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I. Introduction 

It is well known that the ground currents in the 

immediate vicinity of a medium-wave nondirectional verti-

cal transmitting antenna flow along radial lines to and 

from the base of the-antenna. It also has been customary 

to install buried radial wires as the principal part of the 

ground system of medium-wave directional antennas. An ex-

ample will demonstrate that in general the ground currents 

from a directional antenna do not follow such simple radial 

paths. 

Consider the simple directional antenna shown in 

Figure 1. 
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The antenna system consists of two identical antennas 

oriented along a line whose bearing is 315° true. Antenna 

No.1 has a field ratio of 1.0 and a relative phase of 0°, 

antenna No. 2 also has a field ratio of 1.0 but with a 

relative phase of +90°. The spacing, chosen to be 180°, 

is not important for the example. Select a point (P) such 

that it is directly east of antenna No. 1 and north of antenna 

No.2. Because of the orientation of the array it is also 

equidistant from the two antennas • 

Now, if we excite only antenna No. 1 the ground current 

at point (P) will be an alternating current flowing east and 

west with a time phase corresponding to the phase of the 

current in antenna No. 1 at some earlier time. Similarly, 

if we excite only antenna No.2, the ground current at point 

(P) will flow north and south, its time phase will be delayed 

from the current in antenna No. 2 by the same delay as that 

which occured for antenna No.1. 

Let us now excite the directional antenna as depicted 

by Figure 1 and examine the resulting ground current flowing 

at point (P). At some specific time (to) during the R.F. cycle 

the east-west current at point (P) will have zero amplitude 

in its flow cycle. At that same instant of time the ground 

current from antenna No. 2 at point (P) will be advanced in 

time phase by 90° since the phase of the current in that 

antenna is advanced by 90°. Thus at time (to) the instant

aneous current from antenna No. 2 at point (P) will be at its 

maximum value and will be flowing north. 
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FIGURE 2 

The north directed vector identified by (oot ) on Figure o 

2 represents the ground current at time (to)' One eighth 

of an R. F. cycle later (45°) the ground current from antenna 

No. I will be 12;2 times its maximum value and will be flow-

ing east. The ground current from antenna No. 2 will be 

reduced to 1:2/2 times its maximum value and will still be 

flowing north. The resultant of these two currents is an 

instantaneous linear current of unity amplitude or the 1:2 

times each component and is flowing toward the northeast. 

Another eighth cycle later (90°) after time (t ), the instant
o 

aneous ground current from antenna No. I is at maximum value 

and is flowing eastward while the contribution from antenna 

No. 2 has reduced to zero. 
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continuing through the R.F. cycle and plotting the 

vector representing the direction and magnitude of the instant

aneous ground current for each eighth of the cycle at point (P) 

we arrive at the full display shown on Figure 2. We see that 

locus of the tip of this ground current vector at point (P) is 

a circle and at any time during the R.F. cycle the amplitude 

and direction of the ground current can be found from the para

metric equations shown as the left pair of equations on Figure 

2. 

If the field ratio of the directional antenna in Figure 1 

is changed from unity and if the phase relationship is altered 

we obtain the general parametric equations identified as (1) 

on Figure 2. These are the general parametric equations of an 

ellipse centered in the coordinate system but with arbitrary 

orientation. In general, the locus of the tip of ground current 

vector at any point (P) in the near field of a directional 

antenna is an ellipse. 

II. Calculation of Ground Currents. 

Assuming perfectly conducting ground at the site of the 

directional antenna, the ground current at a specific point 

on the site may be deduced from the magnetic field strength 

at that point. Figure 3 depicts a base fed vertical antenna, 

the subscript (n) is used to denote that it is the nth antenna 

in the directional system. 

Figure 4 defines the various terms in equation (2) and 

on Figure 3. 
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j(wttCl»n) S' (G ) i y = I Ln e In p n - y (2) 

FIGURE :3 

Gn = Height of antenna, meters 

Rn = Distance from (P) to base of antenna, meters 

Un = Distance from (P) to top of antenna, meters 

A = Wave length, meters 

p = 2TT/A 

ILn = Peak loop current, amperes 

Cl»n = Relative phase of (ILn), radians 
FIGURE 4 
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FIGURE 5 

The magnetic field strength at ground level may be 

found by taking the Curl of Vector Potential of the current 

i throughout the antenna. S~, shown on Figurd 5 as equation 
y 

(3) is the magnetic field strength on the ground and follows 

counter clockwise circles concentric to the antenna when I 
Ln 

is assumed to be flowing upward. The corresponding ground 

current I Gn is shown as equation (4) on Figure 5. I
Gn 

is the 

instantaneous ground current in amperes per meter of arc, 

flowing toward antenna en), its time phase with respect to I Ln 

is as indicated by the exponentials. It is important to note 

that I Gn represents only the amplitude and time phase of the 

ground current. It is incomplete in that it does not specify 

the direction of the current flow; it infers that it is toward 
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the nth antenna. Thus, we see that the ground current at a 

specific point must be described by three kinds of numbers, 

one representing direction, one representing amplitude and 

one representing time (or phase). We can completely describe 

the ground current by resolving I
Gn 

into two components, one 

in the north-south direction and the other in the east-west 

direction, each with appropriate amplitude and phase. 

\lJn = Orientation of element (n), radians 
Sn = Spacing of element (n), meters 
bn = Direction toward element (n), radians 
Rn = Distance to element (n) I meters 

FIGURE 6 

The total ground current at point (P) in the near field 

of a directional antenna may be found by summing up the com-

ponents from the various antennas with the aid of the geometry 

shown in Figure 6. 
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FIGURE __ ~ 

The total ground current at point {P} consists of two 

orthOJOnal components which are shown as equations (5 ) and {6 )on 

Figure 7. These are the parametric equations of the ellipse 
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which is the locus of the tip of the ground current vector 

at point (p) throughout the R.F. cycle. 

Figure 8 shows how these parametric equations describe 

the general ellipse and the orientation of the new coordinate 

system in which we can identify the magnitude of the current 

along the semi-axes of the ellipse. 

In order to determine the orientation and magnitude of 

the current component along the major and minor axes of the 

ellipse we start with the modified parametric equations(7)and 

(8)shown on Figure 9. These equations are obtained by appro-

priate expansion of the exponentials in equations~ and ~) and 

by collecting real and imaginary terms. For simplicity MI , 

N
I

, M2 , and N2 are substituted for the lengthy expressions 

which result from the foregoing steps. 

IN - Mt+jNt = /M/+ Nt
l /Ton-1(N1/Mt) (7) -

IE = Mz + j Nz = /M2 2 + Nee /Ton -t (Nz/Me) (8) 

IN = GN Sin (wt + y) (9) 

IE = GE Sin (wt) (10) 

v = Ton-t (Nt/M1) -Ton- t (Nz/Me) (11) 

FIGURE 9 
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We then eliminate the parameter (wt) from the para-

metric equations and obtain the equation of the ellipse in 

rectangular coordinates. That equation is then transformed 

into a similar equation in a coordinate system that has been 

rotated counter-clockwise through an angle ~ from the orig-

inal coordinate system. Now by equating to zero the coefficient 

of the IN'xIE' term and solving for ~ we obtain the neces

sary angle of rotation. From the coefficient of the (IN,}2 

and (IE,}2 terms we obtain the magnitude of the two ortho-

gonal current components in the new coordinate system. The 

angle of rotation and the two magnitudes are the three para-

meters we are looking for. 

Figure 10 shows the values, at the point (P), of the 

three ellipse parameters ~ , GN', and GE' in terms of the 

parameters of the general ellipse equations (9), 0.0) and 0.1). 
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Sinv 

Sin v 

Cos v Sin 20 
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COSY Sin20 
GN-GE 

(12) 

(13) 

(14) 

FIGURE 10 
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III. Computer Program 

It can be readily seen from equations 5 and 6 that the 

calculations of the various components of the ground current 

at each point within the ground system of a multi-element 

directional array is a lengthy and tedious process. It is 

necessary to use modern computer techniques to permit one to 

make a sufficient number of calculations to understand the 

nature of the ground current throughout the ground system 

of the directional antenna. A computer program for this 

analysis has been written which provides three different types 

of printout. A description of the various types of print

outs with examples will provide an insight into the nature of 

the ground currents in directional antennas. 

The inputs to the program include the transmitter power, 

operating frequency, the loop current and phase in each tower 

and the spacing and orientation of each tower from the refer

ence tower. The scale and coordinates of the reference tower 

are also selectable. 

The amplitude, phase and direction of the ground current 

from each tower is computed at the selected point. Then the 

complete analysis previously described is performed to arrive 

at a set of three numbers, one of which represents the ampli

tude of the ground current in the major semi-axis direction, 

one of which represents the amplitude of the ground current 

in the minor semi-axis direction and a third which represents 

the orientation of the ellipse axes with respect to true north. 
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The first printout format is one which shows the magni-

tude of the principal component of the current, IN' or IE', 

whichever is the larger, at each location in the printout 

field. The actual computed ground currents are compared to 

the ground current at a specified distance from a standard 

tower with specified height and power. The reference is 

changeable within the program at the user's option. The stand-

ard tower normally used is a 1/4 wave tower driven with the 

power which is feeding the antenna array under consideration 

and the ground current at a distance of 1/8 wave length from 

the standard tower is the selected reference. 

Each amplitude is ratioed to the reference ground current 

from the standard tower. In order to convert these ratios to 

a simple printout format a stepped function is used which has 

RELATIVE 

CHARACTER GROUND CURRENT 

PRINTED RATIO dB 

+ 10.000 20 

9 5.623 15 

8 3.162 10 

7 1.778 5 

6 1.000 0 

5 0.5623 -5 

4 0.3162 -10 

3 0.1778 -15 

2 0.1000 -20 

1 0.0562 -25 

0 o. 
FIGURE 11 
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the ratio of successive steps being equivalent to the fourth 

root of ten. Figure 11 shows the ratios and the equivalence 

of these ratios to a one digit number to be used in the print-

out.· The chosen scale has a dynamic range of more than 40 dB 

which is sufficient to display the current amplitudes in any 

array yet tested. 

As a demonstration of the use of this ground current 

amplitude indication scheme we have prepared an analysis of 

the ground current from single towers of varying heights. A 

one-line printout for each of six different tower heights 

RELATIVE GROUND CURRENT 

G-90· I I I I I 

98 7 6 5 4 

G-60· I I I I I 

9 8 7 6 5 4 

G-120· I I I I 

8 7 6 5 4 

G-USO· 1 I I 
7 6 5 4 

G-180· I I 

5 4 3 

G- 210· II 1 I 1 I I I I 
[7)5 1 32 3 4 3 
6 4 

G-90- I I I I I 

19 8 7 6 5 4 

DISTANCE I I I I 

~ % 3~ % 
NON DIRECTIONAL ANTENNAS OF VARIOUS HEIGHTS 

FIGURE 12 
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Now let us apply that analysis to a simple directional 

antenna. The upper half of Figure 13 shows the ground currents 

in the two element antenna used in the opening example. It 

was derived by this process but rather than printout the indi

vidual numbers in Figure 13 we have used a different color to 

represent each step of current amplitude. The legend shows 

the current ratio key for each color. 

87654 3 
MAGNITUDE OF GROUND CURRENT •• 0 ••• 

d 1 234 
RATIO OF GROUND CURRENT COMPONENTS 0 ~ II III • 

~PUi~~ItNO.t <. FIGURE<'3 

The second important concept to be mapped is the ratio 

of the two components. We wish to know where the current is 

changing direction throughout the R.F. cycle or where it is 

not changing direction during the cycle. If the two ortho-

gonal components are approximately equal in magnitude, the 
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current is continuously changing in direction at that point. 

Since both of the components are scaled to a simple integer 

series we can determine the relative circularity or eccentricity 

of the ellipse by subtracting the integer magnitude of one 

component from the integer magnitude of the other component. 

If the absolute value of the difference is zero the locus of 

the tip of the current vector is approximately a circle, whereas, 

if it differs by three or four units the current is essentially 

in the same direction at all times. The lower half of Figure 

13 is a printout generated by this process. The legend shows 

the ratio of the two components as found by this process. 

The third form of printout is one which specifies the 

direction of the principal component of the ground current at 

each point. For this printout a two character word was devised, 

the first character identifies the 45° sector within which the 

major component of current is directed and the second character 

defines a 5° increment with that sector. The upper half of 

Figure 14 was prepared from such a printout and shows the dir

ections of flow for the principle components of current in 

the same two element directional antenna. The lower half of 

the figure shows the direction of the major current component 

at selected points in the field. 
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DIRECTION OF PRINCIPAL GROUND CURRENT COMPONENTS 

SAMPLE ANtENNA No. , 
FIGURE 14 

IV. Some Typical Examples 

We have chosen three directional antennas to demonstrate 

the unusual nature of the ground currents for directional anten

nas which provide deep suppression over wide angles. 

Sample antenna No. 2 consists of three half wave-length 

antennas spaced approximately 90°. It produces a cardioid 

pattern typical of that used by many class I-B stations. 

Sample antenna No. 3 consists of a four element parallel

ogram with 90° and 180° spacings, the antennas are of inter

mediate height. Its suppression is comparable to that of many 

class II stations. 

Sample antenna No. 4 consists of a six element array in 

a three by two configuration. The spacing is 180 0 in the three 
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in line dimension and 90 0 in the other direction. The antenna 

elements are approximately 90 0 in height. 

Two figures have been prepared to show the nature of 

the ground currents for the three in line antenna. They are 

the same two formats that were used to demonstrate the pro-

cedure using our introductory two element antenna. 

The upper half of Figure 15 shows by the colored sec-

tors the relative amplitude of the ground current for antenna 

No. 2 and by the shading in the lower half the ratio of the 

two ground current components. Figure 16 shows the direction 

of the principal component of the ground current. 

MAGNITUDE OF GROUND CURRENT 

RATIO OF GROUND CURRENT COMPONENTS 
SAMPLE ANTENNA No. 2 

FIGURE 15 
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DIRECTION OF PRINCIPAL GROUND CURRENT COMPONENTS 

SAMPLE ANTENNA No.2 

FIGURE 16 

Figures 17 and 18 show the ground current density and ratio 

of the two components of the ground currents in antenna No.3. 

7 6 5 4 3 2 1 0 
MAGNITUDE OF GROUND CURRENT ••• 0 •••• 

• 1 

SAMPLE ANTENNA No.3 
FIGURE 17 
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RATIO OF GROUND CURRENT COMPONENTS 

Figure 19 shows the direction of the principle component 

of the ground current for antenna No.3. Figures 20, 21 and 22 

demonstrate the nature of the ground currents for antenna No.4. 

· , 

DIRECTION OF PRINCIPAL GROUND CURRENT COMPONENTS 

SAMPLE ANTENNA No.3 

FIGURE 19 
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7 6 5 4 321 0 
MAGNITUDE OF GROUND CURRENT ••• 0 •••• 

SAMPLE ANTENNA No.4 
FIGURE 20 

01234567 
RATIO OF GROUND CURRENT COMPONENTS OE21tBllI •••• 

• ! 

SAMPLE ANTENNA No.4 
FIGURE 21 
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DIRECTION OF PRINCIPAL GROUND CURRENT COMPONENTS 

SAMPLE ANTENNA No.4 
FIGURE 22 

v. Conclusion 

We have shown that the ground currents in many medium 

wave directional antennas do not flow along simple radial paths 

surrounding the antenna elements. We have provided a method of 

demonstrating the actual nature of these ground currents. Our 

work on this project has led us to speculate that the use of 

conventional ground systems, rather than ground systems designed 

to support the actual ground currents, may explain inefficiency 

in some arrays, instability in other arrays and may be a major 

contributor to some annual variations in still other arrays. 

We feel that use of these principles can provide a significant 

improvement in the operating characteristics of medium wave 

directional antennas. 
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I wish to acknowledge the enthusiastic assistance of 

John Lundin in the preparation of the computer program used 

in this analysis • 
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Don 
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IEEE Broadcast Symposium Talk on Reduced Skywave 
AM Antennas 

October 6, 1986 

The fourth session on Thursday, September 18, 1986, 

concerned a computer modeling study of the two new reduced 

skywave antenna systems proposed by Dick Biby and Ogden 

Prestholt. The horizontal plane efficiency of both antenna 

systems was computed to be significantly reduced below the 

theoretical efficiency for a simple 90 degree vertical antenna. 

A model of the Dick Biby antenna, assuming a desired 40 dB 

null at a vertical elevation angle of approximately 25 to 30 

degrees above the horizontal plane, oiiented at one horizontal 

angle towards a hypothetical station to be protected, resulted 

in a horizontal plane efficiency of approximately 200 mV/m/km 

(125 mV /m per mile). The Biby antenna system appeared to be 

extremely critical with respect to the current amplitude fed to 

the short towers around the main radiating structure. A change 

in relative amplitude from 1.002 to 0.998 resulted in the 40 dB 

null becoming a 20 dB null. Discussions that followed the talk 

indicated that the computer model was based on ideal ground 

conditions and that the system should work better under 

non-idealized ground conductivity conditions. Note to Don: 

Seasonal variations in ground conductivity values could 

~ destabilize the desired radiation characteristics of 

the Biby antenna system. 

The Ogden Prestholt antenna model incorporates a 190 

vertical radiator with an associated horizontal radiating 

element, 90 degrees long and 145 degrees above ground level. 
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The horizontally polarized component aimed at vertical angles 

above approximately 70 degrees is virtually equal to the 

vertically polarized field in the horizontal plane. 

Accordingly, excessive skywave interference can be expected to 

be reflected back down from the ionosphere, to interfere with 

primary ground wave coverage. The predicted ground wave 

efficiency of the Prestholt system is approximately 240 mV/m/km 

(150 mV /m at a mile). It should be noted that the predicted 

effective field for a simple 190 degree vertical radiator is 

394 mV/m/km (245 mV/m/mile). 

My impression from the lectures was that a suitable antenna 

which restricts skywave radiation in favor of horizontal plane 

(ground wave) efficiency cannot be expected from either of the 
r'l.A2,.C\"-

above two described systems within the ;m-!8i~e future. 



PERFORMANCE OF SECTIONALIZED BROADCASTING TOWERS 

. C. E. Smi~h+, Fellow Member, IRE. D. B. Hutton:t:, Associate Member, IRE. 

and W. G. Hutton§, 'Senior Member, IRE. 

Summary-:' With- a. sectionalized t'ower high angle 
radiation can be minimized to give .better ground 
wave performance than is possible with a simple 
vertical radiator. A study of theoretical condi
tions in conjunction with physical limitations re-' 
veals that it is necessary to maximize the current 
distribution on any given tower construction to ob
tain the maximum ground plane field intensity. 
Several sectionalized towers and a variety of cur
rent distributions on each tower are treated theo
retically and tested experimentally. The results 
obtained are compared with the findings of several 
other writers treating similar problems. 

1. Introduction 

The problem of increasing the ground wave 
coverage of a radio broadcasting station by im
proved antenna design dates back to the early days 
of broadcasting. Ballantinelpublished a classical 
article in 1924 showing 225· (5/8 >") to be the opti
mum height for a simple vertical radiator. For 
antennas less than this height top loading has been 
successfully used to improve. the performance. 
For short antennas Smith and Johnson2 show that 
loading accomplishes this improved performance 
by simultaneously increasing the radiation re
sistance and decreasing the, capacitive reactance 
at the base input terminals. A practical applica
tion of this theory was made on the antenna system 
ofa Million Watt Broadcasting Station in Europe 3• 

In the early 1930's a number of people gave 
consideration to sectionalized antennas as a 
method of increasing the ground wav-e. Harmon4 
in 1936 proposed and tested a sectional-
ized antenna with essentially c'onstant current dis
tribution and showed it to be more efficient than 
sinusoidal current distribution. BrownS published 
a critical study of numerous current distributions 
in an effort to find combinations most likely to be 
useful. Also in 1936 Smith6, 7completed a critical 
study of several antennas designed to increas~ the 
primary coverage of a radio broadcasting station. 
For the most part these tests involved vertical 
radiators with improved current distributions w:ith
in 90' (x'/4) of height as shown in Fig. 1. Due to 
extremely low v.alues of radiation resistance in 
these antennas the circulating currents required 
were quite high and the efficiency prohibitively 
low. However, this work gives a clue as to how 
to improve the current distribution to obtain the 
best theoretical results. It will be noted that the 

fCarl E. Smith Consulting Radio Engineers, 
Cleveland, Ohio. 

+Federal Communications Commission, Washing
ton, D. C. 

IlGoodyear Aircraft Corporation, Akron, Ohio. 

Recently jOined Carl E. Smith Consulting Radio 
Engineer s, Cleveland. Ohio. 
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Fig. 1 - Four improved current distributions. 

maximum theoretical horizontal field intensity is 
largest for the current distribution in Fig. l(d). 

With this background. the problem is to 
discover a method for producing a more efficient 
antenna system. This can be accomplished by us
ing taller sectionalized tower s and maximize cur
rent distributions. In some cases the radiation 
possibilities are enhanced by top loading. 

II. General Theory 

Far a simple vertical radiator the radia
don characteristic can be improved by increasing 
the height of the tower or employing top loading. 
This in effect raises the position of the current 
loop with respect to' the ground. This principle 
can also be applied to the top section of a section
alized tower. 

The purpose of sectionalizing a tower is to 
provide a means of further contrOlling the current 
distribution. Sectionalizing the tower controls 
the current distribution on the lower section only. 
ConSidering efficiency and stability it is usually 
possible to achieve a more favorable radiation 
characteristic of the whole tower by employing 
top loading and sectionalization. In the case of a 
tall tower used to support an FM or a TV antenna 
it may not be practical to employ top loading. 
Depending on the height of the tower in wavelengths' 
the tower can be sectionalized at one or more 
points to accomplish the highest efficiency con-
s istent with good ope rating stability. . 

As is well known, 6,7, 8the tower currents 
must be in phase or 180· out of phase to produce 
maximum ground plane radiation .. This can theo
reticall:y be accomplished by properly driv~g. 
each section of the tower independently to produce 
the desired current distribution on that section. 
For vertical sectionalized towers, driven at the 
base, current continuity will be assumed across 
the sectionalizing insulators. 

The top section will be assumed to have a 
sinusoidal current distribution with the cUl::rent 
node at or above the top of the tower depending 0; 
whether or not top loading is applied. This will 



als 0 fix the location of the current loop on the top 
section of the tower. The top section with its top 
loading if any will serve as top loading for the 
next lower section. 

For the remainder of this paper the next 
lower section will be termed the bottom section 
since only a two section tower will be considered. 
The current on the bottom section will also be 
assumed to be sinusoidal with the height of the 
current nod'e as a variable. When the height of 
the current node is fixed the radiation character
istics of the tower is fixed. Therefore, the 
operation of the tower can be maximized with re
spect to the height of the node of the current fori 
the bottoIn section. The selection of the final 
operating condition must, however, tak,e into ac
count the stability and efficiency of the system. 

Sectionalized Tower Theory 

Figure 2. illustrates the current distribution 
on the top a4,ld bottom sections of a sectionalized 

en H 
L1J ! L1J 

ffi 160 
L1J 
0 
Z 
- 120 
I-
:z:: 
S2 
L1J 80 :z:: 
0: 
L1J 
~4 
g 

0 

Fig. 2 - Theoretical current dis
tribution on top loaded 
sectionalized tower. 

tower having top loading on the top section. The 
radiating portions of the sine waves are shown as 
solid curves and the instantaneous current values 
ic and ia are illustrated on each of the upper and 

lower sections. Pertinent tower heights and di
mensions of the sine waves are shown by the let
ters A" B, C, D, G, H, Ic and Ia' 

Figure 3 illustrates the geometrical con
siderations for determination of the Vector Po
tential at any point P in space at a great distance 
froIn the antenna due to the elements of instant
aneous current ic and ia shown in Fig. Z. The 

total Vector Potential derived from the radiation 
of the tower over the entire radiating space above 
the earth is given by the equation, 

. f i (t .!. ~ ) 
A= 

cd 
vol 

dv 

(l) 

!L 
SECTION -I 
IMk I 

1.1 

SECTION i 
IMlGE I 

Fig •. 3 - Sectionalized tower with 
image,s. 

where A = retarded electromagnetic vector po-
tential 

i = instantaneous current element, amp 
t = time, sec 
d = distance from current element, Ineters 
c = velocity of light, meters per sec 

dv = increment of volume, cubic meter s. 

Substituting in this equation the value s of 
instantaneous current i for both top and bottom 
$ections plus their respective images and letting 
d, the distance from the antenna base to the point 
,P, be used in the amplitude term but d + y sin e 
be. used in the phase terms of the imae:es and d -
y sin e be used in the phase terms of the antenna 
sections as shown in Fig. 3 results in 
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A cd 2.11' 
)\ 

a 
_ I f Z sin (G-y) sin [ w(t - ~) - a c 

a l 
+ y sin e] dy 

+ Ia f a Z 
sin (G-y) sin [ w(t _ {) 

a l 
- y sin e J dy 

f
C

Z 
+ I sin (H-y) sin [w(t -~) c c 

c l 
- 1\1 + y sin e 1 dy 

f 
Cz 

+ Ic sin (H-y) sin [ w(t - ~) 
c l .. 

- 1\1 - y sin e] dy (Z) 
where the first and third terms are for the images 
and the second and fourth terms are for the an
tenna section.s. The 2.11'j>.. term was introduced 
when the y term was changed to degrees. The y 
subscripts of Fig. 3 are not used since the limits 
of integration indicate which section is involved. 

The right hand member of Eq. (2.) is read
ily integrated so that after substituting the limits 
a l =0, A Z =C l =A, Cz =C andG - A=B Eq. (Z) 

becomes 

j 
1 

,I 
! 
1 ! 
1:1 

I t 
I
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The Electric Field Intensity is 

E = e cos e (4) 

where Ee = field intensity at any point P 

d = distance of point P from antenna, 
meters 

e = elevation angle of point P, degrees. 

Applying the differentiation indicated in Eq. (4) to 

A of Eq. (3) we have 

60 I 
a 

Ee=a-

cos B cos (A sin e) - cos G 

+ sin B cos (H-C) cos (C sin 6) 
sin (H-A) 

sin B sin e sin (H-C) sin (C sin e) 
sin {H-Al 

sin B cos (H-A) cos (A sin 6) 
Sln {H-Al 

cos e 
(5) 

This equation gives the field intensity at the 
point P produced by the sectionalized tower for 
various amounts of top loading on both the top and 
bottom sections with the restriction of holding the 
currents in or out of phase and having current con
tinuity acr oss the se ctionalizing insulator. 

The Vertical Radiation Characteristic can be 
derived from Eq. (5) by evaluating the quantity in
side the brackets for 6 = 0 and using this as the de
nominator with the bracket quantity itself as the 
numerator. 

f (6)= 

COB B cos (A sin EI) - cos G 

sin B cos (H-C)cos (C sin e) 
+ sin {H-Al 

sin B sin 6 sin (H-C) sin (C sin 6) 
sin (H-A) 

sin B cos (H-A) cos (A sin 6) 
sm (H-A) 

COB 6 i cos B - cos G 
+ sin B ~ 

sin (H-A) (cos n-L" - cos Ir-A) f (6) 

cos B cos (A sin 6) - cos G 

+ sin B cos (H - C) cos (C sin 6) 
sin (H - A) 

sin B sin 6 sin (H - C) sin (C sin 6) 
sin (H - Al 

sin B cos (H - A) cos (A sin 6) 
Sln (H - A) 

z 
cos e (3) 

If the Vertical Radiation Characteristic, 
f (6), is squared and multiplied by cos 6 the Fbwer 
Flow Characteristic is obtained thus, 

2 
p (EI) = f (6) cos EI • (7) 

The ground wave radiation will be a max
imum when the area under the curve, p(e) plotted 
against e, is a minimum. A family of p(e) curves 
for various heights of the current node on the 
bottom section is drawn in order to select the 
minimum area curve. No losses are taken into 

~ account since p(e) is theoretical. 
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A rigorous evaluation of the efficiency in
volves a determination of the radiation resistance. 
This is determined by performing the following 
inte gr ation, 

cos B cos (A sin 6) - COB G 2 

+ sin B cos (H-C) cos (C sin EI) 
sm (H-A) COB 

sin B sin EI sin (H-C) sin ( C sin EI) 
sin (H-A) 6dQ 

sin B cos (H-A) COB (A sin 6) 
sin (H-A) 

cos 6 

(8 ) 

R the radiation resistance can be determined by 
applying the trapezoidal rule. When R is found 
the current Ia of Eq. (5) is then given by the 
relation 

Where Ia = bottom section loop current 

P r = power raaiated, watts 

(9) 

R = total radiation resistance referred 
to the bottom section current loop, 
ohms. 

= 



The efficiency of the tower can be predicted 
from the equation 

100 P 
r 

"=p+p 
r L 

Where" = power efficiency, percent 

P r = power radiated, watts 

P
L 

= power lost, watts 

(10) 

and where P
L 

can be determined from the equa
tion 

(11 ) 

Where RL = total loss resistance referred to 
the bottom section current loop, 
ohnls. 

Finally the horizontal field intensity with 
loss can be obtained from 

( 12) 

Where EOL = horizontal r-m-s field with loss, 
mv/m 

= horizontal r-m-s field without loss, 
mv/m. 

Theoretical Examples 

1. 258 0 Sectionalized Tower with Top Load
ing. FIgure Z Illustrates thls type of sectlOnahzed 
tOWer. F or the special case appr oximating a 
tower built in Linz, Austria the follOwing substi
tutions were made in E'1. (R); 

A = 130 0 height of lower section above ground, 
degrees 

B = variable top loading of lower section, degrees 

G = A + B = 130 0 + B height of current node for 
lower section above ground, degrees 

C = 258 0 height of upper section above ground, 
degrees 

D = 28 0 top loading of upper section, degrees 

H = C + D = 286 0 height of current node for upper 
section above ground, degrees 

These substitutions give 

Where R = re'sistance in ohms. 
The lower section loop radiation resistance value, 
R, was determined by applying the trapezoidal 
rule to the above equation as follows, . 
R = 10.4720{ [2 J ] 2 Cos 

IOn 
1 oJ. 

)(14) 

Where [ 1 = bracket term in Eq. (13) 

n = integers from 1 to 8 which multiplied 
by 10 give s the elevation angle 8 in 
degrees. 

B = 15 degrees, then 30, 60, 90 and 120 
degrees for 5 determinations of R. 

The corresponding 5 values of the loop 
current, la' for the bottom section were then 

determined from Eq. (9) for the power, ,Pr , of 
1000 watts. Hence 

la = V 10~O 
(15) 

Where la = amperes per kw of power radiated. 

Since d= 1609.4 meters per mile Eq. (5) can be 
written 

Ee = 0.37281 la [ ] 

Where E8 = mv/m at one mile 

[ ] = the quantity inside the bracket of 
Eq. (13). 

(16 ) 

The vertical radiation characteristic also can be 
written 

f (8)= cos B _ cos (130+ B)+ 4.4170 sinB (17) 

and the power flow characteristic, p (8) is most 
simply expressed by Eq. (7). The 5 vertical 
radiation characteristic curves corresponding to 
the above 5 loop current values were found in ac
cordance with Eq. (17) and plotted in Fig. 4. Like
wise the 5 power flow characteristic curves were 
determined by Eq. (7) and plotted in Fig. 5. The 
area under each power flow characteristic curve 
was p1animetered and plotted in Fig. 6 as the 
curve labeled 258 0 tower. Equations (l0) to (12) 

2 
(cos B + 2.2461 sin B) cos (130 sin 8) 

- cos (130 + B) 

R = 60 + 2. 1708 sin B cos (258 sin 6) cos 9 d 6 

- 1. 1544 sin B sin e sin (258 sin 8) 

cos 8 (13 ) 
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can be manipulated to give 

(13 ) 

where EOL = horizontal r-m-s field with loss, 
mv/m. 

EO = horizontal r-m-s field without loss, 
mv/m. 

R == lower section loop radiation resis
tance. Eq. (14)ohms. 

RL = total loss resistance referred to 
bottom section current loop, ohms. 

Employing the above 5 current values to find EC 

from Eq. (16) for e = 0 the effective horizontal 
plane field intensity of the tower was determined 

. for each current condition assuming loop resis
tance losses referred to the lower section, RL of 

o and 4 ohms. Figure 7 shows the lower section 
loop radiatio.n resistance R, horizontal r-m-s 
field without loss EO and horizontal r-m-s field 

EOL with 4 ohms lower section loop loss resis

tance. 

2. 213" Sectionalized Tower. Figure 2 would 
illustrate thIS type of tower if the top loading were 
absent and the current node for the top section 
were shown to fall at the exact top of the tower. 

For the special case, approximating a tower 
built in Cleveland, Ohio the following substitutions 
were made in Eq. (8): 

A = 96° height of lower section above ground, 
degrees 

B = variable top loading of lower section, degrees 

G = A + B = 96° + B height of current node for 
lower section above ground, degrees 

C = 213 0 height of upper 'section above ground, 
degrees 

D = 0 top loading of upper section, degrees 

H = C + D = 213 0 height of current node for upper 
section above ground, degrees. 

Calculations corresponding to those referred 
to in Section A above were relatively simple by 
virtue of the fact the formulas simplify when H=C 
as happens in this case. The res.ulting p (8) 
curves are shown in Fig. 8 and the area under 
these curves is plotted to give the curve of Fig. 6 
labeled.2l3° tower. 

Figure 9 shows R, EO and EOL for RL = I, 

2, and 4 ohms. 

3. 126 0 Sectionalized Tower with Top Load
ing. ThIS example resembles the case of Section 
B above except that the top section of the tower is 
so short that it supplies a very small portion of 
the total radiation of the tower. The top loading 
on the top section is not considered as altering 
the current distribution on the top section, but it 
is looked upon as a means of absorbing a large 
current contributed by the lower section into non
radiating top loading. 
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.The special case approximates a tower 
built in Vienna, Austria. The following substitu
tions were made in Eq. (8): 

A = 112.7 
B = variable 
C = 126 0 

D = 0 
H = C + D = 126" 

where each term is defined in Section B above. 

The calculations were similar to those in
volved in Section B. The resulting r (6) are 
shown in Fig. 10 and the area under these curves 
is plotted to give the curve of Fig. 6 labeled 126" 
tower. Figure 11 shows the R, EO and EOL for 

RL = I, 2, 4 and 8 ohms • 

III. Experimental Results. 

Basic Procedure 

The experimental work covered in this 
article was conducted according to common en
gineering practice as follows: 

1. The driving point impedance of the antenna was 
measured after the antenna system was complete
ly installed. 

2. An r-f ammeter was used to measure the cur
rent into the measured driving point from which 
the input power to the antenna was determined. 

3. Field intensity measurements were made ac
cording to liThe FCC Standards of Good Engineer
ing Practice", to establish the unattenuated field 
intensity at one mile for one kw .of input power. 

4. Measurements were made to determine the cuI'
rent and phase distribution along the tower in order 
to check theory ag~inst experimental results. 

258 0 Sectionalized Top Loaded Tower 

1. Base Driven with Center Tuning. A 
transmission hne messenger cable inSIde the 1300 

(450 foot) bottom section of the tower was support
ed on stand-off insulators at regular intervals plus 
strain insulators at both top and bottom. The 
characteristic impedance of this transmission 
line with respect to the tower was determined to 
be, 

Zo = 190 ohms. 

Tuning at the center of the tower was accomplish
ed by varying the location of a shorting strap be
tween the transmission line messenger cable and 
the tower when the top end of the transmission 
line was connected to the top section of the tower 
just above the sectionalizing insulator. 

Base impe.dance measurements of the tower 
as a function of location of the shorting strap are 
shown in Fig. 12 along with a sketch of the bottom 
section of the tower drawn to scale. 

Current and pbase distribution measure
ments alung 'fhe 258 ° tower as a function of short
ing locations of the transmission line are shown 

I' 

" 



'~~''''''''''--~----------------------. 

801r-~r--r--+--+~-+--~--~-+--~ 

40 ~ 
a.. 

30 

20 

10 

0
0 90 

Fig. 8 - Vertical power now characteristics 
for 2130 sectionalized tower. 

100 

8 

\\ 
\~ ( \ 
\~~ ~"180· /' 

0 
~" 195" 

\\\ ;13" 210" I \ 
0 

,fie 225" 

1\ \\ \\ 1/ \ 
I- \ \\ I \ i,..-G" 235" 
z 

O~ 
a: ~\ \ ~/ w 
a.. 

90 

7 

6 

50 

4 

~ \ \\ \ ~ G- 230~.\ CD 
Q. \ \\ l"\ ~ 7 \ . 

1\) ~"'" ~ ~ 
~ ~ ~ 

20 

10 

o 
(;) 10 20 30 40 50 60 70 80 90 

ELEVATION ANGtE e IN DEGREES 

Fig. 10 - Vertical power flow characteristics 
for 1260 top loaded sectionalized ' 
tower. 

28 

280 

260 

240 

220 

~200 

~ 
Lo. 180 
LIJ 
..J 
::!: 
- 160 
!;i 
::!: > 140 
~ 

120 

160 

"\ 
;..--

140 

\ 120 

100 (/) 1\ 
::!: 
l: 
0 

80 ~ 
a: 
LIJ 
<.) 

60 z 
~ 
(/) 

iii 
LIJ 

40 a: 
a.. 
0 
0 

20..J 

-~ ----0::::::: ~ !\ 

-~ ~ 
Eo FOR RL"~? 

EOL FOR RL" I 
~\I 

EOl FOR RL " ~/ 
EOl FOR RL • 4 :\\ 

\ \ 
hi . 

\ 
r\' 

'\ 

"" ""-G IN DEGREES 
226 2~ 186 196 206 216 

Fig. 

90 100 110 120 130 140 
B IN DEGREES 

9 - Bottom section loop radiation 
resistance and unattenuated 
field intensity for 2130 sec
tionalized tower. 

70,----r----,----r----,----r----.28o 

50 
LIJ 
<.) 
z 3: 

4,0 ~ :.:: 160 
(/) 

iii a: 
LIJ(/) 0 
a:::!: Lo. 

30 zl: LIJ 120 
00 ..J 

!i~ ::!: 

20 is 80 
<{ I-
a: <{ 

a.. ::!: 

10 g 3: 40 
..J ::!: 

G IN Dt::GREES 
?8~0~~190~--~2~00~~2~10~-=22~0~-=230~~2~400 

150, 

Fig. 11 - Bottom section loop radiation 
resistance and unattenuated field 
intensity for 1260 top loaded 
sectionalized tower. 



S-LIGHT,ING COND~IT '~ 

PsE INPUT\:TRANSMISSION LIN~+ " 
TERMINALS CABLE 

r--u~~~~~~~~--~400 

~ 
1---+--+-1--41---+---1300 ~ 

lo,j 

-+----1200 ~ 
u 
~ 
0: 

~ 

~ 
" 11) 

~ 
lo.i 

l-.;:;".,--;d-...-;;::-"':""';"-":;';:'':=''':':'':''''':::'':::;:''':=':''.....J - 100 It 

" I " I I IjJ 

IjJ " I It' 

c5
0 

"r-:I S""".""3-'4:<!:0;"" • -'E"-o ''':::2~0..!!31 

'" I 

- ~ I;- -

~ 

~ I--r t--

.J. '\ o hOieo rS • 320'. Eo' 2191 . 

