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Preface

After having associated for many years with fellow members of
the broadcast fraternity that are charged with the maintenance
of Directional Antennasystems, itbecame evident that abook on
this subject, written in a language that broadcasters can readily
understand, was urgently needed.

While there have been many books published on the de-
sign of directional antenna systems, this is the first to deal
primarily with the practical aspects of installing, adjusting, and
maintaining them. This book should not be taken as a substitute
forthe advice of consulting engineer during the construction of
1 directional antenna system. Rather, it will serve both the ex-
serienced and the uninitiated in improving their ability to deal
with problems of directional antennas.

A subject as complex as the directional antenna requires
some mathematics for explanation. The theory and
mnathematics presented here are only the minimal require-
‘nents for meeting the objectives of the book.

The ideas presented herein have been drawn, for the most
part, from personal experiences. As in everything encountered
in life there is usually more than one way to accomplish the
same end result. Itis hoped that at some later date this writing
may be expanded upon to incorporate more information, and
thus disseminate more knowledge, on a practical, easily un-
derstood level, on this subject. To this end, the writer invites
comments, suggestions, and ideas.

I'wish tothank my wife forthe many hours she spentin typ-
ing and proofreading the manuscript.

Jack Layton
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To Mr. Douglas N. Lapp, who introduced me to
amateur radio and electronics.
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Chapter 1

The Theory
Of Directional Antennas

It is not the intent of this book to go deeply into the theory of
the design and operation of directional antenna systems. The
overall subject, however, is inherently complex. A basic
background in their theoretical operation is necessary to
comprehend the practical aspects of construction, adjustment,
and maintenance of directional antennas.

It is with this thought that this material on theory is
presented. You will more fully appreciate this material as you
progress through the book.

THE VERTICAL RADIATOR

The standard antenna used by all AM broadcast stations
in the United States is the vertical radiator. It comes in a
variety of shapes and heights. Some radiators are insulated at
thebase(series-fed);others(shunt-fed)are not. Self-supporting
towers and uniform cross-section guyed towers are other
variations. The one thing they all have in common is that their
radiated signal is vertically polarized.

Standard broadcast stations are mainly interested in
covering the city to which they are licensed and its suburban
area with as much signal as possible. Thus there is a need for a
strong ground-wave signal. Energy that is radiated upward at
high vertical angles is usually absorbed in the ionosphere
during daytime, and is wasted. The antenna system that best
fits the bill, providing a strong ground wave signal, is the
vertical radiator.

About one-third of the some four-thousand AM radio
stations licensed in the United States use two or more vertical
radiators to increase the amount of radiated signal in some
directions and reduce it in others. These configurations of
multitower vertical antennas are commonly called directional
antenna (DA) systems. There are few, if any, of the 1300 or so
directional antenna systems in use that are identical in their

www.americanradiohistorv.com


www.americanradiohistory.com

»

6 R 36
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physical construction (tower heights, spacings, orientation,
etc.) and electrical parameters (phase and current ratios). Each
one has been custom designed and built to fill a particular
need. The one thing that all have in common is that they use
vertical radiators.

The operation of a DA system is in many ways directly
related to how each element in the system performs
individually. Next, we will examine some of the
characteristics of the vertical antenna.

BASE IMPEDANCE

Let’s consider the case of a quarter-wavelength, uniform
cross-section, guyed tower that is insulated at its base and
erected on a plot of land at a location that is reasonably free
from external influences (i.e., removed from surrounding tall
structures etc.). Below this tower, a ground system of 120
buried radial wires has been installed. This consists of one
wire every 3 degrees, fanning out from the base of the tower
and extending outward one-quarter wavelength.

The measured base impedance of this tower will be on
the order of 36 ohms of resistance and about 20 ohms of
inductive reactance. (See Fig. 1-1A.) This base impedance is
expressed as 36 + j20. If there were capacitive reactance of 20
ohms (Fig. 1-1B), the figure would then be 36—j20 (+j for
inductive reactance and —j for capacitive reactance). (The
usual procedure for determining the base impedance of a
tower is to measure it with an rf bridge. Resistance and
reactance can be independently determined this way.)

If the quarter-wavelength antenna (or any other multiple
of a quarter wavelength) had a velocity factor of unity; that is,

8
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if electrons flowed in the antenna at the velocity of light
(186,000 miles per second), this antenna would show no
reactance at the base. Of course, the electron flow in the steel
tower is somewhat less than the speed of light. This means
that an antenna slightly less than one-quarter wavelength in
height will show no reactance at its base. Such an antenna is
referred to as a resonant length antenna, because in a resonant
circuit capacitive reactance (Xc¢) and inductive reactance (Xvr)
are equal, and cancel out, leaving only the pure resistance (R)
in the circuit.

The 36 ohms of measured resistance (R) is the sum of
radiation resistance (Rg) and loss resistance (Rp). (See Fig.
1-2.) The radiation resistance in the power formula (P = I?R)
represents power radiated by the antenna. The loss resistance
represents power dissipated in the resistances of the ground
system and the tower itself, such as the resistance between
joints in the tower sections and the actual ohmic resistance of
the sections. (See Fig. 1-3.)

When the tower is energized with rf current and the base
meter reads 5.27A, power into the antenna system can be
determined by the I2R formula to be about 1000W. If our 36
ohms for R is broken down to assume 34 ohms for Ry and 2
ohms for Ry, by the I?R formula, loss power of 56W and
radiated power of 944W can be determined.

The actual Ry (loss resistance) is difficult to determine
accurately. If care has been taken to install an adequate
ground system and there are no excessive losses in tower
joints etc., 2-3 ohms of loss resistance is a reasonable figure to
assume.

Now let’s take a look at a vertical radiator whose height is
considerably less than one-quarter wavelength. As the length,

RR € RADIATION RESISTANCE
Fig. 1-2. Base resistances.

R € LOSS RESISTANCE
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Fig. 1-3. Typical antenna
system, showing losses.

R3

or height, of the tower is decreased in terms of wavelength,
the radiation resistance becomes less, and so does the
measured base resistance. However, the actual value of R
remains substantially the same.

For a tower similar in construction to the
quarter-wavelength tower described but only one-sixth
wavelength in height, the actual measured base resistance
that you might expect would be on the order of 20 ohms. With
the same 2 ohms of loss, the radiation resistance is 18 ohms. If
the tower were energized with 1000W, the measured base
current would be 7.07A (7.07%2 x 20 = 1000W). Using the
power formula and substituting radiation resistance for the
base resistance, we find 900W of radiated power
(7.07%2 X 18 = 900W). Using the loss resistance, we can
determine the loss to be 100W (7.072 X 2 = 100W). As can be
seen from this example, the shorter the radiator, the higher the

10
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loss resistance will be in proportion to the radiation
resistance.

FIELD STRENGTH AND GROUND CONDUCTIVITY

When dealing with radiation from an antenna—whether a
single vertical radiator or a directional antenna—there is the
unattenuated radiation, which is called inverse field, and the
actual radiation, which is called measured field. It is very
important to know the difference between these two terms. The
unattenuated, or inverse, field at a given distance will always
be more than the measured field.

All antenna pattern formulas and specifications set forth
for radiation limitations on FCC construction permits refer to
inverse field. This is the field strength radiated by the
antenna, taking into account no ground path losses between
the antenna system and the point where we are measuring,.
Inverse field decreases as the distance increases. For
example, if an inverse field of 100 mV/m (100 millivolts per
meter) at one mile exists, then at 2 miles an inverse field of 50
mV/m exists (Y2 x 100); and at 5 miles from the antenna, an
inverse field of 20 mV/m exists (Y5 X 100). Therefore, as
distance is doubled, the inverse field is halved. Inverse field
is usually referenced to one mile of distance.

In practice, the signal strength drops off much faster than
the inverse proportion law says it should, At frequencies used
for AM broadcasting, the ground wave—that is, the signal
traveling along the surface of the earth—is attenuated by the
conductivity of the ground over which it travels.

Actual signal losses caused by ground conductivity
increase as frequency increases. At 540 kHz, an antenna
system producing an inverse field of 100 mV/m at one mile
will deliver more signal to a point 10 miles from the antenna
than an identical system located at the same place and
radiating 100 mV/m inverse field at one mile on 1600 kHz.

Figure M-3 of Volume III of the FCC Rules and
Regulations contains a map showing average ground
conductivities for all areas of the United States. Actual values
of ground conductivities and inverse field for any particular
antenna system must be measured, and the technique used is

11
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THEORETICAL PATTERN ACTUAL PATTERN

Fig. 1-4. The difference between theoretical and measured radiation from
a typical tower.

discussed in the section on nondirectional and DA
proof-of-performance measurement.

The term mV/m (millivolts per meter) has been thrown
around rather freely in the past few paragraphs. It is a measure
of voltage (signal strength) induced into a receiving antenna
one meter long. The instrument used for measuring field
strength, or radiated field, is called a field intensity meter
(FIM). The modern field intensity meter uses a loop antenna.
Its indicating instrument is calibrated in ranges from 100
uV/m (microvolts per meter) to 10 V/m (volts per meter) full
scale.

