line
should be secured at the wall of the building using
a horizontal anchor plate. Lines should be pro-
tected from falling ice.

Indoor Installation Considerations

The indoor part of the transmission line is nor-
mally not pressured. Therefore, a Gas Stop is in-
stalled inside the building wall, and unpressurized
line components are used between that point and
the output of the transmitter. The arrangement
permits disconnection of the ungassed portion of
the line anywhere before the Gas Stop without
loss of pressure in the outside line.

Purging Moisture From New Line

A transmission line installation must be free
of moisture before power is applied since operat-
ing a line with moisture inside is likely to cause
substantial damage. If moisture is suspected, the

uppermost part of the line should be opened by
using the petcock supplied or by slightly loosen-
ing the most-distant flange. The line should then
be bled with dry (oil-pumped) nitrogen. Lines
should be continuously pressurized from a nitro-
gen or a dry-air source. After any complete loss
of pressure where moisture may have entered, the
line should be purged before it is again placed
in use.

WAVEGUIDE TRANSMISSION LINE

Any enclosure that restrains the electric mag-
netic fields and directs the flow of energy is a
form of waveguide. In a sense, coaxial line is a
form of waveguide, however, in the chapter when
we refer to waveguide we are referring to a hollow
tube waveguide. Which either takes the form of
a hollow rectangular metal pipe with an approx-
imate height to width ratio of 1 to 2 or a hollow
circular pipe of varying diameters. Each com-
monly accepted form of transmission line has cer-
tain features which makes its use more advan-
tageous over other types of transmission systems.
Waveguide offers the following advantages:

1. Its simple construction with no inner conduc-
tor makes it less susceptible to distortion due
to shock vibration due to shipment installa-
tion and operation.

2. Since there are no supports and the waveguide
is air filled, there is very little dielectric loss
and attenuation is minimized. The physical
parameters of the waveguide are such that for
dominant mode operation, the dimensional
separation in waveguide minimizes charge con-
centration thus resulting in reduced electric
field intensity as compared to coaxial trans-
mission line.

3. The large cross sectional surface area provides
for high power handling capacity. Consequent-
ly waveguide will handle all the significant
power the broadcast industry is presently gen-
erating for any station or groups of stations
in the U.S.

Due to its large size and lower attenuation,
hollow tube waveguide will run with considerably
less temperature rise for given power level than
any of the coaxial lines. The major draw back
for putting waveguide on the tower is the size
waveguide which is generally larger than most co-
axial lines and hence, you have an increase wind
load which in some cases i.e., existing towers,
could be a problem.

Circular Waveguide

The newest member of the high power trans-
mission line family for broadcast industry, is Cir-
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0D 00 | ID
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3 3/16 75 228 LB| (8 kp) | 3335, | 520 | 2588 | BSI6Y |y msms| 38 [ 11.312] 28

Fig. 22. Mechanical dimensions of rigid coaxial line.

cular Waveguide. This has come about as a
natural extension of rectangular waveguide with
an effort to reduce windloading on the tower. A
typical installation is shown in Fig. 24. Circular
Waveguide has been in use for a number of years
at much higher frequency, however, it has only
been in the last few years that installations have
been attempting high power UHF broadcast.
Consequently, the transmission line does not have
a proven track record in the broadcast field. In
general it has all the attributes of any hollow tube
waveguide transmission system and in theory
should prove to be a viable transmission system.

Fig. 24 shows a typical installation with com-
ponents noted beside the layout. Fig. 25 lists a
typical set of attenuation and average power
ratings for three sizes of circular waveguide. Fig.
26 shows one manufacturer recommendation for
horizontal vs. vertical length as a function of tem-
perature. It should be noted that field experience
on installation of circular waveguide is minimal
and the mechanical configuration of the wave-
guide on the tower should be defined by the
manufacturer of the waveguide.