20 
1.-h UJ 

::! 
::e !\ 

100 
\ !;i 

::e 
~ ~ 
::e 

0 

Fig. 12 - Base impe.dance of 2580 tower 
as a funotion of loading 
reactance across sectional
izing insulator. 

Fig. 13 - Current and phase distribution on 2580 tower as 

, 

function of loading reactance across section
alizing insulator in terms of shorted trans
mission line l~ngths. 

CON~L REACTANCEINDHMS 
- J 50?- -J 1000 <X> 

//-'-'N I 
JIOOO J500 J 2 

w , I '-. ~ 
150· 

..J , [ .............. _._R 
~ . - 100 
I- OPERATING 1 
<l: VALUE~ 

:: 
.. rf-'-'-'-j 00 50 

::or:: 
....... .. 
::? r"'''' ....... 
> / 1 I 

-0 

::? / I TUN I NG REAC;~CE lL: 
290/ !.c0PTIMl!t.' ~/I-5C 

V~-"",,'FIELD INPUT' .M 
270 

1 ~ T7TT77TT 

/1 
I "'" .~ 

250 

I ............... r---. 
230 

210 1 

en 
:::;: 
J: 
o 
Z 

I CONTROL SUSCEPTANCE IN MILL/MHO 
-3 '·2 -I o 2 3 .1 

1190 , 
4 
I 

Fig. 14 - Input impedance and field inten-' 
sit~ of top loaded sectionalized 
258 tower as function of tuning 
reactance. 

29 



\sl?iFewt' 

in Fig. 13 along with a plot of the unattenuated 
field intensity at one mile for one kilowatt of input 
power to the antenna. It will be noted that the 
maximum field intensity occurs for the condition 
when the short is placed approximately 300 feet 
below the sectionalizing insulator which cor
responds to 170 ohms base resistance. The max
imum or optimum unattenuated field intensity for 
the method of center tuning described was ap
proximately 224 mv/m per kw at one mile. 

2. Center Driven with Base Tuning. Input 
impedances to the transmission line messenger 
cable at the base of the tower were measured for 
variou~ values of a capacitive tuning reactance' 
between the messenger cable and the base of the 
tower. Figure 14 shows the base tuning diagram 
along with the re sistance, reactance il;nd field in
tensity curves as a function of tuning reactance. 
Since the tuning reactance was high the major 
part of the power was fed up the transmission 
line and thus drove the 25S- tower across its 
center sectionalizing insulator. 

The optimum field intensity as shown on the 
EOL curve was approximately 279 mv/m for one 

kw at one mile. 

Current and phase distribution measure
ments along the 25S o tower as a function of base 
tuning reactance are shown in Fig. 15. 

It is interesting to note in Fig. 13 for the 
maximum field intensity when S = 300 feet that a 
standing wave of zero phase is located on the top 
section of the tower. This standing wave is fed 
with energy from a traveling wave of constant 
magnitude and steadily progressing phase shift 
from the base of the tower. Now referring to 
Fig. 15 for optimum field intensity when X=~jl680 
it will be noted that the top section has a standing 
wave of zero phase, but that the bottom section 
has a traveling wave of variable magnitude such 
that when the phase is in quadrature the amplitude 
is a minimum. This may account for the higher 
radiation efficiency since it is known that for 
maximum efficiency the radiation currents must 
be minimized at quadrature phase. 

213 0 Sectionalized Tower 

Since the 213 0 two section tower, without 
top loading, has considerable radiation resistance 
in each section it was possible to secure enough 
radiation efficiency to make a worthwhile improve
ment in the ground wave signal. Because this 
tower supports an f-m antenna it was necessary 
to insulate the concentric transmission line 
mounted in this case on the outside of the tower 
as shown in Fig. 16. Quarter wave shorting 
straps above the center and base insulators made 
it possible to retain the insulator properties at 
the operating frequency. 

The top section is fed by a single copper 
clad steel cable mounted on stand off insulators 
inside the bottom section. This terminal plus a 
connection to the ground system and the bottom 
section gives a three terminal network which can 
be prope rly fed at the base. 

The top section, if the cross-section is uni
form, wruld under all normal conditions of opera
tion have essentially a sinusoidal current distribu
tion with a current loop approximately 90 0 below 
the top of the antenna. Due to the decrease of 
cross-section area where the f-m antenna is lo
cated the current does not build up as rapidly. 
See Fig. IS. The phase and magnitude of the cur,. 
rent on the top section is determined by one phase 
monitor sampling loop mounted as shown in Fig. 
16. In this installation it was necessary to adjust 
the vertical plane of the loop to minimize the in
duction field produced by the quarter-wave length 
of f-m concentric transmis sion line mounted on 
the outside of the tower. 

The bottom section of the towe'r also has 
essentially a sinusoidal current distribution. 
However, in order to determine the magnitude, 
phase and also obtain some idea of the placement 
of the current distribution two phase monitor 
sampling loops were provided as shown in Fig. 16. 
Again, on the bottom section it was necessary to 
adjust the vertical plane of the middle and bottom 
phase monitor sampling loops to cancel the in
duction field produced by the f-m concentric trans
mission line mounted on the outside of the to'ver. 
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In order to properly feed power into the 
three terminal network at the tower base it was 
necessary to have a power division and phase 
shifting network. The netwcrk in Fig. 17 has im
pedance matching, power dividing and phase shift
ing properties. 

The three terminal network at the tower 
base can be driven in a number of ways. If for 
example, a generator is placed between terminals 
1 and 2 in Fig. 17 the effect is the same as plac
ing the generator across the center insulator and 
floating the tower at the base. This produces an 
in phase current distribution similar to the Frank
lin with sinusoidal current distribution on each 
section and current nodes at the top and bottom of 
the tower. This condition approximates the re
sults of a constant current distribution and does 
not give as strong a ground wave as other condi
tions of operation. 

Another way to drive the tower is to pro
duce a current distribution on the bottom section 
such that the middle loop in Fig. 16 gives ap
proximately a minimum magnitude and a quadra
ture phase with respect to the top loop. This is in 
good agreement with the experimental results as 
shown in Fig. IS for the optimum condition of 
operation. 

The unattenuated field intensity at one mile 
turned out to be only 246 mv/m for 1 kw. This is 
f!.ttributed to the fact that this tower was not pro
vided with its own ground system and furthermore 
the transmitter and garage buildings at its base 
account for considerable loss. ' The theoretical 
value without loss and with current continuity a
cross the sectionalizing insulator is EO = 273 

mv/m for 1 kw. For the theoretical case of cur
rent discontinuity across the sectionalizing in
sulator and optomized sinusoidal Current 

7\ 
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Fig. 17 - Network to feed 2130 sectionalized 
tower. 
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Fig. 18 - Current distribution on 2130 

sectionalized tower. 
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distribtition on the bottom section with a node at 
the center of the section EO = Z91 mv/m for 1 kw. 

These values are shown in Fig. Zl for compari
son purposes. 

lZ6· Sectionalized Top Loaded Tower 

A transmission line messenger cable inside 
the 112.7- (400 foot) bottom section of the tower 
was supported on stand-off insulators at regular 
intervals plus strain insulatorll at both the top and 
bottom. The characteristic impedance between 
the transmission line messenger cable and the 
tower was measured to be; 

Zo = 168 ohms. 

The top end of the messenger cable was con
nected to the top section of the tower, just above 
the sectionalizing insulator. Base impedance 
measurements were made on the tower as a 
function of the location of a shorting strap between 
the transmission line cable and the tower. To 
extend the electrical length of the transmission 
line cable at the base of the tower a coil was ad
ded as shown in Fig. 19. The base impedance 
,measurement curves along with a sketch of the 
tower, drawn to scale, are also shown in this 
figure. 

Measured field intenllitiell were plotted as a 
function of the base resbtance a.s shown in Fig. 
20. From the curve in Fig. 20 it was determined 
that optimum performancewou1d be achieved when, 
the base input resistance measured 300 ohms and 
the reactance component was -j 540 ohms. It will 
also be noted in Fig. 19 that the same base im
pedance exists for two conditions, first when 15 
turns of coil are used and secon!3.ly when the trans
mission line cable is shorted to the tower ap
proximately 47 feet below the sectionalizing in
sulator. 

The coil condition was used during tune up 
procedure for ease of adjustment and the short at 
47 feet on the messenger cable was used for the 
final adjustment in order to eliminate the main
tenance of the coil and the insulator s below the 
shorting strap and secure some improvement in 
efficiency. Optimum unattenuated field intensity 
was approximately ZZ5 mv/m for 1 kwat 1 mile. 

IV. Comparilton of Various Current 
Distributions and Efficiencies 

Figure Zl was prepared to compare the per
formance of various kinds of vertical radiators as 
a function of antenna height. The sinusoidal cur-, 
rent distribution curve is from Ballantine and 
shows good performance at Z25-. The constant 
current distribution gives better performance at 
the higher antenna heights. The Franklinantenna 
theoretical value falls on this curve. The compu
tations on the double doublet from Fig. 1 are close 
to the optimum curve predicted by LaPaz and 
Miller. S 

Mox:e recently Bouwkamp and DeBruijn 9 

published an article on the problem of optimum 

antenna current distribution showing theoretically 
there is no upper bound in the improvement of 
antenna performance.assuming no loss in the 
system. The prototype curve marked (0) is the 
ground wave field intensity when the current dis
tribution is the well known Gaussian error-distri
b-ution..' The curves marked (4), (10) and (Z5) are 
for more complicated derived current distributions. 
There is no evidence to date that such current dis
tributions can be easily accomplished in practice 
let alone doing it efficiently enough to make the 
scheme worth While. 

The theoretical and experimental results 
of the authors are also shown in Fig. 21 for com
,?arison purpose s. 

V. Conclusions 

From this theoretical study and experi
mental field work it is evident that top loaded and 
sectionalized towers can be used to improve the 
performance of vertical tower radiators. The 
tower height need not be limited in order to secure 

,superior performance. With reasonably good de
sign the performance will be better than for con~ 
stant current or sinusoidal current distribution. 
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A very worthwhile application today is t(J 
use high television towers to increase the cover
age of associated standard'broadcast stations. 
This can be done by incorporating top loading and 
sectionalizing the tower. There are several ways 
to achieve such results. 
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THE PROBLEM IN HISTORICAL PERSPECTIVE 

The design of matching networks and power division networks for non-directional and directional 

antennas used for medium wave (standard broadcast) stations depends upon knowledge of the 

load impedance of the antenna system. Over the years many attempts have been made to 

predict the impedance of the conventional monopole over a radial wire ground screen. Many 

published computations were referenced to measurements made at high frequencies, where the 

center conductor of the feed line was extended through a copper ground plane as an antenna 

(Figure 1)[1,2]. A medium wave tower antenna has a much more complicated base geometry 

than this and its impedance is demonstrably different For example, 50 Ohms or so is typical for 

a base driven tower, while 37 Ohms is shown in [2] R.W.P. King's liThe Theory of Linear 

Antennas". 

S. A. Schelkunoff [3] treated antennas as a transmission line problem in terms of characteristic 

impedance. Some workers have used his theory to good advantage in predicting AM tower 

impedance. Until recently use of his methods resulted in the most accurate predictions of 

measured base impedance. 

In an effort to achieve more realistic estimations of tower impedances several empirical curves 

have been developed over the years. One such curve appeared in the NAB Engineering 

Handbook [4] through several revisions (Figure 3). The information for this curve was compiled 

by my father, J.B. Hatfield. This curve was incorrectly labeled as to electrical height and, as a 

result, was never very useful or accurate. The correctly labeled curve (Figure 4) gives results that 

are a closer match to experience (Le. 50 Ohms resistance for a 90 degree tower). 

George Mather, in his June 1952 article in Electronics, page 143, and in a paper prepared for the 

Canadian Ministry of Transportation [5] presented curves of the tower impedance based upon 

measurements of more than 150 towers. I have used this curve with some success in calibrating 

various calculation techniques. 
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PROBLEMS IN MEASUREMENTS AND COMPUTATIONS OF TOWER IMPEDANCE 

Several writers, including R.W.P. King, [2] have dealt with the effect of the tower base 

capacitance upon the measured impedance. The interaction can be quite large for towers with 

a high reactance. Most empirical curves of measured impedances ignore base capacitance 

effects. 

Another factor that affects base impedance is the inductance of the feedline from the Antenna 

Tuning Unit (ATU) to the tower. Long feed lines can have more inductance than the output leg 

of the matching ''T'' network. I measure the resistance and reactance at the tower base and then 

repeat the measurement at the output of the ATU. A slight impedance transformation can occur 

due to transmission line effects. 

When the reactive component of the tower impedance is large the base capacitance must be 

taken into account when computations are made. The average tower, using the most commonly 

available brand of base insulator, has from 75 to 100 pF capacitance from the base plate to 

ground. Austin ring transformers used for lighting can double this capacitance. Static drain 

coils, isocouplers, and lighting chokes can also affect the measured base impedance. 

RECENT ADVANCES IN COMPUTATIONAL METHODS 

These days many engineers use some sort of "Method of Moments" program to compute tower 

impedance. MININEC and its various clones are relatively "user friendly". Various tricks must be 

employed if one is to get useful answers; however, computed results must be verified by 

measurements. 

In the last decade two papers treating this subject [1 ,6] have been published in "IEEE 

Transactions On Broadcasting". The 1983 paper by Wright, Klock and Jubera [1] studied the 

effect of guy wires, guy wire insulators, and base capacitance upon tower base impedance. The 

reference impedance data (used as a benchmark for the measured and calculated impedances 
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presented in the paper.), however, was measured using an antenna geometry similar to Figure 

1 and does not include the effects of the base geometry of an actual tower. The 1989 article by 

Chiodini [6] demonstrated that their moment method results agreed well with his measurements 

for towers of 96° and 105° physical height. 

Ron Rackley, of du Treil, Lundin, & Rackley, increases the electrical length of the towers used 

in the computation so that measured results are matched. Adding about 6.7% to the tower 

height gives 50 Ohms for a quarter wave tower. Radiation efficiency is increased about 3% by 

this change in tower height. The results of this computation, shown as data points on Mather's 

1952 "Electronics" empirical curve, are depicted in Figure 5. The computed impedances, using 

the technique, diverge from the empirical curve for taller towers and other correction factors must 

be applied to the tower height. 

For a thick (8 foot face) guyed tower (120 electrical degrees) Rackley increased the height by 

12.5% and added two reactances to the base of his MININEC tower model. The model and a 

computed vs measured curve are shown in Figure 6. There is good agreement between 

measured and computed impedances as a function of frequency. This apparent increase in 

tower height is, in all probability, due to the large cross section of the tower and the 

accompanying increase in capacitive coupling to ground relative to thinner towers. 

A good match to the 1952 Mather experience curve can be made with MININEC using the model 

shown in Figure 7. The tower height is unmodified while the tower base is modeled as a thin 

filament with a lumped capacitance of 100 pF. The tower feed is modeled as a horizontal two 

meter length of tubing. To properly match the 1952 empirical curve,S +j43 Ohms must be 

added to all the computed impedances. The result (Figure 8) is a good approximation to the 

impedances shown in the empirical curve over the range of tower heights shown. 
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APPLICATIONS TO FIELD WORK 

The measured self impedances of the towers in an array can be used to correct the driving pOint 

impedances computed by MININEC. Moment method programs like MININEC compute AM 

tower mutual impedances more accurately than self impedances. This is due to the fact that the 

self impedance can be considered to be sensitive to the conditions at the base of the towers (a 

situation difficult to model using moment method programs) while mutual impedance involves 

coupling along the entire tower length. The difference between the measured self impedance 

and the self impedance computed by MININEC is added to the driving point impedances 

computed by MININEC. 

When this technique is applied to a specific case the results are mixed. The networks in a three 

tower array at the low end of the band were adjusted to drive point impedances calculated from 

measured self and mutual impedances. When the array was initially powered up the magnitudes 

of the impedances of the terminations for the lines were within the following percentages of 50 

Ohms: Tower #1 +20%; Tower #2 +4%; Tower #3 (with a negative resistance) -27% at the bus. 

These results give one confidence in the accuracy of the measured self and mutual impedances. 

A successful D. A. Proof of Performance was made on this antenna system without any further 

adjustments. 

The measured self impedances were also used to adjust the drive point impedances computed 

by MININEC. The results of both procedures are shown below for comparison. 

Adjusted MININEC Drive Points 

Z1 = 38 + j62 

Z2 = 24 + j36 

Z3 = -7 + j11 

Drive Points From Measured Selfs & Mutuals 

37 + j71 

21 + j41 

-22 + j11 

The impedances for the first two towers given by the two methods are in reasonable agreement 

but the results for the third tower are much more problematical. 
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Tower heights that are not near resonance (i.e. 90° or 180~ have base impedances that are well 

predicted by MININEC. A 70 degree self supporting tower, for example, measured 24 -j41 Ohms 

while the MININEC self impedance for this tower was 25 -j47 Ohms. This resistance is predicted 

by the radiation resistance curve (Figure 2 of this paper) in the 1937 Brown, Lewis & Epstein 

paper. A 64.4 degree guyed tower, on the other hand, measured 19 -j103 Ohms and MININEC 

predicted 15 -j137 Ohms. The resistance of the self supporting tower and the reactance of the 

guyed tower are both well outside the confines of the empirical curves of Figure 5. 

CONCLUSION 

While newer prediction methodology using method of moments for determining AM tower' 

impedance is in closer agreement with measured values than older methods, measurements must 

be relied upon in critical situations to accurately determine self and drive point impedances. In 

any case, because of the substantial variation in the electrical characteristics of ostensibly similar 

towers within and between different installations, it is vitally important that computations be 

calibrated by measured impedances. 
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THE DESIGI'l OF COMBINING CIRCUITS FOR NIEDIUJA-FREQUENCY TRANS/,WfTERS 
WORKING INTO A COMMON AERIAL 

SUMMARY 

Two or more m.{. trallsmitters separated in frequency by as lillIe as 3% may 
be operated into a common aerial provided its impedance is first transforlllcc{"to a 
fairly high resistance. Rejector circuits are used to isolate the transmitters from 
each other and prevent excessive cross-modulation and illtermodulation occurring 
in their output stages. A satisfactory performance can be obtained using rejector 

'circuits with normal components, but the n(aximum powers which can be fed to a 
common aerial may be limited by the voltage rati';gs of the capacitors in the com
bining circuit. 

1. INTRODUCTION 

It is common practice at low-power m.t. transmit
ting stations for up to four transmitters to feed a 
single aerial. While this presents no difficulty when 
the illdiviiluJI frequency sepalations exceed '!..QYo, com
plicatio1ls illAy 8l'ise if the separations dre smaller. 
This rCl'id d," ;(:rihes the (L;sign" and performance of 
combini no cil"clJits for frequ~ncy separations of less 
than 10%. ,'>jlil<ltions less than about 20 kHz (2% at 
1 MHz) dre lIot Ii ku I Y to be used, however, because of 
limitations ililposed by receiver selectivity.1 

When two transmitters are combined into a common 
aerial, an arrJ,ngement simi lar to that shown in Fig. 1 
is usually adopted. If more than two transmitters are 
connected to the point A, additional rejector, circuits 
have to be inserted in the feeders from the transmitters 
but the, principle remains the same. The rejector cir
cuits ensure that the greater part of the transmitter 
power reaches the aerial and they also prevent excess
ive cross-modulation and intermodulation* occurring 

* Cross-modulation is the transfer of modulation from one 
carrier frequency to another. Intermodulation is the genera
tion of spurious frequencies such as the sum and difference 
of two carrier frequencies. 

in the output stages of the transmitters. In the design 
of the rejector circUits the suppression of the modula
tionproducts isthe overriding consideration. Although 
cross-lilodulation and interrnodulation levels are dif
ficult to calculate, experience has shown that :,I';cept
able levels result if the ur,wantr;d volf3ge which' 
re3ches the anode of the output valve of a trRnsmitter 
is less than 10 volts r.m.s. when the e.h.t. supply to 
the valve is removed. Rejector circuits are therefore 
designed with this criterion in mind. 

Frequency separations as low as 3% are now being 
considered and calculations Ilave shown that very-hi<]h
Q rejector circuits are required for certain aerial im
pedances if the criterion stated above is to be s3tis
fied. The difficulty of using high-Q circuits can be 
overcome by inserting an additi onal matching network 
between the point A of Fig. '1 and the aerial, to trans
form the aerial impedance to one which is considerably 
greater than the transmitter load impedance and pre
dominantly resistive. The majority of low-power trans
mitters are designed for load impedances between 50 
and 80 ohms and calculations have shown that practic
able rejectors can be used if the impedance at A is 
approximately' equal to 500 + jO ohms. If this imped
ance is made exactly 500 ohms midway between the 
two frequencies, it will be, sufficiently close to 500 

aerial 

t", 
fi " 1 '2 

. 
'2 transmitt~r matching rczjczctor rcja:ctor matching transmitter ..... 

n~twork 
..... .... network "'" 1 

, , 
at '2 A at " 

.... ..... 2 
at " at '2 

Fig. 1 - General arrangement of networks 
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0111115 at both (1 and (2 for tile perforli1;:lIlCO of rejector 
circuits designed for 500 ohms to be ;:llmost unaffected. 
The matching circuits in the transmitter branches are 
designed to transform the true impedance at A, seen 
through the rejector circuit, to the load impedance 
required by the trar,smitter (usually 80 ohms). . 

This arrangement is shown in more detail in Fig. 
2. It is assumed that the two transmi tters and the 
point A are close together, i.e. in the same building. 
If the aerial is less than 0·1.\ from the-transmitters 
(where A is the wavelength) the primary matching 
circuit may be situated either in the transmitter build
in~ or below the aerial. If the aerial is more than 
O.l~ from thetransmitter~, the aerial shOUld bematched 
to~the feeder and the impedance transformed to 500 
oh s in the transmitter building. Whatever arrange
me t is adopted, care should b~ taken to ensure that 
t9 impedance at A is as c·lose to 500 ohms as pos-
sible at bothfl and f2' . 

The detailed design of the combining circuit is 
considered in the sections which follow and an ex
ample of the desigCl procedure is given in Appendix II. 

2. THF:: DI:SIC3N OF HiE m:Jf::CTOR CIRCUITS 

rC Cic!1 1"j8C\(( ,;ircuit must satisfy the following 
r,'. ,1'CII";lItS: / 

(i) the illlpe,]"'·ce at the rejection frequency must 
be high \.Ji10ugh to prevent the unwanted r.m.s. 
voltage at the valve anode exceeding 10 

(ii) the rejector circuit must not introduce excessive 
loss at the pass frequency 

(iii) the Q must not be too high or the rejection at 
the sideband trequenc ies wi 1\ be poor and the 
tuning of the circuit will be critical. 

The desi gn of c ircui ts wh ich sat i sty these requ ire
ments will now be discussed. 

2.1. Impedance at the Rejection Frequency 

When the f1 transmitter radiates, a small fraction 
of the voltage at A (Fig. 2) appears at the anode of 
the output stage of the (2 transmitter. This fraction 
depends partly on the impedance of the f 1 rejector 
(a pure resistance Ro at fl) and partly on the design 
of the output circuit of the transmitter. With low
power transmi tters, rr-networks are common Iy used in 
place of conventional tank circuits and coupling coils. 
The equivalent circuit of the f2 transmitter branch 
therefore takes the form shown in Fig. 3 at fl; a 
similar circuit may be drawn for the fl transmitter 
branch at f2' 

Anode voltages have been computed for a range 
of values of RD for frequency separations between 2 
and 10%. In every case, the matchlng circuit com-

ponentswere assumed to be <ldjusted so as to present 
the idle .tr'ansmitter with a resi stive impedance of 80 
ohms at its working frequency. Values of RD which 
give exactly 10 volts at the anode of one transmitter 
as a resu It of the other transm itter radi at i ng 1 kW Were 
then found by interpolation and are shown in Fig. 4. 
Val ues of H D for other powers may be obtai ned by 
multiplying by yP, where P is the power of the re
jected transmitter in kW. 

In general, the component values of the output 
circuit of a transmitter are chosen to give eHicient 
power transfer into the load, without considering re
quirements for rejection of power from· other trans
mitters; Fig.4 therefore shows curves for three val ues 
of output-circuit loaded Q (QL)' In practice Xl has a 
fixed value and X 2 and X3 are adjusted for maximum 

,power transfer; QLmay then be calculated from the 
measured values of X 2 and X3'* For the computations, 
Xl was specified as -160 ohms, since further com
putations indicated that very high values of RD might 
be required if IXll was less than 80 ohms. AI tliough 
Fig. 4 was calculated for a load impedance of 80 
ohms it may be applied with little error to a load of 
80n ohms (where n is a scaling factor) provided Xl is 
made equal to --160/2 ohms and the value of HD obtain
ed from curves is also multiplied by n. The Q of the 
rejector circuit was assumed to be LiOO but Fig. 4 is 
reasonably accurate for Q values hetween 200 and 
800. The actual choice of Q value is governed by 
factors di scusscd in the next section. 

2.2. Circuit Magnification Factor (Q) 

The Q of the rejector circuit must exceed a mini
mum value or the loss at the pass frequency wil: be 
excessive. In this report the n1aximum permissible 
pass loss is taken to be 0.5dB, i.e. 11% of transmitter 
power is lost in the rejector. 

The pass 103s L is given by 

(1 ) 

where RA is the series resistance of the load at A in 
Fig. 2 (nominally 500 ohms) and Rs is the resistive 
part of the rejector impedance at the pass frequency. 
For losses under 1 dB, L may be expressed in the 
form 

In Appendix I it is shown that, for frequencies more 
than 2% but less than 10% from the resonant frequency, 
Rs is given approximately by 

(3) 

* If the load presented to the transmitter is 80 ohms and 
Xl = -160'ohms, the values of X2 and X3 are 64QL and 
~4 (QL--O·25) ohms respectively. 



150 

C 
.:.! 

a 
Q: 

tl 
U 
C 
0 ... 
.~ 
VI 
tl 
t.. 

+' 

:::J 
U 
t.. 
'v 
t.. 
0 ... 
U 
tl 
.~ 

t.. 

q.02 

I 

to aerial 
via 

fG: cel a.r 

primary 
matching 
circuit 

0;:;0_:",1 ==1 
'-------4-_--<:1=-I---! _____ -j>-+-~! __ . IT>----_:--0-----0------' 

: " I '2 l: " . I " tran sm i ttczr I matching I rczjector • rejector I 
circuit 

'2 
matching 

circuit 

'2 
transm ittczr 

Fig. 2 - Combining network for two transmitters separatpd ill fr('qu(,llcy by 1(',<;s than 10% 

'1 transrnittczr, 

load 
impa:dance 

I : Ro 

'1 rcj(l.ctor 
circuit 

'2 matching 
circuit 

'2 transmittczr 
output 
circuit 

matching 
and r<1-j <1-C tor 

circuits Pig. 3 - 8quivalent circuit at fl 

150 

C 
:'<:' 

a 
Q: 

tl 
U 
c 
0 .... 
.~ 
Vl 
tl 
t.. 

.... 
'5 
0 
t.. 
'v 
t.. 
0 

_ ... 
0 
tl 
.~ 

t.. 

0 
1·04 1·06 1'08 1·10 1·02 1·04 1·06 1·08 

fNquency ratio '2/', frczqucz ncy ratio '2/', 
(a) (b) 

Pig. 4 - Values of rejector circuit resistaJl(x u'hich give 10 volts r.I11.S. at the valve anodes 
(a) Rejector circuit in the fl transmitter branch (b) Rejector circuit in the f2 tronsmitter branch 

QL is the loaded Q of the output circuit of the idle transmitter 

Power of rejected transmitter, 1 kW 

3 

, 

I 
I-

I 

1·10 



whero I) - ({Io)/fo is the fr3ctiol131 ceviation from the 
resonant frequency fo. The pass loss is therefore 
given o.pproxilmtely by 

(4) 

From this it follows that the loss will be less than 
0·5 dB provided 

(2RDI/?A)Y2 
Q>---~ 

v 
(5) 

Equation (5) specifies the lower limit for Q. For 
example, if v = 0·04 (4%), RD = 100,000 ohms and 
F?A =-500 ohms, then Q must exceed 500. 

Although a higher value of Q will give a lower 
pass loss, it may lead to inadequate rejection of side
band frequencies. A reasonable criterion to adopt 

_ is that the rejection _should be within' 6dB of that at 
/ \, the carri er, over a ban0width of ± 1 kHz, since most of 

the power In an amplitude-modulated VJave is contained 
within this band. i"oorer rejection may, however, be 
tolerated outside H band. 

The calisr, of , " ,r rcjuctioll Lit sideband frecuen
cies witll hiIJh-Q, il';llits is [Ii<) I"pid reduction of the 
rrejector (~ii\:I'it 'j":"'d'-\!lce which occurs away from 
r ljSGllClilce. I-:':,:,,~i<il (8) of I\JJj)lj,:dix I shows tliat 
the mociuius of ti~() il1lpedance fcdls to 0.7R D whon 
v .~ :f: 1/?Q; tho :l\v.,llted volL1ge at the transmitter 
would thon be GXj).;ctl';d to be 3 dB greater than that 
at the carrier frequoncy. There is, however, a pos
sibi I ity that the series reactance of the rejector cir
cuit may resonate with the matching circuit, in which 
case the unwanted voltage would be 6dB greater than .. 
at the carrier frequency. Thus if v = ± 1/2Q is made 
to correspond to ± 1 kHz, the 6 dB criterion is bound 
to be satisfied at all frequencies within 1 kHz of the 
carrier. Now for ± 1 kHz, v = ± 1lfo, where fo is the 

f carrier frequency in kHz. It follows therefore that 
"' __ the criterion is satisfied if Q is less th.an fo /2. Thus 

the highest Q value which will be required in the m.1. 
band (at 1.6MHz) is 800 and this can be achieved 
with normal components. At the low-frequency end of 
the band (0.530 MHz) Q should not exceed 265 for 
adequate sideband rejection. This value may, how
ever, conflict with the minimum Q required for low 
pass loss and a compromise may be necessary; the 
use ~f the Q val ue which gives exact.ly 0·5 dB pass 
loss IS then recommended. A compromise is unl ikely 
to be required above 1 MHz, assuming a transmitter 
frequency difference of not less than 3%. 

To summarize, the Q of the rejector circuit should 
if possible, I ie within the range ' 

(6) 

However, if the Q of an civailablo coil is r times 
9rcater than the value desired it may be used with 
advantage provided HD is increased to /R D. The 
rejection at both carrier and sideband frequencies 
wi II then be improved and the pass loss wi II be un
changed. If /? D were not increasod the pa ss loss 
would be reduced but the rejection CIt the sidebands 
would be degraded. 

2.3. Component Val ues and Ratings 

Having determined the values of HD and Q which 
give the required performance, the rejector circuit 
reactances (XL and Xc) are calculated from the re
lationship XL = -Xc = RD/Q. If a variable capacitor' 
cannot be used, a fixed capacitor whose reactance is 
greater, rather ~han less; than Ro/Q should be chosen, 
siqce this ensures that the specified anode voltage 
is not exceeded. In general, tapped rejector circuits 
do not offer any advantage. 

Circulating currents flow in" the rejector circuit 
at both the rejection and pass frequencies. The maxi
mum voltage across the capacitor is the arithmetic 
sum of the voltages at the two frequencies, since 
these will periodically add in phase. 

At the rejection frequency f1' the volL,ge Vi 
across the cap;~citor is esse:,ti.,lly tho same <1S t~at 

across the load 8nd is tfidefore equal to (Plf?l),r2, 
whore Pi is the power the Ii :r;1Ilsmittc-r del ivcrs to 
the load and Ri is the parallel resistance of the load 
at fl' At the pass frequency f2 the impedance of 
the rejector is predominantly reactive and equal to 
± jR D 12Qv. Thus the vol tage at f7 across the capaci-

tor is V
2 

~ HD (.!..)2 J ~/2 (1) 

2QI.'~qA2) 

where P 2 is the power delivered by the f2 transmitter 
to the load and RA2 is the series res istance of the 
load at f2' The total peak voltage when both trans
mitters are modulated 100% is 2·82(\11 + V 2 ). If the 
frequency separation is small the peak voltage will 
be large even for moderate powers; in the' example 
given in Appendix II it is of the order of 10 kV for two 
1 kW transmitters separated by 3-4%. 

3. THE DESIGN OF THE MATCHING CIRCUITS 

The impedance of the rejector circuit at the pass 
frequency is given approximately by Equation (9) in 
Appendix I. This impedance must be added to the 
seri es impedance of the load and transformed to a 
~esistive value (usually 800hms) with a simple match
Ing network. 

If fl is less than f2' the fl reOjector will look iike 
a capacitance at f2. The impedance presented to the 
f2 transmitter is then most conveniently matched by 

n1can, 
8.S s) 

tile n 
mitte 
(lei te 
use __ 

COI~( 

quel -
8.nd 

is 
bec2. 
f reqL' 

voltz 
wiler 
part 
is VI 
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means of il shunt capacitanco and scri8s inductance, 
as shown in the right-hand arm of Fig. 2. Conversely 
the most convenient matching net'Nork for the fl trans
mitter would be a shunt inductance and a serios CZlp
acitance. Calculations have shown, however, that the 
use of the latter network may lead. to a resonance 
condition in the fl transmitter at the unwanted fre
qucncy f2; the a I ternat ive network (shunt capac i tance 
and scries inductance) is therefore used instead. 

The voltage across the matching circuit capacitor 
is comp3rable 'with that across the rejector circuit 
because of the high reactance of the latter at the pass 
frequency. If the impedance to be matched is Z, tre 
voltage across the capacitor is given by iZi(P!J?)\ 
where P is the transmitter power and R is the real 
part of Z. The voltage due to the rejected transmitter 
is very small and may be'neglected. 

5 

4. CO;vlBINING Clr~CUITS FOR MOllE TH!',N TWO 
TIlANSMITTERS 

The principles described may be extended to three 
or more transmitters feeding a common aerial, the 
exact arrangement depending mciinly on their frequency 
separations. Thus three transmissions separated in 
frequency by more than 10% would be fod directly to 
the aerial, as shown in Fig. 5(u), and each transmitter 
branch would contain a matching circuit and two re
jectors. If two closely-spaced transmitters are to be 
combined with one which is more widely sp2ced, an 
arrangement of the type shown in Fig. 5(/;) would be 
used. Here the transmitter with the more widely 
spaced frequency (ftl feeds the aer ia I d irectl y via 
rejectors while the more closely spaced pair feed a 
nominal 500-ohm· impedance derived from a primary 
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" matching 
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matching 
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(b) 

aerial 

rejectors 

'2 
matching 

'2 
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Pig. 5 - Three trclllsmitters fed tv a cOlllmon aerial 
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(a) Three widely-spaced frequencies . (b) One widely-spaced frequency (fl) and two closely-spaced frequencies 
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I'l;,lcilillg (~ilcIJit. Tl1:'ce liClilc;ll1itL::rs with clociely
:;prlced fr(;qll(;iI(;ics lVould be cOll:bim;d ,IS in l'iO. 
~)((/), but wi th tiw (lerial impcdance tr'zll1sformuj to :500 
ohms ,It tile CC1Jllrili frequency. 

V','hic!1evc:r dil:lIlgel,l"ilt is [K!up:cd, tli" dL:sigfl of 
tlio rejector c;,clJils follows the l;rinci;J!es ci,;::;c~ih(;d 
ill Section? I\lthol:OI1 two or i1,OI'O rcj(;ctors ill ::,,;,i8S 
will have <1 11i~hcr 11:)SS loss thilll ol1e rejector, :~Ofl1e 
of tilo rejectol's will incvit;;:)ly be tllned to frequencies 
'i.'ell away froll1 the pass frcrjllcncy ,md wi II have 
corrcsronciinoly lower 10:;s8s. T:~lJS the total P<lSS 

loss in 1l)(lIlY cn:;cs rmy 110t be much greater than that 
occurring when only t\'/o transmitters are combined. 

5. CONCLUSIONS 

It has b8en shown theoretically that two m.t. trans
missions sep:lratcd in frequency by as little as 3% 
may be combined in a common aerial provided the 
latter is first matched to SOO ohms. The use of re-

( r;tor circuits having a Q-L~tctor less than 800 gives 
\, tisfactory slIpprcssioq of cross-modulation and inter

modulation products at both carrier and sideband fre
quencies, v::lile the p"ss I,)ss d03S not gcnerilily 

e,:ceed 0·5dB. The principles uoscribed can be ex
'tended to three or moro transmitters operating into a 

common aerial. 

With such small frequency separ'8tions, however, 
the peak voltagos across tho capacitors in the COI11-

;" .. i:19 circuit may be c;uite 1<:.rge; for example with 
1 kW transmitters they m8Y be as much as 10 kV. Thus 
the voltage ratings of comlllerci81lY-8vail8ble cnpac
itors 1118Y impose an upper I imit on the powers of trans
mitters which can be combined in the manner de
scribed. 

The principal 8pplications for close frequency, 
combining will probably be at low-power stations. 
Nevertheless the design principles set out in this 
report can be used for high-power statio'ns although 
the .peak voltages encountered may present a diffi
culty. 
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,\Pl'ENDIX I 

The IlIlpedalice o( a Rejector Circuit 

A simple rojec:or circuit consists of an induc
tance L in p<llallel, with a capacitance C, ns shown in 
Fig. 6. Providing the circuit has a 11igh Q value, 
losses Illay be represented by a parallel resistance 
RD co (uoLQ, where (uo is the anQular frequency at 

(- ich the circuit resonates. At resonance, {,)O" loC ~ 1 
\'dd the reactal1cos of the inductance and capacit311ce 

are equal and oppos ite. The impedance of the circuit 
is then equal to H D• 

At an angular frequency (L), the admittance Y of 
the circuit is 

If the deviation from the resonant fre<luency is less 
than 10%, (')0 I- (v ~ 2!L) Ztnd consequently 

L 
Fig. 6 - f;:quivalpnt circuit 

o( a rejPclor 

where 1/ = ((-(0)1(0 is the fractional deviation from ihe 
resonant frequency. The impedance of the rejector is 
therefore 

RD(1,-j2QI/) 
Zs = Rs + jXs = :2 

1 + (2QI/) 
(8) 

If Q > 200 and 1/ > 0·01 (1%) 

Zs~-- -- --j RD l1 ~ 
2Q1J 2Q11 

(9) 

since (2QII):2 » 1. 
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/\n I';wiliule f IllIslruling Ihe Design o( a CO/llhilling 
Circuit 

An cX:-liilplc is given of the design of a coml)ining 
circuit fo, two 1 kW tr~1nsillittcrs operating on 1052 (lnd 
1088 kHz. Those two frcquul1cies, usud by the BUC, 
are sep;>r,-ded by 3-4% .. 