For a moment, let’s get back to the quarter-wave radiator
described in the base impedance section. With a power of
1000W into this antenna, the inverse field produced at one
mile from the antenna will approximate 190 mV/m. The actual
measured field at one mile could be anywhere from very close
to 190 mV/m (for very high ground conductivity) to
considerably less than 190 mV/m )for very poor ground
conductivity). If the frequency is low(e.g., 540 kHz), the actual
measured field for this quarter-wave radiator over a given
path will be higher in value than if the frequency were high
(e.g., 1600 kHz).

Moving the point of measurement around the vertical
radiator—keeping the distance between the radiator and

12
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measuring point at one mile—we find that if ground
conductivity remains constant, measured signal will remain
constant (Fig. 1-4A). In other words, the radiation pattern
produced along the ground from the single tower will be
circular. Variations in the symmetry of the radiation pattern
can be traced to such external influences upon the radiator as
water tanks, other towers, etc., which can (and usually do)
distort the circular pattern (Fig. 1-4B).

In actual practice, many measurements along each
azimuth must be taken to determine field strength and ground
conductivity. Single measurements at one mile can be in
serious error due to external influence on the actual
measuring point.

POWER vs RADIATED FIELD

In most antenna discussions, radiation in millivolts
per meter is referred to a power of one kilowatt.For example,
the inverse field of our previously described vertical radiator
can be said to be 190 mV/m at one mile per kilowatt. If the
same antenna is energized with 500W, the current in the
antenna will drop to 0.707 of its previous value. The inverse
radiation is proportional to antenna current, so it also falls to
0.707 of its previous value, or 134.5 mV/m at one mile. If we
had actually measured 180 mV/m at one mile, it too would
drop to 0.707 of its previous value, or to about 127 mV/m. On
the other hand, if power is increased to 5000W, the antenna
current, inverse field, and actual measured fields will
increase to approximately 2.23 times those for a kilowatt.

Antenna current, inverse field, and actual measured
fields increase or decrease in proportion to the square root of
the power ratios.

Example 1. Power decreased from 1000W to 500W.

500/1000 = 0.5

Current, inverse field, and measured field decreased by V0.5
or 0.707.

VERTICAL ANGLES OF RADIATION

Up to this point, when the term “radiated field”
was mentioned, it referred to the ground-wave

13
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Va WAVELENGTH % WAVELENGTH
90-DEGREE VERTICAL TOWER 225-DEGREE VERTICAL TOWER

Fig. 1-5. Relative horizontal radiation for Y4- and % - wavelength antennas.

radiation—radiation along the surface of the earth. Another
term frequently used, meaning the same as ground-wave
radiation, is “horizontal radiation.” However, our practical
quarter-wave radiator also radiates power in directions other
than along the ground.

If we were able to start at our measuring point (one mile

from the antenna on the ground) and transport the field
intensity meter into the air to a point one mile directly above
the top of the tower, we would find radiation decreasing from
the value found on the ground to zero (Fig. 1-5A). Thus all of
the radiation from the antenna is not confined to the
horizontal plane. By increasing the height of the radiator up to
approximat :ly 3% wavelength, the amount of signal radiated in
the horizontal plane (along the ground) will increase (Fig.
1-53B). At the same time, radiated signal at some angles above
the ground (vertical angles) will decrease.

For daytime use, we are interested in the ground-wave
signal; the vertical-angle radiation isn’t of too much concern.
If the radiator is to be used at night, however, serious
complications with vertical-angle radiation can occur. At
night, some of the radiation going up at vertical angles is
reflected back to the surface of the earth by the ionosphere.
This radiation can be reflected into the coverage area of
another station many hundreds of miles away, causing severe
interference.

For each tower height, there is a term called the vertical
radiation characteristic. It appears in various directional
antenna equations and is wusually expressed in those
calculations as f,. Values of f, are tabulated in engineering
tables (NAB Handbook) for various tower heights.

14
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SUMMARY

Up to now, all discussion has centered on the single
vertical tower being used as a radiator for an AM broadcast
station. Actually, several vertical radiators with characteristics
exactly as described herein make up the DA system. From this
point on, instead of referring to tower height in terms of
wavelength, it also will be referred to in electrical degrees.
For example, a one-quarter wavelength tower is 90 degrees
high.

To determine tower height in degrees, multiply 360 times
the height in wavelengths. Tower height is also referred to as
G in antenna pattern equations. For example, G = 90 degrees
would indicate that the tower height is one-quarter
wavelength, or 90 degrees in height.

PURPOSE OF THE DA SYSTEM

Our discussion of the single vertical radiator pointed up
the fact that radiation along the surface of the earth (horizontal
plane) at all azimuth angles was the same. In many cases, if a
single vertical radiator were to be wused, excessive
interference to other stations operating on the same or
adjacent frequencies would be experienced. The main
objective of a directional antenna system usually is to reduce
radiation at certain azimuths toward other stations operating
on the same or adjacent frequencies, thus reducing or
eliminating interference. On occasion, a station will install a
directional antenna with its main objective being to increase
radiation over a large metropolitan area, which otherwise
could not be covered with adequate amounts of signal from a
single nondirectional antenna.

Any directional antenna will cause an increase in radiated
field at some azimuth angles and a decrease at other azimuth
‘angles when compared to a nondirectional antenna. If we
visualize radiation as an inflated balloon and then squeeze it
in at one point to reduce radiation, it becomes apparent that
the other side bulges: The squeezed portion indicates the
nulls or minima, and the bulged portion the major lobe.

Some directional antenna radiation patterns have many
nulls and lobes. Some lobes will be small, and the energy
radiated in these lobes will not approach that radiated by a

15
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Fig. 1-6. Addition of dc voltages.

single tower in the nondirectional mode using identical
power. These are known as minor lobes. When the energy
radiated along any azimuth exceeds that of a nondirectional
system using identical power, the areas of relatively strong
radiation are referred to as major lobes. The DA system
radiation pattern will contain at least one and can contain
several major lobes.

PHASE RELATIONSHIPS

If two dc voltages from two batteries are combined in
series as shown in Fig. 1-6A, the output voltage will be the
sum of the two individual voltages. We might say that these
batteries are connected in phase. In Fig. 1-6B, the polarities
are reversed. Here we will call the batteries out of phase. The
output voltage with this configuration is zero volts. Now if the
lower battery in each of the examples were 3V instead of 2V,
the output voltage in Fig. 1-6A (the in-phase condition) would
be 5V (2V + 3V), and the resultant voltage in the out-of-phase
condition (Fig. 1-6B) would be one volt (3V—2V). These
conditions are seen easily enough when dealing with dc
voltages. However, when we get to an ac circuit, the
visualization becomes a little more complex, because
polarities are constantly changing. However, the same
principle applies.

Figure 1-7A shows two sources of ac voltages connected
in series and in phase. At a given instant, if the polarity of the
voltage at point A is positive in respect to point B and the
voliage at point C is positive in respect to point D (which it
will be if they are in phase), the resultant voltage will be 4V.

16
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In Fig. 1-7B, connections D and C have been reversed,
causing the two ac sources to be out of phase. The
instantaneous ac voltages act much the same as the dc voltages
in Fig. 1-6B, resulting in zero volts output. Again, as in the dc
battery example, if source 2 is made 3V, then the output of
Fig. 1-7A will be 5V (2V + 3V) and that of 1-7B will be one
volt instead of zero volts. When in phase, the individual
sources will add; when 180 degrees out of phase, the sources
will subtract.

If both sources are equal in magnitude (voltage), the
resultant voltage will be zero when they are 180 degrees out
of phase, and will be the sum of the individual sources when
they are in phase. A condition can exist where source No. 1
and source No. 2 are neither exactly in phase nor exactly 180
degrees out of phase. In this case, the resultant voltage will be
neither zero nor the sum of the individual sources, but
somewhere between zero and the maximum that occurs when
both are in phase.

Now, instead of batteries and transformers, we shall use
towers as sources. However, first we must further consider
some basic terminology used in discussing towers and
patterns.

NULLS

The simplest form of directional antenna system is one
consisting of two towers. They will always produce at least
one null or minimum, and possibly more than one.

T
I

An

1‘
I

B B

cn
Dw Dwv
A IN PHASE 180% OUT OF PHASE B

B

2V

}

-2
(=]
<

=

Fig. 1-7. Addition of ac voltages.
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Fig. 1-8. Typical radiation patterns.

A null is a particular azimuth angle in the radiation
pattern of the directional antenna system where the
theoretical amount of radiation is zero. A minimum can be
defined as a particular azimuth angle in the radiation pattern
where the signal is reduced below that which would be
radiated from a nondirectional antenna with the same power,

but the value of signal in the minimum does not go all the way
to zero (Fig. 1-8).