Rectangular Waveguide

Rectangular waveguide has been used in high
power UHF broadcast since the mid-Fifties, how-

ever, it has only been since the mid-Seventies that
any reasonable amount of use has occured de-
pending on the content and the attenuation
design. There are four prevalent waveguide sizes
currently being used in UHF broadcast. Typical
dimensions for the flange and waveguide are
given in Fig. 27. In addition, you will note that
the flange holes are numbered and refer to the
proper tightening sequence. In general, the mate-
rial is 1100 aluminum which offers the highest
conductivity available in aluminum material.
General construction is flat aluminum welded at
the four corners with a true flange welded at each
end. The pressure seal is built into one flange of
each waveguide component. The attenuation for
the typical waveguide sizes is shown in Fig. 28.
Again actual performance characteristics should
be exactly defined by the manufacturer of the
product. VSWR of an installation is approxi-
mately the same as could be expected in the coax
installation. Typical length for broadcast wave-
guide is approximately 12 feet.

The physical parameters of the waveguide
determine the electrical operating characteristics.
The inside cross-sectional width, or ‘‘a’’ dimen-
sion, determines the frequency range of opera-
tion for the dominant mode. The ‘‘a’’ dimension
must be greater than A/2 and less than A for effi-
cient operation in the dominant mode (TE,,). The
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DO's

11.
12,

14,

15.

DO store packaged transmission line in clean dry place to prevent
contamination.

DO withdraw and inspect inner and outer conductcrs completely itin
previousiy opened or damaged shipping boxes.

DO withdraw and Inspect all short pieces of line.

DO check operation of inner expander assembly* and any com-
ponents suspected of contamination with dirt or moisture.

DO cap all unpacked components against the entry of mositure.

DO hoist components with connector end up uniess component is
marked otherwise.

DO check the line in the spring hanger guides after each section is
installed to insure free movement for expansion. Shimming of guides
at tower support may be necessary.

DO consuit spring-loading dimensions chart (in Hangers section) for
proper spring tension on expansion hangers and adjust each position
on the tower accordingly.

DO ascertaln that inner d s of ad); it ti match
alignment to prevent inadvertent damage to the connector. Hold top
connector insulator in piace and see that the insulator is well sealed
betore installing the next section.

DO tighten flange boits alternately, one side, then the other, betore
tinal torquing. See Table 8.

DO use torque wrench for final tightening.

DO pressurize line immediately foliowing installation and maintain
3 Ibs/in? (0.21 kg/cm?) at all times. Leaks must be repaired
immediately.

DO keep ends of transmission line capped during instaliation. it
instailation is halted, seal installed line ends and pressurize to at least
0.5 ibs/in? (0.04 kg/cm?) with dry air or nitrogen.

DO coat O-ring gaskets lightly with Dow-Corning DC-4 sificone
compound to ease assembly.

DO check O-ring and its groove for dirt or other fcreign materlai and
ascertain that ring is properly seated betore flange assembly.

DON'TS

il

17.

DON'T withdraw complete iine section i shipping box appears to be
new and intact. ONLY Inspect inner conductor expander.

DON'T hoist coupled sections of transmission line. The stresses
involved damage components.

DON'T use force when fitting components one to another. if cause
cannot be corrected or isn't evident visually, calf for DC assistance.

DON'T assemble line components that contain water or condensation.

DON'T assembie line components that contain dust, dirt, packing
material or other foreign objects. Consult Dielectric regarding any
loose or suspiclous material in the line as it is unpacked.

DON'T bi tch ked P its unless the marking s
clear and understood. DON'T interchange match-marked items.
Consult DC about proper assembly.

DON'T install any fine component with dust, dirt or grease on
insulators.

DON'T Install line that exhibits any evidence of damage.

DON'T attempt to correct defects discovered unless instructed and
authorized by Dielectric.

DON'T dismiss rigger untll tr Isslon line is pletely installed
and pressurized for at least 12 hours and the appropriate electrical

tests performed.

DON'T power the iransmission line until the line is known to be dry
and pressurized to at least 3 Ibs/in? (0.2 atm.).

DON'T exceed specitled torque for flange bolts (see Table 8).
DON'T use a line flange with evidence of over-siressed.

DON'T use a damaged O-ring gasket. Use a new gasket whenever In
doubt.

DON'T bend elbow components to fit. I leg angle is incorrect,
consuit Dlelectric.