The z;erial will be assumed to be the stalld2rd 
type u~,ed at F3::3C lov,/-power st:.ltions; this consists 
of a T slJspellcled b, tween two 38 III {126 ft) masts 
spilced 61 m (200ft). i\~l)asured impedililces of a typical 
aerial are given in Table 1: 

,'\erial IllIp' ,lallce 
r------ ------------ ---------, 

1052 
1070 
1088 

Impedance (ohms) 

23·2 + j40 
24·2 1- j50 
25.41-j60 

In c;osiC;ning \i,) co",biiling circuit, slio',';n in Fig. 
1, the ;,c;rial is fie >t ",;,;, i.z'd to ,,00 ohms at the il1id
~;"(;IJU:"':y, 10!OkllT.1 11is I, ,ll:r,;s a series -,dliC
. . "'~U Ll ,,,d il sh:,i,t(~;:-;:),,( it;",I:() e1 ; their r"act2,nces 
,,\ 1010:d1~ .,18 ')(.:J .,;ld --113 ohms rc,sp,c;ctively. 
1-1,0 illij!c)d;;r,,:o:1t ;\ ,',,;;1 h,\s tile values given in 
rCible 2. 

Fig. 4 shows thilt, if the transmitter output cir
cuits have a lo,;ued Q of 5, rGjoctor circuit i.npGdances 
of 60,000 ohills wi II be C1uoquate for both transmitter 
brilnches. F:quiltioll (6) thon shovvs thelt the rGjector 
circuit Qs must lie within the range 455<Q<535; a 
value of 500 will be ohosen. The rejector circuit 
reactances, equal to :t: RD/Q are therefore ± 120 ohms 
at their resonant frequencies.* 

n:~This would require reiector circuit capacitoncas of 1220 
~nd 1260IJIlF. - In practice standard values of 1200 or 

5 x 250 Jl.J1.F could be used with negligible change in per
forman ceo 

aerial 

L2 l3 

105~2KHzL4C4~~,J. ~~, -GJT~ ____ J .... = C2 -~;-___ C_'3 __ )~_C_5_1O_6_6_KH_Z 

TAUU'; 2 

Impedance al Ihe point A, Fig. 7 

Parall el Fce"""cy pee'es 
(kHz) ImpGdance (ohms) ImpGdance (OJlIllS) 

1052 347 + ji6' 42li !j909 
1070 500 + jO 500\li ro 

1088 4~t-j23~ 575\\-: j 1 O~ll\. 

Note: \\ signifies 'in para'llel with' 

The matchin~ circuits in the transmitter branches 
are now designed. At 1.0.52 kHz the impedance of the 
1088 kHz rejector is 52+ j1765 ohms and the impedance 
at the point B (Fig. 7) is therefore 399 + j1930 ohms. 
This is matched to 80 ohms with a shunt reactance of 
--615 ohms and a sGries reactance of 879 ohms. At 
1088 kHz the impedance of the 1052 kHz rejector is 
52--j1765 ohms and the impedance at C is 503-j2000 
ohms. This is matched to 80 ohills ",ith a shunt rr,),lct
ance of -1350 ohms C1nd a ~;eri0s reactance <)f 8i9 
ohms • 

This complGtes the rlec;iSJn of the cornbini1'lg cir
cuit ap3rt from the calculation of the voltage ratings 
of the capacitors. Its performance may now beverified. 

Pass Loss. The series resistance of both rejectors 
is 52 ohms at the pass frequency and the series resis
tance of the load is given in Table 2. Equation (1) 
gives the pass losses, which are 0·61 and 0-47 dB at 
1052 and 1088 kHz respectively. 

Unwanted Voltages at the Valve Anodes. The 1052 
kHz transmitter del ivers 870 watts to the load and the 
voltage at A is 608 volts. This voltage is attenuated 
by the rejector circuit, the 1088 kHz ll1atchi ng circuit 
and the output circuit of the 1088 kHz transmitter and 

Fig. 7_- Combining circuit (or 1052 and 1088 kHz 

compon ent va lues 

L1 8·5 flH C1 1320 /lILF, 3·7 kV 

L2 17·6 pH C2 1220 PtLF, 10 kV 

L(l 18·.1 pH C(l 126OI-4(F, 8·7 kV 

L4 133 flH C4 246 14JF, 8·8 kV 

L5 120 pH C5 103 flj1F, 8·2 kV 

Voltage ratings are .peak values for two 1 kW transmitters 
simultaneously modulated 100% 
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comput<1t ion shows that the unwanted voltag'e reaching 
the anodo is 7.7 volts. The reactances of the output' 
circuit components are required for this computation; 
values for 1088 kHz are given by the formulae in the 
footnote on page 2 and must be modified by the fre
quency ratio to obtain values for 1052 kHz. A simi lar 
computat ion shows thilt the unwanted'voltage at the 
c:node of the 1052 kHz transmitter is 7·5 volts. 

Sideband Rejection. The amount by which the rejec
tion at tile sidebands falls below that at the carrier 
is calculated by assuming the unwanted transmitter to 
be detuned. ,Unwanted voltages for the ± 1 kHz side
band frequencies, calculated in this way, are given in 
Table 3. 

TABLE 3 

Unwanted \foltages at Sideband Frequencies 

Frequency kHz 

1051 
1053 

1087 
1089 

Voltage 

·10·5: 
11·2 

10·9 
10-4 

These \" I.· '.J'~s ,:,e ;·.11out 3 d:3 oreater than the voitages 
at the L.c,lliur fr,:quc"(:ics. The circuit thorefore satis-

JMP 

fics all the desiun requirements except that for pass 
loss, which is sliGhtly exceeded at 1052 kHz. 

Finally the voltage ratings of the capacitors ore 
calculated as follews. The powers del iver8d to the 
8crial by the 1052 and 10SekHz transmittus arc 870 
arid 896 watts respectively. The impedances at A 
given in T2ble 2 enable the voltages at this point to 
be calculated; thoy are 606 and 717 volts at -1052 and 
1088 kHz respectively. When both transmitters are 
modulated 100% the pcak voltage at A is the sum of 
these voltages multiplicd by 2\/2. Thus the voltage 
rating of C1 is 3·7 kV. 

The voltage across C2 at 1088 kHz is almost the 
same as that across C1 at this frequency, i.e. 717 
volts. At 1052 kHz the current through the rejector is 
1·58 amps and its impedance is 52 + j1765 ohms; thus 
thOe voltage across C2 at this frequency is 2·80 kV. 
Addition as before gives the voltage rating of C2 as 
10 kV. The voltage rating of C3 is 8·7 kV. 

The voltage across C4 at 1088 kHz is negl igible. 
The impedance at B is 399 + j1930 at 1052 kHz and 
the current is 1·58 amps. Thus the voltage at B at 
1052 kHz is 3·11 kV. The peak voltage across C ... , for 
100% modulation, is therefo~e 8·ekV. The volta!Je 
rating of C5 , calculated in the s"l11e W;lY, is 8·2 kV. 

A table of component values <Hid vultc1Ge rati,,~s 
is given below Fig. 7. 
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FIG. I-Basic relationships used in setlinq up tower equations 
with spatial relationships shown at (A) and vector additiQn 

in (B) 

FIG. 2-Vector diaqram to show how. if the spacinq S between 
the antenna towers remciins fixed. the arc subtended by E. can 

be calibrated in e ' 

Pattern Calculator 'for A-M 
Graphical method useful for original design work on a pair of a-m broadcast antenna 

towers is also particularly applicable if a new pattern or change in frequency is 
necessary. Requires only dividers and transparent overlay 

By GEORGE R. MATHER 
Radio Engineer 

Department of Transport 
Ottawa, Ontario, Canada 

T HE CALCULATION of directional 
,'antenna patterns is often a 

long and tedious job and is usually 
at best a laborious exercise in trig.;. 
onometry. The graphical calculator 
to be described is readily applicable 
to two-tower arrays and once the 
antenna spacing has been estab
lished it is a simple matter to ob
serve the change in pattern shape 
with variations of phasing angle 
and antenna-current' ratios. Al
though this graphical calculator can 
be used in original designs its ob
vious merit is evident when the 
towers are already installed but per
haps a change in operating fre
quency is necessitated. 

100 

The determination of the shape of 
a pattern is accomplished by" the 
addition of the field vectors from 
each of the t0wers in an array. 
Figure lA is a graphical illustration 
of the geometry involved and is used 
to establish the notation used. 

Development 
Tower 1 is used as a reference 

while tower 2 is considered to be 
spaced at S degrees from tower 1 
with a phase angle of P degrees. 
Movable point Q is sufficiently re
mote from the array so that the 
lines from Q to tower 1 and Q to 
tower 2 are considered as being 
parallel. The angle tf) is subtended 
between the line of the towers and a 

line from the movable point Q to 
tower 1. Thus for any position of 
point Q the total phase displacement 
between the field vectors of tower 1 
and tower 2 is T degrees where 
T = P - S cos e. 

The resultant field at some angle 
e is determined by the use of a 
vector diagram as shown in Fig. IB 
where E, and E. are proportional to 
the field of towers 1 and 2 respec
tively. Note that as the angle e is 
varied the phase displacement angle 
T changes and as a result the posi
tion of E. with reference to E, is 
dependent on the angle e. Actually 
the radius vector E. describes the 
arc of a circle. 

April, 1951 - ELECTRONICS 

I 
.I 

, 



." 
:r 
1> 
(f) 

;; 
10 G> 

is: 

17~~;;;;~~~~ __ -o __ ~~~~~;;~~l-~ 2 ,;;; 05i 
COMMON POINT OF 

90 

THE TWO VECTORS ~ 

90 DEGREES 

o 
~. 

+ 

IO~ 
G> 

~ 

~OJro·o 0 0 0 
PHASING MINUS SPACING 

40 

." 
:r 
1> 
(f) 

10 ~ 
is: 

o~ 
(f) 

(f) 

IO~ 
~ 
Z 
G> 

160 DEGR.EES 225 DEGREES 

FIG. 3-Patterns can be computed to slide-rule accuracy using enlargements of these calculators. They are given for antenna 
spacings of 90, 135, 180 and 225 degrees 

In Fig. 2 the following relation
ships become evident. When T = P 
~S cos 8, and when 8 = 0, T = P 
-S, also when 8= 180, T = P + 8. 

Thus the arcsubtended by the 
rotation of the vector E. is (P 4- S) 
- (P -- S) =28 degrees. There
fore if the spacing S remains fixed, 
any such arc whose circum:ference is 
caiibrated in '8 may be used with any 
conibination' of current ratio and 
phasing angle. This calibration of 
the cirCUmference in '8 is also ac
complished by solutibn,'of the' equa
tion T P -":;'Scos 8, where 8 lstlie 
variable. 

. For purpose of illustration, 
graphical calculators have been com-

ELECTRONICS -April, 19$-1 

putedfor spacing angles 90, 135, 
;180 and 225 'degrees. 

Example 
In a determination' of the shape of 

a pattern all that is necessary is a 
pair of dividers' and a transparent 
overlay sheet. Suppose, for example, 
we have the following array: E, = 
1.0, <0; E. =0~5; <+60; S = 90 
degrees. Note that the phasing an
gle minus' the spacing angle is' 
equal to 60 - 90 = -30 degrees. 

First a straight line is drawn on 
the transparency that is then placed 
in register on the pattern calculator 
(90 degrees) so that the line passes 
through' the common'· point· of the 

two vectors and through a phasing 
- spacing angle of -30 degrees. 

From the common point measure 
a distance to the left on the line that 
is proportional to E ,. With the com
mon point as center, draw a circle 
with a radius proportional to E 2• 

The resultant for any -angle frpm 
the tower line is then the sum of the 
vectors El and E 2, it beingrecog
nized that the position of E. at any 
angle is the intersection of the cir,qle 
described by E. with the line repre
se~ting that angle from the tower 
line. . . .. -_ . 

The resultant vectorwiII be in the 
same units as were- used for E, and 
E

g
• . .... 
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LOCATION OF NULLS FOR 
A TWO-ELEMENT ARRAY 

cos (<1>/2 + l(!/2 cos e) = 0 . 

6 '" 0 0 at leading radiator 

Spacing 

40 60 80 

Azirnufuof null (6) 

Location of nulls 

GEORGE C. DAVIS 
,:~. . -r-: 
-:CONSUL""G RADIO ENGINEER ':'4...;:... . . 
'-""~ASHINGTOH ... D. C. 
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BURIEO·RADIAL GROUND SYSTEMS 
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Abstract 

In the US, a:edi\U1l·wave broadce.st n.jl.tl.oM utilize 
gt'ound-mountE;d verticallllonopole .ntel":11as "lith ext/mat"" 
hu~ied-radial ground Mystellls. Over a perl~d of time, 
theBe radials may deteriorate, l~adlng to a decrease in 
the radiated f.!eld strength of the antfl!"lfill. Computer 
modcl1ng studies indicate that, in such a il1ttU<tion, thlt 
addition of four eleva.ted T.lldi.ah can restore 
perf(\~anco to 8 level which i~ eq~l to or better than 
the original inst&llation. SevcL'a! dIfferent 
configurations for the ~levated xadi$ls were 
investigated, including variations in their orientation, 
length, and height above ground. The computet" software 
used for t;his work was the Numeri¢al Elactroll!agnetic8 
Code (NEe) (1). 

Previous computer-modeling exercises have $hown 
that an elevated vertical monopole antennli with fo\),r 
elevated radials can perform &8 well as a conventional 
ground-mounted tower with 120 buried radials [2J. AlBo, 
o~her studies reveal that a ground-mounted tower may be 
used with four e1ev2ted radials (and JUl buried radials) 
to produce radiated field 1ntensities which are 
equivalent to that of a standard buried-rQdial 5y.tam 
[3 J, The integrity of II ground Doreen cOlllposed of 
buried radial wires may be cOlllpromised in A variety ~f 
ways, but the damage will be manlfellted as a decrease in 
the magnitude of the radiated field Itrength and a 
change in the driving-point impedAnce. Th1!l stuliy 
examines the feasibility of adding elevated radials to 
Ii pre-existing conventional AM broadcast anttlnTlB in an 
effort to counteract the 10s& in field intendty caused 
by a deteriorating bu~ied-rad181 ground syotem. 

As in our earlier pS.pere, a clallltc grO\md-mount*d 
series-fed tower with 120 buried r841&1$ WIU' IR(ldeled 
in! tially, to serve as a standard refertlfiCe r 4 J • An 
operating fxequency of 1 MHz was selected, and the rads.! 
of all conductors were set at 3 millillleters. In the NEe 
model, the tower is made of aluainU3 and ru~t8 upon a 
two-meter-Iong buried steel ground r.ld. All radish lirtl 
copper and are buried to a depth of six inches in 
"aver'sge" soil with a conducdvity of 0.004 Siemen5 p&r 

lIIet~r and & dielt\ctrlc COIllJtljli.t of 15. Tlw tower and 
the radiab are An 90· in length, 'IOhi¢ll 1& aqual to 75 
meters at 1 KHz. A du .... ing of this £ntenna is shown in 
Figure 1, which illuet:ntu all of the llIetalllc 
conductors in the sYitem and t.h£ segmentation that waa 
uti11z6d in the eomput~r IDodel. NEe predicts an input 
illlPedanee of 40.52 + j 23.40 OMS for this antenna, with 
a field strength ¢{ 267. Sl millivolts per meter. This 
iii the magnitudo j)f the "thet",· component of the 
r&dt.t~d electric fi~ld intenaity (E,), ~on1tored at a 
dhtancfs of 1 kilometer from the antenna, at a height of 
50 inchu (1.27 llIettrs) abov~ the ground, when the input 
power 1s 1000 watts. 

ftsure 1, . A convent1onal ground-mount~d tow~r with 120 
buried radlala. 

In order to alcertain the glnimum fleld-strength 
va1ue8 which could be. expactbd. a aiGilar antenna with 
only .fI;wt buried TAdiale was abo elUUllined. Thill 
computer.aodeled .nt~nna produced a field intensity of 
225,56 .V/m, which i~ a reduction of almost 15% (about 
1.5 da) froll! the 120·udial reference level. As a 
result, one would ~XPllct that conventional antennas with 
deteriorating ground &y!/tell1s should y1o1d field-strength 
values between 225 and 267 mV/~/kW at 1 km. (A note of 
intereet At tbb point: with ~ It two-meter· long 
ground rod and no ra4ill, 6t all, the predictod field 
f.ntendty it 125.57 fI,'J/fA, whioh if; abl>ut 6.6 d! below 
the reference.) 
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It was decided that a "typical" grQup of 
de toriora-ted radials would appear as depicted in Figl.lre 
2. Here we Ilee a top view of five adj acent rad.l.d •• 1.11 
of which were originally 90· in length. The fint 
r$dial is completely intact and remains bonded to the 
central ground rod at th" tower baae, whieh 1a located 
at tho top of this figure. The second ndla! 18 atill 
cot1nected to the grounding node, but its outer portion 
it< gone. The third (middle) radial 1& m1sdng entirely. 
Neicher the fourth nor fifth radials are joined to the 
ground node, and various portiona of their inner 
sec tlot\5 have disappear~d. 

:iii&Ur8 2. Top view of .. M typical" group of fiva 
"deteriorated" radiala. 

This group of five radials. 441 desc.r1.bed a.bo·,., 
was then rotated 24 times about th~ tower axis (5 X 24 
_ 120) in ordel' to produce the "detel:"iorat.d ground 
ayst~~ model" shown in Figura 3. 

Figure 3. Top view of the -deteriorated around .ystem 
1I0del." 

----~.-----

In addition, 4 ~v.·CY deteriorated ground system 
1II06elK W&I conatructed, and is lllustrated it. Fl&ure 4. 
Here, thl Mtyplcal K flv$·radial group which was .ho~ 
earlier i. spaced evenly at 120-degree intervals around 
the base of the to'll'lir. Thh particular lIode1 could 
represent a worst-case 8¢enarl0. 

t'laura 4. Top view of tha "very detuloratec1 gr(J\l.nd 
ay.tllll !IOdel.· 

After deaigning t-wo separate ~duu.\,ed" buded
radial groun~ tyate~.. tnQ next step w.a to add four 
elevated redla15 to each of thelia pn.existing 
.tructurea and tak. note of the effilc.ta. A large number 
of d!ffartint t.,t configurations for the elevated 
radials W8re lIodeled. In order to minimlze confusion, 
an abbnvlated *ymb..,l ';iA§l ~dopt6d tor each of these 
p.rmMtAtion., v~tch 4r~ explaln"d below: 

455 .. quut$r·w~v. (75 Ill) radblB which slope 
upward fro. the ba8& of the tower at a 45-
doaSrs& !!Insl. W1til reaching a height of 
nv~ meters above ground; the rell4ining 
p~rtion of each radial 12 horizontal 

4551 ~ 1&il1! lUI .. bove, except the radial lengths 
are extended fro~ 7S meter. to 80 m6tere, 
010 that aach radial bas "" totd length of 
.25A plYa itt height above ground 

4!10 ... quarto!lr-wav. (75 .g) r41.dial. whlchslope 
upward from tho baa. of the tower at a 45· 
dogl,'ee ~ng1e untll reaching a height of ten 
DOt~r. above ground: tho rell41ning portion 
of each radhl 18 horbontal: (se6 F1g\1re 
S) 
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Figure S. This is configuration "4510W aa described in 
the text. The 4 elevated rad1ala slope upward from the 
tower base at a 45· angle to A height of 10 met6r8, and 
then ext~nd horizontally outward. They are .upported 
atop lI!et~llic masts set on steel ground rods. All 
buried radials are omitted for clarity. 

4510£ .. same ao above, except th;! radial lengthli 
are extended from 75 Dete~s to 85 =st~re, 
so that each radial has a total len&th of 
.25>. plus 1 ts hoi.ght abova ground 

S5 - quarter-wave (75 III) radiab whi.ch slope 
steeply upward from the b~8B of the tOYer 
until reaching <i! height of five meten 
above ground; at this he!ghe, the radial is 
d!:splaced laterally from the tower. by only 
one -half lIIeter; thE! remaining portiQ-n ef 
eaoh radial 1s horizontal 

SSE - sliIllIe as above, except the radial l"ngths 
are extended from 75 ~st6r$ to 80 meter&, 
sO that each radial has & tot~l l~ngth of 
.25A plus its height above ,round 

taO - quarter-wave (75 %I) ral.!1du which slope 
8te~ply upward from th~ baa~ of the towe~ 
until reaching LI haight or t4l11 motora abov0 
ground; at this h~ight, the radial is 
displaced laterally from tbe tow6r by only 
one-half meterj the relllaining portion of 
each radial 1s horizontal; (e~e Figur$ 6) 

F1gure 6. This is configuration 'SlO~ &II ducrlhed in 
the text. The 4 81ev~ted rad1~lg slope ateeply upw~rd 
from the tower base to a height of 10 met6rs, and then 
extend hori:l:ontally out:>.rard. !hay an liupPGrtlld atop 
metallic masts Bet on steel ground rods, All buried 
radial$ are omitted for clarity. 

SlOK - slillIa as above. axcept the redid 18ngth» 
are extended fro~ 75 meter~ t~ 85 moters, 
so that each radial h3~ H total ler~th of 
. 25A p1ua its height abov$ gro~d 

.... ___ 01 ________ .... __________ •·•·•·•· 
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HS - qWlr.ter,w&ve (75 m) radials which <IiIre 

completely horizontal, the tower 1.1 fed 
IIgainat theae four radla18 at a height of 
fhe laeter» above ground; note that t.h& 
tower ill now being ted abov6 its base; for 
this conflsuutlon, the bas!) of the towoer 
was raiaed ona-half meter above the ground 
to ilolate 1t from the buried radials 

910 - lame _ 461 above, ex.cept the radiah are 
located at a height of ten meters above 
ground Caee Figure 7) 

'lsur~ 7. ThI. is configuration "HIO" as described in 
the teoxt. The 4 elevated radialri exund outward 
hor12ontal1y fro~ the tower at 4 height of 10 meter •• 
'I'h\!ly are lIuppoi'ted atop metall!c masts Bet on steel 
grounCl. 1:f>ds. Th& tower base 11 1/2 lIeter above the 
ground. All bu~ied radial. ar~ ollitted for clarity. 

Itl addition, each of th~ ten configuratio·,1S 11st~d 
Abov. vao: modeled Wling dtlUl1: met.allic: or non-metallic 
ma.t$ to support the elevated radials. Vben lIetallic 
(.t~~l) mazta are used, these rest upon two-m~ter-long 
buried ateel ground rod., and ext~nd to within one-half 
!Deer of the height (Jf the radial. The outer-mollt WUlts 
ere the same height •• the elevated radial., but ar~ 
laterally di~p14cad from them by a ahort distance. In 
every e&se, the elevated radials are positioned at the 
four eat·dinal poinu of the compau, where ~ .. 0', 90', 
180', and 270', 

RUMlt;a 

T.ble ! inclu~. .11 of the differing value. of 
ro.db.ted fbld strel",gth vhlch ua predicted by NEC, when 
various arrangements of elevated radials are added to a 
"deteriorated" buried·ra~ia1 ground system. The firat 
two data entries reveal that, even though 35 to 40 
percent of the burled copper ha, been removed from the 
radial ground .y.t9m, the field intensity drops only by 
about 21, from 26& to 262 mV/m (roughly 0.2 dB)_ 

An eX.uJ1n6tlon of the· remainder of the table 
indicAt.. that aome of the elevated-radial 
configurations .ctually bad to " "crease 1n the 
t.ildhted f18ld intenaity, 80 that "mor& is le .. " 1n 
'th .. e lt1.1tancell. Other configuration. produce valun of 
f1.1d .tren&th wh1ch are vell above the standard 
referonce. and the five beat pai'forQers are numbered in 
tht1r orc:kr of pncelUnce, Notice that all five of 
theae stt'Uct\\re. utllbe xadiah which are elevated to 
M height of ten meters &bove ground. 

If the bur1ed-rtt.dia1 ground sensen 18 "very 
deterlorat.d,D then the .ddition of different 
(\onf1g.:ration. of dav&ted radiala w111 produce the 
re.ulta dbplayed in Table II, Here, NEe indicates that: 
the t'elloval of nes.rly all of the buried radials will 
C~~& the tr~n.~it~ed field atrength to drop almost 141, 
from 268 to 231 mV/m. a lQ •• of about 1.3 dB • 
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A review of the other tats in Table IZ sh\:>wlII ,that, 
as before, 5011.8 olevated-radial structures do 1lI0ra han. 
than good, and thus Bho~ld be avoided. However, &everal 
of the confIgurations allow the antenna 8yst&1I to 
perform "better than new'. and the top five ere again 
indicated nuaerically. 

Comparing the reBult. from ~ table., one can 
Gee that the 4imA five configurations c~e out in the 
• top fiv." in M.th calles. In fact, ·rtUlllb~r on." and 
"number tIIo" wen identical in both instances, whiles the 
next three positions were interchanged among the 
reaalning tr1.o of contenders. 

All of th~ data in both tables indIcates that the 
radiation patterns have excellent circularity in every 
instance, even when 1lI0st of the buried radials hlive been 
removed. 

Th. information contained in Table. I and II i. 
abo pr ... nted pictoddly in Fl&\lre. 8 and 9 
respectively. Tbeae bar charta ,holl very clearly the 
relative field-strength AlIIpUtudea for each of the 
Itl!lvatolld-radial .t:rueture., •• well .a the standard 
reference antenna. The conti. tent fir.t· and second
place fln1aheu both atand out "head-and-ahoul<ler." 
above the crowd. Tho eOlllputer IIOdding indio. tOil that. 
whether metallic or non-aet.ll1e mAct. are used, 
extended radiale which slope .t.eply upward to a height 
of ten meter. abave the ground always provIded the best 
performance. 

Table I. Radiated Fido. 1',ntonlJ:f.ty for a V~rticd Mono~ol(; AntenN. wb.n 
Various Configuration. of 'Elevated Radl£la at. ,.dded to a 
ADeter1oreted" Sur19d-Radlal Ground Syatom (aee Figure '). 

E, (mV/m @ 1 ka fo~ 1 kV) 

Ground Syatell 
"# - 4S' ~ - O· 

Reference StandArd 267.91 267.91 
"Deteriorated-, 262.19 262.19 

.~ •• _n" •• ~.~ ••• ~~.~O" •• ~~~4. ••• _ •• ~ •••• _ •• ~.U~ n.~~D~.~&m_~~G.~ • 

455 (llIet) 254.26 254.15 
(non-mat) 246,86 246.65 

455E (aet) 270.84 270.77 
(non-met) 265.39 265.33 

4510 (llIet) 187,06 186.41 
(non-met) 216.74 216.47 

45l0E (met) 5 279.67 279.65 
(non-met) 267.98 267.98 

SS (met) 203.40 203.26 
(non-Il\et) 215.82 215.69 

SSE (met) 220.46 220.37 
(non-met) 225.32 225.27 

S10 (met) 275.64 275.41 
(non·met) 3 294.25 294.14 

SlOE (lIet) 1 312.24 312.09 
(non-lIet) 2 308.88 308,82 

liS (met) 254.18 254.03 
(non-DIet) 267.82 267.68 

al0 (lIet) 4 293.21 292.96 
(non-met) 269.85 269.68 

; _ o· eorr •• pondM to a point located directly offth~ end of an 
elevated rad!"l, while , - 45" is midway between tvo "bvtlted 
radiale; IDt ~ &etall1e 3ft.t. used to aupport the slevated r.ad1.l., 
and non-met ~ non-metallic .upport malt. 
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T",bh n. RacliatE'd Field Intendtr for .. Vertical Monopole Antenna wen 
Variola Configu.ratloM of Elevatttd Ra<1h.b fli:$ 41ddad to a 
*Very D$terloratad- B~rled·Radlal Ground Sy#t&1R (*8e FiSMre 
4). 

E thata 
(mV/m] 

E, (mV!m @ 1 kill for 1 kW) 

Ground Sy'tem 

Reference Standard 267.91 
·Very DeterloratedR 231.12 

455 (met) 250.42 
(non-Ht) 247.20 

455E (lIet) 
(non-met) 

4510 (met) 
(non-met) 

4S10E (met) 
(non'l1et) 

S5 (uet) 
(non.~et) 

SSE (met) 
(non-met) 

810 (met) 
(non-lI1et) 

SlOE (met) 
(non-met) 

HS (met) 
(non~met) 

Hle· (met) 
(non-lIet) 

4 

5 

1 
2 

3 

264.48 
260.34 

216.26 
226.54 

277 .10 
263.64 

193.26 
196.83 

216.24 
220.78 

269.47 
270.11 

308.42 
304.60 

249.39 
263.07 

289.78 
266.44 

, .. 45" 

267.91 
231.49 

250.60 
247.63 

264.69 
260.66 

215.68 
226.28 

277 .40 
264.00 

193.80 
197.56 

216.44 
221.00 

269.24 
270.42 

308.61 
304.91 

249.55 
263.48 

~89.87 
266.79 

f - 0" correspond5 to a point located directly off the end of an 
elevated rad1&l, while f - 45" h midway betweEoll two clevllt$d 
r&d!als; met - metallic aft.t. uaed to support the elev~t.d radiala, 
and non·met - non·metallic support mast. 

II Non·m.tallk: mu" • Motlilie mUll 

32011 __ 3'0 
300 
290 
280 
270 
260 
250 
240 
230 
220 
210 
200 
190 
1aO 
170 

455 4~SE 4510 .c510E SIS 810 S10E 
ConflSlur,Uon of Ellvated Aadlele 

HS H10 

1I'1p;me 8. lI.adiated dectr1c field inteMity for all el.vated-.r4ldlal 
conflg..1ratio!ll1 whlln 1n.talled above a Rdetorio."ted~ eonventional 
gr{lWld .ystem. In each can, the performance of the refvrence. 
atar.dard burhd·nd1a1 gro\,\t\d .y.telll 11 shewn for compar1ion (267.91 
aV/m at 1 km for 1 kW). 
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E thala 
[mV/mj • R.fir.~c. • Non-mllallic: masts • Matallic maai$ 

310 ... 111 300 

290 
280 
270 

260 

250 
240 

230 

220 

210 

200 

190 

1130 
170 

4SS 45SE 4510 4510E S5 SSE S10 SlOE H5 Hl0 

ConffGurltion of El,vattd Radial. 

PiiU1'QI 9. Radiated electric field intensity f<!X' all elevated-radial 
configurations when inatalled above a ·very dliterioUted
convent1onal ground .ystem. In each c •••• the performance of the 
reference-standard buried-radial ground system 1a shown for 
comparison (267.91 mVjm at 1 km for 1 kW). 

Cstm;lysLolli 

Co~put9r·mod81ing exercises indicate thet it ia 
possible to add a group of four elevated radiale to a 
pr.e·(lxiating convention.l AK·b,oadcllSt vEort;icall.'lonopole 
lIntennl> aystem in order to restor. .. pl)rf.ot'1!iance to 1tll 
original level (or better) in situa.tions whflre tOil 
hur.led-raatal ground system haa he~n dnm&ged. A vide 
varii!ty of different confierurlltiona for the. elevated 
radials have been examined, and clear-cut winners were 
determined. As always, eKt(lnsiv6 outdoor tU!.:lng should 
be performad in ordar to verify these computer 
predictions. 

The choice of whether to replace those radials 
which are ~~4g~d with new buried rad1als, or to add 
~levated radinls, must be made by the station's 
~nagement personnel, and vould depend upon the 
particular circumstances at aach individual 
inetallation. 

The authors would like to axpreu their 
appreciation to Al R<!8n1d,; for providil".g importAnt 
technical information (5), and to Suzanne Vazzano for 
her expert: word proct<uing of thia t·eport. Thank. go 
alao to Richard ?iccard and Karen Hostetler of Ohio 
University's Computing and Technology Services for 
assisting with 8oftwar~ imple~entation. 
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Abstract 

Computer-modeling studies indicate that elevated 
radials may be used in conjunction with a conventional 
grotmd-mounted tower t() produce radiated field strength 
which is equivalent to that E:mitted by a similar monopole 
using 120 buried radials. Several different methods of 
attaching the radials to the tower were investigated, along 
with variations in radial height, radial length, and tower 
height. Limited field testing. performed by William 
Culpepper, appears to confirm the result.s of the computer 
analysis. 

For t.he first case, tbe angle of inclination for the 
sloping part of the radials was set at 45°, as shown in 
Figure 1. In the second permutation, illustrated in Figure 
2, the interior ends of the radials were made to slope ~ 
steeply upward, DO that the final elevation height was 
tea.ched at a point located only 0.5 meters (laterally) from 

The elevated vertical-monopole antenna system 
would be more attractive to potential userS if it were not 
necessary to raise the tower base (and itt; accompanying 
insulator) several meters into the air. With this in mind, a 
number of computer-modeling studies were perfonned t{) 
invest.igat.e the possibility of combining a ground-mounted 
tower with elevated radials. A double-precision version of' 
the method-of-moments code NEC-OS [1) was used as the 
principal research tool. 

A classic [2] grour.d-mounted series-fed tower with 
120 buried radials was modeled initially, t.o serve as a 
standard reference. An operating frequency of 1 MHz was 
selected, and the radii of all conductors was set at 3 
millimeters. The tower is made of aluminum and retJts 
upon a two-meter-Iong buried steel ground rod. All radials 
are copper and are buried to Ii depth of ~ix inches in soil 
with a conductivity of 0.004 Siemens per meter and a 
dielectric constant of 15. The tower and the radials are all 
90e in length, which is aqua.! to 75 meters at 1 MHz. NEC
GS predicts an input impedance of 40.52 + j 23.40 Ohms for 
this antenna, with a field strength of 267.91 millivolts per 
meter rms. This is the magnitude of the vertical component 
of the electric field intensity monitored at a distance of 1 
kilometer away from the monopole at Ii height above 
groWld of 50 inches 0.27 merers), when the input power is 
1000 watts. 

Elevated-Radial ConfiguratioQs 

At first, two separate methode for positioning the 
radials were investigated in detail. In both instances the 
interior ends of the radials were placed near ground level, 
adjacent to the tower base. From that point, the radials 
slope upwards until reaching the desired height above 
ground level, which is either h = 5 or h :; 10 meters. Once 
the target height is reached, the rema.ining portion of each 
radial extends outward horizontally at constant haight. 
The radials are supported at 1o-meter intervals on 
insttlators mounted atop steel mast.s which reet upon two
meter-long buried steel ground rods. 

the tower. . 

Tower_ 
Radio! 

~""" J. V6..~ f;lO!>i)l"'le CIa:M ~ tha 
Int;or w:Ia of the .1_16d rad!ala .lc~ 
\lPnrd. U ~. from the t.o_ b_ 
unlil 1M dMired he1rht Ia rNcl!,od. 

Radial 

- Mast 
I 
h 

I 

FlJlU'O It Vartlct111>C1>Opole UI~ IY~ the 
iIlnoft .w of the .I .. "&iocl radlaJ. .! .... 
....,. tt.Nplr upwt.td freon tht tI7w<or "
until the ~ ~t it ~ 
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ThE! resulting combinations, which were then modeled on 
the computer, are: 

(1) four horizontal radials, 45°.s1ope at the feed-
point, final elevation height = 5 meters . 

(2) four horizontal radials, 45°-s1ope at the feed· 
point, final elevation height = 10 meters 

(3) four horizontal radials, very steep slope at the 
feed-point, final elevation height = 5 meters 

(4) four horizontal radials, very steep slope at the 
feed-point, final elevation height = 10 meters. 

Because the radials are always located ~ the 
ground. it was decided to lengthen the tower height 
incrementally to determine if the lower portion of the 
vertical monopole was being "shielded" by the elevated 
radials. And. along a similar line of rElasoning, the radials 
were also lengthened slightly. As a result, there are 25 
combinations of tower height and radial length for each of 
the antenna configurations which were examined. 

Radials with..4.5°;.SlQpin{:: Ends. at 8 Heiett off! Meters 

Figure 3 shows the computer-predicted values of 
radiated field intensity for the case when radials Vl-ith inner 
ends that have a 450 slope are ins~lled at a height of five 
meters. It can be seen that, for a' specific tower height. 
longer radials always produce larger field strengths. 
although the incremental change is not constant. On the 
other hand, if the length of the radials is held fixed, then 
increasing the height of the tower v.ill yield a small but 
consistent increase in the field. A few of these 
combinations actually generate as much radiated field 
intensity as the standard reference antenna. Table I lists 
the input impedance for each of the antennae studied. No~ 
that the base resistance is generally around 30 to 40 ohms. 
When the metallic masts which support the elevated 
radials are removed (or replaced with non-conductive 
masts), the radiated field strength increases by about 3%. 

Nov :L4,"::.L5 1/:U6 No.009 P.Uy 

256 ____ ~~~~n~====_===-~-= ~ 
2S4- _--

, ,~ 2~2 ' . lSIll.·Rt1f~lg 
7S 75,5 75 i6.5 77 n.s 76 78.5 7g 79,5 80 

PiJlU"O a. Field ~ \'el'IIlt tower hot,ht and 
nWiallenrth, • elevated ni/jala (45' slop&) 
.th·5m~ 

Rsdja1~ with i5°·Sloping Ends. at a Heiuhi pf lQ.Meters 

Figure" is a similar graph which displays the results 
for the same ant.enl'lB., only now the radials are installed 10 
metal'S above ground. As before, an increase in the height 
of the tower always leads to a slightly higher field intensity, 
for a given radial length. However, when the tower height 
is fixed, longer radials ~ necessarily produce increases 
in the strength of the fields. As the length of the radials is 
increased beyond 0.251.. (75 meters). the field intensity 
initially builds. but then falls off, only to increase once more 
as the radials are lengthened still further. In this case, 
then, longer radials are nm. always better! With the radiels 
now elevated twice as far above the earth, many of the 
listed radial-!engthltower.height combinations provide 
performance which is superior to the standard reference 
antenna. The in.put impedance values are given in Table II, 
which indicates that the feed-point resistances now span 
the range between 22 and 40 ohms. Removing the 
conductive radial-support masts laads to a decrease in field 
strength of one to two percent. 

Table I. lnpu!; lmpld..a.n«l ttl II furu;ti(Jll (If tower height and &"edial l~. Th& four Htdialu 
&l.apo upward from the tower bB.s<) at an Mila or 45" • to an elevation of [} meters. 

75 111. 
radials 

76.25 1iI. 
radials 

77,5 In. 
radials 

78.75 111 
radials 

80 m. 
radhls 

'!be entirt.! remeining portJ.o,n of the radial fa horizontal (t. 1 MIh. " '"' 300 met4r8. 
cr .. O.()04 Mn. 4r " 15). 

-
Input Impedance (Ohms) 

--,--

75 m. to ... er 76.25 m. tower 77.5 1tI. tower 78.75 m. tower 80 
---~. 

lS.12 - j 1. 63 36.82 ~. j 13.65 38,59 + j 28.92 40.43 + j 44.16 42.3 
~ 

S + j 59.46 

. 
34.79 + j 2.73 36.47 + j 18.0J. 38.22 + j 33.27 40.04 + j 48.54 41.9 

- . 
32.17 - j 9.40 33.76 + j 5,75 35.46 + j 20.86 :17.21 + j 36.01 39.0 3 + j 51.15 

--- f--
30.86 - j 8.33 32.43 + j (',77 34.06 + j 21.S6 l5.77 + :l 36.95 37.S t> + j 52.05 

30.73 - j 1.2\~2.i!8 : j 13.92 33.90 ... j 29.04 35.59 + j 44.15 37.3 

--

.. 
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Table n. Input UnpOOan¢l) fill a fl.UlCti'~ll of tovm.r hGlght aM rlUiW 12t'.tU.. Th~ four. Iildi!llc 

lil~ upwfU'd !oom. tho ~ bM& at ~ ~ o.t' 45", to &:!I. ~ cll0 ~'$" 
The Oll.tiN :rcmrollitls p;rtt!vn of th6 radlalll horl£Ollt& (! .. 1l&1z, ). .. 000 m~, 
o iii 0.004 Wm.. cr. 15). 