TWO TOWERS WITH A NULL IN LINE WITH THE
TOWERS

In Fig. 1-9, the layout of two towers is shown. The 90
degrees between the towers is the spacing. It is referred to as
S in directional antenna equations. Spacing will always be
referred to in electrical degrees. Electrical degrees of spacing
can be determined by multiplying the spacing in wavelength
by 360. For example, a spacing of 3% wavelength is 360 X 3%,
or 135 degrees. A line drawn through the two towers will run
north and south. This is the orientation line of the towers.

Let’s take tower 1 and excite it with a given amount of rf
current to produce 100 mV/m of signal at some observation

TOWER 2 TOWER
- 900 >
G=HEIGHT =900
$=SPACING =900 1/ 00

N ¢—— 1 /900

Fig. 1-9. Two-tower directional system.

18
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point. This point is located at some distance north of tower 1.
For the sake of discussion, we will say our observation point is
5 miles from the tower. Now, imagine that tower 1 is not in
existence and we excite tower 2 with a sufficient amount of rf
current to produce 100 mV/m at this point. The same amount
of current will be required in each tower if they are the same
height, even though tower 1 is slightly farther from our
observation point. The measurement point is far enough away
from the antenna system that this small difference can be
neglected.

Putting tower 1 back in its proper place, we now energize
tower 1 and tower 2 with sufficient current so that each will
produce 100 mV/m of field at the observation point. However,
we advance the electrical phase of the current in tower 2 by 90
degrees (this is expressed as + 90 degrees) in relation to the
current in tower 1, which will be our zero-degree reference.
As the radiated signal leaves tower 1 and travels through space
toward tower 2, it is delayed by 90 degrees due to the spacing
between towers. It is now —90 degrees. Tower 2 has been fed
at +90 degrees; the +90 degrees and the —90 degrees give a
total phase difference of 180 degrees. From our discussion of
phase in the previous section, we know that two signals equal
in magnitude (strength) and 180 degrees out of phase will
completely cancel each other. The result will be zero signal at
the observation point.

The notations 1/£0° and 1490° indicate the current ratio
(the 1) and the electrical phase relationship (the £0°and +90°)
of the vector currents exciting a reference tower and another
one in a 2-tower system.

Swinging the observation point around to a position due
south of the line of towers, we would observe that radiation
from tower 2 (at +90 degrees) travels toward tower 1 and is
delayed 90 degrees by the spacing of the towers. Its apparent
phase is now zero degrees (+90 degrees electrical phase and
—90 degrees due to spacing). Tower 1 has already been
excited by energy at zero degrees. The two signals—the
zero-degree signal from tower 1 and the zero-degree signal
from tower 2—are in phase. The resultant signal on the due
south azimuth is the sum of the two individual signals, or 200
mV/m. At all other azimuths between north (zero-degree

19
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Fig. 1-10. Plotted inverse field data for DA.

bearing) and south (180-degree bearing), the amount of signal
received at the observation point (keeping it the same
distance from the antenna system) will be somewhere
between zero (not equal to zero) and 200 mV/m (see Fig.1-10).

In actual practice, the signal will not come down to zero
in the null. Reradiation from guy wires and other external

20
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effects on the antenna system will prevent full cancellation.

Signal strength will approach zero but never quite reach it.
The radiation pattern for this example can be defined by

the equation;E = 2Eqc0s(S/2 cos ¢ +o/2)
where

E = unattenuated field intensity from the directional

antenna in millivolts per meter radiated in the horizon-

tal plane (along the ground)

Es = unattenuated horizontal field intensity from each

tower in millivolts per meter

S = spacing in degrees between the two towers

¢ = azimuth angle toward the measuring point in

degrees

Y2 = electrical phase in degrees of tower 2 referenced

totower 1

cos = the cosine of the angle, determined from a table

of natural trigonometric functions

With this formula, one can now determine the actual

radiation that will occur at any azimuth angle around the
directional antenna system. For example, to determine the
unattenuated field strength on the 90-degree bearing (due
east) you would proceed as follows:

E = 2(100) cos (90/2 cos 90° + 90/2)
= 200 cos (45 X 0+45)
= 200 cos 45°
= 200(0.707)
= 141.5 mV/m on the 90-degree bearing
(Note: cos 90° = 0, and cos 45° = 0.707.)

This formula is usable for 2-tower configurations under
the following conditions:

1. When tower 2 is set directly north of tower 1 (No. 1 is
the reference tower, with a 0-degree phase)

2. When the towers are excited by equal amounts of
current (current ratio 1:1)

Condition 1 is easily met for all configurations, because
after the pattern has been calculated, the line of towers can be
positioned to place the null on the desired azimuth. As a

matter of fact, most pattern plots are made using a north-south

21
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line as the tower line; then they are rotated to place the nulls
and minima in their proper positions.

Condition 2 is not always a fact. If it were desired to fill
the null(thus making it a minimum), the current ratio would
notbe 1:1.

The value of E;, as we can see from the 2-tower formula,
will determine actual pattern size; that is, the actual amount of
radiation produced at each azimuth angle. The value of E; is
dependent on power into the antenna system and the actual
current ratios, spacing, height of the towers, and the phase
relationship of the individual towers. Some configurations of
directional antennas have a higher rms (root mean square)
radiation than that of a single tower of the same height, and for
others the rms will be lower. The rms value indicates the
efficiency of an antenna system. In a nondirectional pattern,
the inverse field is the same in all directions, and this is also
the rms value of radiation. The measured rms value of the
array is usually determined by measuring the area of the
plotted pattern with a planimeter and comparing it to the area
of aknown nondirectional pattern drawn to the same scale.

The value of E; can be determined mathematically. This
procedure will not be discussed, as it is not considered a
necessity for proper DA setup or maintenance once the
pattern has been calculated by the consultant. It is of more
interest to those designinga DA system.

Table 1-1 shows actual calculated values of horizontal
field intensity for the antenna system described here, using
100 mV/m as a value for E;. The actual horizontal radiation
pattern produced by this system is shown in Fig. 1-10.
Calculations for any in-line array are carried out only for 180
degrees of azimuth, as the pattern will be symmetrical on both
sides of the line of towers.

THE EFFECT OF PHASE AND SPACING ON PATTERN

In the 2-tower array illustrated in Fig. 1-9, tower 2 phase
has been selected to produce a null in line with the towers. If
the phase angle of No. 2 tower is advanced more than 90
degrees, two nulls will appear, one on either side of the line of
towers, as shown in Fig. 1-11. The azimuth angle of these
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Table 1-1. Inverse-Field Data for a Directional Antenna.

A=2 B=cos¢ C=BxS/2 |D=C+ /2 E=cosD F=E x2E2
0 1.00 45 90 0 0
10 0.984 44.25 89.25 0.011 2.2
20 0.939 42.25 87.25 0.046 9.2
30 0.866 39.0 84.0 0.104 20.8
40 0.766 34.5 79.5 0.182 36.4
50 0.642 29.0 74.0 0.275 55
60 0.500 22,5 67.5 0.382 76.5
70 0.342 15.4 60.4 0.492 98.4
80 0173 78 52.8 0.604 120.8
90 0 0 45 0.707 141.5
100 —0.173 —7.8 37.2 0.796 159
10 —0.342 —15.4 29.6 0.868 174
120 —0.500 —22.5 22.5 0.923 184
130 —0.642 —29.0 16.0 0.961 192
140 —0.766 —34.5 10.5 0.983 196.6
150 —0.866 —39.0 6.0 0.994 199.0
160 —0.93¢9 —42.25 2.75 0.998 199.7
170 —0.984 —44.25 0.75 0.999 199.8
180 —1.00 —45.0 0 1.00 200.00

nulls will be equally spaced about the tower line. A minor
lobe will appear centered on the line of towers. As the No. 2
phase is further advanced to =180 degrees, the two nulls will
lie broadside to the line of towers. As one advances the phase
angle of No. 2 even further to +270 degrees, the null will
appear due south; that is, off the end of No. 1 tower. (Note that
+270 degrees can also be expressed as —90 degrees.) As the
phase advances even further to 360 degrees (this is also 0
degrees), no complete null can exist for this tower spacing and
phasing, because nowhere will radiated fields from towers 1
and 2 appear exactly 180 degrees out of phase.

The expression S cos ¢n+yP2 = *£180° indicates the-
azimuth angle of the nulls, where

S = spacing tower 1 to 2
¢n= azimuth angle of the nulls from the tower line
¥, = electrical phase of No. 2 tower

Example 2. The spacing between towers of a certain 2-tower
array is 105 degrees. Tower 2 phase is +135 degrees. Upon
which azimuth angle, from the line of towers, do the two nulls
lie?

S cos ¢dn+ P2 = £180°

105 cos ¢n+ 135° = +=180°
105 cos ¢ = +45° or —315°
cos ¢, = 0.4285

¢n = 64.5°
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P R
_ Fig. 1-11. Directional pattern
w PTWR 2 E when phase angle of No. 2 is
more than 90 degrees.
®TWR

The nulls will lie at #:64.50 degrees from the line of towers, as
illustrated in Fig. 1-12.