DON'T let rigging equipment damage components. Provide proper
protection.

DON'T cut tubing without a cut-oft gauge and remove all burrs and
chips from inside and outside of tubing.

DON'T assemble a horizontal run without proper support.

*Check inner conductor expansion joint for an excursion of 0.2 inch (5 mm) travel and in the extended position check for presence

of contacting spring through exposed groove on inner conductor. In som

e lines the contacting spring is not visible in the extended

position. Presence of the spring can be determined by inserting a 6-mii (0.15 mm) thick feeler gauge (0.5-inch or 13-mm wide) be-
tween the tubing inner surface and the connector body outer surface. if spring is present the feeler gauge can be inserted 0.25
inch (6.4 mm). If gauge goes in 0.5 inch (13 mm), spring is missing and line section must not be used.

Fig. 23. Transmission line do’s and don’ts.
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Fig. 24. Components for typical circular waveguide
system. (Courtesy of Andrew Corporation)
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Visual Average Visual Average
Channel Carrier Attenuation Power Channel Carrier Attenuation Power
Number MHz dB/100 ft Kilowatts Number MHz dB/100 ft Kilowatts
WC1750 WC 1500 (continued)

14 471.25 0.0521 386.9 42 639.25 0.0466 370.9
15 477.25 0.0502 401.9 43 645.25 0.0459 376.7
16 483.25 0.0484 416.4 44 651.25 0.0452 382.4
17 489.25 0.0469 430.3 45 657.25 0.0445 387.9
18 495.25 0.0454 443.7 46 663.25 0.0439 393.3
19 501.25 0.0441 456.7 47 669.25 0.0433 398.6
20 507.25 0.0480 469.2 48 675.25 0.0428 403.7
21 513.25 0.0467 481.3 49 681.25 0.0423 408.8
22 519.25 0.0454 4931 50 687.25 0.0418 413.7
23 525.25 0.0439 504.5 51 693.25 0.0413 4185
24 531.25 0.0391 515.6 52 699.25 0.0408 4232
25. 537.25 0.0383 526.3 53 705.25 0.0404 427.8
26 543.25 0.0375 536.7 54 711.25 0.0399 432.3
27 549.25 0.0368 546.9 55 717.25 0.0395 436.7
28 555.25 0.0362 556.7 56 723.25 0.0392 4411
29 561.25 0.0356 566.3 57 729.25 0.0388 4453
30 567.25 0.0350 575.7 58 735.25 0.0384 449.4
31 573.25 0.0344 584.8 59 741.25 0.0381 453.4
32 579.25 0.0339 593.6
33 585.25 0.0334 602.2 WC1350
34 591.25 0.0330 610.6 56 723.25 0.0530 293.9
35 597.25 0.0325 618.8 57 729.25 0.0523 297.7
36 603.25 0.0321 626.7 58 735.25 00516 301.5
37 609.25 0.0317 634.5 59 741.25 0.0510 305.1
38 615.25 0.0314 642.2 60 747.25 0.0504 308.7
39 621.25 0.0310 649.4 61 753.25 0.0498 312.3
40 627.25 0.0307 656.6 62 759.25 0.0493 315.7
41 833.25 0.0303 663.6 63 765.25 0.0488 319.1

64 771.25 0.0483 322.4

65 777.25 0.0478 325.7

WC1600

66 783.25 0.0473 3289
39 621.25 0.0490 352.7 67 789.25 0.0469 332.0
40 627.25 0.0482 358.9 68 795.25 0.0464 335.0
41 633.25 0.0474 365.0 69 801.25 0.0460 338.0

STANDARD CONDITIONS
For Attenuation VSWR 1.0, Ambient Temperature 24°C (75°F).

For Average Power VSWR 1.0, Ambient Temperature 24°C (75°F)
Waveguide Temperature 64°C (147°F).

Fig. 25. Attenuation and average power ratings.

(Courtesy of Andrew Corporation)
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Fig. 26. Mechanical setting for circular waveguide
installations. (Courtesy of Andrew Corporation)
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5 Typical Attenuation of Rectangular Waveguide
< UHF TV ATTENUATION
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Fig. 28. Typical attenuation of rectangular waveguide.