- _ .. - ....,..-
Input Impedance (Ohlll(!) 

75 l!l. tower 80 m. tower 82.5 ~. tQwar S5 m. tower .-
75 11\. 24.65 - j 32.90 

'1'" ::-:~ ... , r-'---;k 
2.7.47 - j 3.50 30.55 + j 25.87 33.94 + j 55.34 37.65 + j 85.00 

~37 + j 8.28 

radials 

77.5 In. 23.58 - :) n.34 29.42 t j n.87 32.77 + j 67.55 36.46 '" j 97.43 
radials ------ --

80 m. 24.26 " j a.S2 
rAdials 

-
62.5 In. 27.06 ;. j 4.54 
radials 

85 ID. 22.02 + j 0.07 

27.06 .. j 21.03 ".13 + j 50,'':!'' ... + j eo." "." + j 
llO.92 

.-~- --~ 

29.91 ;. j 34.64 33.03 .. j 64.71 36.4S + j 94,89 40.20 + j 125.27 

p~~j. ":"E' + j-;-'~''',''~,j "3'~'" + j 
120.10 

rAdialll 
r __ ........ 

2e5r---r--~-r-, S5Dt:~~-==~~ 

. ::L_----.;;17h~f!!.~---_==J & 270 ---J 
~ Ref.~.9} aJrn.---=----=--====J 
~ 26S

r 
: =====~ J 

260 1 
j 

250 .-'-' ---"--.~-'--. ,----'---~ 
75 7~ 77 78 7~ eo e 1 81 8) 84 a~ 

Fi~ ,. Fi&lc!. ~ ~""';11 tov,$~ hellht Il!ld 
ro.dltJ. length, .. @14lvt.t.ed I'~ (4S· ul~) 
at h • 10 metml 

~with St&aWY.:R.liming Ends. at 1! fu..iLdlt.Q!5 Meters 

Figure 5 shows the results of the field'stl'angth 
analysis for antennas with sY3eplY-Blcping radialrs, whose 
horizontal portion is 5 meters off the ground. !f the length 
oftha radials is fixed, increasing the tower height produces 
a higher value of fi.eld intensity, and this result also holds 
true when the tower height is held constant while the 
radials are made longer. Notice that the field strength here 
is alwa.ys inferior to that of the reference antenna, so this 
particular configuration is not desirable. The oorres
ponding values for input inlpedanl".e are displayed in Table 
m. If the metal masts which hold up the radials are 
omitted, the field strength values improve by fIl'Ound 13%, 
but this is still well below tile standard reference. 

~ I). Fi&ld ttre\lflh wrtu" tower h.eltht and 
ntdlal !qt.h, 4 eltIVa~ radI~ (r..eeply 
51aplnr) at h • 1\ motert 

~ly.slQ~ing Endl? at a Heililit arlO M~ 

Lifting the elevated radials further, to a height of 10 
meters above g'tound, produces a. dramatic improvement in 
performa.nce. Figure 6 shows the results, and indk.atce 
other ehangee in the behavior of the antenna system as 
well. Noti¢e that continually making the tower taller no 
IOllger gual'ant-El&s E1 oorrespondingly higher field-strength 
reading. Similarly, increasing the length ofilie radials can 
often redure the radia.ted field intensity. On the positive 
side, though, every one of the combinaticns which were 
inv8atigate-d here proved to be fa.r superior to the standard 
reference antennal Table IV lists the feed·point 
impedances, whose real parts apan the interval between 14 
and 26 ohms. The use of non-conductive masts in this 
situation leads to a reduction. in radiated field strength of 
about 11%, which is significant.. but not sufficient to bring 
the performance dow. to the level of the refer6nce antenna. 
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Tabl& m. mput imp.xl!Ulce M a function. oi i;¢WOf heighC and l."adW 16Uf'.h, Tao!tIUl' radial.\! 
dOJ>ll vm:r btoeply uptflU'd from the tower bllM to an elO'ntion of 5 ~ • 

I 

The entire :remainl.l)., p.orti.otl o111i~ radiai it horlu1ntal (t • 1 MHa\, A • goo meWa, 
a .. 0.004 &'tn. 111'· 16). 

Input IlllpedanclI (Ohms) 

f'j[l • UU'::J 

'75 III. tower 76.25 m. tower 77.5 Ill. towElr 7S.75 Ill. tower 80 III. tower 

15 III. 57.02. - :l 64.73 58.34 - j 40.60 S9.63 - j 16.76 60.95 + j 5.45 62.35 + j 
radials 

76.25 Ill. 
radials 

56.40 - j 51.23 57.74 - j 27.31 59.03 - j 3.87 60.34 + j 18.85 61.74 

7?5 m. 50.17 - j 73.43 51. 39 - oj 49.50 
radials 

52.6'7 - j 25.73 54.04 - :! 2.50 55.53 

78.75 m. 45.23 - j 93.1'1 46.35 - j 5~1. 31 47.62 - j 35.50 49.0l - :l 12.16 50.58 
radials 

BO 111. 44.31 - j .65.99 45.44 - j 42.40 
radials 

46.71 - j 19.08 ~S.12 + ; 3.66 49.66 

Table IV. Input bnpadanca as " Cunt-'tian of tilW6t' height and radiallongth. T-..e fOU1' ~ 

1I1oP<' ve-.ry ~p1y I.lpwitrd from thll tower ba.M U. Ill1 elevatiOD. of 10 met.erl. '!he 

6ntire remAiv.b.l.i portion <rt the. rQ/Ual !a hOrU:ontal (J .. 1 MlU, ;. II 800 meWi. 

D .. 0.004. fVm, er - 16). 

Input Impedanoe (Ohms) 

+ j 

+ j 

+ j 

+ j 

211.90 

40.79 

20.01 

10.52 

25.70 

75 1lI. tower 77.5 II. tower 80 Ii. towEl:\.' 82.5 'IIi, t.ower 65 III. tower 
~ 

75 m. 15.39 - j 42.52 17.10 ~ :I 20.43 19.12 + j 1.53 21. '9 + j 23.64 24.26 + j 46.13 
racHals 

-
77.5 m. 15.54 - j 13.73 17.25 - :l 11.65 151.27 + j 10.2.9 n.64 + j 32.36 24.40 + j 54.78 
radials 

80 m. 16.06 - j 26.42 17.78 - j 4.l3 19.81 
radials 

+ j 17.60 22.18 + j 39.64 24.93 + j 62.02 

82.5 In. 17.56 - :l 16.99 19.31 ~. j 5.09 21.35 + j 27.01 23.13 + j 4)).01 26.4$ + j 71.33 
radials 

85 11l. 14.41 - j 19.24 16.01 + j 2.72 11.91 + j 24.51 20.15 + j 46.41 22.78 + j 6e.52 
radials 

r' . 11 
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INTRODUCTION 

Computer modeling studies indicate that an elevated vertical mono-

pole antenna with four elevated horizontal radials provides more power 

gain at low elevation angles than does a conventional ground-mounted 

monopole with 120 buried radials. For this analysis, the frequency of op-

eration was fixed at 3.S MHz in the SO-meter band, and ground constants 

G" (conductivity) and tr (relative permittivity) were used which simu-

lated "average" soil electrical parameters. The computer program used 

for this work was NEC-GSD, a "Method of Moments" code deyeloped by 

engineers at the Lawrence Livermore National Laboratory. 

BACKGROUND 

For many years, radio stations in the US standard broadcast band 

have utilized vertical monopoles (towers) as transmit ant.ennas. These 

monopoles are required by the FCC to have extensive grollnd systems, 

usually consisting of 120 or more buried radial wires which are used 

to simulate a perfectly-conducting image plane beneath t.ltt' monopole. 



.' " 

The length of the radials is usually 0.25 >., although taller towers often 

have longer radials. Electromagnetic energy leaving the radiator travels 

through space until reaching the earth's surface, where it flows through 

the soil to the radials and then back to the antenna feed-point.. 

The FCC mandate requiring the use of many buried radials is ap

parently based upon the findings of three RCA engineers-Brown, Lewis, 

and Epstein. These men carried out extensive tests on buried-wire radial 

ground syst.ems in the mid-1930's and published their results in a now

classic paper in the Proceedings of the Institute of Radio Engineers. (1] In 

this 1937 paper, a single test was performed where the radials were laid 

upon the surface of the earth rather than buried in the soil. The conclu

sion was that "this ground system is about as good as an equal number 

of buried wires".(2] Their normal procedure was to bury the wires to a 

depth of about six inches.(3] Although this work was done at a frequency 

of 3 MHz, the results were quickly applied by AM broadcasters to their 

own part of the spectrum (540-1600 kHz), and buried radials have been 

used ever since. 

It is the author's belief that the use of elevated, rather than buried, 

radials would provide superior performance, allowing the collection of 

electromagnet.ic energy in t.he form of displacement current.s rather t.han 

forcing it to flow through lossy earth in the form of conduction currents. 

COMPUTER ANALYSIS 

The first step was to det.ermine what effects, if any, would be caused 



by changing the depth at which the ground radials were buried. The 

computer code NEC-GSD was used to model a 0.2.5 A vertical monopole 

with 120 buried 0.25 A radials. The operating frequency was 3.8 MHz, 

and "average ground" (0- = 0.003 S/m and €r = 13) was used.[4] For 

the NEC model, the antenna was constructed of number 12 AWG wire 

(radius = 1 mm) and metal conductivities were adjusted to simulate an 

aluminum monopole with copper radials on a 2-foot steel ground stake. 

As the burial depth of the radials was increased from 2 inches to 6 inches, 

the power gain of the antenna decreased only slightly (see Table I), as did 

the ground-wave field strength. (Note that the input reactance may be 

altered by adjusting the length of the monopole or by making it thicker 

in relation to the radials.) Throughout the remainder of this paper, the 

vertical monopole antenna system with 120 radials buried 2 inches deep 

will be used as a "standard reference" with which all other antennas will 

be compared. 

The procedure described above was repeated using 4 buried radials 

rather than 120, with the results given in Table II. As before, slightly 

lower power gains and field strengths are measured as the radials are 

moved downward away from the surface of the earth. Compared to the 

120-radial cases, monopoles wit.h only 4 buried radials have much higher 

ground losses, as evidenced by the reductions in gain and field st.rength, 

and by the increase in the input resistance values. Much of the power 

which was radiated by t.he 120-radial ant.ennas is now wast.ed heat.ing t.he 

soil in the 4-radial systems. Azimuthal variations in gain were negligible, 



TABLE I. POWER GAIN AND ELECTRIC FIELD STRENGTH FOR VERTICAL MONOPOLE ANTENNAS WITH BURIED RADIALS. 

ELEVATION 
ANGLE 

(degrees) 

o 
5 

10 
15 
20 
25 
30 
40 
50 
60 
70 
80 
90 

VERTICAL 
ELECTRIC 

FIELD 
STRENGTH 

(mV/m) 

INPUT 
I t.lPEDANCE 
(ohms) 

R 
X 

Each system has 120 radials, with the burial depth being varied between 2 and 6 inches. 
Electric field strength values are given for a power input of 1 kW to the antenna, 

and are measured at a height of 5 feet above the ground at a distance of 1 mi Ie. 
Input Impedances are given for 112 AWG conductors: 

aluminum monopole, steel ground stake, and copper radials. 

----------- POWER GAIN (dB I) 

120 RADIALS 
BURIED 2 " 

-Cf) 

-6.14 
-2.40 
-0.86 
-0.17 
+0.06 
-0.02 
-0.83 
-2.37 
-4.68 
-8.13 

-14.13 
-158.38 

33.16 

39.87 
22.00 

120 RADIALS 
BURIED 4 " 

-co 
-6.15 
-2.41 
-0.87 
-0.18 
+0.04 
-0.03 
-0.84 
-2.37 
-4.69 
-8.14 

-14.14 
-158.45 

33.10 

40.18 
22.49 

120 RADIALS 
BURIED 6 " 

-co 
-6.16 
-2.42 
-0.88 
-0.19 
+0.03 
-0.04 
-0.85 
-2.37 
-4.69 
-8.14 

-14.14 
-158.51 

33.06 

40.44 
23.02 
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TABLE I I . POWER GAIN AND ELECTRIC fIELD STRENGTH FOR VERTICAL MONOPOLE ANTENNAS WITH 4 BURIED RADIALS. 

ELEVATION 
ANGLE 

(degrees) 

o 
5 

10 
15 
20 
25 
30 
40 
50 
60 
70 
80 
90 

VERTICAL 
ELECTRIC 

FIELD 
STRENGTH 

(mV/m) 

INPUT 
I t.4P EDANC E 

(ohms) 

R 
X 

Each system has 4 radials, with the burial depth being varied belween 2 and 6 Inches. 
Radials are located at phi - 0, 90. 180, and 270 degrees. 

AI I gain and electric field values are given at phi - 0 degrees. 
Concerning azimuthal variations. gain differences at phi a 45 degrees are 0.01 dB or less. 

and electric field differences at phi = 45 degrees are 0.03 mV/m or less. 
Electric field strength values are given for a power Input of 1 kW to the antenna. 

and are measured at a height of 5 feet above the ground at a distance of 1 mi Ie. 
Input Impedances are given for 112 AWG conductors: 

aluminum monop61e, steel ground stoke, and copper radials. 

4 RADIALS 
BURIED 2 .. 

-co 
-8.82 
-5.08 
-3.54 
-2.85 
-2.62 
-2.70 
-3.52 
-5.06 
-7.37 

-10.83 
-16.84 

-169.74 

24.37 

74.46 
33.69 

POWER GAIN (dBI) 

4 RADIALS 
BURIED 4 .. 

- CC> 

-8.84 
-5.10 
-3.56 
-2.87 
-2.65 
-2.72 
-3.54 
-5.08 
-7.40 

-10.86 
-16.66 

-169.99 

24.31 

74.73 
34.04 

4 RADIALS 
BURIED 6 .. 

-co 
-8.85 
-5.11 
-3.58 
-2.89 
-2.66 
-2.74 
-3.55 
-5.10 
-7.42 

-10.87 
-16.68 

-170.17 

24.27 

74.93 
34.39 



amounting to 0.01 dB or less. Figure 1 shows the elevation-plane power 

patterns for vertical monopole antennas with 120 radials, 4 radials, and 

no radials (ground stake only). The pattern shape remains essentially 

constant, but the pattern size (gain) depends upon the quality of the 

ground system. All of the vertical electric field strengths in the Tables 

were normalized for a power input of 1000 'Watts to the antenna, and 

were measured at a distance of 1 mile and a height of .5 feet. At this 

height, the electric field is almost entirely surface wave ("ground wave") 

rather than sky wave. The conclusion drawn from this section is that if 

radials must be buried, it is better to use a lot of them rather than just 

a few, in order to minimize losses, and it is helpful to keep them close to 

the surface. 

Next, vertical monopole antenna systems were modeled in which 

the radiator and four horizontal radials were raised above the earth's 

surface. As the height of the antenna system was increased, its low-angle 

power gain and field strength also increased steadily, although the gain 

at somewhat higher angles was attenuated more and more as the antenna 

was raised further (see Table III). Notice that the power gain at take-off 

angles of 15° (or less) increases continually as the antenna height is raised 

from .5 feet t.o 30 feet, but the gain at a t.ake-off angle of 20° reaches a 

maximum value at a height of around 10 feet, and then t.apers off as the 

antenna is moved still higher. Compared with t.he "reference standarcl" 

120-buried-radial system, the 4-radial elevated antenna reaches "parity", 

or equivalent low-angle performance, at a height. of about. 15 feet above 
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TABLE III. POWER GAIN AND ELECTRIC FIELD STRENGTH FOR ELEVATED VERTICAL MONOPOLE ANTENNA SYSTEMS. 

ELEVATION 
ANGLE 

(degrees) 

o 
5 

10 
15 
20 
25 
30 
40 
50 
60 
70 
80 
90 

VERTICAL 
ELECTRIC 

FIELD 
STRENGTH 

(mV/m) 

INPUT 
IMPEDANCE 

(ohms) 

R 
X 

AI I systems have 4 radials, with the base height being varied between 5 and 30 feet. 
Radials are located at phi - 0, 90, 180, and 270 degrees. 

The gain and electric field values are given at phi = 0 degrees. 
Concerning azimuthal variations, gain differences at phi = 45 degrees are 0.06 dB or less, 

and electric field differences at phi = 45 degrees are 0.05 mV/m or less. 
Electric field strength values are giveno-fOr-opower input of 1 kW to the antenna, 

and are measured at a height of 5 feet above the ground at a distance of 1 mi Ie. 

4 RADIALS 
HEIGHT - 5 

-..::0 

-6.40 
-2.69 
-1.19 
-0.56 
-0.41 
-0.57 
-1.59 
-3.38 
-5.94 
-9.61 

-15.77 
-157.37 

32.19 

38.64 
8.60 

Input impedances are given for 112 AWG conductors: ' 
aluminum monopole, steel masts and ground stokes, and copper radials. 

FT 
4 RADIALS 

HEIGHT '" 

-'0 

-6.22 
-2.53 
-1.08 
-0.50 
-0.43 
-0.66 
-1.93 
-3.99 
-6.85 

-10.80 
-17.15 

-154.72 

32.94 

36.06 
3.37 

10 FT 

POWER GAIN 

4 RADIALS 
HEIGHT -

-0::> 

-6.09 
-2.43 
-1.03 
-0.53 
-0.54 
-0.91 
-2.45 
-4.88 
-8.15 

-12.50 
-19.16 

-152.32 

33.49 

33.77 
0.59 

15 FT 

(dBI) 

4 RADIALS 
HEIGHT - 20 

- 00 

-5.97 
-2.34 
-1.00 
-0.59 
-0.71 
-1.22 
-3.13 
-6.05 
-9.92 

-14.87 
-21.97 

-150.20 

34.00 

31.35 
-1.17 

FT 
4 RADIALS 

HEIGHT - 25 

-cP 
-5.82 
-2.23 
-0.96 
-0.64 
-0.89 
-1.56 
-3.92 
-7.46 

-12.06 
-17.55 
-24.67 

-148.37 

34.66 

28.82 
-2.05 

FT 
4 RADIALS 

HEIGHT - 30 

- oJ 

-5.60 
-2.06 
-0.85 
-0.64 
-1.02 
-1.87 
-4.71 
-8.87 

-13.72 
-18.05 
-23.45 

-146.88 

35.55 

26.51 
-2.08 

FT 



the surface of the earth. If the antenna is raised further, and its height 

approaches 0.25 A, a secondary high-angle lobe will develop, although 

extreme low-angle gain will continue to build. Azimuthal gain variat.ions 

again are quite small, even though only 4 radials are used. 

GEOMETRY 

The physical layout of a typical elevated-radial antenna system is 

shown in Figure 2. The monopole and the outer ends of the radials are 

supported by conductive masts. The height of the end masts is equal 

to the elevation of the radials above ground, but these masts are sepa

rated laterally from the tips of the radials by 6 inches. The central mast 

supports the monopole, and its height is also equal to the elevation of 

the radials. Each mast is attached to a 2-foot-long ground stake which 

is driven full-length into the earth. The masts and ground stakes are 

made of steel, the radials are copper, and the monopole is constructed 

of aluminum, as before, and all conductors are number 12 AWG. The 

four radials are bonded directly to the top of the central mast, but are 

insulated from all other support structures. The outer conductor of the 

coax is also bonded to the four radials at the top of the center mast. 

The arrangement described above allows significant current to flow 

on the central mast, so an alternat.e feed-point. design was modeled. In t.he 

second technique, the cent.ral mast was isolated from the radials in order 

to reduce current flow on its vert.ically-orient.ed st.ructure. As shown in 

Table IV, these "isolated" antenna syst.ems yielded a small improvement 
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TABLE IV. POWER GAIN AND ELECTRIC FIELD STRENGTH FOR "ISOLATED" ELEVATED VERTICAL I.4ONOPOLE ANTENNA SYSTEMS. 

ELEVATION 
ANGLE 

(degrees) 

o 
5 

10 
15 
20 
25 
30 
40 
50 
60 
70 
80 
90 

VERTICAL 
ELECTRIC 

FIELD 
STRENGTH 

(mV/m) 

INPUT 
IMPEDANCE 
(ohms) 

R 
X 

AI I systems have 4 radials, with the base height being varied from 5 to 30 feet. 
Radials are located at phi - 0, 90, 180, and 270 degrees. 

The gain and electric field values are given at phi - 0 degrees. 
Concerning azimuthal variations, gain differences at phi - 45 degrees are 0.04 dB or less, 

and electric field differences at phi - 45 degrees are 0.04 mV/m or less. 
Electric field strength values are given for a power input of 1 kW to the antenna, 

and are measured at a height of 5 feet above the ground at a distance of 1 mi Ie. 
Input impedances are given for 112 AWG conductors: 

aluminum monopole, 'steel masts and ground stakes, and copper radials. 

------------- POWER GAIN (dBi) 

4 RADIALS 
HEIGHT .. 5 FT 

-co 
-6.33 
-2.62 
-1.12 
-0.49 
-0.33 
-0.49 
-1.51 
-3.29 
-5.85 
-9.52 

-15.67 
-157.35 

32.47 

38.19 
8.46 

4 RADIALS 
HEIGHT - 10 FT 

-co 
-6.01 
-2.32 
-0.87 
-0.30 
-0.21 
-0.46 
-1. 70 
-3.14 
-6.58 

-10.50 
-16.84 

-154.72 

33.71 

35.06 
3.52 

4 RADIALS 
HEIGHT - 15 FT 

- co 
-5.74 
-2.08 
-0.67 
-0.16 
-0.16 
-0.52 
-2.01 
-4.37 
-7.57 

-11.83 
-18.41 

-152.47 

34.82 

32.59 
1.38 

4 RADIALS 
HEIGHT - 20 FT 

-co 
-5.50 
-1.87 
-0.51 
-0.07 
-0.17 
-0.64 
-2.44 
-5.20 
-8.85 

-13.55 
-20.44 

-150.61 

35.86 

30.54 
0.26 

4 RADIALS 
HEIGHT .. 25 FT 

-00 
-5.27 
-1.67 
-0.37 
-0.02 
-0.22 
-0.82 
-2.99 
-6.23 

-10.43 
-15.58 
-22.65 

-149.07 

36.86 

28.74 
-0.35 

4 RADIALS 
HEIGHT .. 30 FT 

- cD 

-5.06 
-1.50 
-0.26 
+0.01 
-0.32 
-1.08 
-3.66 
-7.48 

-12.21 
-17.30 
-23.65 

-147.80 

37.82 

27.15 
-0.64 



in ground-wave field strength values and more power gain at low elevation 

angles, with only slight changes in feed-point impedance. Figure 3 shows 

elevation- and azimuthal-plane power patterns for an "isolated" 4-radial 

antenna system at a height of 15 feet; notice the excellent circularity of 

the radiation pattern. Since the coaxial transmission line feeding power 

to the antenna must also extend vertically along the center mast, some 

means of preventing the flow of antenna current on the outer surface of 

the coax shield must be utilized in order to actually achieve isolation 

of the vertical support structure. This could be accomplished by using 

a transformer at the feed-point, or by placing suitable ferrite material 

around the outside of the transmission line (a "choke" balun) to eliminate 

the flow of undesired currents on the outer surface of the coax. 

MODIFICATIONS TO THE BASIC ELEVATED-RADIAL SYSTEM 

As has been demonstrated, the full-size "isolated" elevated antenna 

system, consisting of a 0.25 A monopole and four 0.25 A radials at a height 

of 15 feet, is competitive with a conventional 120-buried-radial ground

mounted antenna. This section describes the results of experiments which 

were conducted with various combinations of shortened monopoles and/or 

radials. Table V shows what can be achieved with a mixture of 0.25 A and 

0.125 A element.s. Surprisingly perhaps. t.he hest. performer of the gl'onp is 

a 0.25 A monopole with four 0.12.5 A radials, which provides more signal 

strength than the other permutations and has a more favorable input 

impedance as well. 
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TABLE V. POWER GAIN AND ELECTRIC FIELD STRENGTH fOR "ISOLATED" VERTICAL ANTENNA SYSTEMS WITH 
SHORTENED RADIALS AND/OR SHORTENED MONOPOLES. 

ELEVATION 
ANGLE 

(degrees) 

o 
5 

10 
15 
20 
25 
30 
40 
50 
60 
70 
80 
90 

VERTICAL 
ELECTRIC 

rlELD 
STRENGTH 

(mV/m) 

INPUT 
IUPEDANCE 

(ohms) 

R 
X 

Each system has 4 radials, and Is elevated to a bose height of 15 feet above ground. 
Radials are located at phi - 0, 90, 180, and 270 degrees. 

AI I gain and electric field values are given at phi a 0 degrees. 
Concerning azimuthal variations, gain differences at phi a 45 degrees are 0.05 dB or less, 

and electric field differences at phi - 45 degrees are 0.05 mV/m or less. 
Electric field strength values are given for a power Input of 1 kW to the antenna, 

and are measured at a height of 5 feet above the ground at a distance of 1 mile. 
Input impedances are given for ,'2 AWG conductors: 

aluminum monopole, steel masts and ground stokes, and copper radials. 

0. 125-,\ monopo Ie 
0.125-,\ radials 

_ ....0 

-6.88 
-3.15 
-1.62 
-0.95 
-0.74 
-0.84 
-1.71 
-3.32 
-5.72 
-9.25 

-15.31 
-154.24 

30.44 

8.25 
-653.45 

POWER GAIN (dBI) 

0.125->- monopo I e 
0.25-,\ rod I a I s 

-w 
-6.44 
-2.74 
-1.27 
-0.67 
-0.55 
-0.77 
-1.94 
-3.93 
-6.75 

-10.66 
-17.01 

-146.52 

32.05 

7.00 
-541.76 

0.25- A monopo I e 
0.125-;'" radials 

- (0 

-6.20 
-2.53 
-1.09 
-0.54 
-0.49 
-0.77 
-2.09 
-4.22 
-7.14 

-11.13 
-17.51 

-160.29 

33.02 

36.32 
-136.61 



In a.n effort to reduce a voluminous three-dimensional structure to 

two dimensions, elevated-radial systems were next modeled in which only 

t\\"o radials were used. The outcome is listed in Tables VI and VII. The 

O. '25 ,\ monopole with two 0.2.5 A radials appears to be the best of the 

pack, and is actually superior to the best of the 4-radial "half- pints" 

which were detailed in the previous paragraph. The patterns for this 

a.ntenna are given in Figure 4. 

Jack Belrose, VE2CV, suggested that I model some "Field- Day Spe

cial" antennas using an elevated monopole with just a single radial; the 

results are presented in Tables VIII and IX. These hybrids put out a 

mix of vertical and horizontal polarization; they produce both low- and 

high-angle radiation, and exhibit maximum "front-t.o-back" ratios of 12 

to 1.5 dB at certain take-off angles. The full-size version (0.25 A elements) 

appears to work the best, and its feed-point impedance is much easier to 

live with than the rest of the bunch. Figure 5 illustrates the patterns 

generated by this antenna. 

ARRAYS 

Many hams use phased vertical arrays for SO-meter DX-ing, and the 

elevated-radial antenna system lends itself nicely to such applications. 

Table X lists the power gain and field st.rength values for both t.he 2-

element end-fire (cardioid) array and the very popular 4-square array, 

when constructed from individual 4-elevated-radial "building blocks". 

Line drawings appear in Figures 6 and 7. while t.he patterns are shown 



TABLE VI. POWER GAIN AND ELECTRIC fIELD STRENGTH FOR "ISOLATED" VERTICAL ANTENNA SYSTEMS WITH 
A HALF-SIZED MONOPOLE AND RADIALS OF VARIOUS LENGTHS 

Each system has 2 radials, and is elevated to 0 bose height of 15 feet above ground. 

ELEVATION 
ANGLE 

(degrees) 

o 
5 

10 
15 
20 
25 
313 
413 
50 
60 
70 
80 
90 

VERTICAL 
ELECTRIC 

FIELD 
STRENGTH 

(mV/m) 

INPUT 
IMPEDANCE 
(ohms) 

R 
X 

Radials are located at phi a 0 and 180 degrees. 
Electric field strength values are given for a power Input of 1 kW to the antenna, 

and are measured at a height of 5 feet above the ground at a distance of 1 ml Ie. 
Input Impedances are given for 112 AWG conductors: 

aluminum monopole, steel masts and ground stokes, and copper radials. 

phi -0 

_ U) 

-7.13 
-3.41 
-1.89 
-1.24 
-1.05 
-1.18 
-2.13 
-3.83 
-6.32 
-9.93 

-16.05 
-151.54 

29.61 

0.125-A monopole 
0.125-A radials 

phi -45 

_00 

-7.05 
-3.31 
-1.78 
-1.11 
-0.90 
-13.99 
-1.86 
-3.46 
-5.85 
-9.37 

-15.42 
-151.54 

29.87 

8.63 
-780.88 

POWER GAIN (dB i) 

phi -90 phi -
-co -(1) 

-6.96 -7.75 
-3.22 -4.09 
-1.67 -2.68 
-0.98 -2.17 
-0.74 -2.18 
-13.81 -2.54 
-1.60 -4.09 
-3.13 -6.52 
-5.43 -9.75 
-8.88 -13.96 

-14.88 -20.41 
-151.54 -144.30 

30.16 27.59 

0.125-A monopole 
0.25-).. 

0 

radials 

phi -
-ct) 

-7.59 
-3.87 
-2.37 
-1.74 
-1.59 
-1.77 
-2.83 
-4.66 
-7.26 

-10.95 
-17.11 

-144.30 

27.96 

9.20 
-544.24 

45 phi -
- co 
-7.32 
-3.58 
-2.04 
-1.35 
-1.11 
-1.18 
-1.98 
-3.51 
-5.83 
-9.28 

-15.29 
-144.30 

28.88 

90 



TABLE VII. POWER GAIN AND ELECTRIC FIELD STRENGTH FOR "ISOLATED" VERTICAL ANTENNA SYSTEMS WITH 
A fULL-SIZED MONOPOLE AND RADIALS Of VARIOUS LENGTHS 

ELEVATION 
ANGLE 

(degrees) 

o 
5 

10 
15 
20 
25 
30 
40 
50 
60 
70 
80 
90 

VERTICAL 
ELECTRIC 

FIELD 
STRENGTH 

(mV/m) 

INPUT 
HAP EDANC E 

(ohms) 

R 
X 

Each system has 2 radials, and is elevated to a base height of 15 feet above ground. 
Radials are located at phI - 0 and 180 degrees. 

Electric field strength values are given for a power Input of 1 kW to the antenna, 
and are measured at a height of 5 feet above the ground at a distance of 1 mile. 

Input Impedances are given for 112 AWG conductors: 
aluminum monopole, steel masts and ground stakes, and copper radials. 

0.25-'\ monopo I e 
0. 125- A rod i 0 Is 

POWER GAIN (dBI) 

phi - 0 phi - 45 phi - 90 

- w 
-6.29 
-2.61 
-1.18 
-0.64 
-0.60 
-0.90 
-2.26 
-4.43 
-7.41 

-11.45 
-17.87 

-157.65 

32.72 

-co 
-6.25 
-2.57 
-1.13 
-0.58 
-0.53 
-0.81 
-2.13 
-4.25 
-7.16 

-11. 14 
-17.52 

-157.65 

32.84 

36.81 
-263.26 

-00 
-6.21 
-2.53 
-1.09 
-0.53 
-0.46 
-0.73 
-2.00 
-4.07 
-6.93 

-10.86 
-17.19 

-157.65 

32.97 

0.25->-' monopo Ie 
0.25- A rod I 0 I s 

phi - 0 

-00 
-6.12 
-2.48 
-1.10 
-0.64 
-0.69 
-1.12 
-2.81 
-5.43 
-8.90 

-13.40 
-20.11 

-149.71 

33.35 

phi - 45 

- 00 

-6.03 
-2.36 
-0.95 
-0.43 
-0.42 
-0.77 
-2.22 
-4.53 
-7.63 

-11.78 
-18.26 

-149.71 

33.67 

34.92 
0.83 

phi - 90 

-00 

-5.90 
-2.22 
-0.78 
-0.22 
-0.16 
-0.44 
-1.72 
-3.81 
-6.68 

-10.63 
-16.97 

-149.71 

34.15 

1 
l 
I 



TABLE VII. POWER GAIN AND ELECTRIC fiELD STRENGTH FOR "ISOLATED" VERTICAL ANTENNA SYSTEMS WITH 

ELEVATION 
ANGLE 

(degrees) 

o 
5 

10 
15 
20 
25 
30 
40 
50 
60 
70 
80 
90 

VERTICAL 
ELECTRIC 

FIELD 
STRENGTH 

(mV/m) 

INPUT 
IMPEDANCE 

(ohms) 

R 
X 

A FULL-SIZED MONOPOLE AND RADIALS OF VARIOUS LENGTHS 
Each system has 2 radials, and is elevated to a bose height of 15 feet above ground. 

Rodials are located at phi - 0 and 180 degrees. 
Electric field strength values are given for a power input of 1 kW to the antenna, 

and are measured at a height of 5 feet above the ground at a distance of 1 mile. 
Input impodancesaro given for 112 AWG conductors: 

aluminum monopole, steel masts and ground stakes, and coppor radials. 

0.25-'\ monopo 10 
0.125->" radials 

POWER GAIN (dBi) 

phi - e phi - 45 phi - 90 

- w 
-6.29 
-2.61 
-1.18 
-0.64 
-0.60 
-0.90 
-2.26 
-4.43 
-7.41 

-11.45 
-17.87 

-157.65 

32.72 

- co 
-6.25 
-2.57 
-1.13 
-0.58 
-0.53 
-0.81 
-2.13 
-4.25 
-7.16 

-11.14 
-17.52 

-157.65 

32.84 

36.81 
-263.26 

-00 
-6.21 
-2.53 
-1.09 
-0.53 
-0.46 
-0.73 
-2.00 
-4.07 
-6.93 

-10.86 
-17.19 

-157.65 

32.97 

0.25->-' monopo I 0 

0.25-A radlols 

phi - 0 

-00 
-6.12 
-2.48 
-1.10 
-0.64 
-0.69 
-1.12 
-2.81 
-5.43 
-8.90 

-13.40 
-20.11 

-149.71 

33.35 

phI - 45 

- 00 
-6.03 
-2.36 
-0.95 
-0.43 
-0.42 
-0.77 
-2.22 
-4.53 
-7.63 

-11.78 
-18.26 

-149.71 

33.67 

34.92 
0.83 

phi - 90 

- CD 

-5.90 
-2.22 
-0.78 
-0.22 
-0.16 
-0.44 
-1.72 
-3.81 
-6.68 

-10.63 
-16.97 

-149.71 

34.15 
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TABLE VIII. POWER GAIN AND ELECTRIC FIELD STRENGTH FOR "ISOLATED" VERTICAL ANTENNA SYSTEMS WITH 
A FULL-SIZED MONOPOLE AND A SINGLE RADIAL OF VARIABLE LENGTH 

ELEVATION 
ANGLE 

(degrees) 

o 
5 

10 
15 
20 
25 
30 
40 
50 
60 
70 
80 
90 

VERTICAL 
ELECTRIC 

FIELD 
STRENGTH 

(mV/m) 

INPUT 
IWEDANCE 

(ohms) 

R 
X 

Each system has 1 radial, and Is elevated ta a base height of 15 feet above ground. 
The radial Is located at phi - 0 degrees. 

Electric field strength values are given for a power Input of 1 kW to the antenna. 
and are measured at a height of 5 feet above the ground at a distance of 1 mile. 

Input Impedances are given for 112 AWG conductors: 
aluminum monopole, steel masts and ground stokes, and copper radials. 

----------- POWER GAIN (dB i) 

phi .. 0 

- (0 

-6.07 
-2.36 
-0.87 
-0[23 
-0.05 
-0.14 
-0.76 
-1.55 
-2.19 
-2.64 
-3.12 
-3.92 

33.21 

0.25-~ monopole 
0.25->- radial 

phi'" 45 

-co 
-6.25 
-2.52 
-1. 00 
-0.33 
-0.11 
-0.16 
-0[71 
-1.49 
-2.20 
-2.77 
-3.28 
-3.92 

32.43 

phi .. 90 

49.56 
16.56 

-(;() 

-7.30 
-3.55 
-2.01 
-1.33 
-1.09 
-1.14 
-1.69 
-2.49 
-3.20 
-3.65 
-3.86 
-3.92 

28.69 

phi .. 180 

-00 

-9.52 
-5.96 
-4.75 
-4.54 
-4.97 
-5.92 
-9.36 

-13.82 
-11.80 
-7.82 
-5.35 
-3.92 

22.90 

phi,.. 0 

-co 
-5.91 
-2.21 
-0.74 
-0.14 
-0.01 
-0.19 
-1.17 
-2.70 
-4.54 
-6.55 
-8.69 

-11.12 

33.98 

0.25- >- monopo Ie 
0.125->-. radial 

phi .. 45 

-0:> 

-6.08 
-2.38 
-0.91 
-0.30 
-0.17 
-0.36 
-1.36 
-2.93 
-4.85 
-6.94 
-9.08 

-11.12 

33.35 

40.65 
-485.47 

phi .. 90 

_ en 

-6.60 
-2.90 
-1.44 
-0.86 
-0.76 
-0.99 
-2.12 
-3.89 
-6.07 
-8.37 

-10.31 
-11.12 

31.49 

phi .. 180 

_0:> 

-7.53 
-3.88 
-2.49 
-2.02 
-2.08 
-2.51 
-4.24 
-7.02 

-10.72 
-14.10 
-13.70 
-11 .12 

28.52 



TABLE IX. POWER GAIN AND ELECTRIC FiElD STRENGTH FOR "ISOLATED" VERTICAL ANTENNA SYSTEMS WITH 
A HALF-SIZED MONOPOLE AND A SINGLE RADIAL OF VARIABLE LENGTH 

ELEVATION 
ANGLE 

(degrees) 

o 
5 

10 
15 
20 
25 
30 
40 
50 
60 
70 
80 
90 

VERTICAL 
ElECTRIC 

fiELD 
STRENGTH 

(mV/m) 

INPUT 
IMPEDANCE 
(ohms) 

R 
X 

Each system has 1 radial, and is elevated to a base height of 15 feet above ground. 
The radial Is located at phi - 0 degrees. 

Electric field strength values are given for a power Input of 1 kW to the antenna, 
and are measured at a height of 5 feet above the ground at a distance of 1 mi Ie. 