It can be seen that if the spacing is changed and it is
desired to keep the nulls in the same direction, phasing must
also be changed.

Example 3. The spacing between towers in a certain
9-tower array is 120 degrees. It is desired to position the pair
of nulls 64.5 degrees from the line of towers. What must the
phase (Y1) of tower 2 be?

Scos ¢+ = £180°

120 cos 64.5°+ 1y, = =180°
120(0.4285)+ ¢y = =180°
51.42°+y = £180°

Yo = 128.58°

Electrical phase and tower spacing together will
determine the azimuth angle of the two nulls from the line of

N
/J‘\
b"'so %50

Fig. 1-12. |llluystration of
example 2.

2Q 1/1350

1050

10 1/0
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towers. For a given tower spacing, only one phase
relationship exists for positioning the nulls at a particular
azimuth angle.

For tower spacings up to 180 degrees, one or two nulls
can exist. If there is only one null, it will be in line with the
towers. For spacings between 180 degrees and 360 degrees,
two, three, or four nulls can exist. The number of nulls and
their azimuths will depend on the exact spacing and phasing
of the two elements.

THE EFFECT OF CURRENT RATIO ON PATTERN

From our previous examples, it is evident that when the
currents in both towers are equal, a null will be produced. The
current ratio is then said to be 1:1, or unity. As the current in
tower 2 is lowered, the current ratio between tower 1 and
tower 2 is no longer unity. When the current in tower 2 is
one-half that in tower 1, the current ratio will be 2:1. When the
signals from tower 1 and tower 2 arrive at the measuring point
and are 180 degrees out of phase but not equal in magnitude,
as will be the case for other than unity current ratio, complete
cancellation will not occur; hence, no null. The measured
signal strength at this point will be the minimum for any
azimuth around the array, but not zero. As mentioned
previously, these points are called minima.

When the current in one tower is reduced to zero, all
radiation is from the other tower and a nondirectional pattern
occurs. For a given current ratio, pattern shape will remain
constant regardless of which tower has the maximum amount
of current. In the case where both towers are of equal height
(which has been assumed all along), the current ratio is
sometimes referred to as the field ratio. Current ratio will
affect only the depth of the minimas, reducing them to nulls
when it becomes unity (1:1) (Fig. 1-13).

DRIVING-POINT IMPEDANCE

In a single-tower nondirectional antenna system there is
one impedance which is of interest, the feedpoint impedance.
When the radiator is of the insulated type, the feedpoint is at

2
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CURRENT RATIO .8:1

CURRENT RATIO .9:1
\\CU‘RRENT RATIO 1:1
T

Fig. 1-13. The effect of current
ratio on nulis.

mV/m 20mV/m 10mV/m

the base of the tower. Thus feedpoint impedance and base
impedance are synonymous. The height of the radiator, in
terms of wavelength, will determine the actual resistance and
reactance values present at its base. This is easily measured at
the operating frequency by using an rf bridge. When the
radiator is energized, the impedance remains constant (or at
least should) and the point at which it was measured has
become the driving point of the tower. In the nondirectional
system, the self-impedance and the driving-point impedance
are the same.

When another tower is introduced into the system, as in
the case of a directional antenna, the situation changes
somewhat. Each of the towers has its self-impedance, as
measured by the rf bridge and determined mainly by its
height. If all of the radiators are symmetrical and of equal
height, the self-impedance of each should be identical, or at
least very close in value. However, when the array is tuned up
and operating, the value of resistance and reactance
(impedance) present at the feedpoint of each radiator is no
longer the same as the measured self-impedance. The
operating value of feedpoint impedance in a DA is called the
driving-point impedance. This change in value from the
self-impedance is due to the effect of coupling which exists
between the radiators. This effect is called mutual impedance
and is similar to what occurs when two inductors are placed in
close proximity to each other. The value of mutual impedance
between radiators is dependent on their height and spacing
(Fig. 1-14).

The actual driving-point impedance of each radiator in
the DA system will be dependent on the radiator’s
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self-impedance, its height and the height of each of the other
radiators in the system, its spacing to each of the other
radiators, and the electrical phase and current ratio of each
radiator. From this it can be seen that any change of current or
phase in any tower will produce a change in the driving-point
impedance of each radiator. It is also evident that direct
measurement of the driving-point impedances cannot be
made until the array has been tuned up and each radiator
energized with proper currents and phase relationships.
However, knowledge of the driving-point impedance is
necessary before any design work on the actual phasing
system can begin. The antenna-tuning units, which are part of
the feeder system, must be designed to match the
driving-point impedance to the respective feedlines. The
driving-point impedances of the radiators will also determine
loss in the DA system and will have some effect on the
electrical stability of the array. Therefore, the driving-point
impedance of each radiator must be calculated. In almost all
cases, the driving-point impedance of each radiator in the
array will be different from that of any other radiator.
Calculation must be made for each.

The formula for determining the driving-point
impedance of tower No. 1 of a 3-tower directional antenna
systemis

Zy=7Zn+ {i Zis+ Iy Zy;
1 1

Fortower No. 2 in the DA

I] IS
Zy=Zn+ — Zi+— Zos
I, I
50 ” 180
> A, w
TN o
40 ] 5144
w P o R
3 s \ 3 108 3
: £ - ?\’\P‘SI 8
- . - -4
7 =
@ 'J-VLAGN'TUDE 2
s ] 2’
Wiy & %z
"*/455 L [
0

0
40 80 120 160 200 240 280
TOWER SPACING IN DEGREES

Fig. 1-14. Mutual impedance between 90-degree vertical radiators.
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Fortower No. 3 in the DA
Zy= Zaa'f‘LZxa'f'kZza
I I

where
Z,, Z3, and Z; are the driving-point impedances of
radiators 1, 2, and 3, respectively
Z,), Z3, and Zgz; are the self-impedances of radiators 1, 2,
and 3, respectively
1), I, and I3 are the vector currents of radiators 1, 2, and 3,
respectively
Z,; (or Zz) is the mutual impedance between radiators 1
and 2 expressed in magnitude and phase angle
Zy3 (or Z3)) is the mutual impedance between radiators 1
and 3 expressed in magnitude and phase angle
Zy; (or Z3) is the mutual impedance between radiators 2
and 3 expressed in magnitude and phase angle
(Z11 is pronounced “zee one-one,” not “‘zee eleven”; Z 2
pronounced “zece-one-two,” not “zee twelve,” ete.)

For only two towers, all terms relating to tower 3 are
eliminated; conversely, for four or more towers, data for each
additional radiator is added to the calculation.

The self-impedance data for each radiator is usually
determined from published data of the expected base
impedance for the height of the proposed towers. In the case
where an existing nondirectional tower is to become part of a
DA system with similar towers, measured data on the
radiator can be used.

The vector currents are taken from data compiled in the
design of the radiation pattern. These must be in vector
form; that is, they must have a magnitude and phase angle. A
given radiator current in vector form might be expressed 2.1
£=85°. This means the relative current is 2.1 and it lags in
electrical phase by 85 degrees.

The mutual impedance data can be obtained from
engineering charts. Two sources of such information are
NAB and Smith Electronics publications.

The magnitude and phase angle of the mutual
impedance will depend on tower heights and spacings.
Figure 1-14 shows mutual impedance curves for towers 90
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degrees (Y4 wavelength) in height and for spacings from 0 to
280 electrical degrees. For other tower heights, another chart
must be used.

Now, let’s proceed to calculate the driving point
impedances for towers 1 and 2 of the 2-tower array shown in
Fig. 1-10.

Tower 1 Data
Height = 90°
Vector current = 1/0°
Spacing to No. 2 tower = 90°

Tower 2 Data
Height = 90°
Vector current = 1/490° = I,
Spacing to No. 1 tower = 90°

From published engineering data, the uniform
cross-section guyed towers that are being used in our
imaginary installation will have a base impedance of 38 +j20
for a height of 90 degrees. The expression 38+ j20 means the
base resistance is 38 ohms and the base reactance is an
inductive 20 ohms. _

Thus 38+j20 becomes Zj, and Zs in the driving-point
calculations, where Z,; and Zy; are the self-impedance values
for both towers as each tower is identical to the other.

By referring to Fig. 1-14, the mutual impedance can be
determined. Move along the bottom of the chart until you
come to a spacing of 90 degrees; now, go vertically upward
until you intersect the curved line marked “magnitude.” The
value of the magnitude of mutual impedance is read on the
left side of the chart and is found to be 24. Follow the same
procedure across the bottom of the chart to a spacing of 90
degrees, then upward to the straight line marked “phase.”
On the right side of the chart, phase is read as 40 degrees;
noting the negative sign above the straight line, the phase
angle is —40 degrees. The mutual impedance then is 24
[-40°. This becomesZ,z and Zg) in the calculations. Since the
spacing between towers 1 and 2 is the same as the spacing
between towers 2 and 1, Zj2 and Zz, are always equal.
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The formula for No. 1 radiator’s driving-point
impedance is

Z, = Zu+I_2_ VAT
I,
Substituting the numerical values, we then have

7, = (38+j20)+ [(1 [+90°) 24 /—40°]
ao
= (38+j20)+ [(1 A490°) 24 [~40°]
= (38+j20)+(24 [£50°)

Change the second term to rectangular form and add.