WAVEGUIDE SECTION
SIZE CHANNEL LENGTH REQ'D

1800 17,18,22,23,24,28,29 11.5 ft

1800 14,15,16,19,20,21,25, 11.95 ft.
26,27, and 30

1500 20,21,25,26,30,31,35, 11.5 ft
36,40,41,45,46 and 47

1500 22,23,24,27,28,29,32, 11.95 ft.
33,34,37,38,39,42,43,
44,48,49, and 50

1150 40,41,45,49,50,54,59, 11.5 ft.
64,65,69, and 70

1150 42,43,44,46,47,48,51 11.95 ft.
52,53,55,56,57,58,60,
61,62,63,66,67, and 68

Fig. 29. Recommended waveguide
section length per channel.
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generally accepted operating range is from .64 to
95X or 60% to 95% of the cut off frequency of
the next higher mode (TE,).

The inside cross-sectional height, or “b”’
dimension, determines the voltage breakdown and
as “‘b”’ is reduced, the power handling capacity
is also reduced. It should also be noted that as
the “‘b”’> dimension is reduced the attenuation of
the waveguide increases.

The practical combination of mechanical and
electrical parameters for large waveguide is
recommended by the Electronic Industries Asso-
ciation to be a b:a ratio of approximately 1:2.

A typical feed system includes such items as
straight waveguide, sweeps and elbows, mitre
bends, twists, switches, couplers, and other com-
ponents as required for a specific application. In
order to provide system compatibility, each com-
ponent should be manufactured with stringent
electrical and mechanical controls.

Waveguide Installation
General Information

As in all transmission line installations, pre-
liminary layout work must be done for the instal-
lation of rectangular waveguide. (see Fig. 29)

It must be noted that prior to doing the layout
work, up-to-date catalogs and literature must be
obtained from the manufacturer.

List of Material

When creating a list of materials, the most
common point to start is at the waveguide elbow
located at the base of the tower. Working toward
the building from the bend, use standard 11.95
ft. or 11.50 ft. lengths (as frequency dictates refer
to Fig. 30) through the building opening. If a cut
length is required and is known, specify on the
L/M. If the dimension is not known, specify of
the L/M as one piece of waveguide, length un-
known. This is to advise the manufacturer that
materials must be made available for last minute
measurements. If more than one piece is required,
specify as two or more line items same descrip-
tion. For each line item, one maximum length
section will be set aside for the particular location.

The vertical run should be laid out by stacking
each designated length of waveguide end-to-end
until the appropriate height is reached for posi-
tioning the waveguide to coax transition. The
same rule for unknown lengths should be applied
as is in the horizontal run.

WR 1800 14 - 30
WR 1500 20 - 50
WR 1150 40 - 70

Fig. 30. Recommended waveguide size per channel.

Hangers

For layout of hangers, see the manufacturers
catalog for dimensions required to attach hangers
to the bridge or tower structure.

When laying out the hangers, you must keep
in mind that the coefficient of thermal expansion
of the aluminum is 13 X 107¢ per degree F, and
of the structural steel approximately 6.5 x 107¢
per degree F. This leads to a relative differential
movement of approximately % inch per 100 feet
for 100°F differential. Also keep in mind that
ambient temperatures of the guide and tower are
different and must be considered during
installation.

When placing the waveguide inside the tower,
sufficient clearance must be maintained around
horizontal tower members so thermal expansion
of the vertical run does not cause the horizontal
portion to make contact with these horizontal
members. Keep in mind that the heating of the
waveguide due to RF will cause the waveguide
to expand and the tower will not, as in the case
of ambient temperature change where one is con-
cerned with the differential expansion.

It also must be noted that all waveguide exter-
nal to the building is pressure-tight; so the ‘‘sex’’
of the sections must be observed. The sections
in the horizontal run are positioned so that the
seal is away from the building, which results in
the seal being on the top of each vertical section.
This allows the rigger to observe the seal prior
to the mating of the flanges.