Input impedances are given for #12 AWG conductors: 
aluminum monopole, steel masts and ground stakes, and copper radials. 

phi = 0 

-0) 

-8.54 
-4.76 
-3.13 
-2.31 
-1.86 
-1.63 
-1.41 
-1.19 
-0.88 
-0.59 
-0.52 
-0.85 

24.75 

POWER GAIN (dBI) 

0.125-), monopo Ie 
0.25-,A rod i a I 

phi ., 45 

- 00 

-8.88 
-5.01 
-3.29 
-2.36 
-1.80 
-1.46 
-1.10 
-0.87 
-0.69 
-0.56 
-0.59 
-0.85 

23.45 

23.49 
-527.41 

phi .. 90 

-co 
-10.84 
-6.79 
-4.88 
-3.75 
-3.00 
-2.48 
-1.62 
-1. 42 
-1.16 
-0.99 
-0.89 
-0.85 

18.09 

phi - 180 

-co 
-17 .05 
-13.72 
-12.93 
-13.42 
-14.95 
-17.44 
-17.11 
-10.19 
-5.93 
-3.32 
-1.72 
-0.85 

9.90 

phi .. 0 

- cO 

-6.96 
-3.19 
-1.61 
-0.85 
-0.52 
-0.46 
-0.83 
-1.58 
-2.52 
-J.56 
-4.68 
-5.97 

29.95 

0. 125- >-. monopo Ie 
0.125-)\ radial 

phi ... 45 

- co 
-7.28 
-3.50 
-1.90 
-1.12 
-0.77 
-0.69 
-1.03 
-1.78 
-2.75 
-J.82 
-4.92 
-5.97 

28.79 

12.22 
-1004.27 

phi .. 90 

_ eX) 

-8.33 
-4.54 
-2.92 
-2.14 
-1.79 
-1.71 
-2.08 
-2.88 
-3.89 
-4.91 
-5.68 
-5.97 

25.48 

phi., 180 
_ co 

-10.58 
-6.90 
-5.47 
-4.93 
-4.90 
-5.21 
-6.55 
-8.36 
-9.51 
-8.99 
-7.49 
-5.97 

20.18 



TABLE X. POWER GAIN AND ELECTRIC FIELD STRENGTH FOR "ISOLATED" PHASED-ARRAY VERTICAL ANTENNA SYSTElAS 

ELEVATION 
ANGLE 

(degrees) 

o 
5 

10 
15 
20 
25 
30 
40 
50 
60 
70 
80 
90 

VERTICAL 
ELECTRIC 

FIELD 
STRENGTH 

(mV/m) 

INPUT 
IMPEDANCE 

(ohms) 

R 
X 

Each monopole has 4 radials. although It may share one or more radials with any 
adjacent monopoles. AI I antennas are elevated to a base height of 15 feet above ground. 

Electric field strength values are given for a power Input of 1 kW to the antenna. 
and are measured at a height of 5 feet above the ground at a distance of 1 ml Ie. 

Input Impedances are given for 112 AWG conductors: 
aluminum monopole. steel masts and ground stokes. and copper radials. 

--------------- POWER GAIN (dBi) 

front 

-<Xl 

-2.45 
+1.23 

2.66 
3.20 
3.23 
2.92 

+1.51 
-0.76 
-3.87 
-8.01 

-14.06 
-25.00 

51.39 

19.61 
7.41 

2-element 
cardioid array 

45 deg side 

- co 
-2.96 
+0.69 

2.07 
2.55 
2.51 
2.10 

+0.47 
-2.06 
-5.40 
-9.69 

-15.65 
-25.00 

48.35 

- cP 

-6.18 
-2.53 
-1.16 
-0.70 
-0.76 
-1.20 
-2.91 
-5.57 
-9.11 

-13.60 
-19.44 
-25.00 

32.99 

51.07 
33.71 

back 

- 00 

-32.85 
-27.61 
-23.74 
-20.42 
-17.68 
-15.51 
-12.70 
-11.57 
-11.93 
-13.99 
-19.06 
-25.00 

1.89 

fronl 

-co 
-0.50 
+3.16 

4.54 
5.03 
5.00 
4.63 
3.17 

+1.08 
-1.29 
-3.61 
-5.65 
-7.53 

64.86 

9.68 
2.78 

4-element 
"4-square" array 

45 deg side 

- 00 

-3.29 
+0.39 

1.82 
2.36 
2.40 
2.11 

+0.85 
-0.94 
-2.89 
-4.66 
-6.17 
-7.53 

46.34 

36.80 
-4.47 

- co 
-13.87 
-9.94 
-8.15 
-7.17 
-6.61 
-6.33 
-6.33 
-6.71 
-7.10 
-7.35 
-7.48 
-7.53 

12.90 

36.80 
-4.47 

back 

- CXJ 

-37.32 
-33.19 
-31.06 
-29.65 
-28.67 
-28.00 
-26.44 
-22.02 
-16.70 
-12.58 
-9.66 
-7.53 

0.81 

66.62 
47.29 
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in Figures 8 and 9. 

OTHER TYPES OF SOIL 

For those amateurs who do not live in a region with "average" ground 

constants, the following guidelines are suggested. As the electrical quality 

of the soil becomes worse, an elevated-radial antenna system must be 

raised progressively higher above the earth in order to reach "parity" 

with a conventional 120-buried-radial vertical monopole; if the soil is very 

conductive, the reverse is true. At AM broadcast frequencies (1 MHz) 

the author has found that a height of 5 meters is adequate for average 

soil, 3 meters for very good soil, and 7 meters for very poor soil. This 

statement reveals another aspect of the elevated-radial technique: as the 

transmitted wavelength gets longer, the "parity height" also increases, if 

the quality of the soil remains constant. In other words, an elevated-radial 

160-meter antenna would have to be higher above the earth than would a 

similar 80-meter antenna, in order to obtain equivalent performance over 

the same ground. 

CONCLUSION 

Studies on vertical monopole antennas usmg the NEC-GSD com

puter code indicate that a radiator elevated 10 to 20 feet above ground 

and having only 4 elevated horizontal radials can out.perform a grouncl

mounted monopole with 120 buried radials. On 80 meters (for average 

soil) an elevation height of about 1·5 feet is adequate, while a lower height. 

would be satisfactory for short.er wavelengths. Higher ele,·at.ion above 



r 
ground is necessary for locations with poorer soil electrical characteris-

tics. Field studies will be carried out to verify the computer predictions, 

although preliminary tests during Field Day showed very promising re-

suIts. If the computer output from NEC is correc.t, then the construction 

cost and complexity of vertical monopole antenna systems can be greatly 

reduced, while installation flexibility and low-angle gain will be increased. 

The elevated-radial technique appears to be equally valid at AM broad-

cast frequencies as well as in the lower part of the HF band, so that 

perhaps the "ground plane" vertical monopole is the "antenna for all 

bands" . 
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The Fields Due to a Small Loaded Loop in Free Space 
Miles E. G. Upton, Member, IEEE, and Andrew C. Marvin, Member, IEEE 

Abstract-A theoretical analysis of a resistively loaded, elec
tricaUy small loop is presented which shows the variations of 
the transverse-wave impedance close to the loop as the resistive 
loading is altered. The theoretical results are compared with those 
obtained from a numerical simulation using Numerical Electro
magnetics Code (NEC). Depending upon the loading, the loop 
exhibits electric (high wave impedance) or magnetic (low wave 
impedance) dipole properties, or intermediate wave impedances. 
These changes in wave impedance are closely related to variations 
in the far-field radiation pattern,and simulations are used to 
demonstrate this. Measured results are used to demonstrate that 
the variations predicted in wave iInpedance actually occur in 
practice. These results have bearing on the interpretation of 
emission measurements and on the design of circuits to minimize 
interference to other neighboring circuits. 

I. INTRODUCTION 

THERE ARE many international specifications which exist 
for regulating the maximum electromagnetic radiation 

emitted by electronic devices. Radiated emission measure
ments are normally carried out in the far field of a radiating 
source, but the Federal German VDE specification [1] requires 
that measurements be made at frequencies down to 150 
kHz. The defined test antenna to equipment-under-test (EUT) 
spacing of 30 m means that the antenna is within a region 
much less than a wavelength from the radiating equipment. 
This region is defined as the induction-field region. One of 
the main characteristics of the induction-field region is the 
divergence of the wave impedance (defined as the ratio of 
electric to magnetic field) from 377 n. Generally, the wave 
impedance becomes greater than 377 n for electric-dipole-like 
sources and less than 377 n for magnetic-dipole-like sources. 
The wave impedance implies the dominant energy transfer 
mechanism from the source in the induction-field region; 
magnetic field for magnetic-dipole sources and electric field 
for electric-dipole sources. However, the VDE specifications 
do not enforce the measurement of both electric arid magnetic 

. field and this leads to potentiaIly large errors in predicted 
radiation, as will be shown. 

The radiating geometry discussed in this paper is a resis
tively loaded, electrically small, square loop in free space. The 
emphasis in our paper is upon the variation of the induction
field wave impedance as a function of the load. The load 
is a lumped element at one point on the loop, which is 
intended to represent the typical situation encountered with 

Manuscript received December 5, 1991; revised June 13, 1993. 
M. E. O. Upton was with the Department of Electronics, University of 

York, Heslington, York, England. He is now with the Cambridge Consultants 
Ltd., Science Park, Milton Road, Cambridge, England. 

A. C. Marvin is with the Department of Electronics, University of York, 
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IEEE Log Number 9214323. 

a printed-circuit board (PCB) track. Similar geometries have 
been considered previously for two main applications: 

1) simple broadband antennas [9], [10] 
2) modeling the radiation from PCB's [2]-[8]. 

The first of these applications concentrates upon the far-field 
radiation pattern and the radiation efficiency of a loop with 
distributed resistive loading. The second set of papers are spe
cific to PCB's and do not consider the general characteristics 
of the radiation from a loaded loop. 

This paper will show the dependency of both the induction
field transverse-wave impedance and the far-field radiation 
pattern upon the resistive loop loading. The results will high
light the link between the induction-field and the far-field 
effects. Practical measurements of wave impedance will be 
shown, in order to demonstrate the physical existence of these 
effects. 

Two methods are used to model the loaded loop behavior. 
The first is analytical and relies upon an equivalent circuit 
analysis to deduce loop currents and hence radiated fields. The 
second technique solves for the fields numerically using Nu
merical Electromagnetics Code-Version Three (NEC) [11]. 
Note that the term "wave impedance" as used in this paper 
is not the total wave impedance at a point. Instead, results 
presented are or" "transverse wave impedance," the ratio of the 
transverse components of electric and magnetic field ignoring 
any components in the direction of propagation. 

II. EQUIVALENT CIRCUIT MODEL OF LOADED Loop 

The first analytical solution for the fields radiated by a 
loaded loop considers the square geometry of Fig. l(a) with 
excitation and load at the center of opposite sides of the loop. 
Provided the loop is electrically small, then it can be shown 
that a square loop radiates the same fields as a magnetic dipole 
[12, p. 155]. The square loop can also be broken down into 
four electric dipoles as in Fig. 1(b) and it can be shown that 
these also behave asa magnetic dipole if each electric dipole 
has the same current (both magnitude and phase). 

The analytical model developed in this section assumes 
that the ad,dition of loading to the loop destroys the equality 
between the electric dipole currents in Fig. l(b). A simple 
lumped-component equivalent circuit is used to deduce the 
current ~n each dipole and dipole radiation equations then give 
the fields due to these currents. Superposition of the fields from 
each dipole gives the total field. 

. A better understanding of the effect of loop loading is 
achieved by first considering very high loop loading, where 
dipole 3 is effectively an open circuit at the center. In this 
case, the only current that flows is the reactive displacement 
current through the capacitance between the top and the bottom 

0018-9375/94$04.00 © 1994 IEEE 
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v R 

(a) 

0( 

Fig. 1. (a) Square loop with excitation and load at opposite sides. (b) The 
same loop represented as a four electric dipoles each with an excitation current. 
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Fig. 2. (a) Loop geometry showing capacitances between top and bottom of 
loop. (b) Circuit equivalent model inciuding partial inductances. 

of the loop; with a small real component due to radiation. This 
current is similar to the displacement current across an electric 
dipole and will give rise to electric dipole radiation. Hence, a 
highly loaded loop acts like an. electric dipole. 

Fig. 2(a) shows the loaded loop with the notional capac
itances between the top and the bottom of the loop through 
which the displacement current flows. This is redrawn in Fig. 
2(b) as a circuit equivalent model where the loop is modeled 
as the three capacitances given in Fig. 2(a) and four separate 
inductances (each a quarter of the total loop inductance). 
These "partial" inductances are discussed iIi Paul's paper on 
PCB radiation [18], The effect of loop loading upon the loop 

currents can be envisaged from this model. Under conditions of 
noload, the loop current is only limited by the loop inductance 
which is small for an electrically small loop. The displacement 
current exists but it is relatively small compared to the current 
circulating in . the loop and hence its effect is negligible. 
Increasiqg the loop loading limits the total loop current and 
increas~sthe significance of the displacement currerit. Once the 
loop loading is larger than the loop impedance, the currents 
flowing through C1, O2 , and 0 3 are approximately constant, 
beil1g mainly related to the loop geometry and excitation. 
Therefore, at high loading the displacement current dominates 
as the circulating .current becomes smaller. 

0 1 and 0 3 . are equal and equivalent to the input capacitance 
of a short dipole antenna (ignoring any end effects due to the 
presence of O2 ), The input reactance of a dipole is given in 
[13, p. 547] as 

X= .-;0 {sin(2{3£)[-U+ln({3£2) 
sm {3£ a 

+ 2 Ci (2/3£) - Ci (4{3£)] 

- cos (2{3£)[2 Si (2{3£) - Si (4{3£) 1 - 2 Si (2{3£) } (1) 

where U = Euler's constant, £ = length of wire, a = wire 
radius and 

Si(x) = r'sinx 
Jo x 

. ( ) . l°Ocosx Cl X = --. 
x X 

The functions Si (x) and Ci (x) (the sine and cosine in
tegrals) cannot be evaluated analytically and are normally 
solved using numerical techniques. However, the following 
approximations from [12, pp. 145-146] are valid: 

Si (x) = x Ci (x) = U + In x 

provided x < 0.2 to give a maximum 0.1% error in 
solution. The resulting input reactance of a dipole is thus 

-30 [ .. (£).: ] X = -.. '-2- 2 sin (2{3£) In - - 4{3£ . 
sm (3£ a 

the 

(2) 

Also from Fig; 2(a) it can be seen that O2 is equivalent to 
the capacitance between two parallel cylindrical conductors. 
The capacitance per unit length is given in [13, p. 53] as 

0= 10-
9 

F . m-1 

361n (~) 
(3) 

where b, the separation between the two conductors, is in this 
case equal to £ the length of the perPendicular side of the loop. 
Note that a more complex model for the loop capacitances 
could be used, but the three capacitances used in this model 
account for the dominant effects within the loop. 

The inductance of a small circular loop is given in [14, p. 
311] as 

(4) 

where R = radius of loop. It has already been mentioned that a 
small square loop is identical to a small circular loop provided 
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the areas are the same. Hence R = J A/7r where A = area 
of square loop. 

The limitations of this theoretical model are 

• the approximations for L and C, the effects of which will 
be seen later, and 

• the simplifications for Si (x) and Ci (x). 
The latter approximations limit the frequency range for 

which the model can be applied. The simplifications for Si (x) 
and Ci (x) assumes the largest value of x is less than 0.2, which 
implies 4f3l < 0.2 and in turn implies ). > 407ri. Therefore, 
the maximum loop dimension must be less than 1/125 of a 
wavelength. 

Once the current in each dipole of the loop has been 
deduced, the radiated field is calculated from the following 
equations [15, pp. 285-290]: 

'Z [ G r2 

Ep = - ~7r;IeP (1 + jf3R) R2 Zl (5) 

Ez = -~:;Ie{ [(1 + jf3R)(z - z') ~J:: 
+ f321~2 G dz' } (6) 

. H = IeP l z2 (1 +jf3R)Gd ' 
'" 47r R2 z 

(7) 
Zl 

where the dipole is oriented in a cyiindrical polar coordinate 
system as shown in Fig. 3(a), Zl = -i/2; Z2 = i/2, z' is the 
variable distance along the dipoie length, and 

-jf3R 
G=_e __ 

R 
R= Jp2 +(z-z')2. 

The above equations for the radiation from a finite-length . 
dipole are used as opposed to the Hertzian dipole equations be
cause the lengths of the dipoles are significant when compared 
with the distance at which the fields are calculated. 

The integrals in the solution of Ez and H", are not ana
lytically solvable and these are derived using a proprietary 
numerical analysis package called NAG [16]. The routine used 
evaluates a series of increasingiy accurate rules for the integral 
until the error difference between two successive evaluations 
is less than a specifj.ed relative accuracy. An accuracy of 0.1 
% was chosen for the purposes of this program. 

IT!. NEC MODEL OF LOADED Loop 

The loop being modeled is 4 cm square with source and 
load at the center of opposite sides. The orientation of the 
loop in a Cartesian coordinate system is shown in Fig. 3(b). 
The excitation frequency is 10 MHz and the optimum segment 
length wa$ found to be 0.8 cm (i.e., five segments per side), this 
being the smallest number of segments for which the current 
solution converges. The double-precision version of NEC was 
needed to support such fine segmentation (= ),/3750). The 
loop is made of O.5-mm-radius wire. 

IV. INDUCTION-FIELD WAVE IMPEDANCE RESULTS 

The variation of wave impedance with distance (the "wave 
impedance response") is plotted in Figs. 4-6 for loads of 0 

z 
p y 

x 

(a) 

Z 

Y 

x 

(b) 

Fig. 3. (a) Orientation of finite-length dipole in cylindrical polar coordinate 
system. (b) Orientation of square loop in Cartesian and polar coordinate 
systems. 

n, 100 n, 300 n, 330 n, 350 n, 1 kn, and 5 kn. The 
wave impedance response is really a function of distance in 
wavelengths from the radiating source, the product f3R in 
(5)-('7). In this case, we are varying distance (R) at fixed 
frequency, i.e., fixed (13). Later, for the measured results, we 
will fix the distance and vary the frequency to produce the 
same effect. In each response, distance is measured along a 
line through the source and load (the x-axis in Fig. 3(b» and 
the distance varies from 50 cm to 30 m logarithmically. In 
wavelength terms this corresponds to a variation froin )../60 
(which is well within the induction field) up to 1)", which 
is approximately far-field conditions. In the discussion that 
follows nw I is used to denote wave impedance in order to 
differentiate from resistive load n. 

The wave-impedance response varies from that of a mag
netic dipole for the unloaded loop in Fig. 4 to that of an electric 
dipole for the loop loaded with 5 kn in Fig. 6. In between these 
two extremes, the variation can be considered in two regions: 

a) the region up to 0.1 wavelengths, at which the curve 
crosses the 377nWI axis, and 

b) the region beyond this where the response goes through a 
peak or trough before becoming asymptotic to 377nWI . 

Note that all the responses cross through the 377nw I axis 
at exactly the same point. 

The response for 100-n load in Fig. 4 shows a large increase 
in the wave impedance close to the antenna in region a), with 
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Fig. 4. Comparison of theoretical (solid line) and NEC (dashed line) wave 
impedance responses for loop in free space unloaded and with 100-0 load. 
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Fig. 5. Comparison of theoretical (solid line) and NEC (dashed line) wave 
impedance responses for loop in free space with 300-, 330-, and 350-0 loads. 

a small inctease in height and movement outwards of the peak 
in region b). At 300 0 (Fig. 5) the response close to the loop is 
very close to being flat at 377 OWl, with very little change in 
this region as the load is increased through 330 0 (Fig. 5) and 
350 o (Fig. 5). The response in region b) changes drastically, 
however. The peak is now at 20 MHz and 3750 OWl for the 
300-0 load (analytical). When the load is increased to 330 and 
350 n, the peak in region b) flattens out and becomes a trough 
of 70 OWl at 16 MHz (analytical). As load is increased to 1 
kO (Fig. 6) and 5 kO (Fig. 6), the response close to the loop 
quickly approaches that of the electric dipole. The trough in 
region b) also comes into line with that for the electric dipole. 

The overall trend in the wave impedance response as load is 
increased is for the peak to increase and move away from the 
loop until the electric dipole response starts to dominate, when 
the peak flips to a trough and moves back towards the loop. 
Hence, not only is the height of the peak/trough a definition of 
the relative electric or magnetic dipole type behavior, but also 
the position of the peak/trough with respect to that of a pure 
electric' or magnetic dipole. This behavior forms the basis of 
extensions to this work in other areas which will be published 
in a later paper. 

'OJ' 
E 

.<:: 
S 
8 c 
'" 'tl 

8-
.5 
" ~ 

---- Load = IkOhm 
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10000 ~G-~~~"'~NE=C~Lo=a=d_=5~kO=h=ms~~~~~~ ____ ~--, 

1000 r--___ ' 

100 

la5~~~~-----2~~--~5~~~1~0----'W~.~ 
Frequency (MHz) 

Fig. 6. Comparison of theoretical (solid line) an(NEC (dashed line) wave 
impedance responses for loop in free space with 1- and 5-kO loads. 

In terms of agreement between the analytical solution and 
NEC, the responses for 0 and 100 0 are almost indistinguish
able from the theoretical results. However, at 300-0 load there 
is a noticeable difference in the position and height of the 
peak in the response. The NEC response exhibits the more 
magnetic dipole nature of the two responses. This difference 
is more accentuated at 330 0 where NEC gives a flat-wave
impedance response. The trough at 350-0 load is at 32 Ow I 
and 20 MHz from NEC, which compares with 70 Ow I and 
16 MHz from theory. Note, however, that the NEC response 
is still tending to be the more magnetic dipole. The 1- and 
5-kO responses show negligible difference between the two 
sets of results. . 

The discrepancies demonstrated are not as significant as 
they might first appear. This is because they occur when the 
response is very sensitive to loop loading. (Note the large 
change in the response encompassed by the 300-350 0 load 
change.) A particular example of this is the flat response which 
occurs at 330-0 load for the NEC solution. It is possible to 
demonstrate this flat response using the theoretical model, but 
in this case it occurs at 319.35-0 load. In general, decreasing 
the resistance slightly (by 3%) in the analytical model williead 
to much better agreement between the two sets of responses .. 

The main reason for the discrepancy is the simplified 
model of the loop capacitances used in the analytical model, 
whereas NECallows for all the interactions within the loop. 
At 10 MHz the input capacitance of the open-circuit loop 
is 0.55 pF from NEC compared with 0.91 pF from the 
theoretical analysis. This difference will lead to a greater 
displacement current across the loop in the analytical model 
and a correspondingly larger contribution from the electric 
dipole effect. It is only significant at intermediate loads where 
neither dipole is dominant. Reference [17] gives an equation 
for the average input capacitance per unit length along the 
circumference for a circular loop as (symbols are the same as 
defined in (4)) 

7fE 

Cav = log (Ria) 

which, if the present square loop is equated to a circular loop of 
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Fig. 7. Radiation pattern for unloaded' loop in free space. 
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Fig. 8. Radiation pattern for loop in free space loaded with 100- and 3OO-!1 
loads. 

equal area, gives an input capacitance of 0.58 pF. Therefore, 
NEC seems to be giving a more accurate prediction of the 
input capacitance. 

V. FAR-FIELD RADIATION PATIERN RESULTS 

Radiation patterns are plotted in Figs. 7-10 for the same 
set of resistances as in the previous section (0 n, 100 n, 300 
n, 330 n, 350 n, 1 kn, and 5 kn). In each case, the pattern 
is plotted as a function of angle from the x-axis in the x-y 
plane of Fig. 3(b) (i.e., for if> varying, () = 90° in cylindrical 
polar coordinates). NEC alone is used to produce these results 
and the units of the plots are dB Vim. Note that all the plots 
use a 60-dB range, but that the unloaded loop pattern is in 
the range -70 dBV/m to -130 dBV/m; Fig. 8 uses the range 
-90 dB Vim to -150 dBV/m; and Figs. 9 and 10 use the range 
-95 dBV/m to -155 dBV/m. This is because the unloaded 
loop radiates all its input power, whereas the load absorbs the 
majority of the power for the other cases. 

3300bms 

-e- E-TIlETA 
3S00bms 
..... E-TIlETA 

o RADIATED FIELD 
FREQUENCY = 10.00 MHz _--r--._ DECIBEL SCALE 

CONICAL CUT 

e = 90 
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Fig. 9. Radiation pattern for loop in free space loaded with 330- and 350-!1 
loads. 

lkOhm 

-e- E-TIlETA 
SkObms 
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Fig. 10. Radiation pattern for loop in free space loaded with 1- and 5-k!1 
loads. 

The radiation pattern for o-n load (Fig. 7) is the "figure-of
eight" pattern expected from an electrically small loop ([15, p. 
180]), with peaks at 0° and 180°, and nulls along the ±900-
axis. The peak-to-null ratio is 40 dB which agrees with that 
given in [15, p. 180]. The results for loaded loops can be 
divided into two types; those below 330 n, where the radiation 
pattern has two nulls, and those above where it has only one 
null. At 100-n load (Fig. 8) the figure-of-eight has become 
lopsided, with two nulls at 70° and 290° and the lobe at 180° 
being 5 dB higher than that at 0°. Increasing the load to 300 
n (Fig. 8) moves the two nulls to 25° and 335° with the 
difference between the two lobes in the pattern being 26 dB. 
The two nulls in the pattern join up at 330-n load (Fig. 9) 
to form a "cardioid" type radiation pattern. The peak-to-null 
ratio now reaches its maximum at 52 dB. 

The cardioid-type response is maintained as load is in
creased further to 350 n (Fig. 9), 1 kn (Fig. 10), and 5 kn (Fig. 
10). The only change is in the peak-to-null ratio, which is 30 
dB at 350 n, dropping to only 1 dB at 5 kn. The response at 5 
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kn is approaching an omnidirectional (in this plane) radiation 
pattern. which would be expected from an electric dipole. 

It can be seen that the radiation pattern changes with load 
reflect the changes in the induction-field wave impedance, 
wIth the responses between the two extremes of ·loading 
being a composite response made up of the two basic dipole 
components of the radiation pattern (the figure-of-eight and the 
omnidirectional). Note that the transition from figure-to-eight, 
magnetic-dipole-type patterns to cardioid, electric-dipole-type 
patterns occurs at 330 n, which is the point at which the 
induction-field response is flat, halfway between the two 
extremes of dipole behavior. 

These results can be compared with [9, fig. 8] of Smith 
which plots the same far-field radiation pattern as a function of 
the normalized, distributed resistance around the loop. It can be 
seen that the variation in radiation pattern is very similar with 
the move from figure-of-eight for the unloaded loop to almost 
omnidirectional for the highly loaded loop, passing through a 
cardioid pattern at intermediate loads. 

VI. MEASURED WAVE IMPEDANCE RESULTS 

In order to demonstrate that the predicted variations in wave 
impedance are achievable in practice, the wave-impedance 
response of a small square loop has been measured. Details 
of the sensor for measuring wave impedance are described 
separately in [19]. The radiating loop is fed from beneath the 
ground plane via a BNC connector. The radiating loop is 4 cm 
square and mounted on a BNC connector which raises it to 3.8 
cm above the ground plane. The use of the unbalanced loop as 
a radiating source rather than the loop in free space is a matter 
of practical convenience. The single-loop sensor is placed SO 
cm from the radiating loop, and both are mounted upon a 2.4 
m by 1.2 m aluminum ground plane. The excitation frequency 
range is 10 to 400 MHz which implies that the source-sensor 
separation varies from >./60 to 2>./3. The orientation of the 
radiating loop is such that the sensor is in the plane of the loop. 
The wave-impedance response using a frequency scan with the 
fields measured at a fixed distance is easier to implement in 
practice and gives a similar variation in distance measured in 
wavelengths to that described for the theoretical results. 

Wave-impedance responses are plotted in Fig. 11 for two 
different loop loads, 0 n and 1.S kn. In each case, the 
response is compared with that from a NEC simulation of 
the practical situation. When the loop is unloaded the wave
impedance response is similar to that of the unloaded loop in 
free space, but the lower frequency portion (below 80 MHz) 
is consistently offset slightly higher in this case. This is due 
to the interaction of the loop with the ground plane. There 
is also a slight ripple on the linear part of the measured 
response (around 30 MHz) which arises from imperfections 
in the "open-field" test site used for these measurements. The 
agreement between the measured response and that predicted 
from NEC is excellent, except in the region around 80 MHz 
where the NEC response peaks at 1200 nWI as opposed to 800 
nw I for the practical response. The reason these discrepancies 
occur is the difference between NEC, which calculates the 
magnetic field at a point in space, and the practical measure-

o Ohms (Measured) 
OObms(NE~ <>---<>--<> 1.5 kOhms easured) 

10000 ~ ____ ~I~.s~kO~hm~s~q~'-~~TT ______ ~ __ ~. 

I~O~----~20'-~~~~SO~~~I~OO~---'200~--~~ 
Frequency (MHz) 

Fig. 11. Comparison of measured (solid line) and NEC (dashed line) wave 
impedance responses for loop above a ground plane with no load and 1.5-kO 
load. 

ment which in order to obtain a measurable signal, covers 
an area of space. Therefore, the measured quantity is really 
the average field over the breadth of the sensor (4 cm) which 
implies that the response will be "smoothed," as is happening 
in this case. This effect and the errors it introduces in the 
magnetic-field measurement are discussed in more detail in 
[20]. 

The l.S-kn responses shows a trend towards electric-dipole 
behavior. The practical response has developed a small trough 
at 100 MHz and the lower frequency portion of the curve is 
becoming asymptotic to the linear response of the monopole. 
The agreement between the measured and NEC responses is 
very good, except at low frequencies where some ripple is 
present on the measured responses. 

VII. CONCLUSIONS 

It has been shown that the induction-field wave impedance 
of the fields generated by a resistively loaded, electrically small 
loop are critically dependent upon the loop loading. In the 
limits, the loop can be made to exhibit either electric-dipole 
or magnetic-dipole behavior. Between these two extremes the 
loop exhibits a complex, composite response with elements of 
both dipole types. Over the range from 300- to 3S0-n load 
a large peak (37S0 nw I) in the wave impedance response 
becomes a trough of 70 nw I. Such a large change in wave 
impedance demonstrates that these effects need to be taken into 
account when considering coupling between circuits. Judicious 
placement of loading in a loop on a PCB track, for example, 
may be all that is needed to drastically reduce coupling to 
other circuit tracks. 

This paper has also demonstrated a link between the changes 
in induction-field wave impedance as load varies and corre
sponding changes in the far-field radiation pattern. Measured 
results have been used to demonstrate that these effects exist 
in practice. 

From the viewpoint of EMC emission measurements, inter
pretation of measurements of either magnetic or electric fields 
may be complicated by the effects predicted. In particular, the 
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prediction of fields at distances other than the measurement 
distance will be affected. Thus requirement of the VDE specifi
cations that the highest value of radiated electric field obtained 
from measurements of both electric field and "converted" 
magnetic field merits further examination. 
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MEDIUM-WAVE AERIALS FOR SIMULTANEOUS TRANSMISSION OF 
BROADCAST PROGRAMMES 

After';explaining'the manner in which a medium-wave aerial 
Is used for, transmitting a single wavelength, the author examines 
the possibilities of simultaneous transmission, taking as examples 
Installations which Brown Boveri havecarrled out or have on hand. 
The article is confined to the most important practical case, in 
which two transmitters are concerned; for more than two trans-

~mltters to radiate at the 'Same time is exceedingly rare, although 
-=y-- leasible, using the same means as for double transmissions. 

WHEN a trans~itting station is required to' radiate 

,the same or several programmes over a number of 

transmitters operating at different frequencies, an obvious 

solution is to utilize one aerial for several transmissions. 

Indeed such problems frequently have to be faced, and 

solved, by radio engineers. 

For example, in television the problem is quite normal; 

the picture and sound transmitters feed into a common 

aerial. But in the medium-wave band conditions are diffe

rent to those in the v.h.f. band as used for television. The 

nature of the r.f. circuits and aerials themselves are funda

mentally different, as are the modulation systems. The 

two television transmitters have adjacent frequencies, 

since picture and sound must be inseparable. Medium

wave transmitters, on the other hand, are completely 

independent of one another, a fact':hich the aerial system 

must take into account; faul ts in the channel belonging 

to one transmitter must not affect the other. 

Single Aerial Feed 

Medium-wave aerials of modem design may be either 

self-radiating guyed masts or self-supporting towers, 

the r.f. energy being conducted asymmetrically to. the 

base in most conventional cases. Unhampered radiation 

S F H iA , 
Xl X3 

, 

0 
I , 
" I I 

.I X2 
I 

I I 

I I .... . ... "I I I 
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Fig. 1. - Connection between a ,transmitter and"an aerial 

S = Transmitter building 
T = Transl'(litter 

. F = Feeder 

H = Aerial matching cabin 
A = Aerial 

X.-X. = Matching elements 

\ 

621.396.67 

in all directions and the radial earthing system necessitate 

the aerial being a fair distance from the transmitter building. 

Then there are safety conditions to be considered, which 

usually stipulate that the dist;~ce must be at least equal 

to the height of the tower. 

The r.f. power must therefore be conveyed from the 

transmitter to the aerial by a feeder. To avoid the difficultY 

of transforming sym~etrfes~to asymmetries, the feeder is 

most conveniently arranged asymmetrically, like the 

aerial, using overhead lines with earthed return (with a 

characteristic impedance of 200-300 Q) or coaxial r.f.' 

cable (50-70 Q). The feeder must be matched. Therefore 

suitable equipment has to be provided at the base of the 

aerial, mostly housed in a cabin. 

The main parts in a transmitter installation are given 

in Fig. 1. The matching circuit is shown as T-shaped; 

but equally well the IT formation could have been used. 

Fundamentally it is sufficient to have an L section, which 

can be obtained from the T or IT formations. Merely 

the longitudinal reactance Xa on the aerial side, or Xl 

on the feeder side, is omitted. 

The relationship between the three quantities of the 

T formation matching the impedance at the base of t,he 

antenna Z A = RA + jX A to the purely resistive input im

pedance RE, which, itself is equal to the characteristic 

impedance of the feeder, is given by the following formulae. 

/ 
It wiIl'be seen from equation (1 a) that when RE > RA 
there is always a real, solution forXA + Xa, to which we 

give the same value.as Xli If, on the other hand RE < RA 
,a real solution is obtained for any value of Xa. Thus the 

L formation is/sufficient, pr~vided the longitudinal sec

tion is arranged on the side having the lower resistance. 

A special case is when the two components are equal 

(RA = RE). Then it is sufficient if the longitudinal react

ance Xa = - X A , thus compensating for the reactive 

-t---
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component of the base impedance. The transverse section 

thus has infinite reactance. A symmetrical T formation 

JTlay also be employed. If the matching network is suitable 

for use over a range of frequencies, at one of which RE 
andRA are equal, it i~ advisable to adopt the fuIl T forma

tion (or alternatively I1) because with the L formation, 

very high. impracticable values of X2 would be necessary 

for those frequencie~ at which RA and R£ were not qU'ite 

equal. but differed very little from one another. 

Simultaneous Operation by Two Transm.itters 

over a Single Aerial 

The system carrying the' signals, between two trans

mitters operating simultaneously must contain wave

traps in order to prevent appreciable voltages at the fre

quency of the one transmitter from reaching the anodes 

of the other. The tubes are the non-linear element in 

which the superposed voltages of the two frequencies can 

produce combination oscillations and cross-talk. The 

levels of the latter must therefore be kept below the inter

ference limit by effective wave-traps. 

r; 
D~---,----

T2 
Df--------;---

BROWN BOVERI 
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a 

b 

Fig, 2. - Connection of two transmitters to one aerial 

a = With separation in transmitter building 
b == With separation in aerial matching cabin 
T = Transmitter 
M = Matching circuit 
N = Matching circuit for two frequencies 
B = Wave-trap 
K = Shorting switch 
F= Feeder 
A = Aerial 
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The circuits between the anodes of the output stage circuits in this case do not transform from the characteris

and the aerial are composed of linear impedances in which tic impedance of the feeders to the base impedance of the 

the superposed voltages cannot exert any harmful effects. aerial, but to the input impedance of the wave-trap. 

There are a number of positions in which the wave-traps 

can be situated. For practical reasons it is preferable not 

to encumber the anode circuits of the transmitter with 

wave-traps because it is desirable not to change transmit

ters of established design. 

Let us therefore consider the chain of elements between 

the transmitter output terminals, matched to the charac

teristic impedance. and the 'base of the aerial. Of the 

available alternatives, two fundamentally different systems 

are picked out and illustrated side by side i~ Fig. 2. That 

in Fig. 2a includes the matching circuit N. This circ~it 
must be selective, i.e. it must transform the base impedance, 

which is different for the two frequencies, to conform to 

the characteristic impedance. A common feeder lil:\.ks the 

m~tching circuit with the transmitter building, whe}e the 

frequencies are separated by means of the wave-traps 

Bl and B2 • The matching circuits Ml and M2 transform' 

to the transmitter outputs. 

In the system shown in Fig.2b. the two frequencies 

are immediately separated at the base of the aerial by the 

wave-traps Bl and B2• From the input to each trap there 

are two independent normal line systems back to the 

transmitter. The only -special feature is that the matching 

A A 

Tt 
C{ C{ 

TIl Tt Tn ---..... 

C'I L{ 
L, Xq 

a b 

A A 

Xl Xl ..... ---... 

r r Xq' Lq , L._ 
c 
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Fig. 3. ~ Alternative arrangements for wave-traps 

Ti = Transmitteri 
Til = Transmitter II 
CI = Longitudinal capacitance 
Cq = Transverse capacitance 
LI = Longitudinal inductance 
Lq = Transverse inductance 
XI = Longitudinal reactance 
Xq = Transverse reactance 

d 
95880'1 

Xq' = Supplementary transverse reactance for matching 
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Wave~Traps 

An L~shaped secti'on can be used as a wave~trapif-the 
longitudinal arm is in the form of a parallel'resonance 

circuit and the transverse arm a series resonance circuit 

(Fig. 3 a). It is also permissible to use a simple reactance 

(Fig. 3 b or c) for one of the two arms. 

Since, for th~ frequency to be excluded (alien frequency) 

WIl and its sidebands, the transverse reactance Xq must be 

very small compared with the longitudinal XI, the ratio v 

of the voltage divider, which governs the blocking effect 

of the trap', can be approximated to 

:Xq Xq 
V = XI + Xq """'-X; 

The resonance circuits are tuned to the alien carner 

frequency WII. In circuits with no losses v is zero at this 

frequency; if losses are taken into' account v' is.extremely 

small. The deciding factor is therefore the v of the side~ 

band frequencies, produced by modulation of the second 

transmitter by the audio frequency Wn of the first. 