Z, = (384+j20)+(15.4+j18.4)
= 53.4+j38.4 ohms

The same procedure is then followed for calculating the
No. 2 driving-point impedance.
Ze=Zo+11Zan
I,
= (38 +j20) +[lm 24 | 40°]
1490°

= (38 +j20)+ [(l [/—90°) (24 /—40°)]

= (38+j20)+)24 /—130°%
The second term is changed to rectangular form and added.

Z: = (38+j20)+(—15.4—j18.4)
o = 22.6+j1.6 chms

(Note: If you are not familiar with vector addition,
multiplication, etc., see Appendix 1.)

Two towers with the same self-impedance can and
usuallydo have different driving-pointimpedances. When both
radiators are fed with equal currents and equal electrical
phases, both driving-point impedances are equal—but they
are not the same as the self-impedance.

When the driving-point impedances are known, the
power distribution of the array can be determined. From the
original design parameters the current ratio was shown to be
unity; that is, equal current in each radiator. Remembering
that power is I%R, it is evident that the radiator with the
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highest driving-point impedance will be energized with the
most power.

By multiplying each driving-point impedance by the
square of the current ratio in the respective radiator, adding
the two, and deriving a proportion, power distribution can be
determined.

Ratio? X driving-point Z = power
12 X 53.4 = 534
12 X 22.6 = 22.6
53.4+22.6 = 76.0W = 100 percent power
Tower 1 power = 53/76 = 0.703 = 70.3 percent
Tower 2 power = 22.6/76 = 0.297 = 29.7 percent

Now, if the total power is 1000W, No. 1 will carry 703W
and No. 2 will carry 297TW. This information is necessary for
the design of the feeder system, because the components in
the antenna-coupling units must be capable of handling the
powers involved.

FEEDER SYSTEMS

The radiation pattern of the directional antenna is
determined by, among other things, the current ratios and
electrical phase of the currents in each radiator. All of these
parameters are taken into account when the pattern is
calculated. The job of the feeder system—which includes
the phasor, transmission lines, and antenna-coupling
units—is to produce the proper currents and phases in the
radiators as efficiently as possible.

Since a certain amount of overall phase shift will be
produced in the transmission lines, it is necessary to
determine line lengths to each radiator before starting
design of the other feeder equipment. Knowledge of the
location of the transmitter building (and phasor) in relation
to the elements in the array is a must. Figure 1-15 shows a
typical plot plan for the imaginary radio station that has been
the topic of discussion in previous sections. The
air-dielectric coaxial cable that will be used has a velocity
factor of 85 percent or 0.85. (This is referred to the velocity
of radio waves in free space.) Our station, which we will call
XYZ, is operating on 1120 kHz with a power of 1 kW.
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Fig. 1-15. Station plot showing lengths of feedlines.

From the plot plan it can be seen that the line to No. 1 is
100 ft long. The first order of business is to convert this
length to electrical degrees. Wavelength in feet equals 984. 5

divided by the frequency in megahertz. /. ¢ 695 2L X/ .«Jm
ek ke 22 kil )
98;1'5 = QTS% = 879 ft = one wavelength at 1120 kHz

Since the No. 1 transmission line is 100 ft, we determine
the wavelength by

line length feet _ 100
one wavelength 879

= 0.114 wavelength

Because one wavelength is equal to 360 degrees, the
following operation will enable us to determine the physical
length of the line in degrees.

0.114 x 360° = 41°

This is the physical length of the line. We must
determine its electrical length taking the velocity factor of
the transmission line (0.85) into account.

41

085~ 48° = electrical length of No. 1 line
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Following the same procedure, the electrical length of
the No. 2 transmission line is determined

189

575 = 0.215 wavelength

0.215 x 360 = 77.5° (physical length)
775 _ q1o .

085 91° (electrical length)

This means simply that from the input end to the output
end of transmission lines No. 1 and No. 2, there will be
phase lags of 48 and 91 degrees, respectively (Fig. 1-16).

At the base of each tower there will be a matching
network to efficiently couple energy from the 50-ohm coaxial
cable to the driving-point impedance of each tower. In
addition to effecting a match between line and radiator,
these networks will introduce phase shifts that must be
considered.

Figure 1-17 shows the complete layout of the feeder
system. Starting at the point where the transmitter feeds the
input to the phasor, we will next consider the function of
each network and component.

Meter M1 is the common-point meter. Common-point
impedance will later be measured at this point (after the
array is in tune). Power into the antenna system will be
determined by M1.

COMMON-POINT LINE 1480 LTU 1 1
O—— MATCHING —910
INPUT NETWORK —I
FROM L
o

XMTR
POWER 1£90°
CONTROL 2
00
- LINE 2 —910
CONTROL 2 o an LTuZ
+900

Fig. 1-16. Block diagram of feeder system.
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703W
1.63A
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1/ 900
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L204
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Fig. 1-17. Schematic of feeder system.
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Parts L1, L2, L3, and Cl form a T- network which will
be adjusted to present a purely resistive load of the proper
value to the transmitter. Taps are provided on LI, L2, and
L3, to adjust their values of inductance. The purpose of L3is
to vary the value of capacitive reactance presented in ﬂthe
shunt arm of the network by C1. It is common practice to use a
variable inductor series with fixed value capacitors tovary the
amount of capacitive reactance in a circuit.

Parts L101, L102, L.103, and C101 form a tee network to
match the 50-ohm line to the driving-point impedance of
tower No. 1. In addition, the tee provides 91 degrees of
phase shift.

Meter M101 is the base-current meter for tower No. 1.

Coil L4 is the power control for the No. 2 tower. This
control is adjustable from the front panel of the phasor, and
controls the current in tower No. 2.

Components C201, C202, L.201, L202, and L203 form a
90-degree phase-advance network for adjusting the electrical
phase of the current in the No. 2 tower. Figure 1-18A shows
this same network in simplified form. Coils L201 and L.202
are ganged together and adjust from the front panel. Their
purposes is to vary the values of C201 and C202.

Parts 1.204, L.205, and C203 form an L-network at the
base of No. 2 tower. Its purpose is to match the 50-ohm line
to the No. 2 tower driving-point impedance. It has a phase
shift of —48 degrees, which is determined solely by the ratio
of the two impedances to be matched. Adjustment of
inductor L205 varies the capacitive reactance of C203. Figure
1-18B shows a simplified form of this L-network.

Meter M201 is the base current meter for tower No. 2.

Following the path through the No. 1 transmission line,
we encounter the first phase shift in the No. 1 circuit—a
phase lag of 48 degrees contributed by the line, The T-
network at the No. I tower base provides an additional 91
degrees of phase lag, for a total of —139 degrees phase shift
from the output of the common-point network to the driving
point of the tower. Coil L4, the No. 2 current control, should
introduce very little phase shift in the No. 2 feed circuit. The
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A NETWORK €203

L
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777

Fig. 1-18. Phasing network (in A) and impedance-matching network (in
B).

phase control T- network advances the phase by 90 degrees,
the No. 2 line introduces a lag of 91 degrees, and the
L-matching network a lag of 48 degrees. Adding all of these
phase shifts together, we have a total of —49 degrees of
phase shift.

To reduce the No. 1 tower back to a reference of 0
degrees, we merely add 139 degrees to each phase shift.

No. 1 tower: —139°+139° = 0°
No. 2 tower: —49°+139° = +90°

By adding the same figure to each phase shift, nothing
has been altered. The No. 1 tower has been reduced to zero
for use as a reference for measuring the phase of the No. 2
radiator. The No. 2 tower could be used as a reference by
adding 49 degrees to each, and the new figures would be

No. 1 tower = —90°
No. 2 tower = (°

These figures are the same as the previous ones. If No. 1
tower lags by 90°, then the No. 2 tower must be at plus 90°,
The usual procedure is to use the radiator which carries the
largest amount of power as a reference. In this case, it is the
No. 1 tower.

By using the formulas for T- and L-networks contained
in the section “Producing the DA Pattern,” the actual values
of inductive and capacitive reactances needed in these
networks can be calculated.
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IN-LINE DOGLEG PARALLELOGRAM

Fig. 1-19. Different configurations of directional arrays.

DIRECTIONAL ANTENNAS USING MORE THAN TWO
RADIATORS

Every DA system must have at least two towers.
However, the maximum number of radiators in such a
system is unlimited, at least theoretically. There are arrays of
six and more towers in use in the U.S. today. Multitower
arrays are capable of producing many nulls or minima,
hence very wide angles of signal suppression. These systems
usually will take the form of in-line arrays (all towers in
line), dogleg arrays (one tower offset), and parallelogram
arrays (four towers arranged in a square (Fig. 1-19).