Horizontal Hangers

Starting from the base elbow, always position
the hanger approximately in the center of each
piece of waveguide. Each section must be sup-
ported by one mount.

Vertical Hangers

Again, starting at the base elbow, each section
of waveguide must be supported by one hanger.
For specific hanger requirements, refer to manu-
facturers recommendation. Each hanger should
be located as close to the center of each section
of waveguide as possible.

Lateral Braces

On towers exceeding 350 feet, locate one every
150 feet to the top.

The last section of waveguide in the horizon-
tal run (and vertical) may have to be fabricated
to size by the manufacturer. If so, measure the
required length and call this into the manufac-
turer.

Tower Top

The vertical run is secured at the top with an
‘‘Anchor Plate’”’ which is usually attached to the
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waveguide flange bolts on the waveguide-to-coax
transition.

Tuners

For VSWR adjustment, it is recommended that
one section of waveguide with tuners be located
every 72 feet, both in the vertical and horizontal
runs. A good starting point is the elbow between
the horizontal and vertical portions of the run.
There should be a tuner located within a few feet
of this elbow; it does not matter whether it is on
the vertical or horizontal side. After this tuner
has been placed, the rest may be spaced at 72
foot intervals both toward the antenna and
toward the transmitter.

Unloading And Storage At Site

Unload sections and carefully stack in an area
where tower work will not endanger it. Use Mylar
plastic sheeting, available in rolls, to cover the
waveguide. Plastic sheeting is available at con-
tractor supply houses and some hardware stores.
Lay the *“Visqueen’’ on ground and stack wave-
guide on top of it. After waveguide is stacked,
bring the sheeting up on the sides of the wave-
guide and tape using duct tape. Put ‘“Visqueen”’
over the stacked waveguide, extending down and
over the bottom sheet and tape the two pieces
together. This results in a well protected wave-
guide, even from wind and rain. It is essential
that the waveguide be clean and dry when in-
stalled as this will eliminate much work later.

Hanger Installation

Before any waveguide is uncovered, all hangers
should be installed on the tower and bridge, tak-
ing care to use the proper hangers at the approx-
imate locations on the tower, i.e. tall towers have
hangers which are larger (stick out from tower
further and have larger springs) on the bottom
portion of the tower than on the upper portion.
Also, the last several bottom hangers have long
‘‘arms’’ which attach the hangers to the wave-
guide to allow the vertical run to move further
‘“‘in and out’’ due to expansion of the horizontal
run without binding in the hangers. A check
should be made to insure that, as the waveguide
moves up and down due to expansion, the result-
ing ““in and out’’ movement (due to hanger con-
struction) does not allow the waveguide flanges
to hit the horizontal member of the tower. If in-
stallation is properly designed mechanically, this
will not happen; but check it. It has happened
and all the hangers had to be removed and re-
mounted with spacers.

Installing Waveguide

Two pieces of waveguide should be bolted to
the ““E’’ plane bend which is to be at the bottom
of the tower. This will be the last section of the

horizontal run and the first section of the ver-
tical run with the ““E”’ plane bend in between.
The seal must be located away from the building
or toward the tower top. Taking into account the
ambient temperature, locate the placement of the
combination of tower and bridge. This exercise
is important as it locates the vertical run in rela-
tion to the tower, and the horizontal run in rela-
tion to the bridge. If this is not properly done,
it is possible (depending upon length of vertical
run) for the end of the horizontal run to hit the
bridge when the waveguide ‘“moves up’’ in the
winter. This is really no different than in coax
installation, except in coax the hangers have no
movement and in waveguide, the hangers do
move and precautions must be taken so expan-
sion of the guide does not bind them. Initial align-
ment, therefore, is critical to proper installation.

After initial location of this group, fix the ver-
tical section so that it cannot move down. This
is best accomplished using a ‘‘come-along’’ (small
ratchet hoist) to suspend the section to a point
on the tower. The vertical waveguide section
should be able to be raised by pushing on the
bottom section of the waveguide, so it is impor-
tant not to fix the waveguide so that it cannot
move upward.