In the parallel resonance circuit, for the sideband fre~ 

quencies WlI + Wn the value of XI becomes approximately 

and for the series circuit 

Xq""'" ±ZwnLq 

(The approximation is sufficient because in the medium~ 

wave band Wn is very small in comparison to WII.) The 

division of the voltage in the wave-traps shown in 'Fig. 3 

is therefore as follows. 

pig.3a 

Fig.3b 

Fig.3c V = ± ZWn " WII Lq , 

'WlI " Xi 

(2 a) 

(2b) 

, (2c) 

The effector. the trap .. in, Fig. 3 a correspOnds to the: 

square of the ratio of the audio frequency Wn to the carrier 
" ' 

frequency W II ; in thetraps band c the effect is orily as the 

first power ,of this ratio. It is, however, possible by a 

cascade connection of two traps corresponding to Fig. 3 b 

or c to achieve the greater effect gained with the trap in 

Fig.3a. The number,,>()f filters. is, the same; the elements 

in the non~selective branches become useful if the trap!! 

are also employed for matching. 

a b c d 

BROWN BOVERI 95861 ·1 

Fig. 4. - Alternative arrangements for circuits with two resonance 
frequencies 

a, b = Parallel < series resonance frequency 
c,-d = Series < parallel resonance frequency 

With a definite yoltage division, the trap only admits 

of one degree of freedom. A combined trap, evolved from 

the type in Fig. 3c, as cho~en to illustrate the point, must 

therefore contain an' additional element X;, producing 

the circuit as in Fig. 3d. The value of XI is that necessary 

for matching to the "own" frequency. For the "alien" 

frequency, XI has a given value, which defines Lq as in 

equation (2c), and Cq to produce the resonance with the 

alien frequency. The series resonance remains permanently 

set, whereas' the match can be accurately adjusted by 

varying Xl and X;, without noticeably changing the 

blocking effect. 

Frequency Separation in the Transmitter Building 

The special problem which has to be faced in the system 

in which the frequencies are separated in the transmitter 

building is the matching circuit N for the two frequencies. 

I t is possible to start from an arrangement corresponding 

to the basic T or IT formations, and to make the various 

branches selective circuits, as far as necessary. ?ut series 

or parallel resonance circuits are not always abl~ to pro~ 
duce the desired reactance ratio. At the higher frequencies 

the inductive reactance of such circuits is always larger, 

while the capacitive reactance is smaller. Therefore,if 

reactances of, tnc,.same sign, are desired, but of opposite 

proportions, these are only obtainable by using more 

complicated arrangements,' such' as netwo'rkswith three 

reactances, possessing a series and a pa'rallel resonance 

(Fig. 4). 

Matching to two frequencies is also feasible by means 

.0La,:circuit in which each leg only contains simple react~ < 

ances. But then a certain number of legs must be used to 

ensure that ther~ are sufficient degree's 0.£ freedom available. 

f', ~ ~C;;':J lOS" .in I t) I.'.. \1 'l. ) VJ"", ' I' . 
\ cJ 
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Fig. 5. - Matching circuit for two, frequencies with Independent 
control of matching 

A feature common to the arrangements described so far 

is that matching to the two frequencies used is not per

formed independently. This makes the matching procedure 

considerably more difficult. Furthermore, all elements are 

subjected to both frequencies, which greatly increases 

the amount of material involved. A fault in anyone ele

ment puts both transmitters out of action. 

A system possessing the advantage of mutually inde

pendent matching is shown in Fig. 5. It is nevertheless 

very expensive, requiring four wave-traps (Xl> el , ~, 

etc.) and two matching circuits (Xa, Xs and X4 , Xs)' 
After the, wave-traps have been set, any frequency can 

be matched, independent of another. 

The common feeder must be dimensioned for the sum 

of the powers. Since there can always be moments' in 

which the voltages of like phases of the two transmitters 

can' be added, the line must be dimensioned for the al

gebraic sum of the voltages of the two transmitters. 

FrequenCy Separation at the Base of the Aerial 

According to the foregoing remar~s, it is evident that 

the system of frequency separation at the base of the 

aerial (Fig. 2b) is clearly superior. Although this method 

riecessitates the laying of two separate feeders, Brown 

Boveri prefer it, because it offers the following advantages: 

All elements between the transmitter output terminals and 

the ends of the matching circuits Ml and M2 are 

completely free from the alien .frequency. The adjust

ment of the match is just as simple as it is with solo 

oper~tion. Changes on the part of one frequency do not 

affect the other. 

Should a fault occur in the feeder or matching circuit on 

one side, the operation of the other transmitter can 

continue uninterrupted and unaffected. 

B;'+M2 
BROWN BOVERI 
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Fig". 6. - Schematic diagram of the aerial of the Castanhelra trans
mitting station near Lisbon of" Emissora Nacional de Radiodlfusao ", 
deSigned for simultaneous radiation of 135 kW at frequencies of 665 

and 755 kc/s 

T, = From 755·kc/s transmitter 
T, = From 665·kc/s transmitter 
A = Aerial 
B' = First wave-trap 

B" + M = Second wave-trap, combined with matching circuit 
D = Feed choke for obstruction lights 

Even if the transverse element of one wave-trap should 

break down, the other transmission can be continued. 

It is only necessary to take the affected element out of 

service by closing the shorting switch K. For the other 

channel, only the longitudinal element of the trap 

needs to be in order, thus assuring the maximum degree 

of independence. 

Fig. 7. - View of part of the installation shown In Fig. 6 

I. 
! 

,; 

,i ~! 
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Fig. 8. - Schematic diagram of a sub
divided aerial mast as employed In the 
Austrian Radio transmitting station at 
Blsamberg near Vienna. This may ra
diate 240 kW at 147fL.kc/s alC!ne, or 
120 kW. operating simultaneously at 

1475 and 584 kc/s 

1 
\ \ T, = From 1475·kc/s transmitter 

1 '. ~ \ T, = From 584·kc/s transmitter 
J A = Aerial 

J = Separating pOintwith bypass switch 
D = Lighting choke with capacitance 
E = Selective ci rcuit 
K= Switch 
B = Wave·trap 

There is a second trap for each transmitter in the transmitter building. M= Matching circuit 
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Fig. 9. - Block diagram of a directional aerial system for simultaneous 
transmission of 50 kW at 1061 and 719 kc/s, employ.ed at the,·Saij· 

Salvador station of "Emlssora Nacional de Radiodlfusiio'" . 

T, = 1061-kc/s transmitter 
T, = 719-kc/s transmitter 
Q = Radiator 
R = Reflector 
D = Lighting choke 

B '" Wave·trap. 
B + M = Wave-trap ctJmbined with 

matching circuit 
P = Phase control and power 

distribution 

In order to gain full benefit from the last of the above 

advantages, the longitudinal element of the trap is made 

robust aI\c;las simple as possible. An ideal solution is 

given by the circuit in Fig. 3c, the longitudinal element 

in which is a simple reactance. 

Installations Coxnpleted or On Hand 

The main elements of an aerial system for simultaneous 

transmission at 665 kc/s and 755 kc/s, with 135 kW carrier 

poWer in each case, are shown schematically in Fig. 6. 

This arrangement, which presented considerably difficulty 

because the interval between transmission frequencies 

was only 9Q kc/s, has now been operating successfully 

for some time. Fig. 7 depicts the room containing the 

first wave-traps and the feed chokes for the obstruction 

lights. The series resonance circuit was arranged as a 

quadruple sequence of inductances and capacitances 

(simplified in the diagram). In a single circuit the voltages 

would be so large, on account of the small frequency 

interval at such a high power, that ordinary means would 

be incapable of coping with them. The second wave-traps 

are accommodated in two adjacent rooms, where they are 

carefully screened. 

Fig. 8 shows the basic layout of an aerial system at 

present under construction, where various forms of 

operation must be possible. The transmitt~ng equipment 

copsists of two transmitters, each of whi<;h comprises a 

pair of 120-kW units. N~rmallY ~ne double transmitter 

~iates240.kW carri~rpower at 584 kc/sover its own 

aerial (the· equipment for which does not concern this 

·.article}.' The second double transmitter suppliesl' the 

same output at 1475 kc/s to a subdivided aerial via the 

equipment shown schematically in the illustration. The 

lower part of the aerial for 1475 kc/s is about·Q·53)., while 
."J. 

the total height is Q·63 A (in which A is the wav~length). 
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Depending on requirements, it will be possible to radiate quency. The traps and matching circuits conform to the 

with either of these two effective heights. The switch _ 'principle described. The independence of the match at 

at the separating point allows the two parts to be connec~ 

ted together. When radiating from the lower part alone, 

the upper part must be decoupled. Therefore above the 

central conductor shown dotted it is linked with a selective 

circuit which also has to fulfil other tasks. 

If necessary, the ae~ial array may also have to radiate 

simultaneously at both frequencies, in which case the 

alternative operating features for 1475 kc/s, i.e. using 

'part or all of the mast height, must be retained. The total 

height must be used in any case for 584 kc/s. This neces

sitates a special layout for' the selective circuit. 

._- > In this case it proved helpful to connect part of the 

lighting feed choke in parallel with a capacitance, enabling 

the base impedance to be varied individ~~iiy for each fre-

each frequency is most important in this instance because 

the 1475~kc/s side may be changed over from partial or 

total mast height. Repercussion on the 584-kc/s side would 

be an almost intolerable co~plication. 

A directional aerial installation (Fig. 9) for simultaneous 

operation at 719 and 1061 kc/s, t;ach with 50 kW output, 

is at present being built. The radiator and reflector masts 

are 120 m apart. At both frequencies the energy has to be 

concentrated in the same direction. As ca~ be seen fro~ 
the diagram, with the arrangement chosen, the equipment 

for matching, phase adjustment and load distribution at 

each frequency has been devised as if the other frequency 

were completely non-existent. 

MS 596 (KME) L. Leng 

SPECIAL SPOT WELDING METHODS 

Resistance spot welding depends on a combination.of pressure 

and heat, the latter being produced directly by the resistance 
heating effect of an electric current. The article describes some 

cost-saving spot welding methods suitable for the batch- and 
mass-production of steel components. Examples of work produced 

are illustrated and hints are given for the use of these versatile 

processes. 

, 

MANUFACTURERS of pressed metal components 

in large quantities are particularly interested in 

improving quality and increasing output while keeping 

labour costs as low as possible. They have, therefore, a 

special need for improved methods of joining metals. 

When, for example, pressed, stamped or drawn parts 

-or even machined parts-have to he permanently 

joined together, the expe:ienced designer always tries to 

use the most e~onomical process, namely resistance 

welding; and above all, spot welding. Where the type of 

work is suitable, spot welding can offer the following 

advantages: 

(a) Expensive forming processes (e.g. deep drawing) are 

avoided. 

(b) Expensive materials ar~ saved (e.g. stainless steel need 

only be used where, for hygienic reasons- ·or in ,order 

to resist corrosion, it is essential). 

(c) Less eqmomical methods of fastening such as riveting, 

brazing, gas welding or arc welding are superseded. 

621 .791.763.1 

To ensure success in spot welding it is, however, 

necessary to allow for the special peculiarities of the pro

cess, which require a shape of workpiece fundamentally 

BROWN BOVERI 95915'\ 

Fig.1. - Diagram of spot welding 

Smooth sheet surfaces and sufficient overlap are necessary for good 
spot welding. 

The dotted line shows the shape of a watertight stitch-welded lap 
joint finished by grinding (e.g. a stainless steel sink). 

1 = Electrodes 
2 = Workpiece 
3 = Weld nugget 
4 = Insulation (to prevent shunting of the welding current) 
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V~RTICAL RAVIATOR CHARACTERISTICS 

The majority of st~~dard band broadcast ~~tenna 

systems •. in Canada, are comprised of one or more vertical 

radiators. These vertical elements are usually guyed, 

uniform cross section. base insulated structures, centered 

on an appropriate ground screen. The ground screen consists 

of 120 equally spaced radials, one-quarterwavelength, or 

more, in length. 

P. knowledge of the electrical characteristics of 

the vertical radiators will facilitate array design and the 

performance predictions. In addition, a determination of 

impedances will enable the design of suitable transmission 

systems and networks for operation of a broadcast array. 

The information in this report has been collated 

from measured ante~~a data ~~d its interpretation is based 

on judgement and experience. 

- M -., 
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VERTICAL RADIP.TOR CX.lLqACTERISTICS ,. 
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V2.=:iTICA1 RADIATOR CEARAC'I'ERISTICS 

1. Base Input Impeda11ce 

.. The observed base input impedance of a vertical 
radiator is directly related to the tower height. While other 

features such as type of cross section and height to cross 
section area ratio will have some influence. the primary 

controlling factor is the height at the frequency utilized. 

In order to establish the impedance characteristics 
of a verti cal radiator t the measurements should ideally be 
predicated on a single isolated tower without influence from' 
other metallic structures. In this regard the Canadian Broad
casting Corporation employ" a number of single tower systems 
upon which a most comprehensive set of impedance measurements 
has been executed. ~he self impedance derivations in this 
report are based on the CBC measurement data which has been 
made available. 

A plot of base resistance versus physical tower 
height is shown in Figure 1.1 and a plot of reactance versus 

physical tower height is depicted in Figure 1.2. The lines 
., '. l" # .".. • 

drawn to show the trends of resistance and reactance, versus 
physical height, are "judgement tt lines drawn without benefit 
of a statistical or mathematical fi t. It is expected, however, 
that these ttjudgement" lines are generally representative 

of the impedance characteristics of vertical radiators. 

Figure i.) is a plot of reactance versus resistance 
for vertical radiators. The Figure 1.; plot is based on the 
"judgement" lines derived from Figures 1.1 and 1.2. with the 

physical height indicated for each data point. The spiral 
curve shown in Figure i.) suggests an approach for further 
evaluation which will be examined in subsequent sections of 
this report. 

- M -
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VeRTICAL RADIATOR CHARACT~rtISTICS 

2. Electrical Length alJ.Q Voltage Sta."1ding '.f~ave· Ratio 

·.A plot of reactance versus resistance, normallized 

with a characteristic impecance of 200 ohms, is shown on the 
i~peda~ce circle diagram of Figure 2.1. The nature of the 

curve on Figure 2.1 suggests that it may be of interest to 

derive the Electrical Length (G) and the Vol tage 0 Standing 
O;Jave Ratio (V) for the spiral curve which is evident. 

The Electrical Length (G) and the Voltage Standing 
~-vave Ra~io (V) may be scaled from the curve plotted on Figure 
2.1. However, calculated values of G and V derived from the 
Re?is~ance and Reactance plots of Figures 1.1 and 1.2 may 
afford improved accuracy. Accordingly. the derivation of G 

and V are based on the following: 

R = resistance 
r = R "t" 200 

x = reactance 

x = X "t" 200 
a = (r2 + x 2 + 1) ~ (2r) 
6 -- -~~ .. (/\...'-t-~':I-I) 
n = an integer dependent on the quadrant 
theIt Go:= l(18QID' + arc tan (-2 x "t" (x2 + r2 ~ 1»)) 

and V =' a + ,'a 2 - 1 r~ '-- ~ 

The results of these derivations are shown in the 
following graphs. Figure 2.2 shows a plot of G/H versus the 
physical height H. Figure 2.3 shows a plot of M versus the 
electrical height G where M = (V + 1) "t" (V - 1) or conversely 
V = (M + 1) ~ (M - 1). 

It follows from the forep-oing that for a given 
physical height H the value of G/H and M or V may be found 
from the graphs of Figures 2.2 and 2.3 respec ti vely. \'lhen G 

and V are known the impedance may be determined from; 

R + jX = Zk (1 - jV cot G) ~ (V - j cot G) 

GEORGE MA. THER & A.SSOClA YES - RADIO FREQUENCY ENGINEERING 
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V~R~ICAL RA~IATJR CHARACTERISTICS 

J. Anteru1a Ct;;.rrent Relative 1I1agr.i tude a.:/d Phase 

The plot of a.:,te~~a imped~lce on an iffipedance circle 

diag~~~ rese~bles a plct of imped~Dce for a..'l open circuit 

t:;:-a..>"!smissicn line. Assur!ling the appropriate fc.:-r;]ulae for a..'1 

open circuit tra..'lsr!lission line are applicable, it is of 

interest to derive the relative magnitude <"..nd ph!ise for the 

V[riere 

let 

or 

or 

G = ""..J r- IT< g = h G/H H U' n 

a = (10 log iVl) 't" (8.686) x (G - g) 't" G 

b = (G - g) 

end voltage 

E = Er cosh (a + jb) 

E = E_ «cos b !(ea 
+ e- a » + j(sin b t(ea - e- a ») .. 

I = E/Zo sinh (a +jb) 

I = Er «cos b t(e a - e- a » + j(sin b t(ea 
+ e- a ») 

.. Zo . ," .. '. 

1 
_1~ 

_1'2. 
__ '-I. 

_ ....... _ ... _10 

The results derived by the foregoing approach are 

tabulated, for a number of physical heights. in the follow

ing tables. 

- j'yj -
• 
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VEHTICAL RtdHATOR CHARACTERISTICS ANTENNA CUIU<ENT HELI\TIVE fI1l\GN l TUDE & PJiI\Sfo: 

o 
H/15 
2 H/l5 
J H/15 
4 H/15 
5 H/l5 
6 H/15 
7 HilS 
8 H/l5 
9 H/l5 
10 H/15 
11 H/l5 
12 H/15 
13 H/1.5 
14 H/15 

1.0000 
o .9L~78 
0.8928 
o .81 SO 
0.77/''1 
0.7120 
0.6 /'-72 
O. 5801~ 
0.5118 
o . L~L~ 16 
0.)701 
O. ~9'1L~ 
0.22J9 
0.14'76 
0.07/1-9 

H ::: 60° 
ReI I 

1.0000 
0.96Jo 
0.920 J 
0.8'122 
0.8109 
0.760B 
0.6901 
0.6)lh 
0.5609 
0.4871 
O./Uoh 
0.))1J 
0.2502 
0.16'1'1 
o .08 /H 

H ::: 75° 
ReI I 

1.0000 
0·99)) 
0.9760 
o .9l~8J 
0.910) 
o .8625" 
o .BOY' 
0.7)95. 
0-. 665'?-. 
0.58h6' 
o. L~97 2' 
O. hO/_~Lf; 
o. )072 -
o • 206'1 
0.10)9 

H ::: 90° H::: 1050 
J[::: 120° H::: 1350 

ReI I ReI I ReI I ReI I 

0.9199 
0·9627 
0.9897 
1.0000 
0.99 J) 
0.9695 
0.9290 
0.0721 
0.0001 
0·71 )9 
0.615) 
0.5058 
O. J8'1L~ 
0.2621 
0.1)22 

0.73'12 
0.0265 
0.9006 
0.9558 
o .989 Lj. 

1.0000 
o .<)!lG9 
0.9 1'99 
0.0898 
O.Boeo 
0.706) 
O. "872 
o. ~-5J6 
o. )00'1 
0.156 ) 

0.529 J 
0 .. 64'11-~ 
o • 7601~ 
0.85'17 
0.9326 
0.9809 
1.0000 
o .98FJ6 
0.9'1-65 
0.8750 
0.7760 
0.6521,-
0.508) 
O. )/18l 
0.1'168 

o. ) Jy f3 
o . l~/_I.f3 2 
0.586) 
0.7212 
0.0)'16 
0.9250 
0.9811 
1.0000 
0.9810 
o .921~5 
0.8)26 
0.708l.J 
0.556B 
0.)8)? 
0.1957 

------------------------------------------------------------------------------

o 
HilS ' 
2 H/15 
J H/l5 
4 H/l5 
5 H/15 
6 H/15 
7 H/t5 
8 HilS 
9 H/15 
10 H/15 
11. H/15 
12 H/l5 
1) H/15 
14 H/l5 

H ::: l~5° 
ReI yf 0 

0.)"-
0.29 
0.25 
0.21 
0.18 
0.15 
0.12 
0.09 
0.07 
0.05 
0.04 
0.0 ) 
0.02 -, 
0.01 
0.00 

H ::: 60° 
ReI yf 0 

1.49 
1. 28 
1.09 
0.92 
0.76 
0.62 
0.50 
o. J9 
0.29 
0.21 
0.15 
0.09 
0.05 
0.02 
0.00 

H ::: 75 b 

ReI yf 0 

5·18 
4-. )8 
).68 
).06 
2·52 
2.0 /+ 
1.6) 
1. 26 
0.95 
0.69 
0.47 
0.29 
0.16 
0.06 
0.00 

H ::: 90° 
ReI yf0 

12.6) 
10. )'7 
8. l '·9 
6.92 
5.60 
4.h7 
)·51 
2.70 
2.02 
1 • LI.L~ 
0.98 
0.60 
0.)2 
0.12 
0.00 

2L~. 00 
H3.75 
11_~.80 

11.71 
9.25 
7.26 
5.62 
h. ;~7 
) .16 
2.25 
1.51 
0.9) 
0. 119 
0.18 
0.00 

. ° H ::: 120 
ReI yf .0 

)8. )9 
28.02 
20. B'I· 
lS·82 
12.11 
9.28 
'1.06 
5·)0 
).88 
2.7 1j 

1.8J 
1.12 
0·59 
0.22 
0.00 

J[ = 1 )5° 
ReI yf ° 
()5.5? 
L11.02 
2'1 .l~h 
19. 11-1 
1-'~·. 19 
10.5) 

'1 • 81.~ 
5.'18 
4.18 
2.92 
1.?) 
1.18 
0.61 
0,2) 
0.00 

. ' L-_____________________________________________________________________________________ ~ 
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VERTICAL RADIA'rOR CHAHACTERIS'l'ICS AN'I'ENNA CUHH EN'I' HELATIVg MI\GNI TUDE & PHASE 

o 
H/l5 
2 H/15 
'3 H/15 
h H/15 
5 H/15 
6 H/15 
7 H/15 
8 H/15 
9 H/15 
10 H/15 
11 H/l5 
12 H/15 
1) H/15 
1/J. H/15 

H :: 1500 
II = 1650 H:: 1800 II = 1950 /I = 210 0 11·- 2250 If -- 240 0 

Hel I Hel I Rei I Hel I Hel I Hel I Rei I 

0.2991 
0.2822 
0·3990 
o • 5581~ 
0·7121l 
0.8h18 
0.9 )6IJ. 

0.9899 
0.9987 
0.9619 
0.8810 
0.759 ) 
0.6025 
0.4179 
0.2139 

0.4164 
0.2602 
0.25 tH 
o .lJ.O)a 
0.58 )7 
0.7lJ.75 
0.8772 
0.96)0 
0.9991 
0.9827 
o .91 l 1-6 
0.7978 
0.6)a8 
o . hlJ.58 
0.2290 

0.56)2 
0.J582 
0.190) 
0.2/·J.8) 
o .41J.lJ.1J. 
OW. 6404 
0.a051 
0.92h) 
0".9891 
0-.995) 
0~9418 
0·.a)19 
0.6722 
0.l1-719 
0.24)2 

0.6880 
O. h820 
0.2596 
0.1 h)6 
0.)ri6 
o .5hl'1 
0.7)50 
0.0827 
o .9'1)1 
0·9997 
0.9605 
0.0579 
0.6986 
0.4'9)1 
0.2550 

0.fJ1SB 
0.6288 
0. 1/005 
0.165'1 
o .10Sh 
0./·~22) 
0.6h62 
0.0260 
0.9 1166 
0.990) 
0.9'1'1 J 
o . 80J·~6 
a . '7 2'7 J 
0.5166 
0.2682 

0·9/,17 
0.0002 
O. 51~96 
0.J'~1,6 
0.1100 
0.2601 
O. 5161~ 
0.7Y1 1+ 
0.0990 
0·9065 
o .99~~J 
0·9157 
0.76)1 
0·51~·69 
0.285h 

1.0000 
0.9 h 12 
0.791~J 
0.5'1 ll5 
0.J085 
0.1169 
o. JJ9'+ 
0.Go05 
0.B10) 
().9/-I-J9 
0·98'11 
0·93'17 
0.'19[~2 
0.5761 
o. )027 

----------~-:-~;~O--~-:-165~--K-:-1800--~-:-1950--H-:-21~o--ii-:-225o--H-:-240o 
h O ReI" 0 Hel" Rei" 0 ReI" 0 Hel,,' 0 Hel ¢ 0 . Hel ¢ 0 

o 116.5 11~8.7 164.8 171.8 175.9 1'78.7 . l[31.7 
H/15 71.5 118.5 152.0 165.) 172.7 176.1 178.7 
2 H/15 )9.8 6).7 111.9 l L,·{J.5 165·1 172. /,. 1'15·5 
) H/15 2/'.8 J2.) 4L~.4 7"·.9 1)0.0 16/~.2 170.7 
Ij. H!15 16.8 19.5 21.) 21,JI- )6.5 115.1 159.0 
5 H/15 11 .9 1).0 12.9 12.8 1 LJ.. 0 21 .8 81 .1 
6 H/15 8 . 6 9 . 0 • 8 . 5 8 . 0 7 . 9 9 . 7 1 (J • 8 
7 H/15 6 . 2 6 , 4 5 . 8 5 . J 5 . 0 '] • 6 9 . 1 
8 H/1 5 I,. , 1-1- l} • 5 I~ • 0 ) • 6 J . ) ) • 6 5 . ) 
9 H/1 5 ) . 0 ) • 1 2 • 7 2 . h 2 • 2 2 . J ~3 . ) 
10 H/l 5 2 • 0 2 • 0 1 . 8 1 . 5 1 . 4· 1 . I,. 2 . 0 
11 H/15 1.2 1.2 1.1 0.9 0.8 0.0 1.2 
1 2 H/15 '. o. 6 0 . 6 a . 6 0 . 5 0 . I~ 0 . I, 0 . 6 
1) H/15 0.2 0.2 0.2 0.2 0.2 0.2 0.2 
14 H/15 0.0 0.0 0,0 0.0 0.0 0.0 0.0 

1 

, " 

~~--------------------------------------------------------------------------------------~~ 
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;~RTICAL RADIATOR C~A~A:TERISTICS 

ii 
~. Verti cal ?la..ne R el a ti ve ? i el d Strength Pa t-::ern 

The vertical plane relative field strength pattern 

is derived aSE":l.rni!1g the radiator is comprised of a series 

0: each finite element. The finite elements &re assigned 

current ;nagni tude a."1d phase according to the resul ts from 

the ~~evious section of this report. 

.. 1\" ; c:: ·~o l1. _ _ L.., .. _ angle in degrees. from the hori-

zontal, the relative field at angle "A" may be represented by-: 

;:;>, .' = cos A (-k I cos % + I cos (¢ + hi sin A) "e.J..a-:lve 
0 0 1 1 

field + T cos (¢2 + h2 sin 1\ ) 

"'2 r. 

+ I) cos (¢) + h) sin A) 

+ ---------------------

h3 13 L¢3 
• 1 ;uj ~ n 2-

hi 1 . L¢ , 
.. , 

h 0 1 0 LII 0 

hI 1 . L ¢ t 

I .. , , , ,. 
(' .. , .. 

h ~ 11 L~ 2 
I ... , .... , ... 

h; i3 LrJ3 
... ..... 

I 
I 

The vertical plane relative field patterns, for a 

range of tower heights. are listed in the following tables. 

-. ~ -
GEORGE M'" THER & ASSOClA TES - R"'DIO FREQUENCY ENGINEERING 



,-

VERTICAL RADIATOR CHARACTERISTICS VER'rICAL PLANE HELATIVE FIJ~I,D STHENGTlf PJ\'l"fEH.N 

Vertical 0 60° H ::: 75° 90° 105° ° 135° If ::: 45 )[ = I{ = I[ '" If ::: 120 H --
Angle A G=lQ.52° G=66. 2l~ G=90.00 G=115.11 G=1)6.50 G=15h.J2 G=170·51 
Degrees ReI Fld ReI Fld ReI Fld fiel FId ReI l"ld Hel fld Rel FId 

00 1.0000 1.0000 1.0000 1.0000 1.0000- 1 .0000 1.0000 
0 
0 05 0.9958 0.9952 0-.9941 0.9919 0.9887 0·985) 0.9817 ,. 
~ 10 0.9832 0.9815 0,,9782 0.9725 0.96'+5 0·955J 0.9Li-51 
~ 15 0.9624 0.9590 
)r 

0.9529 O. 91.~27 0.9283 0.911h 0.0921 

-i! 20 0.9337 0.9282 0,9187 0.9032 0.8815 0.8557 0.8255 
"' 0/8764 jig 25 0.8976 0.8897 0.855) 0.8260 0·7907 0.7 /1 90 ,. 
)r )0 0.85h4 o . 81}L~0 0 .. 8270 0.800lt- 0.76J6 O. '?J 91 0.6661 
lit 

0.7716 0.696h 0.{)I~J7 0.5807 lit 35 0.8048 0.7920 0.7)99 0 
0 40 0.7492 0.7 )/}4 0.7110 0.6752 0.626) 0.5670 o .l~962 )r 

;;I 
45 0.6883 0.6720 0.6465 0.6077 0.5551 0. 11-915 0.h156 lit • 
50 0.6228 0.6056 0.5789 0.5J86 0.484) 0. /1-188 0.Jh09 ,. 

)r 
55 0·5532 0.5)58 0.5090 0.h689 0. 1-1-150 o. )503 o . 2'737 0 

0 60 0.h802 0.4634 0.4376 0·3993 O. )h82 0.2869 0.21h6 
"" jig 

65 0.4044 0.3889 0.)65) 0·)305 0.2841 0.2288 0.1638 "' 0 
c 70 0.)262 0.)127 0.2924 0.2626 0.22)0 0.1759 0.120'7 . 
"' z 
Q 75 0.2L~62 0.2)55 0.2194 0.1957 o . 16 lj·5 0.1275 o .08 /-1-2 

"' 80 0.1648 0.1574 • o .lL~62 0.1299 0.1083 0.0828. 0.0531 z 
g 

• 0.0826 0.0788 0.0731 0.0647 0.0537 o .otw7 0.0256 Z 85 
"' "' ,. 
z 
0 

-



-' 

VERTICAL RADIATOR CHARACTERISTICS, VEH'l'ICAL \PLANE RELA1'IVE {"Il<;LIJ STRENGTIJ PATTEHN (-

Vertical H = 1500 H = 1650 H = 1800 I[ = 1.950 
I{ = 210 0 

l! -. ?2<'0 1I = 240 0 
. -J 

Angle A C=186.15 0=199.)2 G=211.68 G=221·91 0-=2)J.)2 G-= 2/,·8.85 G 268.08 
Degrees Rel Fld Rel Fld Hel Fld Hel Fld Rel 1"ld ReI FId Hel Fld 

0 00 1.0000 1.0000 1.0000 1.0000 1.00cfo 1.0000 1.0000 
C!) ,. 05 0.9774 0.9727 0.9685 0.96)7 0.956h 0.91~15 0.90)2 
0 m 10 0.9323 0.9174 '0.9021 0.88 l'·3 0.8578 0.8080 0.6921 
~ ,. 

15 0.867J 0.8382 0.8063 0.768'1 o . '11 39 o . 61l~5 o. J929 ;!-
m 20 0.7867 0.740.6 :D.6886 0.627J 0.5J92 0.382J 0.0iJ.20 ,. .. 25 0.6952 0.6)1J ':9. 5580 0.4722 0·J502 0.1 J58 -0. )202 ,. 

30 0.5980 0.5171 '0. L~240 0.)155 0.1631 -0.1015 -0.6557 lit 

'" 0 
35 0·5002 0.4049 6.2951 o .168l~ -0.0077 -0.3101 -0.9J46 0 ,. 
40 o .l~062 0.1785 0.0396 -0.1515 -o.h759 -1.1376 = 0.3002 

lit 

• 45 0.J196 0.2074 0.0794 -0.0650 -0.2615 -0.5916 -1.2567 ,. 
50 0.24JO 0.1295 0.0009 -0 .ll~2J -o.J)h9 -0.6555 -1.29J8 ,. 

0 
-0.3726 -0.670'1 -1. 2578 0 55 0.1779 - 0.0679 -0.0558 -0.191H 

"" 60 0: 1249 0.0277 -0.0912 -0. 21/.J.9 -0.3776 -0.6435 -1.1617 ,. 
'" 0 65 0.0837 -0.0070 -0.1072 -0.2147 -0.J5h7 -0.5815 -1.0195 c: 
m 

-0. 8L~h6 z 70 0.05JO -0.02JO -0.106J -0.194B -0. J090 -0.IJ927 
Q 
m 75 0.0314 -0.0275 -0.0918 -0.1591~ -0.2Li-59 -0.)8hh -0.6 lf79 

~ 
• 

80 0.0169 -0.02JJ -0.0669 -0.1124· -0.1'105 -0.2629 -0./~J78 
Z • 
m 85 0.0072 -0.01J1 -0.OJ52 ~0.0581 -0.08'11 -O.l)JJ -0.2205 m ,. 
i 

-t:-
4 

~ 



V~~TICAL RADIATOR CHA~ACTERISTICS 

, 
../ . Theoretical Horizont2l Field Intensity at One Mile 

The theoretical horizontal field intensity at one 
mile is determined by a simulated integration of the vertical 

pla.'1e relativE: field i:1"te:;si ty pattern. The routine is shown 

by the following; exaInple where the physical height is 75 

de[rees (G = 90 0
), with an input power of 1000 watts. 

-. 

S~~20f K2 cos A ' 
~ K cos 0 
Dif~erence 

/' . 

Vertical Relative 
Angle A Field K K2 cos A 

0 0 

5 
10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 

1.0000 
0.9941 
0.9782 
0·9529 
0·9187 
0.8764 
0.8270 
0.7716 
0.7110 
0.6465 
0·5789 
0.5090 
0.4376 
0.3653 
0.2924 
0.2194 
0.1462 
0.0731 

1.0000 
0.9844 
0.9424 
0.8771 
0.7931 
0.6962 
0·5924 
0.4877 
0·3873 
0.2955 
0.2154 
0.1486 
0.0958 
0.0564 
0.0292 
0.0125 
0.0037 
0.0005 

7.6182 
0.5000 
7.1182 
2.6680 
0·7881 
1.2688 

Seuare Root ~ 
Multiply by (Pi/36)2 
Reciprocal 
;/1ultiply by 152.1 for field at 1 mile 192.98)6 Mv/m 

The theoretical one mile norizontal field has been 
calculated for a range of tower heights. T~e results of these 

calculations are illustrated in Figure 5.1. 

An alternative method of illustrating radiator 

efficiency is to show the loop antenna current required for 

• •• 2 

• 
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100 :t;v!m at 1 mile. In this regard an element of physical 

height of 75 degrees (G = 90°) is utilized as a reference. 

In this case the ~nput resistance is 28.373 oh~s and the 

current for 1000 watts is 5.9367 arrms. Therefore, for any 

element; 

J._71PS Der 100 :'J;v/m = 100 x 5.9367 ~ R:'S Field (1 kw - 1 mile) 

Figure 5.2 shows the amps for 100 Mv!rn at one mile 

over a tange of ~~te~~a heights. 

- L'IJ -

-' 
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V::::(I'ICAL RADIATO;{ C}1P3ACTERISTICS 

6. Resistive Component of l'Iiutual Impedance 

. ;'.1utual Impedance describes the interac tion between 

radiators ~~d is dependent on the spacing between radiators. 

~he resistive com~onent of mutual impedance is calculated by 
sol vine; for. ele:nent current I derived from anterL'1a array root

:::ea.!1-square computations. and then subsi tuting in the array 
-

i~:.)eca.nce f6:-mulas. 

A radiator of physical height 75 degrees (G = 90 0
) 

is utilized as a reference element in these determinations. 
This reference element has a resistance of 28.373 ohms ~~d 

for 1000 watts input the current is 5.9367 C3.1ups. The field 
a t one mile. per kilowatt is 192.9836 ;r'lv/m or 32.5067 j;:v/m 

per C3.1upere of input current. 

If an array is comprised of two reference elements. 

separated by S degrees, with equal field ratio ~~d fed in 

phase, the relative root-mean-square is; 

The impeoance relationship for an ar-ray comprised 
of the two reference elements, with equal fields and fed in 

phase. is as follows; 

= Z2 = Z11 + Z~m 

= Rl1 + Zm cos %m = Rll + Rm 

ifuen the power is 1000 watts. 
2 2 2 

Then 1000 = 11 Rl + 12 R2 = 2 11 Rl 

or Rl = (SOO/Ii) and Rm = Rl - 28.373 

• • •• 2 
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For pu:-poses of illustration.· assuming the spacing 
S is 90 degrees. the results are as follows; 

Vertical Relative (-:'r) 2 2~ l~ 
Angle A Pield K 0 M S K cos A ... 

0 1.0000 1.7158 2.9440 
5 0.9941 1. 7178 2·9050 

10 0.9782 1. 7237 2.7998 
15 0.9529 1. 7333 2.6350 
20 0.9187 1. 7465 2.4192 
25 0.8764 1. 7630 .. 2.1636 
30 0.8279 1.7822 1.8813 
~::: 0.7716 1. 8039 1. 5870 --'--' 
40 0.7110 1. 8273 1. 2930 
45 0.6465 1.8518 1. 0135 
50 0.5789 1.8767 0.7587 
55 0.5090 1.9011 0.5371 
60 0.4376 1 .9244 0.3546 
65 0.3653 1.9457 0.2135 
70 0.2924 1. 9642 0.1128 
75 0.2194 1.9794 0.0488 
80 0.1462 1.9907 0.0147 
85 0.0731 1.9977 0.0019 

Sum of (Rfr"S) 2 K2 cos A 23.6835 
1 of (RMS) 2 K2 cos A at A = 00 0 1. 4720 "2 

Difference 22.2115 
Square Root 4.7129 
j.1ul tiply 

" .. ., 
.1. 

by {fi/3q)2 1·3922 . : .~ . 

Reciprocal 0.7183 
Multiply by 152.1 = P 1 = F2 = 109.2488 
Divide by 32.5067 = 11 = 12 = 3·3608 

R1 = 500 't' {3.3608)2 = 44.267 

Rm = 44.267 - 28·373 = 15.894 

The value of I1 was de termi,ned from pattern 
integration and substitution of I1 in the impedance formulae 
will solve for R • the resistive comnonent of the mutual m ~ 

impedance. Figure 6.1 illustrates a plot of mutual resistance 
over a range of spacings between elements. 

- :"11 -

• 
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VERTICAL RADIATO~ CHARACT~RIST!8S 

7 . ;)~:-i Va ti on of Mutual Ii7,pec3.:L"1ce 

The ~agnitude and phase of mutual impedance is 

derived from' the values calCUlated for the resistive com-

ponent of JJutual irr.:;;ecance. A radia~or wi th a physical height

of 75 c.esrees (G = 90 0
) is utilized as a sta."rJcard refe:r-ence 

ele~e~t ~~d ~ut~al im?ed~"1ce is computed only for the 

refe:-ence elerne~t. 

To scme extent the derivation of nagni tuG.€: and 

ph ase of !liU tual ir:ped2.nce is a tri al and error procedure. 

However, it is evident with regard to phase that the a.'1gle 

is an odd mult~ple of 90 deg:r-ees when the value of mutual 

resist~'1ce is zero. FurthErmore. for large spacings. the 

relationship c.e-c'",'sen phase 2....'1d spacing appears to be linear. 

Inaddi tion. for large spacings. the relationship between 

the ~eciprocal of the ~agnitude ~~d spacing also appears to 

be linE:ar. 