Each configuration (and others not mentioned) has its
own properties that can be used to good advantage in
particular situations. The in-line array will produce
symmetrical nulls and lobes on either side of the line of
towers; the other arrays are used where asymmetrical
patterns are required.

The design and tuning of these antenna systems require
a great amount of ingenuity and skill, even though the basic
procedures used for all are the same. Each time another
radiator is added to a system, the complexity of the array
probably increases by the square of the number of towers.
Each radiator will affect each of the other radiators due to
mutual impedance; therefore, it will increase the time
required to effect the proper tuning of such an array.
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ARRAYS USING RADIATORS OF DIFFERENT
HEIGHTS

All of the DA material presented thus far assumed each
of the radiators to be of the same type and height. Situations
in which an AM radiator serves as the support for an FM
antenna might call for a particularly tall tower to be used in
conjunction with a more conventional quarter-wave tower.
Providing that the taller tower is no higher than %
wavelength, this is entirely practical. The FM feedline, of
course, must be designed so that it does not short circuit the
rf energy at the AM frequency.

When two towers are of the same height and each is
excited individually by a given amount of f power, each will
radiate the same amount of signal as measured at a distant
point. However, if we had one quarter-wave tower and one
half-wave tower and excited each individually with a given
amount of f power, the half-wave tower would radiate about
120 percent of the signal radiated by the quarter-wave tower.
To cancel completely, the radiation from each radiator has to
be equal and 180 degrees out of phase. With equal-height
towers, current and radiation are synonymous. If current is
up 10 percent, actual measured field will be up 10 percent.
Therefore, we were able to use current ratios as the
magnitude for our vectors. However, to get the same amount
of radiation from the quarter-wavelength radiator as we are
getting from the half-wave radiator, more power will be
required in the shorter tower. With the situation of unequal
towers, all thoughts of using current ratios in calculations
must be forgotten. Field ratio is used instead. Field ratios
are the actual amounts of radiation (in millivolts per meter)
from each tower.

After the pattern calculations are made using field ratios,
actual base currents (taking base resistance and radiation
efficiency into account) can be calculated and used in the
tuneup of the array.

For example, suppose we wished to use a quarter-wave
tower and a half-wave tower in a 2-tower array where the
field ratios had to be equal to produce a complete null. From
engineering tables, the following data is obtained:
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Base Inverse

Resistance Radiation
mV/m for 1 kW
Tower 1: Va4 wavelength, 90° 38 ohms 195
Tower 2: 2 wavelength, 180° 700 chms 235

For a power of 1 kW, the 180-degree tower will radiate
235 mV/m inverse field and the 90-degree tower only 195
mV/m. Logically then, the power in the taller tower must be
lower to reduce radiation to 195 mV/m. Actual power ratio
can be determined by the formula

Power ratios = (F /fy)?

where
F1 = radiation from tower 1 in mV/m for a given power
F, = radiation from tower 2 in mV/m for the same
power

195

Power ratio = (E

>2= 0.832 = 0.69

This means that only 69 percent of the power in tower 1
is required in tower 2 (the taller of the two) to produce the
same inverse field.

Now, to determine the ratio of currents in tower 1 and 2
to produce the same inverse field, the arithmetic must be
carried further. In tower 1, if 1A flows, the power in the
tower will be 12 x 38 =38W. To produce the same amount
of inverse field in tower 2, only 69 percent of this power is
required. There is 38 X 0.69 = 26.22W in tower 2. The base
resistance of tower 2 is 700 ohms. Therefore, using I?R and
substituting known values, we have

IPR="P

12700 = 26.22

I2 = 0.0375

I =V0.0375 = 0.194

Therefore, 0.194A of current in tower 2 will produce
the same radiated field as 1A in tower 1.
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LOSSES IN DIRECTIONAL ANTENNA SYSTEMS
Nothing in life—and certainly in electronics—is 100
percent efficient. The base resistance of each radiator in the
system is made up of radiation resistance and loss resistance,
as covered earlier. Besides this loss, feedlines and coupling
units are not 100 percent efficient. In the case of
nondirectional systems antenna power is measured at the
base of the tower, past feedlines and coupling units. Any
losses encountered in these components will not cause
power measurement to be in error, as transmitter power
output is adjusted upward to compensate for this. When
using a directional antenna, power output is measured at the
common point—before feedlines, power dividers, tuning
units, etc.—as it is impractical and inaccurate to measure
power in each element of the antenna system.l To
| compensate for these losses, FCC rules permit the actual
' measured value of common point resistance tobe reduced to
0.925 for stations using a power of 5 kW or less, and t00.950 of
its measured value for stations using 10 kW and more. For
lower powered stations, this represents an increase in power
of approximately 8 percent,and for the higher powered sta-
tions, an increase of about 5.25 percent.
For example, a 1 kW station with a measured
common-point resistance of 58 ohms would have a figure of
4/ 53.65 ohms entered on the license and would have a
</ licensed common-point current of 4.32A. Using I®R, the
W authorized power is 4.322 x 53.65 = 1001W, by the license,
< and 4.32%2 X 58 = 1082W actually delivered to the common
point. Any losses beyond this 8 percent are not accounted
for, and if excessive, will show up as a low rms value for the
array.

In the DA proof required to be submitted with the
application for a license, the rms value of radiation must be
shown. A nondirectional system that radiates an inverse field
of 200 mV/m also has an rms of 200 mV/m. With the
nondirectional system, the inverse field is the same at all
azimuth angles. The DA inverse field varies with direction
(azimuth angle), and thus is not as easily determined. After
the DA pattern has been determined, it is plotted to scale on

Shezl
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polar coordinate paper, and its area is measured with the aid
of a planimeter (an instrument used to measure the area of
irregular 2-dimensional drawings).

While designing a DA system, care must be paid to the
driving-point impedances of the various elements. Very low
values of driving-point resistances, especially in towers that
carry considerable power, will result in excessive currents.
This increases losses, as the radiation resistance decreases
while the loss resistance remains constant.

The FCC rules specify certain minimum radiation
values for antenna systems associated with the various
classes of radio stations. Poor design, inadequate ground
system, misadjustment of coupling or phase-shift networks,
etc. can cause excessive losses and if severe enough, can
prevent one from attaining a minimum acceptable value of
rms radiation from the array.
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A suitable location for a DA system must also be free of
tall structures in its immediate vicinity. When high-intensity
radiation contours lie over tall structures, reradiation is likely
to occur. This reradiation will cause distortion to the DA
radiation pattern. If this condition is severe, it will be
impossible to produce the radiation pattern called for in the
construction permit. Such structures include, but are not
limited to: existing radio or TV towers, water tanks, and steel
support towers for high-voltage transmission lines. In most
cases, it is possible to detune (make electrically invisible)
these offending structures at the operating frequency.
However, this process can be both lengthy and expensive.
Avoid these conditions if possible. Generally, structures of
less than % wavelength in height will not cause problems of
this nature unless they are very close to the array (closer than
one wavelength at the operating frequency).

In rural areas, locating a suitable site for a DA system may
not pose too much of a problem. Where a large tract of land is
required for a DA system to serve a highly populated
metropolitan area, site selection can be, and usually is, a major
problem. Land in close proximity to the city may be
prohibitively expensive or even completely unavailable. In
this case, a site considerably removed from the city must be
chosen. A consultant might then want to conduct actual on-site
tests to determine ground conductivity over the path from the
proposed site to the city’s business district. In other cases,
where the only available site is far removed from the city, a
waiver of FCC minimum field intensity rules may be applied
for and granted.

Local zoning laws can make an otherwise acceptable site
unavailable for use as an AM transmitter site. It is wise to
obtain a copy of the zoning code for each township or political
subdivision that you have under consideration. It is likely that
a special zoning exception will be required for the erection of
tall radio towers.

At this stage of planning, one must also take into
consideration the availability of electric power and telephone
program transmission facilities at prospective sites. All
transmitters of 5 kW and above require a 3-phase power
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source of either 240 or 480V, the 480V source being required
for 50 kW installations. If the availability of such circuits
depends on the power company installing long runs of poles
and lines, you might be required to either share the cost or
make a large cash deposit in advance.

In some areas, the power companies will not run these
circuits any farther than 100 ft onto private property. This
means that if the transmitter building is to be more than 100 ft
from the road, you may have to engage a private contractor to
install poles and lines from the building to the road. Normal
procedure is to run the high-voltage feed (4160V, for example,
up to a point close to the building and then install a
transformer on a pole or concrete pad to obtain the necessary
240 or 480V. All of this should be carefully considered during
the initial planning stages.

Program transmission facilities, supplied by the
telephone company, will also be required unless the studio
will be housed in the transmitter building. Since the
telephone company may have to go to a considerable expense
to provide these facilities, an advance deposit or a sharing of
the construction costs may also be demanded. You should
check into the availability and cost of required services as a
part of the selection of the transmitter site.