Small variations in materials and manufactur-
ing processes can introduce a slight twist in wave-
guide. Over a long run, these twists can accumu-
late to a degree that causes binding in the hangers.
To correct this, ‘‘reverse twist’’ sections are sup-
plied and are inserted as needed.

In preparation for installing the waveguide sec-
tions, locate reverse twist sections, (they should
be marked as such), and keep them separate from
“‘regular’’ sections. This is best done at the same
time as the initial stacking and covering upon
arrival.

As the sections of waveguide are removed from
the storage area for installation, check for dirt
inside the guide. If any foreign matter is found,
run a large, clean blanket through the sections
to clean it.

Assembly of the waveguide is done by insert-
ing locating pins in any two opposite corners of
the flanges and installing bolts, washers and nuts
in remaining holes of the flange. After torquing
bolts, remove the pins and replace with bolts.

As a suggestion, drill a hole in the end of each
locating pin and attach two of them together with
a long and strong cord, such as lacing cord. Have
the rigger wear them around his neck like a child’s
pair of mittens. This will keep him from drop-
ping the pins from the tower while installing and
removing them. They are difficult to find in the
dirt when dropped from 1000 feet.

Now install the remainder of the horizontal run
(back to the transmitter). If the horizontal run
starts to twist, install a section of the “‘reverse
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twist’’ waveguide to bring it back. Make sure the
waveguide is fitting properly in the hangers to
prevent distortion of the guide.

Once inside the building, install a gas dump-
ing section and a gas barrier. The operation of
the pressurization system and gas dump is dis-
cussed below.

The gas dump section should have a seal on
both ends. The gas barrier, commonly called a
‘‘waveguide window”’, utilizes a polystyrene plate
as the pressure barrier and is designed to operate
at .25 PSIG for the WR1400 thru WR1800, and
.50 PSIG for WR1150.

The last section of waveguide in the horizon-
tal run (and vertical) may have to be fabricated
to size by the manufacturer. If so, measure the
required length and call this into the
manufacturer.

At this time, install a waveguide to coax adap-
tor (match to the channel) to enable test equip-
ment to be attached.

The vertical run is now installed from the bot-
tom up as in coax. Unlike coax, the waveguide
can twist and either bind in the hanger or not
go in at all. If twist causes a bind in the hanger,
a reverse section is selected and installed to bring
the run back. The object is not to let it twist too
far and cause the waveguide to bind but rather
to install a reverse section that will bring the
waveguide back past square, at which point the
regular sections are again used. As hangers can
tolerate some twist in either direction, this method
will result in the best installation and the least
problems. Try to plan so that the vertical run is
kept square at the tower top.

After a number of sections of guide have been
installed (the number is optional), determine if
waveguide run can be pushed upward by one per-
son pushing on the bottom of the vertical run.
If this is not possible, the hangers are not pro-
perly tensioned and corrective action should be
taken.

When the vertical run is complete, measure the
last section needed to complete the run and call
this dimension into the manufacturer. Install the
necessary fixed anchor assembly to fix the run.

Pressurization Systems

Rectangular waveguide by the nature of its
shape and relatively thin walls will not withstand
high pressurization; but a slight positive pressure
in any transmission line system is necessary to
prevent condensation during temperature change.
A pressure in the range of .25-.50 PSIG is typical.
Too high a pressure will deform the walls, affect-
ing VSWR, and the waveguide window could
rupture.

Because of the large volume of air and large
surface area of the guide, a rapid change of am-
bient temperature can cause a relatively fast
change in the internal pressure. The extra pressure
must be bled off rapidly, and this is accomplished
by the gas dump. The gas dump consists of a pre-
cisely weighted cap over opening in the guide. The
cap “‘pops’’ off at the maximum pressure for
which the guide is designed. When the guide
cools, the automatic dehydrator must have suffi-
cient capacity to replace the air in a short time.

The coaxial output of the transition may re-
quire a gas barrier which may be connected direct-
ly to the conventional coax elbow complex.

Installations where both coaxial line and wave-
guide is used, a separate higher pressure air feed
is run for the coax and/or antenna.