On the basis of the foregoing the magnitude and 

phase of mutual impedance has been derived for the reference 
,- f. r' 

radiator.' The results' of these' derivations are illus-crated 

in the following Figures 7.1 through to 7.7. 

- r~! -
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Y3?~ICAL RAD!~~DR C~A?ACT~R!STICS 

E = 75° G = 90° Zoo = 28.37) - jO 

= 75 x 23.37:3 

= 

., 

7.7 
• 
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,:-._-_._-_._------' 

,....··_-o,......t--_I..L_ J.. _ ... .., 

32Se o?s:--ating impe:ia"1ces are de .... ermined in order 

to facil~tate the design of appropriate rr,atchi~g networks. 

Fisure 1.1 ~~C ?igure 1.2 for the desired element he}ght. 

\';:-, e:-s two or :nore towers are involved in a.."'1 2.I:·ay 

~E-~v;ee!"'! tov;e~s. In these ir:.s~2...!:::es ~c diato:,s 'h-i th a p:-~~,rsic:al 

;-,'2:gh-:" of 75 dsgrees (G = 90°) are utilized as a sta.'1card 

refe:--ence to GE:-:-ive 2.."'1 i=psG.c...:"'"1ce, cur:-ent a..'1d power a.'1a.lysis. 

c ... ·.--=.r,+ '-.1""1-4 ..... _ ............. e-: J l..i 

the :;:=..sc cpere:.ti::g i::!!pec2..Dces. The routine develoDed is 

predicated on employ;:nent of the Imped2..Tlce Circle D::.agram 

and the "Spiral" curve depicted in Fig'.lre 2.1.1. 

The initial 2..'1alysis is based on the:. "reference" 

heigh t, however, the "Loop" impedances are rotated on the 

Impedance Circle Diagram to allow for a differe~ce in electri-

cal h ""~ht .... r;.-L-·'e-n -L-1-e ""e.&'-~o~ce e,.,.- eT1 -L- -no' .... "" • ~""'5-' w_ Lon ~ .... :"'.i.l. ... .!. C..:.. ..... .!..L __ .4.1 .:.. \" c..:. I",l!~ desired 

e12rriE.nt. In aGdi tioD it is ass·...;,:-ned t:-.at the VS\'irt (Vol t.age 

Standing ;"-Jave Ratio) at the desired height is proportional 

to the ratio of the calculated VSWR, for the Loop operating 

i:r.pec.2.Dce, and the nominal VSVJR (Fig-~re 2.3) :or the E'J.ect:-ical 

1ensth calcula~ed from the Loop operating i~ped~"1ce. Fin211y, 

it is assumed that the base input power is equivalent to the 

Loop power. 

Figure 8.1.1 summarizes the routine that is employed 

• •• 2 

• 
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. , 
:.:::;.E, c=--~ce, c.1..l.:"rent 

currEnt 2...'1d ?cwer, at the desired els::nent height. If cata 

based on ~e2SU~E~3nt is available, a further adjust~ent of 

I:: ill~si:--2.:.e array 
- . .. .. 

~ -; 3...l. :.. ~ e :. a:-l c. 

- rt;: -

" " 

• 
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--------.-------'--------------------------------------------------------------------~ 

r°o 
CI~ L ___ , ___ '-_ ... __ . __ ._.\_. __ _ ~--------.j 

./ 

~.. _. --... --- ~ 
r,,,: -;::_~-.-._:",.·,'~_Tit L : ; , 1 I 
-~' - - . - [ . ----. ----. .--.- , ------ .-. -- . -. 

04 ?r-.ysical E=:g:ht H t' ..' '1 
~~ ~:~ c ~~~: ~ i! e : ~: t G ~~-~ --T--~:~'~-:~--- -~i~~--~ 
...... ..., ~,.... r. Q~ !.; I - f I ~!', ,.~ •• ': • ~ , ': • ~ , -; -: ••••• , •• , ••••••••• ~l' ... -.--:-~~ ............. -:-1':-:-:.:. ~l 
os :.00;: F'ielc: r:ati? : ._.---: --- -t-------., 
riC -:- -~ """'!"'-.c:. ~. ~Oi"\ 1I.':ttl!'T;:;"'~ , 2 L 1; I: '- , -,0 '" ~ :'1. __ ':-, _ _ _ '-' ,IJ Y / ,.... ~ ... g ). I ----.-; ---- .' ..: I .~ 

t 10 =-_,c" 8::· S:1.:-:-- €:;:. t ~ 2. "!: i 0 : ' i.~ i I : : . . . . -........ , ................... r ... : ............. : ...... 1 .. , . . . · 
?T ~oop C:~:e:'~-:ing ~esis~;:;~ce +-_~. ______ ~ .. _. __ . ____ ~. _____ ; _ _ __ ~ 
~ i , 

02 ;'''~;:2y 

! ~ " i L-.- ___ ._; ... ____ ". __ ., ... - .... -_: --...... -.--.--.. --1 I : , . i 
qp~:-2.ti:1g "-r:J~ ~:: '-1 ..-...:.:. ... '-' ~ ---'- "--;"----" - :--- -- - . --', .. ----'i------_· ."_. ~ 

C---_uE::--a. tinR ~"t:2. tts +- __ . , .. ___ . __ .. __ ._. __ ._ .. _,". '._._ ~ __ . __ '. ___ . ...L._ ... __ .. _._"'; 
- 1 ~ f , 

................................... ~ •••••• _ •••••• ~ •••••• ~ •••••• 4 ....... . 
j . . . ! 

.. r, V 

..!.:::. '/"L 
1) "':"'L l.,ocp 

1 4- '.1 I·oop .'.j 
.l.J 

15 r = RL / 200 i ------.-- i ---1.' 
• " I 

;: : : ~L/~ 2~O(= + rr _ ::\tl ~ .. -_-------,=-=-~~~T-=-l-~- -,--. ~ 
-'-v 2. = (rr . ):1;: + 1) ":' (4 :."J _ _ __________ , _._ .. __ • 

.:. i ~ 
1 9 v = v S WR = a + (c:a - 1):C ~ '. _.~ ········ .. ······ .. ··········· .. ·······1··· .. ·· ... ······\,·· .... ~ ....... ~ ...... ~ 

I . 
I---- ------ ~-.---- ----.. ___ i . 

20 n = a.11 integer 

21 G 1 = ~ (180 n + arc ta.!1 b) __ --; 

22G;=G1+6G, .l.".' 

• • • • • .. • • • .. • • .. • • .. • • • • • • .. .. • • • • • .. .. • ... ................. ............................ t 

.. t' 

23 ;";:2 from Fig 2.3 for. G2 ;! -.-)-----~ 

~~ ,l:~ ,~~~~ ,~~~, ~:? , ~~~ ,~~ , , , , , , , , 'r' , , ,-:-~-. -. ~~-:~-:-~- .1 ::-.-~-.. i 
, • I 

25 V 1 = (i\ll + 1) ":' (M1 - 1) ---- :....; 

26 V 2 = (:r:
2 

-;- 1) ~ (Y:
2 

-1 ) ____ . __ ._ .. _._ ... , __ .. ; _. _____ . ~- __ . ~ 

27 V 3 = (V) (V 2) ~ (V 1) L -..... -- --'--.--- ----~ .. -- -- --.! -'-- - .. :.- ---.--- ~ 
•••••••••••••••••••••••••••••••••• ~ •••• ~ •••••••••••••••••••• ~ •••••• ! 

28 z1% = (1 - jV J co t G2 ) Zb = I . ~ 
2 0 f \' ' +,..) ri __ , ~ 3 - J co .. u 2 "'b' ~ ----: ---_-',--------:--~--
30 Rb = Base Resis = Zb cos ~b = ~---_----~------~. __ . __ :..-.. _ I , 

31 Xb = Base React = Zb sin ~b = ~.---- .. - -;---.. --------- .-~-. - --~--.- '1 
··································t······-:······~·····.' ...... ~ ...... ~ 

I! . 
32 wb = Base ;,'atts = W

L 
~ ____ . ___ ._ ... ___ ._. __ -.--.-.--.-----__ 

33 Ib = Base Amps = (Wb ":' Rb)'i r- I . : i ---: 

?~ ..... . ~c::: .~~:::r:~.~c:~~~ ........ t ...... ~ ............. ~ ...... ~ ...... ~ 
35 R Measured Operating Base R Ii . ._""'" 
36 Xo r" j ",IJeasured Operating Base X • 
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---- _._-_ •.. -- -------_._--_._-----------------------. 
". V' Stc..~ion - ., l-~~ .. ~ .. l :_.---;!---+. ----:--_ 
C~!, ::::'e:r;ent ---t ~. '1 

- ""''-. '.' ,..:. - ~ ~, ---.--. ,., -.-- j' ---!'------;....,.----.:; .:.... - ~, ~ .. ~ ~ e .:. :::h t .. ~ t . 
r. ... ~ 'X· - -:;. TO' • - 2 ~ " ---:-, -----:I~---+------
v'::; ;.;/ n .:..:-OI:1 r 19 .~ _~--~-_--

g~ Re~t~i~a: ~~ight G --- .... -1~---1~~ -·1 -- -+i ----
. _ . - ..... - ........... - ............ _ ....... _I_ - .. ~ ., .. - ... 1 •••••• 1 ••••• 
08 7 00'0 t:';e'c ::2+;0 . . I! -:;' :.. .I\:.~; -rJ;_ w;. ,...., .. ,,_ .. I ..... j;'. _ . w •••• ---. -" t--.-.--1----.--.!-: ----
09 .. ,ClO}, :'.iJ .• ~"'" .L Co·.:, ~ov ";'1 ," • 16 5.2 __ , ... 1 _ .. ___ 1 , I 

~~' .. ~~.~~ . ~.~~~.~~ ~ . ~~ ~:~ ............. ~.'~-:-.-.' . .r ~-~~l ...... .). ..... j •••• 
• , R .,. 0 n~----:.,..,~ ;0""; c:: ... _.., I!! i .!.- ·~l ~O P \....v'C~a..L.~,.~ ; .. ____ Lr.:!-. .. ce I;, I· 

12 :Z: :·cop ppe:'2:ting 2ea~t~!ce . . ..1 _____ .-:...! ___ ~~ ___ _ 
2;. ~~. ~:)CP Cpe:'a-ci:::s .. !_=~:~S I 
:~ .:/ .. ;~ :'OOLJ :-.-.,. ...... ;:+!_- ·.;:2.tts ·"---1--

L .... .:-I~. - v~l':'E:. ___ . ____ .r • . -~T""""- - ..• _ ---' ___ ~----

.. .. .. .. . .. .. .. . .. . . .. . . . ...................................................... i ......... f" ......... ·1· .... .. 
~:::: r = R.,. ~ 200 I . 
~~ x = .{.L: 200 i 
J. \,.,.I 4 T -:- .---+-____ . 
~ 7 b:. --'2 x ':' (xx + rr - 1) i 

*12 a = (rr -r xx + 1) ~ 2 r
1 

._ .... +_..j-- ._--: 
19 V = '/S·:·8. = a + (aa - 1)2 --·~ __ .. l=_~-__ 1 ~~-'-"-l---""""'---"'" 
......................................................... ! ....... . i • ........ ~ ............ ~ •• ' ... .. 
20 
21 
22 

23 
2L 

2~ --26 
27 

28 

29 
30 
31 

32 <. 
"",./ 

3i.;. 
35 

*36 
37 

38 
?C 
,.// 

40 

41 
42 
43 
44 
45 

:-IB 

: f : . 
n = an i::t.sser 
':1 = i (180 n + arc :'2..1'1 b) 
G2 = G1 + 6 G 

:; ----

.' I .......................................................... " .......................... ";' . .. . .. - . 
~ ~ . 
; I M ~-o- p~~ 2 1 ~or G Li_? -.... .L.w, -"'c . -" ~ -,... 

.,<- ~- ", .,.. .• - ? • ~- r:.~ 
"'l ... .:.. 0 ... = 1 D -' "" ... or ...; 1 I;.. 

· . . , , , . , . . , . . . . . . . . . , . . . . . . . , . . . . . . . '.' . 'I' . , . . "j' . . • • . \. . , , . .... . • • • 

V 1 =( ;/11 + 1) ~ (:>"1
1 

- 1) I!: ( 
• r I " • ) ( ., 1 ) . , . . 
~ 2' = ~irl2 + 1. 't" "'.12 - +------71---~-------
V 3 = ( V) ( V 2) ~ V 1 ___ --:-: ~ _ _+_: ______ --:--_ 

.. .. .. .. ...................................................... 1 ........... f" ........................ .. 

zfjt = (1. - .1 V.., cot G~) - Zb -= 1 i : 
J' .' 

. ( V - J co t G 2) t b = ~--'-----!-' ---t---~----:---
rtb = Base~es1s = Zb c~s tb 
Xb = Ease React =' Zb Sln tb 

· ........... - ....... - - ... - .............. - .... 'j' . - '.' .; .. - ... ' ...... -
Predicted Base Self R = R '::: . 

, -- ._--_.---.. _------'-------, 
Predicted Ease Self X = xP 
~easured 3ase Self R = RP 
~eas~red Base Self X = XID 

R-o = (R·o ) (R",) ~ Rp m . ~ .. ~. ___ _=_- .. ~--_.-.!~---~-_ ..... 
X~ = X + Xm - X . . B b m p -_ .... '-' .. _ ..... -- .. _.-:-.-.--._._. --.:....----

.. . .. .. . . . . .. .. . . .. . . .. .. . . .. .. . .. .. . .. . . .. . .. .. . . . . ........................... ' ....................... . 
..... !. ~ . . 

. --r . ... 
• ................................................. : ••••• 0;0 ....... : •.•••••• 

R ~easured Operating Base R !'I! 
XO ~easured Operating Base X I 

1° hleasured Operating Base I I, 

tJ~ YJeasured Opera tint Base V·J ',--' -+t----+1---..;--'----
~.1easured Base Amps Ratio __ .... - _L __ --=lL· __ --l ___ _ 

· ................................................................. ' .......... . 
At line 18 use "r" as positive to deterni.lne Ma" 

At line 36 when RL (line 11) is ·negative-~hen RB = (Rb )· (Rp) ~ Rm 
• 
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---_. __ . __ ._----------_._----, 

l 
Loop Field Ra7io 

Spacing' 

Loop Resis-:c..,.'l.ce 

Loop Rea.cta.;'1se 

F:-::·ase of 

.. 
.!..J ., 

J'-'I.. Loc'"C 

',". ... Loa:; 
L 

:- = RL I 200 
x = X- I 200 

L 
b = - 2 x 0:- f·." ... 

\ "~ 

a = (rr + xx + 

V = VS~ .. "R = a 

n = 2..:.'1 inte~er 

G1 = l. (180 n + :2 

;/;1 from Fig t.3 
V1 = (M

l + 1) .... . 

+ rr 

1 ) ~ 

( aa -

arc 

' . 
for' 

(M1 

-1) 

2 r 

n! 

tan b) 

. '. 
G 

1 
- 1) 

1 

1.000 
00 0 

ref 

28.37 
o 

17·55 
-7.86 
4.727 
392 

17.6 

0.08755 
-0.0393 

-0.0793 
5.7507 
11.414 

1 

87.73 

1.306 
7.536 . 

1.515 

2 

0·760 
-90 0 

110 0 

28.37 
0 

47.11 

~ ; .. 61 

608 

.0.23555 
0.06805 
0.11.;.48 
2.2506 
4.267 

1 

94.12 

1.369 
6.420 

1 / 1. 505 

To convert from Loop Values refer to Figure 8.3.1 or Figure 

8.3.2 and follow appropriate Spiral Curve to the desired 

Electrical Height. 

• 8.2 
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• 
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• 

iI II 
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! • • 

Yn • Nominal. 
Y S W R 

t 
• ,;., " I~~ • • .. . 

II 11: ~ I I ~"I'll .. 
t ~ 

, . t ;: : ~ 1 ~ ~ 
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• .. • • 

: ! • 
.,' 'i! 

9 • • 

• 

Vn .. Nominal. 
V S W R 

i 

j ; 
I , 

I Ii 
; I; 
, / 
I I 
.:.' 
~~' 

/ "/ 

fhlLt>i"-l.:.!..T~ ~~ .. _ t ~ .~._ 

" 71 , I I ~""~""'''I ~f'I'~""D"C'~'!II~"!"I+--t..1;-;-1'fL~~_ 
I' ~Te-:""':' '~iI r .«.: iii,' I I • ~ • i r i I ~ i i i <I sa;, ~:. 

• , :I .,:". Jiii::;::t;:: ;-mll~ . 
• 1« f','. i« i ~ •• \ • l .. 

:~, ~ ~ t :. :; ~!: "I~ & 

cr".-rEl\. 
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01 S:.<=."':5 on 

02 ;.. .. :::: ay 

04 ?hysical :iei,::ht 11 

05 C/H f=o~ ?ig 2.2 
06 

I _... Z 
.60. 

L.. __ ... 'L. .. 

'tC_~~~ 

1.1.71 i 1 .. '27Cf 

._ .. _ .... . Ii iJL ../1 !t.N . 

07 6 G = G - 90 _-=:;'0 .. ~? ... -'n·!.' .. " __ " 7S.!(L..:..J5. 1f _ 
••• ~ ..................................... _ •••••••• , .................... f" 

08 Locp ?i~ld F.atio : 0.7{, ._ 

r-.o· • - ~O"" ... 1 'w"" .~c>op r.:;:ps ~ .... : V ~r.\·/It Fig 5.2 
!O L:.o'C· ~ . ..<.:-:.'~::-!-: ?:atio • i·oO c.U • .. _. _ __ ~f..:3.~. __ .P~,_._ I 

• ................... I ................ to ........................... -~-' ...... '. - ............ ~ ............ • ........ II .. .. .. .. .. • ..... f. 
~, p. ~ -,..., '-I. c- - 'r- - ..:..: - - =-;".;) --:. _ ... - - '" 0 r- cr·.., ...... & ~ I..,,. ... - 'L ~""""';':--' .fJ= .. :::.~.;...I_~E;. i'-_:::'_= ... c_! ... _ .......... _ .. ~; .. _¥. -:-"" .. 11 __ . /.'.wI ..... _ ...... .Ic. __ 

12 X'! Loc::~ C:?e~"'a .. t:i:lg ~~ac-':~jce 
.J.. 

. 15";'1 

1 J IL Loop O?:-:-c. ~:':;,.g .?..!.: .. ~s .~_'t.";:X!), ~'1Z _ _ __ !:i,7J.2_3. . .s...."."L_ 
14 WL :"::001' C:;::::-ati.n€ ~.'2.-:'ts ~ ;~Z ":8;:'12 .~:;B... __ 
.•.......................... ~ .......................... ·t···· .. ·· .. ···t·· , . 

15 r = R. / 1... 
16 x = XL / 
17 b = - 2 

2')0 

200 

x l' (xx + r-r - 1) 

.. _.t-.
4 ei7 5 ·2;[55 

_._--:-rC~<,:·;'C .~c:,~o£. 

.. "i e a = (.,..... . v .. • .... 1 \ .,,.. . ~ ., r: ... - "t "t.r,.~ ~ -, t: '" 7 ,.,.., ( '" L 
.... ... .. 1'" ~ . _) 't ... .. ~:._ • ."p J ~ •• ''- •. -''''. • ..,i) .. ,,., .... _~.~~._ 

1$ Y = \,S ... 7. = a + (;;,~ - 1)! :1/,!.;!L,.ir.Z~1 . /J. 4 14, ':'.7.7_ 
.. .. ............................................ -r • ........ f. ............ "... .......................-r"" .. 

20 n = a!1 integer __ --'-- I I --- f.._ ----21 G1 
c t (180 n + arc ta..'1 b) ~!7.1.3 . .. ~1t.t'2. .. i7.7~ . of4_/2. -

22 G2 = G1 + .6,.G . .. :,. . ,; .'!7.._ ... .,~. ~t._ /!2..:P!:! 1/~.'2'!.. -. . 
• ........................................ "' ................. '.' .... , ........................... f' .. .. .. .. • .. .. 

23 M2 from Fig 2.3 for G2 
24 Ml from Fig 2·3 for G1 

~ 1.01 .. __ .: /.1 .. 6 • 

_~ j(1' ..... I. u,q . 

j.5l.5 : ~~1~ .. __ 

.1.;(1, j';6<1 
.. . .. . . .. . .. . . .. .. .. .. .. .. . . .. .. .. .. . . .. .. .. .. .. .. .. .. . . .. . .. . . .. . .. .. . .. . .. .. . .. . .. .. . .. .. .. . .. . .. .. . .. . .. ...... 

25 V1 = (M1 + 1) T (M1 - 1) ~~~{, ._~."2Q ._ .. __ ., .7.S?'-. :~,,-4.1.~ 

26 V 2 = (!f.2 .;. 1) T (!'t 2 - 1) -1.!._c:.~'r . i~.5~~ . . .... 4#~~ a .4.150 _ _ : _ 

27 V3 = (V) (V 2 ) l' (VI) --Z7.:!tcS .. _8.'173 .. _ ....... ~·n' :Z.7Se __ · ........................................................................ ~ . . .. .. . . .. . . . . .. .. . . . . . .. 
28 zij = ( 1 - jV., cot G2) Zb = -~5.-7.~ ... ".7J,! 71 .ee.9' .e~·.q 

-L -
29 (V 3 j co't G2 %'0 ~ ~ o # - = _~f:.~,7.3 .~71J.~6 ... ! ~7.45· . ",S..S1 ._ 
30 Rb = Base Resis = Zb cos 1b = _ . . 'l.P' . . .. ZS.c<I .1'1·/2. . .q/~~'. ~ 
31 Xb = Base React = Zb sin ~b = -98.z6 :- 74'.J8 .. ~S;Z.15 .~$.~~ --;--.... 
.. . .. . .. . . .. . . . . . . .. .. . . .. . . . . . . . . . . . . . . .. . . . . .. . . . . . . . . . . . . . . . ~ ................. . 
32 Wb = Base Watts = ilL _ . .i.92 .. 0 goG I '3'1Z ... : b ~~8 __ 

33 Ib = Ease Amps = (Wb l' Rb)! : ,.578 j",923 ; .. 3#5'10 ;1.5J8 ~ 
)4 Base Amps Ratio l /. CDC 1 C. ~ 8 i i/o"~ lP.7" L · ....................................................... ; ....................... . 

At line 18 use "r" as positive to determine "a" 
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DC 

0: S-:a-:ion 

02 A:::-ay 

0:3 El::::l e;1 t 

_.i_ 

I 

18 P. 

... . 1. ___ .. _.2... .. __ _ 

... l 'Z..£. ---,-1Z 5 _ 

05 G/K f:-c4: Fig 2.2 _/.(!7 __ . '/./77 ,.Ie' J .. (4"' 

06 El ec trical !{e igh t G _';/f.~ 'e' :_211." .. ' .. , .'" .24.8-·.:5. 2't.l.· 85 ~ 
07 .6 G = G - 90 _{?! ,~ .. . ':'1. ~~. . -_-.. /.$!..:.~~..:.l.5C.~~ I 
6~ . ~.~~; .;~:~ ~ . ;. ~ ~~~ ............... ~ 'J:~~ ... : ·c·. ~~ '.: •...... /~ ~c· . '~'·;·~~~~·I 
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23 M2 t::om Fig 2.J far G2 
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27 VJ = (V) (V 2 ) T (V1 ) _7::._~7~._$.S1,"$ _. /1.1" 4.7~3 .. _ · .................................................................................... .. 
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• • .. ............................................................................................. !II .......... " .............. .. 
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?~ . ~<;7: . ~~ . ~c:-~~~ ................ J,~. !~~ .. ~ ~ .. ~! ~. ~' .. ~' .. ~ (- f-f~ ).. ~-{.~.'.h.. 
• At line 18 use "r" as positive to determine "aM 
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The self impedance derivations in this report are 
based on Canadian Broadcasting Corporation single tower 

measurement data which has been made available. 

D. E. M. Allen & Associates Ltd. has made a worthy 
contribution to this study by using the routines .. to compare 

theoretical derivations with measured results they have 
compiled. 

February 1983. 

="',4 .". 

• 

George Mather, P.Eng., 
Consultant. 
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A NEW LOW PROFILE ANTI·SKYWAVE 
ANTENNA FOR AM BROADCASTING 

Basil F. Pinzone, James F. Corum, Ph.D. and Kenneth l. 
Pinzone Communications Products, Inc. 

Newbury, Ohio 

ABSTRACT 

A new technique for controllinJ the eleva
tion plane pattern of broadcast antennas 
is presented. Practical results, 
measurements and theoretical predictions 
are evaluated and discussed. It is con
cluded that the new Corum structure is a 
viable candidate for solving skywave prob
lerns and for providing low profile 
radiators where traditional antennas are 
impractical. 

Introduction 

A novel technique for the control of the 
elevation plane pattern of broadcast 
antennas has been developed at Pinzone 
Cornmunica tions Products' Newbury, Ohio 
laboratory and the antenna test range at 
its rural Windsor, Ohio eng ineering exper
imental station. This remarkable new 
technolo1Y makes possible the practical 
implemen tation of anti-fade and anti
skywave antennas. 

Ni3httime skywave interference has con
tinued to be a major pla} ue for the AM 
broadcast service since the early days of 
radio. For most broadcasters, skywave 
radiation presents two problems. First, 
it represents wasted radiated power. 
Secondly, because of the legally protected 
contours of existing stations, high angle 
radiation severely limits a broadcast sta
tion's market place, or primary coverage 
area. From a pragmatic point of view, if 
the interferrence-causing hilh angle 
radiation could be significantly reduced, 
in many cases, the transmitter power and 
ground wave coverage could be dramatically 
increased with no additional interference 
to other stations. The potential market 
place economic impact is obvious. 

High ang Ie radiation is also a plague to 
clear channel broadcast stations. The 
}roundwave daylight service area, for a 
clear channel station, may exist out to a 

considerable range. However, the 
nighttime skywave signal can be greater 
than the groundwave signal well within the 
daytime coverag e area. When the g round
wave and skywave signals are of the same 
magnitude, they can phase out one another, 
resul ting in serious fading and irritating 
audio distortion in the detected signal at 
the consumer's receiver. The outer edge 
of the primary service area, caused by 
this self-interferrence phenomenon, is 
called the "fading wall". Its physical 
elimination is only possible by the reduc
tion of high ang Ie radiation. 

Historical Perspective 

The history of the anti-skywave problem 
makes for fascinating reading. Stuart 
Ballantine, in the second of his two his
toric papers from Harvard in the 1920' s, 
according to Laport, . disclosed a 
hi therto unknown fact: there was an op
timum height for a vertical radiator for 
obtaining max imum groundwave" field 
streng th. ,,1 

Laport continues, "Further study of the 
optimum height antenna disclosed eventual
ly that the condi tions of max imum 1 round
wave and best antifading characteristics 
were not obtained with the same height. . 

.The optimum choice for antifading over 
land was experimertally established at 
about 190 degrees." The 225 degree tower 
gives the maximum groundwave but its hi~h 
ang le lobe produces a non-neg lig ible fad
ing wall. 

Laport, in his fascinating 1952 publica
tion, observes that, "By 1934, the modern 

broadca s t radia tor had evolved to its 
present state."l 

Summarizing the state of affairs in the 
early 1950' s Laport concludes, "Diligent 
research and experiments have been con
ducted for other possible broadcast prin
ciples that might equal or surpass those 
disclosed by Ballantine." 1 As we know 
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today, the results (though often 
sig nificant) have been of marg inal utili
ty. 

Practical Requirements 

Over the past several years a renewed in
terest in anti-skywave antennas has been 
exh ibi ted by broadcasters, the NAB and 
con suI ting eng ineers. The noteworthy 
papers publishing the separate approaches' 
of Biby and Prestholdt indicate the crea
tive effort put forth to arrive at accept
able alternatives to eXfensive radiators 
of heroic proportions. 2, 

Perhaps the clearest verbalization of the 
necessary technical requirements which 
cha l..leng e the crea tion of any rea I is tic 
Anti-Skywave Antenna was put forth by 
Richard Biby in his 1986 NAB Eng ineering 
Conference technical paper: 

"In order to be really economically 
viable, an 'Anti-Skywave' antenna de
sign concept must be able to take the 
typical 90 d~ ree vertical tower, wi th 
a conventional buried copper wire 
g round system, make minimal changes 
thereto, and end up with decreased 
nighttime interference and improved 
';Jroundwave signal strength. All the 
while, the system should remain non
directive, but still offer the pos
sibility of being made directive in 
the horizontal plane if such were 
needed." 2 

To this we would also add, because of the 
Sommerfel.d attenuation function, the 
structure must produce only a vertically 
polarized groundwave. Wha t is needed is 
some way to increase the vertical curren t 
moment of the radiating system (the in
t~ ral of i.dl). 

This has been done, and Pinzone Communica
tions Products, Inc. has just such a solu
tion available. 

The patented Corum Antenna provides a 
sple ndid cand id a te to s imu 1 taneously 
surmount all of the above eng ineeri,ng re
quirements. 

I t can be use d tor e t r 0 fit ex is t i ng 
towers, at ground level, and produce an 
enhanced elevation plane directivity pre
viously unavailable to design engineers. 

Elementary Considerations 

Normal mode helices have been of interest 
since Pocklington's famous 1897 paper. 
One particularly intriguing idea is to 
take a sel. f resonant normal mode helix, 
pull it around into a closed multiply con
nected reg ion and let the resulting struc
ture, which has been called a "Corum Ele-
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ment", combine the tuning and matching 
netwoakg with the radiating structure i t
self.' The radiation resistance is now 
in series with the coil inductance, and 
this combination is shunted by the helix 
turn-to-turn capacitance. The impedance 
transforming nature of this lumped circuit 
equivalent is well known, and it also has
the advantage of transforming a relatively 
small feedpoint current into a stepped up
curren t passing throug h the radiation 
resistance. 

There exist a variety of techniques avail
able to predict the behavior of simple 
an tennas. Because of the geometrical 
complexity of our structure, traditional 
moment methods are not only cumbersome, 
but require inordinate computer time and 
yield little insight into the physics of 
the antenna. We have found the 
Kron/Gobau Diakoptic technique much more 
promising. We can attest to the oft 
heard complaint that, "The method of mo
ments is little more than a numerical ex
periment. I t generates no analytical 
formula or expression by which to gau';Je 
how the result mi';Jht chan';Je with a change 
in' configuration. . insight can only be 
gained by runnin';J the experiment again and 
a';J ain." Consequen tly, we favor an 
analytical model for the physical insi';Jht 
which it provides. 

The field theory analysis of the basic 
Corum element is fairly straightforward. 
Since the structure is a slow wave self 
resonant helix, it is rea~onable to assume 
a superposed sinusoidal distribution of 
electric and magnetic current, where the 
electric current is given by 

o(r'-a) 
(1) J(r')= IoSin(n</>') O(Cos e') 

a 

the coordinates having their usual mean
ings (see figure 1), and the magnetic cur
rent is found from 

(2) I =IlW (1Tb 2 /s) I Cos (nn.' ) m 0 't' 

where a is the major radius of the torus, 
b is the helix radius (the minor radius of 
the torus) and s is the turn-to-turn spac
ing. In these expressions, n is a mode 
number for the current distribution on the 
structure. The radiated fields are 
determined in Reference 4 as: 

Ee Il aZ I 
ej(mr/2) (3a) ~ cos n¢ J~ (~ga sin 9) 

r1> 2r 

nilgaZo1o J n (~ga sin e) 
e j (ntr/2) (3b) Ee = sin n¢ e 2r ega tan 9 

, .. 

, ... 
r 
~ 

}. 



p 

y 

Fig. 1. Geometrical configuration. 

P aI ej{nrr/2) 
(3c) Em = ~ cos n¢ I n (ega sin 9 ) 

9 2r 

nPgaI m I n (Bga sin 9 ) 
e j (nrr/2) 

(3d) Em = sin n¢ ¢ ~ P a tan e g 

The superscript e indicates a field com
ponent attributable to the electric cur
rent and m to the ma,]netic current. 
J (xl is the usual Bessel function of 
oPder nand {3 g is the phase constant ap
propria te for ttle slow wave helix. 

I t should be clear that the structure is 
basically a low Q leaky resonator. The 
resonator loss resistance arises from the 
radiation resistance, the skin effect and 
prox imi ty effect losses. The skin and 
proximity effect losses may be calculated 
in the usual manner for coils. The 
radiation resistance may be gotten by a 
Poynting integration of the radiated 
fields. 

These fields are not unlike those produced 
by the superposition of a resonant elec
tric loop and a "magnetic frill" or cir
cular slot antenna. [Neither of which is 
really practical for AM broadcasting - the 
loop produces a horizontally polarized 
ground wave and the slot requires the con
struction of a heroic ground plane. The 
theory of these structures is of present 
interest.] However, because of the slow 
wave nature of the Corum helix, the physi
cal size of a self resonant structure has 
been considerably reduced. The self 
resonant electric loop and annular slot 
require a circumference on the order of a 
free space wavelength. The Corum Helix 
is self resonant at only a fraction of 
this size. 

Several variations of the basic configura.
tion are now possible. Note the presence 
of the azimuthally directed (or horizon
tally polarized) electric field com
ponents. These must be eliminated fo.r 
groundwave AM broadcasting. By con
trawinding the helix [References 4,5,7] .• 
the azimuthal component of electric cur
rent is cancelled out and one is simpl.y 
left with what is commonly known as a 
poloidal flow of electric current. (See 
figures 2 and 3.) A toroidal flow of 
electric current would be in the azimuthal 
direction (parallel to a thread in the 
c~nter of the doughnut), while a poloidal 
flow is up over and around the anchor 
ring, or minor axis of the torus. This 
produces the phi-directed effective mag
netic current of equation (2) above. Oc
casionally, this is called a caduceus 
winding. 

Fig. 2. Fundamental structure for the 
rings in a contrawound helix. 

f ___ ------Toroidal 
flow 

Fig. 3. A "poloidal" flow of electric cur
rent is equivalent to a "toroidal" 
flow of effective magnetic cur
rent. 
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The radiated fields are then described 
on~Y by expressions 3(c) and 3(d). Note 
that "Figure Eight" patterns can be ob
tained. Further, and this is important, 
if one divides the toroidal helix into 4 
or more segments, it can be fed as Smi th' s 
omn idirectional cloverleaf antenna, so fa
m i :L i a r i n F M b r 0 a d cas t i ng . [ See 
references 4 and 8.] The resultant mag
netic current distribution will be un
iform, {,n = 0), and the radiated field is 
des cribed simply by equation (3c). See 
figure 4. 

THE CORUM ELEMENT 

We now have a Low Profile, slow wave 
vertically polarized, self resonant, omni
directional (in the azimuthal plane) 
radiator with a substantial feedpoint im
pedance. Consequently, the structure has 
considerable desirability as a stand alone 
electrica1.1y small antenna at frequencies 
whe re 9 round wave propagation or ground 
effects are important. 

For example, in the fundamental mode 
(n=O), a power flow calculation gives the 
predicted vertically polarized elevation 
plane field pattern, in RMS mV/m at 1 
mile, per kilowatt radiated, as the ex
pression 

In order to experimentally test the 
validity of the analytical model above, a 
variety of structures have been fabricated 
at frequencies from 150 KHz to several 
GHz. Typical measured and calculated 
elevation plane electric field strength 
pa t terns are shown in fig ure 5. The 
measured vertically polarized azimuthal 
plane pat tern is di splayed in figure 6. 
The theore tical and measured feedpoin t im
pedances are shown in figure 7. 

Needless to say, we have considerable con
fidence in the relatively simple analyti
cal model presented in the previous sec
tion. And now we come to the exciting 
news concerning anti-skywave antennas. 

THE CORUM ANTENNA 

The above element, when used alone, may 
produce rather high angle radiation. See 
figure 8. This fact, however may be used 
to great advantage. In order to produce 
low ang Ie radiation, a standard tower may 
be surrounded wi th the Corum Elemen t and 
phased to produce increased groundwave and 
decreased skywave radiation. See fi1ure 
9. 

This new 
the name 

structure is now marketed under 
"Corum Antenna". Since the 
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Fig. 4. 

\ 

I 

Coaxial 
Line 

/of-Effecti ve 
I Circumference 

Smith's "cloverleaf" arrangement 
for producing a uniform 
azimuthal current distribution. 

system's phase center is at the tower's 
spatial position, the resultant radiation 
pattern is simply the sum of the Corum 
Element pattern, above, and that of a 
vertical conductor of height G, given by 
the well known expression 

Cos(G Sin~)-Cos G 
mV/m @ 1 mi 

(I-Cos G) Cos ~ 

where E is the RMS field intensity pro
duced b? the tower in mV/m at 1 mile, per 
kilowatt radiated (186.5 for a stub; 194.5 
for a quarter wave tower; 236.2 for a half 
wave tower; 275 for a 5/8 wave tower; 
etc.). In practice, a multiplicative ef
ficiency factor would be employed to ac
count for ground system and structure 
losses. 

Elevation Plane Patterns 

This remarkable structure provides the de
sign engineer with a new flexibility in 
pattern synthesis. The element may be 
used in a variety of applications to 
dramatically tailor the shape of radiated 
patterns. 

As a demonstration of the utility and 
flex ibili ty of this new technolO-Jy, let us 
plot the elevation plane patterns of 
several con fig ura tion s. In the following 
we let 

K the electrical circumference of 
the Corum Element in wavelengths 
(K = (3ga) 

P the fraction of the total power 
radiated by the central element 

G the electrical height of 
central element (G = (3oH). 

the 
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Fig. 5. 

z 
p 

y 

Experimentally measured electric 
field strength pattern (vertical 
polarization) from a contrawound 
Corum Element lying in the x-y 
plane. The black dots are the 
va lue s ca lcu 1 ated from the 
theoretical model. The pattern 
is omnidirectional in the 
azimuthal plane. 

In figure 10, we calculate and plot the 
e~evation plane electric field pattern for 
the case where the electrical circum
fe rence of the Corum e lemen tis 1 hq and 
the power is spli t 55% to the tower and 
45% to the Corum element. The radiated 
power is 1 KW. The Corum element is c~n
structed of 2 inch diameter copper tub~ng 

and produces a vertically polarized om
nidirectional pattern in the azimuthal 
plane. The RMS field strength at <:me 
mile is 241.5 mV/m when losses are ~n
eluded (256.0 mv/m @ 1 mile in the loss 
less case), or equivalently, 388.6 mV/m @ 
1 Km including losses (411.9 mV/m @ 1 Km 
for the loss less case). 

In figure 11, we compare Gihring and 
Brown's optimum antifade tower (190 de
grees high), the standard 225 degree 
tower, and a new antenna made possible by 
combining the 225 deg ree tower and a 
cophasal Corum element with 

K 4.25 

p 0.945 

The new antenna is clearly superior at all 
critical skywave angles. 

Fig. 6. 

R,X 

6000 

4000 

2000 

-2000 

-4000 

Measured azimuthal plane radia
tion power pattern. The Corum 
element was in the x-y 
(azimuthal) plane and the 
polarization state was vertical. 

--theory 

XI('" measured 

Fi':j. 7. A comparison of the measured and 
theoretical impedance verses 
frequency for a sing le Corum 
helix antenna designed for 98.5 
MHz. 