AUTOMATIC DA NONDIRECTIONAL SWITCHING

Before the design of the phasing system is started it is a
good idea to give some thought to installing the necessary
equipment to allow switching from DA to nondirectional
operation at the push of a button. All construction permits for
a pew DA system require that a nondirectional proof of
performance be made and submitted with the application for a
license. After the array has been operating for a time,
circumstances could dictate that a new nondirectional proof
be made. For the station that has the foresight to install the
necessary switching equipment, there will be little or no
problem.

The cost of this extra equipment is not excessive,
considering the overall cost of the phasing equipment. The
dollars spent on this equipment may be saved tenfold if the
need to do a new nondirectional proof arises.

45

www.americanradiohistorv.com


www.americanradiohistory.com

The required equipment consists of a relay at each tower,
installed in the line-tuning unit and the necessary
reactive components to detune each unused tower. In the
reference tower line-terminating unit, components for
matching the self-impedance of the tower tothe characteristic
impedance of the transmission line will be required.
Sometimes it is possible to use the same components already
installed in this terminating unit for DA operation.

In the phasor, another relay is installed to feed the
transmission line to the reference tower directly from the
transmitter output.

The purpose of this circuitry is to open the feed to each
unused tower and insert the proper detuning elements to
make them ineffective radiators, while suppling the
transmitter rf power output to the reference tower when the
circuitry is energized.

TOWER LIGHTING ISOLATION

Any AM tower that requires aircraft hazard lighting must
have some means to get ac power across the base insulator. At
the same time, the ac wiring must not short out the tower at f
frequencies. One of two means are generally used, a lighting
choke or an O-ring lighting transformer.

The lighting choke’s main advantage is that it is the less
expensive of the two alternatives. The choke consists of two or
three bifilar windings. The number of windings will depend
on whether 120 or 240V is needed on the tower. The windings
are made of No. 10 or 12 wire through which the 120 or 240V
ac is fed to the lights. This choke appears as a high value of
inductive reactance across the base insulator, causing little
change in the self-resistance and reactance of the tower. Its
disadvantage is that as it ages, it is possible for the value of
reactance of the choke to change slightly. This change is likely
to cause a change in the driving-point impedance of the tower,
which will manifest itself as a change in the phase or current
in the radiator.

The Q-ring lighting transformer looks like two interlaced
doughnuts. One doughnut (the transformer primary) remains
at rf ground potential, and the second doughnut is attached to
the tower and serves as the secondary. The Q-ring transformer
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acts as a small capacitance across the base insulator. The
chance of changes occurring in the value of capacitance are
remote. The only possibility of change which exists is a
physical change in the position of the secondary or primary.
This would be evident by inspection.

Both lighting chokes and lighting transformers are
available with several current-carrying capabilities. The
transformers are usually constructed so that they may be
wired for 120-to-120V or 240-to-120V operation simply by
changing jumpers.

In summation, the lighting chokes are less expensive, but
they can become unstable as they age, and sometimes have a
considerable effect on the self-impedance of some towers
(especially at the low end of the AM broadcast band). If tower
height is close to % wavelength, a high impedance (and high
rf voltages) will be present at the base insulator. In this
situation, the chokes should not be used.

The O-ring transformer’s main disadvantage is initial cost.
The cost is between two and three times that of a choke with a
similar ac power-handling capability. One other negative
factor concerning the O-ring transformer is the fact that the
flasher mechanism for the beacon (where beacon and side
lights are required) must be mounted on the tower. Even
though this would normally be at ground level, it is “hot”
when the system is in use. This will preclude, or at least
complicate, maintenance and repair of the flasher mechanism
while the station is on the air. The O-ring transformer is,
however, capable of withstanding high f voltages
encountered when using tall towers or high power.

LOCATION OF BUILDINGS, TOWERS AND OTHER
ESSENTIALS

After the transmitter site has been selected, it is
imperative that a complete plot plan be drawn. Several copies
of this plan should be made showing the location of towers,
building access roads, and other necessities such as power
lines. At this point, the plan is being prepared for our own use.
The actual positioning of the tower bases with respect to
orientation and spacing should be made only by a qualified
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surveyor. This will be accomplished when you start the ac-
tual construction of the facilities.

In essence, you lay out the approximate locations of the
tower bases, guy anchors, paths of the transmission lines to
the towers (line length data will be required before the de-
sign of the phasing equipment can begin), and building loca-
tion. It is not a bad idea to include the proposed locations of
such items as septic tanks, wells, drain pipes and access
roads.

Fairly accurate positioning of the tower line azimuth can
be made on the plot plan with the use of a protractor and the
north bearing line shown on the plan. This north bearing line
more than likely will be shown in terms of magnetic north,
but all of our bearing calculations for the array will be re-
ferenced to true north. The actual difference between
magnetic and true north varies from 0 to plus or minus 15 or
20 degrees, depending on the location. Navigational and
aeronautical charts of your area will show magnetic vs true
north variation.

Guy anchor locations will be spaced every 120 degrees
around the towers. There will usually be an inner and an out-
er anchor. The required distance in feet from the base of the
towers to the inner and outer anchors should be obtained
from the tower manufacturer.

When selecting the location of the building, the length
of each transmission line to its respective tower base must be
given careful consideration. If the efficiency of the array is
considered to be marginal, then the shorter the transmission
lines the better. Less line means less loss.

If a central location in relation to the array is impossible
or impractical, then consider locating it nearest the tower
with the maximum amount of power. Sometimes it is feasi-
ble to locate the building adjacent to a tower and install the
line terminating unit inside, or even eliminate it completely
and go right to the phasor with the tower feed. The driving-
point impedance of the tower and the relative phase rela-
tionship of the tower will dictate if elimination of the line
terminating unit is practicable.

Another factor to be considered when placing the build-
ing on the plot plan is an access road or driveway. Transmit-
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ter, phasor, and other heavy equipment must be transported
into the building—not delivered at curbside.

Under no circumstancesshould overhead power linesbe
permitted to run between towers.Power lines, if not buried,
should be kept as far away from the radiators as possible.

If a storm sewer or other metallic drain pipe is to be in-
stalled under the ground system, each section of pipe should
be bonded together and connected to the ground system at
several points.

Adequate thought should be given at this time to the
type of fencing to be installed about the base of each tower.
Some consultants will advise against metallic fencing
because of the possible effect it might have on the stability
of the finished system, if the fence is installed near the
radiators. Check with the consultant before making a final
selection. And check with your insurance company on any
physical requirements that they might have for protective
fencing. It could have a bearing on the availability or cost of
liability insurance.

TRANSMISSION LINES

There is an old saying which states, “Out of sight, out of
mind.” Hiding the transmission lines underground can avoid
a lot of problems and can create others. Ironically, by install-
ing them above ground the same is also true.

Transmission lines, sample lines, ac lines for tower
lighting, and a multiconductor cable must be run from the
transmitter building to the base of each tower. The choice
between underground or aboveground installation can best
be made by considering the environs of the proposed
transmitter site.

Rigid coax and open-wire transmission line cannot be
buried. Open-wire line is rarely if ever used for AM broad-
cast installations in this day and age, so this restriction would
apply only where rigid coax is used.

Buried lines—including phase-sampling lines, ac wir-
ing, etc.—offer two main advantages: Stray rf pickup on
these cables is virtually eliminated, and damage due to van-
dalism of the cables will be nonexistent.
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All of the semiflexible coaxial cables with protective
synthetic coverings are suitable for direct burial. Direct-
burial power cable for tower lighting is also available. One
popular type is designated “UF” cable. The life expectancy
of this type of cable, when buried, is in excess of 30 years. If
your choice is an underground installation, the minimum ac-
ceptable depth is 3 ft. This will minimize accidental injury to
the cables from surface excavations.

The one obvious disadvantage of using buried cables is
that repair or replacement becomes a gigantic headache.
These same lines installed above ground on a messenger ca-
ble or an elevated raceway, are always available for inspec-
tion or repair.

In an aboveground installation, care must be taken that
no unwanted radiation or rf pickup occurs. This can be a pro-
blem, especially in high-powered installations. To prevent
this, the shields of transmission lines and phase-sampling
lines must be tied to the ground system at frequent intervals.

Installations in elevated raceways 2-3 ft above ground
also have the disadvantage of making grass cutting more dif-
ficult. Elevated raceways for transmission lines are usually
constructed of 4 X 4 support posts and 1 X 6 or larger
lumber. When a messenger cable is used, the support posts
are usually made from 10 ft or higher utility poles.

At the time of this writing, there is a proposed rule that
would require phase-sampling lines to be buried.

PHASE-SAMPLING SYSTEM

The energy exciting each one of the radiators in the DA
system is a vector quantity. All vectors consist of magnitude
and phase angle. The magnitude of the vectors can be readi-
ly observed in the various elements of the DA system by re-
ading the base currents of the elements. The phase angle is
not quite as simple to measure. For this process, each tower
in the DA system is referenced against oneothertower in the
system. This tower is known as the reference tower and its
phase angle will always be 0 degrees. The phase angle of all
the other towers in the system is then measured in degrees
(plus or minus) relative to the reference tower. Accurate and
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reliable determination of the phase angle of the current in
each tower, besides being required by the FCC, is anall-
important tool in maintaining the radiation pattern of the
directional antenna system.