An automatic dehydrator system is ideally
suited for most guide installations. This unit
should provide 2400 SCFD at —40°F dew point
and be equipped with humidity alarm and bypass.
A one cubic foot storage tank charged to the
standard 60 PSIG will provide a reserve of 4.8
cubic feet at .5 PSIG.

Tuning Waveguide

The waveguide may have been shipped and in-
stalled with the tuning probes installed in the tun-
ing sections. If this is the case, they must be pulled
out to where they are still in the sockets but do
not protrude inside the guide, even a little bit.
To do this, remove the caps which cover the
probes. There are two small hex screws in the caps
that must be loosened and the cap removed.
There is an O-ring inside so you will have to pull
hard. Once the cap is removed, you will notice
a tapped hole in the Teflon probe. Screw in a
Y% " 20 TPI bolt and pull the probe out until no
part is inside the guide. Do this for all tuning
sections keeping in mind that there are four
probes per tuning section.

The elbow at the base of the tower is removed
and a sliding load inserted into the end of the
horizontal run. A test transition is installed at the
input of the horizontal run and test equipment
to measure VSWR attached to the transition. The
tuning probes are adjusted for best match as in-
dicated on the VSWR measuring equipment. Each
tuning section is adjusted starting at the section
closest to the measuring equipment and working
toward the load.

When the horizontal run is completed, the
sliding load is removed from the end of the run.
At this point the top of the vertical run is opened
and a rope dropped through the waveguide run
to the bottom. The sliding load is attached to the
rope in such a manner that the load can be pulled
up the vertical run. Insert the sliding load into
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the bottom of the vertical run and re-install the
elbow between the horizontal and vertical run.
When this is completed, pull the sliding load up
and stop at the section just above the tuning sec-
tion. This can best be accomplished by removing
one of the Teflon probes and watching to see
when the load goes by. It is easy to judge when
you are in the next section of waveguide.

The tuning probes are adjusted in the vertical
run starting with the section closest to the bot-
tom and working up. After each section is tuned
it will be necessary to pull the sliding load up as
was done before. Repeat the procedure until you
reach the top when you will remove the load and
re-install the top piece that was removed previ-
ously. Tuning is now complete.
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Part I: System Design

Carl E. Smith
President, Smith Electronics, Inc.
Cleveland, Ohio

INTRODUCTION

Standard broadcast (AM) antenna systems can
reach a high degree of sophistication, much of
which is based on advanced mathematics. The
purpose of this section is to provide the station
engineer with an understanding of some of the
basic concepts of antenna design and an apprecia-
tion for the complexities of this specialty. An ex-
tensive bibliography is included for those who
wish to pursue further study.

The chief purpose of a broadcasting antenna
system is to radiate efficiently the power supplied
to it by the transmitter. A simple antenna can
do this job quite well. This is often a single ver-
tical tower that radiates its signal equally in all
directions along the ground in a so-called non-
directional or omnidirectional pattern. A second
purpose of an AM antenna system is often to con-
centrate the power in desired directions and to
suppress it in other directions to protect the cover-
age of other stations sharing the same or close-
ly-adjacent channels. This directionality may re-
quire a very complicated antenna system with
several towers if the requirements are stringent.

The antenna is the last point in the system
under the control of the broadcaster. The signals
radiated from the antenna are propagated
through space to each receiving antenna. The fac-
tors affecting the strength of the received signal
include the strength of the signal radiated by the
broadcasting station in a particular direction, the

distance to the receiving site, losses incurred by
the less-than-perfect conductivity of the ground
along the propagation path, terrain obstructions,
(large hills cast shadows even at AM frequencies)
and, in the case of skywave transmission, the
ionospheric conditions that determine how much
of the radiated signal will be reflected back to
each distant receiving location. Signal strength in
a particular direction can also be affected by the
presence of structures such as buildings or towers
near the radiating system.

The polarization of the transmitted waves is
also a factor; for standard broadcast stations ver-
tical polarization is used because of its superior
groundwave propagation and the simplicity of an-
tenna design. The FCC has established maximum
transmitter power limits for each of the three
classes of AM channels (clear, regional and local)
so the only variables available to the design engi-
neer attempting to maximize the coverage of a
radio station involve the antenna location, the
pattern design, and a limited choice of power
levels. These factors go hand in hand when
designing a directional antenna system. Severe
constraints are usually imposed on transmitter site
selection because of aeronautical, zoning, en-
vironmental, and coverage requirements. The
constraints encountered in the pattern design re-
late to the size and shape of the transmitter site,
the extent to which the necessary signal suppres-
sion can be achieved at the desired transmitter
power level and the cost of design, construction,
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adjustment, and maintenance of multi-tower sys-
tems. The pattern design can also seriously af-
fect the stability, efficiency, and bandwidth of
the completed system. These factors will be dis-
cussed later.

RADIATION VERSUS
FIELD STRENGTH

Two independent factors determine the signal
strength at any given point within a station’s ser-
vice area. First is the strength of the signal radiated
in that direction; second is the path attenuation
between the transmitting and receiving antennas.
Attenuation is determined by both distance and
ground conductivity. It is customary to express
the radiation in units of millivolts-per-meter at one
mile (or one km), unattenuated. This is the field
that would exist at one mile over perfectly con-
ducting earth. In this case the field strength would
be inversely proportional to the distance from the
transmitting antenna; hence, the radiation is also
described as the “‘inverse distance field”’. The
unattenuated radiation cannot be measured direct-
ly but can be inferred with great accuracy if suffi-
cient field strength measurements are made to
determine the ground conductivity. Field strength
measurements are always dependent on radiation,
distance, and ground conductivity.

THE SINGLE TOWER
NONDIRECTIONAL ANTENNA

Current and Voltage Distribution

The majority of single-tower antennas are
neither top-loaded nor sectionalized and most of
them are insulated from ground. For such simple
towers, the current is a maximum 90 electrical
degrees down from the top (or at the base if the
tower is shorter than 90 degrees in height. A
typical guyed tower that is 90 degrees high
physically is about 95 degrees high electrically,
because the velocity of propagation is less in the
tower than in air and is a function of the tower
cross-section, slowing down as the cross-section
is increased. The approximate shape of the cur-
rent distribution on a thin tower of uniform cross-
section is given by

i, = I, sin (G-y)

Where: i, is current in amperes at height y
I, is the maximum current in amperes
G is the tower height in degrees
y is the height in degrees of the current
element i,
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Fig. 1 Theoretical current and voltage distribution on
a vertical radiator.

As an example, the general shape of the cur-
rent and voltage distribution on a thin tower 210
electrical degrees high is as shown in Fig. 1. For
shorter towers, the distribution would approxi-
mate that shown with the lower portions cut off;
there always being a current node and a voltage
maximum at the top of any such tower that does
not employ top loading. It is important to
visualize the shape of the voltage distribution
along the tower because of the need of good in-
sulators at the high-voltage points. Otherwise cor-
ona or arc overs may result to disrupt broadcast-
ing service.

The tower current and voltage are not zero at
the nodes shown along the tower. Rather, they
reach minimum values and shift rapidly approx-
imately 180 degrees in phase in traversing the
node region. When towers considerably taller
than 180 degrees in height are considered, the cur-
rent near the base is in the opposite direction from
that in the upper portion of the tower. Under
these conditions, when viewed in the horizontal
plane, the radiation from the lowest part of the
tower is canceling a portion of the radiation from
the part above the current minimum. Any in-
crease in tower height above the optimum would
actually reduce horizontal plane radiation.

Vertical Radiation Characteristics

Maximum groundwave radiation occurs for a
tower 225 electrical degrees high (five eighths
wavelength). The variations in tower current
distribution with increasing tower height defines
the shape of the radiation characteristic in the ver-
tical plane. Fig. 2 shows the size and shape of the
vertical plane radiation patterns for a single tower
of various heights atop a perfect ground system
is fed with one kilowatt of power.

Insulated Tower Base Impedance

The base impedance of a single nondirectional
tower is determined principally by its electrical
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Fig. 2. Radiation characteristics in vertical plane.
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Fig. 3. Typical base input resistance and
reactance of a uniform cross-section base
insulated guyed tower.

height, its cross-section, the extent of the ground
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