To measure phase angle, a small amount of current is
sampled from each radiator and returned to the phase
monitor in the transmitter building. This sample is taken at
the point on each tower where the current is at maximum by
a loop of wire placed close to the tower. The point of max-
imum current is 90 electrical degrees (¥ wavelength) down
from the top of the tower. Coaxial cable is used to connect
the current pickup device to the phase monitor. This line is
called the phase-sampling line. The phase monitor compares
the phase angle of the current in the reference tower to the
tower which is being monitored. The resultant phase angle is
displayed on an indicating instrument on the monitor.

If two one volt ac sources of the same frequency are ex-
actly in phase, when combined, the resultant will be 2V. 1f
the two sources are equal in magnitude (one volt each) and
180 degrees out of phase, the resultant will be zero volts.

These combinations of voltages can be read on a
voltmeter—in phase, 2V; 180 degrees out of phase, zero
volts. If the 2V point on the indicating instrument is marked
“zero degrees” and the zero-voltage point marked “180
degrees,” we have the basis of the phase monitor. Points
between zero and 2V are then calibrated in degrees. The ac-
tual circuitry of the modern phase monitor is somewhat more
complex, consisting of limiters and other associated circuits
to assure that the two sources being sampled are of equal
magnitude. The indicating instrument on the phase monitor
is calibrated for all values of phase between zero and 180
degrees. All values of phase angle between zero and 360
degrees can be read on an instrument of this type since
positive phase angles of more than 180 degrees can also be
expressed as negativeangles of lessthan 180 degrees.

The phase monitor forms only one small part of the en-
tire phase-sampling system. No matter how accurate the
monitor is in comparing the relative phase differences, it can
only compare what is delivered to it by the pickup loops and
the coaxial lines which connect the loops with the monitor.
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There are currently several different types of pickup devices
available. One has the choice between the insulated and
noninsulated loops, between shiclded and nonshielded
loops, and the newer current transformer pickup device.

As mentioned earlier, the point on the tower where the rf
sample is taken should be close to the point of maximum cur-
rent on the radiator. This point is called the current loop. 1t is
located S0 electrical degrees down from the top of the tower.
In the case of radiators that are 90 degrees or less in height,
the sample is taken at or near the base. If towers con-
siderably higher than 90 degrees are used, the sample will
have to be taken higher on the tower. The physical height of
the towers, hence the point where we wish to simple cur-
rent, will place some restrictions on what type of sample
pickup device that can be used.

Where the radiators are of 90 degrees or less in height, a
logical choice for the sample pickup device is the current
transformer or an insulated loop. The current transformer is
mounted inside the line terminating unit on the feed to the
tower. This type of device has the advantage of not being ex-
posed to the elements. An insulated loop should be mounted
on the tower on standoffs about 15 ft or so from ground level
to remove it from external influences. The feedline for the
loop is also mounted on standoff insulators and its shield
securely grounded in the line terminating unit. Phase sam-
ple pickup loops are usually rectangular, with dimensions of
approximately 18 X 36in.

When the sample must be taken at a considerable dis-
tance up the tower, one runs into the problem of coupling
between the tower and the rather large length of sample line
in close proximity, even if the line is mounted on standoff in-
sulators. The logical choice of sample pickup device for this
type of installation is an uninsulated loop with the sample
line wraplocked to the tower. An isolation coil, consisting of
enough turns of the sample line cable to form a large value of
inductive reactance across the base insulator, is a must. The
shield of the sample line at the bottom of the isolation coil
must be securely grounded. The isolation coil itself is
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mounted either in its own weatherproof housing or in the line
terminating unit.

The FCC, in report No. 11318, proposes certain
minimum standards for the phase-sampling system. Among
the proposals under consideration is a requirement that the
coaxial cable used for phase-sampling lines be constructed
with a solid outer conductor. This would outlaw the use of
RG-8 and other similar types of cable that have braided
shields. Coaxial cable with stable temperature and phase-
shift characteristics is available and is definitely preferable
for use as sample line.

Each of the phase-sampling lines will have to bemade of
equal lengths of cable, to reflect equal amounts of phase lag
from each pickup device to the phase monitor. In other
words, if one run of cable to a tower is 300 ft, then the second
run to another tower must also be 300 ft, even though the
tower might only be 100 ft distant. The extra 200 ft should be
stored in the same environment as the longer cable.

The choice of the sample loops and lines should be
made with the full concurrence ot your consultant. Keep in
mind that cutting corners can result in erroneous indications
of the phase angle between towers, showing the array ap-
parently unstable, when actually the “eyes” of the system
are at fault.

FCC regulations now require that all new directional
antenna installations be equipped with a type-approved
phase monitor. The FCC term for these monitors is “Anten-
na monitor.” Existing monitors currently in operation are
permitted to be used by some stations until June, -1977.
Type-approved antenna monitors consist of two indicating
instruments; one reads the phase angle in degrees, and the
other reads the realative amplitude of the current in the
radiator being monitored. A switch selects which tower’s
parameters are to be displayed. Except for a periodic check
of calibration as outlined in the instruction book, modern
phase monitors are relatively maintenance free. All type-
approved phase monitors have provisions for the remote in-
dication of both phase and current.
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THE GROUND SYSTEM

The ground system is a very important part of the anten-
na system. An inadequate amount of buried copper will
lower the efficiency of the DA system and cause instability
problems. Theoretically, a quarter-wave vertical antenna
will have a base resistance of approximately 36 ohms and
will radiate an inverse field of 195 mV/m at one mile with 1
kW of power.

In practice, inverse fields approaching this value are
possible. Inverse fields of greater than 190 mV/m are not un-
common.

If one were to look further, it would be found that the
more efficient systems have adequate ground systems con-
sisting of 120 buried radials, each of them at least a quarter-
wavelength, and possibly a 24 x 24 or 48 x 48 ft ground
screen about their base.

If a ground system is inadequate, the measured base re-
sistance will usually be far above the theoretical 36 ohms.
the extra resistance is loss resistance. When the resistance is
high, the radiated field is usually low. Indeed, it is quite
possible for a quarter-wavelength vertical tower to radiate
less than 150 mV/m at one mile for 1 kW if the ground system
is inadequate.

When the ground system under the vertical antenna is
inadequate, the base resistance of the tower is likely to be
somewhat unstable. When the weather is wet, it will tend to
be lower than in dry weather. The first symptoms of this con-
dition show up as variations in apparent transmitter effi-
ciency in a nondirectional installation.

When one or more radiators in a DA system suffer from
the inadequacies of a bad ground system, the troubles are
compounded. A minimum rms value of radiation from the ar-
ray might not be attainable. This will show up after the DA
proof of performance has been completed. When the self-
impedance of a tower varies, the driving-point impedance
will also vary. The visible effect of this is a change in the cur-
rent ratio or the phase angle of the radiator. This, in turn, will
cause a shift in the radiation pattern, evidenced by a change
in the monitoring-point readings.
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The minimum adequate ground system for each radiator
in a DA system is 120 radials evenly spaced about the base of
each tower and extending out Y% wavelength, or a distance
equal to the height of the radiator. These radials must be
brazed or silver soldered (never soft soldered) to a ring
around the cement foundation of the tower. At least 2 in.
(and preferably 4 in.) copper strap should be connected to
the ring and should crisscross the top of the foundation, un-
der the tower base plate. Where radials have to be cut short,
because of crossing the adjoining tower’s ground system,
strap must be buried and each radial brazed or silver
soldered to it. Additionally, a strap should be buried and run
between the line of towers, bonding each ground system
together. Plan on bringing a 2- or 4-inch strap into the build-
ing for grounding the transmitter and phasor.

It is often advantageous to install a ground screen under
each tower. It must be installed after the radial system is in
place and brazed to each radial along its edge. These screens
are available in 8 x 24 ft pieces and must be brazed together
to form the 24 X 24 or 48 x 48 ft screens.

Remember, the ground system must be installed after
transmission line, drain pipes, and oher underground work is
in place. Plan to have a responsible representative of the sta-
tion on hand at all times when the ground system is being in-
stalled. Make sure that everything called for goes into the
ground.

Inadequate ground systems are rarely planned that way.
When they occur, you can usually trace their origin back to
sloppy installation or insufficient supervision of the actual
construction.

TOWERS

Some tower manufacturers supply their own installation
crews; other subcontract the actual erection work. Both ar-
rangements have their advantages and disadvantages. When
the manufacturer does his own work, the erection crew is
usually more familiar with the specific requirements of the
broadcasting industry. This same crew travels around the
country doing this type of workall the time. When the work is
subcontracted, the crews are pulled from the local iron
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workers union and need somewhat more
supervision..