In figure 12, we present a comparison of 
the optimum anti fade tower (190 degrees), 
the standard Quarter wave tower (90 
degrees), and a short stub (12 degrees, in 
this example) surrounded by a Corum ele
ment with 

K 1.0 

p 0.54 
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fed 180 deg rees out of phase with respect 
to the stub. Losses are neg lected. 

Table 1 gives the actual numerical values 
of the various elevation plane patterns 
and compares the classical performance 
wi. th what the new technology makes pos
si.ble. 

Remember to compare apples with apples. 
The resul ts are very drama tic at ang les 
above (and below) 30 degrees. These num
be rs are only typical, and have not even 
been optimized. 

o 

Fi'3.8. 

50 100 150 200 

Theoretical elevation plane of a 
single Corum element alone. 
(Elevation plane pattern of a 
quarter wave tower for 
reference.-) E RMS in mV/m at 1 
mile for 1 KW radiated. 

Is there any reason why the center tower 
is even necessary? As with concentric 
annular slot arrays at microwave frequen
cies, one may array concentric Corum ele
ments. In figure 13, we show just such 
an array. In this example, we portray 
the case where the inner element has K = 1 
and the outer element has K = 2. The 
radiated power is 1 KW and the calculation 
is at a frequency of 620 KHz. There a~e 
52 rings in the outer element displaced 10 
feet apart, with a major radius of 80 
feet. The wire diameter on the outer 

P rad = 1 KW 

a 100 

G = 90' 
K = 1.0 
P = 0.55 

200 ER/IIS 

fig. 10. Elevation plane pattern for a 
quarter wave tower surrounded by 
a Corum element (losses 
included) . In the loss free 
case, the RMS field strength 
rises to 256 mV/m at 1 mile, per 
kilowatt radiated. 

Vertical 

Tower 
Phasing Corum 

Element 
Ma tching 
Network 

From Xmtr 

Common 
Point 

Impedanc 

Matching 

Network 

Power 

Spli tter 

Network 

Figure 9 . Block diagram of Corum array feed system. 
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P rad = 1 KW 

a 

Fig. 11. 

200 

150 

100 

50 

o 

Corum Arra j' 

Fig. 14. 

282.) 

100 200 

Elevation plane pattern compar
ing the optimum antifade tower 
(190 degrees), Ballantine's op
timum 9 round wave tower (225 
degrees), and a 225 degree tower 
surrounded by a Corum Element. 
Note that the high ang le lobe of 
the 5/8 wave tower can be phased 
out. Other combinations of K 
and P are also effective. 

50 100 

p rad 1 KW 

)0· 

10 

0' 

150 200 

/iJuarter "ave Whip 

El.".· 

K = .2. ()J 

Pc.))) 

Phase -t80· 

Utilization of a Corum Element 
to produce high ang le radiation 
from a standard quarter wave 
whip antenna. 

a 

Fig. 

100 

. 
12 
1.0 
0.54 

200 ERMS 
(mV/m It 1 mi) 

12. A remarkable configuration in 
which a Corum Element surround
ing a 12 degree tower not only 
out performs a quarter wave 
tower, but is competitive with a 
full sized optimum antifade 
tower (190 degrees). 

60 50 ~O 

~~~~~~~~~~~~~~~~~O 

Fig 

50 
80·5 

100 
160 .9 

150 
241.4 

200 
)21. 8 

2;C :nv/m @ 1 mi 
402.) mv/m @IKm 

Concentric Coplaner 

Corum Elements 

13. A new element available for 
antenna design. At 620 KHz the 
structure is less than 60 feet 
high and 80 feet in radius. 
The 9 round wave field streng th 
is comparable to that of a half 
wave Tower. 
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element is taken as 0.75 inches. The RMS 
field streng th a t one mile (including 
structural losses) is 236.8 mV/m (249 
rnV/m in the loss less case). The power 
is split 55% radiated by the inner element 
and 45% by the outer element. The elec
tric field pattern is omnidirectional and 
vertically polarized. A variety of 
elevation plane pa tterns may be obtained 
by varying the electrical circumferences 
and power division. And, of course, this 
elemen t may be used in a larger phased 
array. 

Occasionally, one desires high angle 
radiation. In figure 14, we present the 
case where a Corum element may be fabri
cated to produce high ang le radiation from 
a standard quarter wave whip antenna. In 
this case the appropriately fed surround
ing element elevates the pattern maxima to 
about 60 degrees above the horizon. The 
pa ttern may even be made swi tchable for 
mixed high/low ang le radiation for commu
nication with elevated platforms and with 
other g round stations. Again, the figure 
has not been optimized, and superior con
figurations may exist for this applica
tion. 

By the way, it should now be obvious how 
we have been able to increase the current 
moment without adding more tower height. 

(6) E z _ i.dl = iidz + i. ad</> 

As wi th a monopole and an annu lar slot, 
the vertical electric field is in'creased 
by the equivalent magnetic current. 

What about g round screens and counter
poises? Certainly, one may employ a 
Corum Element in place of an extensive 
g round system to produce the s~e ground 
wave signal. This comes about s~mply be-

cause more signal is pulled out of the sky 
and concentrated along the earth. This 
latter technique might be of interest to 
stations lacking sufficient real estate 
for a full sized ground screen. 

Conclusions 

All this sounds too good to be true. One 
should always be on guard ag ains t ex
travagant claims made by theoreticians and 
antenna manufacturers. Common sense and 
past experience should provide some guid
ance, even with a new technology. 

In this regard, one must bear in mind the 
fundamental limits associated with 
antennas. One does not get something for 
nothing. Chu's fundamental limit, which 
relates the lowest achievable Q of a loss 
less structure to its max imum physical 
dimension, is still in force. The Corum 
Element is a remarkable structure, but it 
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has been wrestled from Nature at the price 
of reduced bandwid th. Fortuna te ly, eve n 
at the low end of the AM broadcast band. 
we are in that happy state of affairs 
where it is possible to operate with Q' s 
as high as 20, and practical configura
tions can be fabricated. The problem is 
not as acute at higher frequencies. 

In summary, then, we be 1 ieve tha t OU r 
patented structure is not only .the be-st 
available candidate for an ant~-skywave 
antenna, but is, perhaps, the only viable 
alternative for many situations. 

It satisfies the pragmatic requirements 
placed above on an anti-skywave antenna. 
It has five significant advantages: 

1. The Corum Element is constructed 
a t or' near ground leve 1 . 

2. It may be used to retrofit most 
existing arrays. 

3. Each element of the phased array 
now has a much narrower eleva-
tion plane pattern. 

4. Arrays of concentric Corum 
Elements may be used, trading 
off going out in horizontal 
ex tent for going up in tower 
height, to achieve directivity. 

5. It permits pattern tailoring 
which would otherwise be imposs
ible with traditional radiators. 

Unless we have committed serious error, we 
believe that by finding an alternative to 
the annular slot, we have brought to light 
broadcast principles that "equal or sur
pass those disclosed by Ballantine". 

a 

Fig. 15. 

\ 
\ 

2)2.8 , '''''-- • 

194.5~~\ ~: 
100 cOO 

A comparison of a quarter wave 
tower, a 12 degree Corum antenna 
and a 90 degree Corum antenna. 
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T,\OLf: J (0111'111(1 SON OF IIN'fENllIIS fOil IINTI-fIlDE OPEHATION 

12 90 100 190 
Deg reo Oegree Ocqrec Oe<jrec 

PSI Tower Tower 'rower Tower 

0 166.500 194.500 236.2 M ) 2·1~.noo 

10 163.646 190.199 222.438 228.567 
20 175.178 177.024 185.528 184.915 
30 16] .367 158.009 136.374 127.950 
40 142.652 135.100 07.312 72.996 
SO 119.622 10B.715 41 .4)0 )0. "171 
60 92.994 01.761 20.619 5.102 
70 63. SOl 53. 791 6.1A2 -5.362 
ijO 32.772 26.727 0.7"16 -5.326 

225 
Degree 
Tower 

275.000 
242.664 
159.922 

60.359 
-22.758 
-71.163 
-0).583 
-60.034 
-37.941 

COHU~I EL~~IENTS: 

G = 12' 
l. 00 
o. S~ 

Ph(1SC: -100 

f(psi) 

232.823 
221.004 
188.022 
140.717 

88.606 
42.019 

B.603 
-7.602 
-0.372 

90 • 
l. 25 
0.63 
-1110 

r(psi) 

235.148 
222.595 
187.798 
138.534 

85.329 
38.626 
6.118 

-9.000 
-8.908 

225 • 
4.25 
0.9~5 
o 

f(psi) 

282.310 
249.530 
167.628 
74.942 
7.791 

-18.505 
-13.362 

1.006 
6.36~ 

Comrll(:lIls: K 1:.: tile electrical cilcum[ercllcC' o( the slow wave Corum element in veloCity inhibileLl wavelenyth5. 
Pi!: the fli1Ctioll ()f Lhe: lotal inlJut power ~;upplied to the center elem~nt. 
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An analytical and experimental evaluation and design 
has recently been performed on an extensive series of new 
low profi Ie structures appropriate for AM broadcast 
antennas. These new omnidirectional radiating elements 
may be fed either in phased array fashion or parasitical
ly. 

When configured as a concentric halo about a pre
viously existing vertical tower, there is a considerable 
increase in the groundwave field strength, along wi th a 
comenserate decrease in the skywave radiation. 

Consequently, the new vertically polarized Toroidal 
Helix Antenna, as developed at Pinzone Communications, has 
emerged as an attractive and practical canadate for broad
casters either desiring an anti-skywave antenna, or an ef
ficient, low profile, alternative to conventional low fre
quency radiators. 
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Introductic:~ 

The design and operation of Low Profile and Electrically 
Small Antennas has traditionally centered around the 
properties of efficiency and bandwidth fo~ these structure •• 
Over the years a variety of significant theoretical studies 
and experimental efforts have been performed by many well 
known investigators. Wheeler's monumental work of over 40 
years, .ummarized in Ref.l, is worthy of special note. He 
has provided one of the most splendid practic~l techniques 
for characterizing and predicting the behav~or of these 
small antennas. (Small, in this context, meak'lS that the 
entire antenna, and its images, fit within the radian sphere 
- a sphere of radius A /2w. Small at VLF or ELF, of course, 
may entail substantia£! real estate.) Clearly, the bottom 
line on all this is that remarkable performance is certainly 
practical, provided only that one does not become too greedy 
in the size-efficiency-bandwidth tradeoff. 

Electrically Small Antennas have always represented one 
of the major challenges to the RF engineering profession, 
(Indeed, the topic seems to reappear in regular cycles.) 
Traditionally, acceptable performance has been coaxed and 
tweaked out of these devices by either (1) reducing system 
losse. (use thick wires on the antennas and low loss ele
ments in the matching networKs) or by (2) increasing the 
radiation resistance (say, by top loading 'short towers). 
Newmann has devised a third line of attacK which is viable 
when a small antenna is to be located on a larger conducting 
support structure. The technique, apparently, is to (3) use 
the small antenna as a coupler to excite characteristic 
modes on the support. The method is especially useful if 
the small antenna, by itself, is not very efficient. Un
fortunately, only the first two techniques are of val~~ ~o 
AM broadcasters or for VLF/ELF communications. 

Small Antennas at Low Frequencies 

At these lower frequencies, another major electromag
netic factQr is of considerable significance. Traditional 
small antenna analysis is usually formulated in a free apace 
environment. At these lower frequencies, however, one mu.t 
also contend with the Sommerfeld attenuation function. {In 
CH2.~/87/()()()().()832$01.OO. 1987 IEEE 
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this regard, consult the remarkable work of Norton, who 
reduced the calculation of ground wave losses to a practical 
form appropriate for use by AM broadcasters in this country. 
Ref. 3) Simply put, at these lower frequencies the problem 
with electrically small antennas is not only to reduce sys
tem losses, but simultaneously to produce vertical polariza
tion. At AM broadcast frequencies, horizontal polarization 
attenuates so rapidly as to be of no practical significance. 
Any radiated HP, in fact, represents a serious degradation 
of system performance. A simple coil, multiturn loOp or 
helix, no matter how efficient, will produce elliptical 
polarization. No matter how well constructed, these elec
trically small antennas are of no conunercial value what
soever to AM broadcasters since the inherent horizontal com
ponent of the radiation represents wasted power, and must 
not appear in the numerator of the radiation efficiency ex
pression. This genus of electrically small antennas would 
be of significant value at low frequencies if they could 
also be made self-resonant and exclusively vertically 
polarized, while at the same time either requiring a ground 
system no larger than conventional short vertical towers, or 
none at all. 

The Toroidal Helix Approach 

One particularly intriguing idea is to take a self 
resonant normal mode helix, pull it around into a closed 
torus and let the resulting structure combine the tuning and 
matching networks with the radiating element itself; (See 
Ref.4). The radiation resistance is now in series with the 
coil inductance, and this combination is shunted by the 
helix turn-to-turn capacitance. The impedance transforming 
nature of this lumped circuit equivalent is well known, and 
it also has the advantage of transforming a relatively small 
feedpoint current into a stepped up current passing through 
the radiation resistance. The circuit equivalent used to be 
called a "current amplifier" in the old books on network 
theory. 

The field theory analysis of the antenna is fairly 
straightforward. Since the structure is a slow wave self 
resonant helix, it is reasonable to assume a superposed 
sinusoidal distribution of electric and magnetic current, 
where the electric current is given by 

(1) .J(r') - Iocos(n~') Becos e') o(r'-a) 
a 

~' 

the coordinates having their usual meanings, and the mag
netic current is found from 

(2) Im • 2 "f Il ( "b2/s) Io 

where b is the helix radius and s is the turn-to-turn spac
ing. In these expressions, n is a mode number for the 
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current distribution. The radiated fields are determined in 
Ref.4 as: 

(3a) E
e = 

BgaZo1o 
cos nQl J; (Ii ga sin e) e j (nTT/2) 

1> 2r 

Ee nfigaZolo I n (flga sin e) e j (nn/2) (3b) sir. nQl e 2r ega tan e 

Em 
Sgal m 

, 
e j (nn/2) (3c) = - cos nQl I n (Sga sin e) e 2r 

Em 
nSgal m I n (ega sin e) 

ej(nn/2) (3d) = sin nQl QI 2r ega tan e 

The superscript e indicates a field component attributable 
to the electric current and m to the magnetic current. 
J (x) is the usual Bessel function and Sg is the phase 
cBnstant appropriate for the helix. These fields are not 
unliKe those produced by the superposition of a resonant 
loop and a circular slot. However, because of the slow wave 
nature of the toroidal helix, the physical siz.e has been 
considerably reduced. 

Several variations of t.he basic configuration are now 
possible. By contrawinding the helix (Refs .4,5,6), the 
azimuthal component of electric current is cancelled out and 
one is simply left with what is commonly known as a poloidal 
flow of electric current. This is occasionally called a 
caduceus winding. The radiated fields are then given by 
only expressions (3c) and (3d). Further, and this is impor
tant, if one divides the Toroidal Helix into 4 or more seg
ments it can be fed as Smith's cloverleaf antenna, so famil
iar from FM broadcasting. (See Refs .4,7). The resultant 
magnetic current distribution will be uniform, (n" 0), and 
the radiated field is described simply by equation (3c). 

We now have a Low Profile, slow wave, vertically 
~larized, self resonant, omni-directional (in the azimuthal 
pane) radiator with a substantial feed-point impedance. 
Consequently, the structure has considerable desirability as 
an Electrically Small Antenna at frequencies where ground
wave propagation or ground effects are important. 
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One does not get something for nothing, however. Chuta 
fundamental limit, which relates the lowest achievable 0 of 
a loss less Electrically Small Antenna to its maximum physi
cal dimension, is still in force. The Toroidal Helix is a 
remarkable structure, but it has been bought at the price of 
reduced bandwidth. Of course, one may make a trade-off be
tween operational bandwidth and efficiency, if one so 
desires. 

Lastly, several experimentally measured electrical 
properties should be reported. A typi~l structure consist
ing of 32 contrawound rings 1/60 t of a wavelt~gth in 
diameter, arranged in a torus of radius 1/21 of a 
wavelength had a resonant feed-point impedance on the order 
of 1500 ohms (purely resistive). The Toroidal Helix pro
duced purely vertical polarization. (The horizontal com
ponent was at least J5 dB, or more, down from the vertical 
componen.t.) The structure had a 0 on the order of 35, aa 
determined from impedance measurements. The measured field 
intensity was within 3 dB of a quarter wave monopole above 
36 radials one quarter-wavelength long. 
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(a) 

(b) 

Fig. 3. (a) A spiral helix or solenoid. 
(b) A toroidal helix. 
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cos n¢ 
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J' (~ a sin e) e j (nn/2) 
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I n (i a g sin 9 ) e j (nn/2) 
e a -g tan 9 

-, 
I n (a a g sin 9 ) 

J n (13 ga sin' 9 ) 

~ga tan e 

e j (nn/2) 

The superscript e indicates a field component attributable 
to the electric current and m to the magnetic current. 
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(a) and (b). In both cases. the ~ongitudinal axis component 
~ the electric current cancels out. When the structure is 
drawn into a closed torus. one is left with only a poloidal 

current flow. 



Figure . 

'''l~ . 

Measured radiation power pattern for an 
omnidirectional vertically polarized CPG antenna 
structure. The maximum physical dimension of this 
scaled model antenna was 0.075 wavelengths and the 
pattern was measured at a frequency of 70 MHz. 
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Use or disclosure of proposal data is subject to the restriction on the Title Page of this 
Proposal (1966 DEC). 
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Fig.2. A contrawound toroidal helix above a large electrically 
conducting plane (with feed for producing the n = 0 
omnidirectional radiation pattern). 
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Figure 2. Measured vertically polarized azimuthal plane electric 
field pattern. The maximum dimension of the scaled 
model is less than 14 inches. The measurement was 
preformed at 80 MHz. 
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[57] ADSTRAcr 

An electrically small, efficient electromagnetic struc
ture, that may be used as an antenna or waveguide 
probe, having an electromagnetically closed, velocity
inhibiting conducting path, for supporting a standing, 
inhibited-velocity wave in response to the now of an 
electrical current through the path and a process for 
establishing the standing wave. Use of the structure is 
particularly advantageous at the lower end of the elec
tromagnetic spectrum, where various embodiments 
produce purely vertically polarized radiation in direc
tional and omnidirectional patterns. Various embodi
ments of the structure include multiple conducting 
paths and image means to complete the conducting 
path. 

22 Claims, 29 Drawing Figures 
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TOROIDAL ANTENNA 

This application is a continuation orv.s. patent appli
cation Ser. No. 514,176 filed July IS, 1983, now aban- 5 
doned, which is a continuation-in-part application of 
U.S. patent application Ser. No. 167,329 filed July 9, 
1980, now abandoned. 

frequency, are small, whether or not the structure may 
be electromagnetically self-resonant. 

SUMMARY OF THE INVENTION 

In the present invention electrically small, yet self-
resonant and, therefore, efficient, electromagnetic 
structures are disclosed. These structures may be used 
as antennas or waveguide probes. By employing a slo .... 
wave structure including an electromagnetically closec 

BACKGROUND OF THE INVENTION 

The present application relates to electromagnetic 
structures that can function as antennas for transmitting 
or receiving electromagnetic energy and as waveguide 
probes in cavities for injection or extraction of electro-

10 path and by operating the structure at one of the fre
quenc,ies at which an inhibited-velocity standing wave 
is established along the closed path, a small, yet self. 
resonant, i.e., efficient, antenna or probe may b( 

magnetic energy. 15 
It is well known in the electromagnetic arts that effi

cient, linear antennas are usually constructed from ele
ments having lengths that are significant portions of a 
free-space wavelength at the operating frequency. It is 
also known that if those lengths are made equal to inte- 20 
ger multiples of one quarter wavelength, standing 
waves may be induced in the antenna. It is also under
stood that operation of an antenna at one of its self-reso
nance frequencies, if possible, is desirable to increase 25 
antenna efficiency. At the self-resonant frequencies, 
standing waves are produced on antennas and the reac
tive component of the feedpoint impedance is zero. This 
efficient operation contrasts with the familiar 
"matched" operation where the impedance of an an- 30 
tenna is conjugately matched by an external network to 
the impedance of a transmitter or receiver to improve 
performance. Reactive power losses are experienced 
both in the antenna and in the matching network, when 
a matching network is used, so that overall system effi- 35 
ciency is not maximized. It is also established that hori
zontally polarized electromagnetic waves sutTer greater 
ground wave propagation losses than do vertically po
larized waves. Therefore, vertically polarized waves 
are preferred over horizontally polarized waves for 40 
communication over the surface of the earth. 

achieved. These structures are not only self-resonan! 
(i.e., have a nonreactive input impedance), but als( 
possess relatively large radiation resistances. 

A particularly useful embodiment of the inventiv( 
structure, and one that may be used as a building blod 
to build more complex structures, includes a toroidal 
helical electrically conducting path. In a simple case 
the structure has a single conductive path. such as I 

copper wire or other electrical conductor, disposed or 
the surface of a torus in uniformly spaced turns. Th. 
axis of the helical path lies on a circle which is describe( 
by the major radius of the torus. (A toroidal surface i 
generated by the rotation of a closed planar figure abou 
a rotational axis lying outside the figure. When tha 
figure is a circle, the surface generated is a torus. For 
torus, the distance between the rotational axis and th 
center of the rotated circle is the torus' major radius. 
When the conducting path on the toroidal surface j 

electrically excited in a pre-selected frequency range, 
pair of slow electromagnetic waves, i.e., ones wit 
propagation velocities less than the speed of light, prOf 
agates along the path. At the resonance frequencies ( 
the toroidal path, an inhibited-velocity standing wave' 
established along the electromagnetically-closed patl 
which in this elementary example is approximatel 
equal to the circumference of the torus. Because of tt 
inhibited-velocity propagation, i.e., the slow wave e 
fects imparted by the structure, the standing wave tho 
is established has an inhibited or guide wavelengti 
That wavelength is shorter than a free-space wav, 
length at the frequency of resonanccr. Therefore, at t~ 
primary resonance frequency, the toroidal structul 
behaves electrically as if its circumference were or 
free-space wavelength long when that circumference 
actually physically smaller than one free-space' wav 
length. Thus an electrically small, resonant structure 
achieved. The structure also has higher mode resonan 
frequencies. When it is operated at one of those freque 
cies the structure is electrically larger than at the p 
mary resonance frequency. 

By combining a number of the toroidal conducti 

It is recognized that a vertical antenna having a 
length equal to one quarter of a wavelength at the oper
ating frequency provides a desirable vertically polar
ized, omnidirectional radiation pattern. However, be- 45 
cause wavelength increases inversely with operating 
frequency, the length, i.e., the height, of such an an
tenna becomes unmanageably long at frequencies below 
about I MHz. As a consequenc.! of the long wave
lengths below 1 MHz, various antenna structures have 50 
been employed at those frequencies. Generally, those 
antenna structures are physically large, may not neces
sarily produce the desired vertically_ polarized signal, 
and are not self-resonant. Therefore they are inherently 
inefficient as well as being unwieldy. 

The goal of constructing a physically small, but self
resonant (and therefore efficient) antenna or waveguide 
probe has eluded electromagnetic arts specialists for 
over three-quarters of a century. An antenna or other 
electromagnetic structure is electrically small when its 60 
physical size is small relative to the free-space wave
length at which it operates. Thus, at the lower end of 
the radio frequency spectrum where wavelengths are 
relatively long, a physically large electromagnetic 
structure may still be electrically small. As used here, 65 
the term "electrically small" means that the physical 
dimensions of an electromagnetic structure, measured 

55 paths just described and by controlling the relati 
phases of the electromagnetic energy supplied to ea 
path, various embodiments of the inventive struC\l 
and various antenna radiation patterns may be creat' 

in terms of free-space wavelengths, at the operating 

In some embodiments of the invention including a p 
rality of toroidal conducting paths, the conducti 
paths have opposing senses, i.e., are contrawound. 
appropriately feeding the contra wound paths, an el 
trically small, self-resonant antenna providing pur 
vertically polarized radiation having an omnidirectio 
radiation pattern may be realized. This is an especi< 
important and useful achievement in the lower ~ 
quency ranges, an achievement that has totally elu( 
others in the electromagnetic arts. Other embodime 
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4 
of the invention may be used to produce the same radia
tion patterns as known antennas, such as the turnstile 
antenna, but in an electrically small volume. By appro
priately combining conducting paths, embodiments of 
the invention producing nearly any antenna polariza- 5 
tion and radiation pattern may be realized. 

Other embodiments of the inventive electromagnetic 
structures may be constructed having helical and non
helical electrical conducting paths disposed on other 
toroidal and non-toroidal surfaces. (Those surfaces may 10 
be physicalIy existing coil forms or mathematical, con
ceptual surfaces not physically present in a particular 
embodiment of the inventive structure.) For example, 
the surface may include corners and/or have a cross 

15 
section including corners and convolutions. An impor-
tant element of the invention is that the path inhibit 
propagation, thereby creating slow waves, and provide 
an electromagnetically closed path so that a standing 
inhibited-velocity wave, meaning resonant operation, 20 
can be established in response to the flow of an electri
cal current through the path. 

One half of the electrically conducting path may be 
eliminated in embodiments of the structure by employ
ing the image theory technique. In these embodiments, 25 
a conducting image surface electrically supplies the 
missing portion of the path. The image surface may be 
a conducting sheet, a screen or wires arranged to act 
electrically as a conducting sheet, or may be the earth, 
in accordance with the disclosed improvement in 30 
known electromagnetic technology. 

While the achievements of the invention are usable 
over a wide range of the radio frequency spectrum, they 
are particularly useful at the lower end of the spectrum 
where wavelengths are very long. Known antennas 35 
operating in that region of the spectrum are exceedingly 
large and inefficient. According to the invention, anten
nas no larger than a few thousandths of a free space 
wavelength at their primary resonance frequency may 
be constructed and may be operated efficiently at a 40 
resonance frequency or sufficiently close to a resonance 
frequency so as to be within the resonance frequency 
bandwidth. With such antennas reliable communication 
to deeply submerged submarines is possible and practi-
cable. 45 

A particularly intriguing application of the structure 
, is the construction and operation of a waveguide probe 
at the primary or higher mode resonance frequencies of 
the waveguide formed by the surface of the earth and 
ionosphere. Because these resonance frequencies, the SO 
so-palled Schumann resonances, are so low, e.g., about 
8, 14 and 30 Hz, it has not heretofore been practical 
even to attempt to build a self-resonant structure to 
operate at any of the frequencies. Although a wave- SS 
guide probe according to the invention resonantly oper
ating at one of the Schumann resonance frequencies 
would be physically large, it would still be electrically 
small and therefore realizable, as.. well as efficient. Be
cause propagation losses are so low at the primary 60 
Schumann resonance frequency (below 0.25 dB per Mm 
according to published data), signals at that frequency 
may be transmitted to any point on the earth without 
significant attenuation. 

The invention may be more clearly understood from 6S 
the detailed description that follows, particularly when 
taken in conjunction with the appended drawing fig
ures. 

BRIEF DESCRIPTION OF THE ORA WINGS 

FIG. 1 is a perspective view of a prior art linea 
helical slow wave structure. 

FIG. 2 is a perspective view of an embodiment of a 
electromagnetic structure according to the invention. 

FIG. 3 shows an embodiment of an electromagneti 
structure according to the invention adapted for a ba 
anced feed. 

FIG. 4 shows an embodiment of an electromagneti 
structure according to the invention adapted for a 
unbalanced feed. 

FIG. 5 shows a reference polar coordinate systel 
used in the mathematical analysis of the embodiment ( 
the invention shown in FIG. 2. 

FIG. 6 shows the measured feed point impedance; 
a function of frequency of a very high frequency al 
tenna constructed according to the embodiment of th 
invention depicted in FIG. 3. 

FIG. 7 shows the measured voltage standing wav 
ratio as a function of frequency measured in the vicinit 
of the primary resonance frequency of a high frequenc 
antenna constructed according to the embodiment ( 
the invention depicted in FIG. 2. 

FIG. 8 shows the measured voltage standing wa .. 
ratio as a function of frequency measured in the vicinit 
of the secondary resonance frequency of a high frt 
quency antenna constructed according to the embod 
ment of the invention depicted in FIG. 2. 

FIG. 9 shows the resistive component of the me: 
sured feed point impedance as a function of frequenc 
of a medium frequency antenna constructed accord in 
to the embodiment of the invention depicted in FIG. : 

FIG. 10 shows a perspective view of an embodimet 
of an electromagnetic structure according to the invet 
tion including bifiJar electrically conducting paths. 

FIG. 11 shows the measured impedance as a functic 
of frequency of a medium frequency antenna COl 
structed according to the embodiment of the inventic 
depicted in FIG. 10. 

FIG. 120 shows a perspective view of an embodime: 
of an electromagnetic structure according to the inve 
tion including quadrifiJar electrically conducting patr. 
and FIG. 12b shows, schematically, a phase shiftir 
network for use with the. electromagnetic structure, 
FIG. 120. 

FIG. 13 shows a perspective view of an embodime 
of an electromagnetic structure according to the inve 
tion. 

FIG. 14 shows a perspective view of an embodime 
of an electromagnetic structure according to the inve 
tion. 

FIG. 15 shows a top view of an embodiment of; 
electromagnetic structure according to the inventi< 
having a rectangular form. 

FIG. 16 shows the measured feed point impedance 
a function of frequency of a high frequency anten: 
constructed according to the embodiment of the inve 
tion depicted in FIG. 15. 

FIG. 17 is a perspective view of an embodiment of 
electromagnetic structure according to the inventi, 
including a frequency adjustment means. 

FIG. 180 is a perspective view of a prior art cc 
trawound helix; and FIG. 18b is a perspective view 0 

prior art structure electrically equivalent to the cc 
trawound helix of FIG. 180. 

FlO. 190 is a view of the crossover current paths 
the contrawound helical structure of FIG. 180 and FI' 
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6 
19b is a view of the current crossover paths of the elec
trically equivalent structure of FIG. 18b. 

FIG. 20 is a top view of an embodiment of an electro
magnetic structure according to the invention including 
a modified form of the structure of FIG. 18(b). 5 

FIG. 21 is a perspective view of an embodiment of an 
electromagnetic structure according to the invention 
including an electrically conducting surface as an image 
path means. 

FIG. 22 shows the measured feed point impedance as 10 
a function of frequency of a very high frequency an
tenna constructed according to the embodiment of the 
invention depicted in FIG. 21. 

FIG. 23 is a perspective view of an embodiment of an 
electromagnetic structure according to the invention 15 
including electrical1y conducting radial wires as an 
image charge means. . 

FIG. 24 shows the measured feed point impedance as 
a function of frequency of a very high frequency an
tenna constructed according to the embodiment of the 20 
invention depicted in FIG. 23. 

FIG. 25 is a perspective view of an embodiment of an 
electromagnetic structure according to the invention 
including the earth as an image path means. 25 

FIG. 26 is a perspective view of an embodiment of an 
electromagnetic structure according to the invention. 

DETAILED DESCRIPTION OF PREFERREQ 
EMBODIMENTS 

VI = ______ 1:.-. ____ -:-

[I + 20 ( 2~n yl2 ( ~ )' J (I) 

where N = the number of turns (N = 1/s), the other 
terms are as previously defined and it is assumed that 

Elementary Toroidal Embodiment. The advantages 
of the invention are achieved when a standing wave is 
established, in response to the flow of current through a 
slow wave structure, along an electromagnetically 
closed wave path provided by a slow wave structure. 
An electromagnetically closed wave path may be cre
ated from the linear helix of FIG. 1 by conceptually 
bending the helix into a circle. A toroidal form I, in this 
instance a torus, shown in FIG. 2, is then described. In 
FIG. 2, torus 1 is shown disposed along orthogonal 
Cartesian axes. A helical conducting path 2, which may 
be a copper wire, a metal tube, a metallic film or the 
like, is disposed on toroidal form 1. A surface 3 on 
which the path is disposed is a torus having two circular 
cross sections in each plane containing the Z axis. Those 
cross sections have the radius b, the minor radius of the 

A slow wave structure forms an essential part of the 
invention. It is well known that in a slow wave structure 
electromagnetic waves propagate with a velocity less 
than the speed of light, the free-space propagation ve
locity. The relation between these velocities may be 
expressed as 

30 torus. The centers of those cross-sectional circles de
scribe a circle 4 lying in the XY plane and having a 
radius a, the major radius of the torus. The toroidal 
surface may be a dielectric form or it may be an imagi
nary surface if the conducting path 2 is self supporting. 

Vp=V/C 
where 

Vp=slow wave propagation velocity 
V r= velocity factor, and 

35 Alternately, the toroidal surfac~ might be considered 
not as a bent cylinder, but as generated by rotating a 
circle of radius b about the Z axis which is spaced from 
the center of the circle by the distance a. Toroidal sur
faces, other than a torus, are useful in the invention as 

c=speed of light. 

40 surfaces for supporting a conducting path and may be 
similarly created by rotating a non-circular closed fig
ure about an axis lying outside the figure. Still other 
surfaces, not the production of rotation of a closed The velocity factor may be on the order of 0.1 or less in 

many slow wave structures, In propagating along a 
slow wave structure, an alternating electric current has 45 
a guide wavelength, Ag, that is related to other variables 
as 

figure may also be similarly used in embodiments of the 
invention. Likewise, the conducting path need not be 
helical, but could be spiral, that is, the "turns" of the 
path need not be equally spaced, i.e., of the same pitch, 
and the minor and major radii need not be constant. The 
toroidal, helical embodiment of FIG. 2 is, however, 

where the additional variables are 
f=frequency, and 

SO particularly useful for mathematical analysis as well as 
being a preferred embodiment. Torus 1 is one form of a 
multiply connected surface. The circle described by 
major radius a is a closed figure forming a central axis of 

Ao=a free-space wavelength at the frequency f. 
Numerous slow wave structures are known in the art. 55 

Many have been used in microwave electron tubes. In 
the present invention slow wave structures are used to 
radiate electromagnetic energy, whereas in microwave 
tubes every attempt is made to suppre~s radiation by the 
slow wave structures. A particularly convenient slow 60 
wave structure for mathematical analysis and for con
struction of some preferred embodiments of the present 
invention is the helix. 

Linear Helix. A linear helical conductor of length I, 
radius b and "turn" spacing s is shown in FIG. 1. A 65 
useful formula for calculating the velocity factor, VJ. in 
a linear helix appears in ReJerence DOlO Jor Radio Eflgi
neers (Howard W. Sams Co., 1972) 25-11 ff . 

torus 1. Several different kinds of circumferences can be 
drawn on surface 3 of torus 1. For example, the circle 
described by minor radius b is circumferential. That 
circle of radius b is planar and its plane lies transverse to 
and intersects that central axis. I refer here to such 
circumferences, which need not be planar, that describe 
a surface that intersects the central axis of the torus as 
transverse or as being disposed transversely. Other 
circumferential lines may be drawn on surface 3. For 
example, a circle drawn on surface 3 concentric to the 
central axis of radius a, is circumferential. Those kinds 
of circumferences describe surfaces that do not intersect 
the central axis of the torus. If refer here to such cir-
cumferences, which need not be planar, as longitudinal 
or as longitudinally disposed. Still other circumferential 
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lines lying on surface 3, such as the helical path de
scribed by conductor 2, are neither circumferentiaJly 
transverse nor longitudinal, but only circ.umferential. 

Applying Equation 1 to the torus of FIG. 2, it is noted 
that the length of the linear helix is now the circumfer
ence described by the major radius, i.e., I = 21Ta. The 
number of turns N is then, 

N = 1:2... s 

Equation 1 becomes 

more complex embodiments of the inventive electl 
magnetic structure. In the mathematical analysis, it 
convenient to use the polar coordinate system of FIG 
as a frame of reference. In the analysis is assumed th 

S (a) the radiation pattern is observed in the far field oft 
structure; (b) the helical conducting path is excited w 
a current non-uniformly distributed along the azimutl 
angle, cP, of FIG. 3; and (c) the helix can be decompos 
into a continuous circular loop of sinusoidally distr 

10 uted electrical current of the form I.,."(CP')=Io , 

ncP'eiw' and a continuous circular loop of sinusoid a 
distributed "magnetic current" of the form I.,.M(cP')= 
sin (ncP' +a)eiw' where a represents a phase angle st 

(2) 15 between the currents and n is an integer representi 
the resonance mode of the structure. Assuming t 
electric and magnetic currents are in phase quadratu 
a=O. When n=I, the structure is operating at its p 

where all the variables have been previously defined. 
mary resonance frequency and 21Ta=Ag. Beginning w. 
the source density of the field from the electric cum 

I have found Equation 2 very useful for designing 20 as 
elementary and multifilar helical, toroidal embodiments 
of my invention. The velocity factor, Vfi can be varied 
by changing the size of the torus and the pitch of the 
helical path. When the structure of FIG. 2 is driven 
with a current at a frequency such that the circumfer- 2S 
ence, 21Ta, is approximately equal to an integer number 
of guide wavelengths, nAg, self-resonance is achieved. 
That is, a standing wave is established along the electro
magnetically closed path formed by bending the slow 
wave structure, the linear helix, to form a closed geo- 30 
metric figure, in this case a circle. 11 follows, as the 
mathematical analysis and measured, experimental re
sults below demonstrate, that an electrically small an
tenna, which is efficient because it is self-resonant, is 
achieved in the invention. The circumference of the 3S 
toroidal structure at the primary resonance frequency 
(N = I) is equal to one guide wavelength, Ag, which is 
shorter than a free-space wavelength by the factor Vf 
The diameter of the antenna is approximately 2a. If, for 
example, the velocity factor is 0.1, then the overall 40 
dimension of the antenna at the primary resonance fre
quency will be less than one thirtieth of a free-space 
wavelength, making it electrically small. In addition to 
the advantage of remarkably small electrical size, the 
invention enables simple achievement of special electro- 45 
magnetic radiation properties not previously obtainable . 

In practice, the electrically conducting path of the 
structure must be electromagnetically excited and some 
means of supplying or extracting the energy must be 
provided. FIG. 3 shows the embodiment of FIG. 2 with 50 
a helical conducting path S cut to form two terminals Sa 
and Sb for a balanced feed. These terminals are suffi
ciently close to each other and are of the proper phase 
so as to appear, electromagnetically, to be closed. Thus 
the standing wave may still be established even though 55 
the path is not continuous on the toroidal surface. Simi
larly, in FIG. 4, the conducting path 6 is continuous and 
inclUdes a short interleaved, discontinuous toroidal path 
7. A sliding tap 8 connects contluctors 6 and 7 so that an 
unbalanced feed, a coaxial cable 9, may be connected 60 
across conductors 6 and 7. Adjustment of the position of 
tap 8 permits variation of the impedance to permit impe
dance matching, if necessary. Obviously, embodiments 

J(~ .. 10 cos(n</>')oi"" 3(cos 8') W ;- a) ~ 
and applying Maxwell's equations with the usual . 
field assumption, the intensity of the incremental ml 
netic field produced by the electrical current may 
calculated. Neglecting negligible quantities, the e ane 
magnetic field intensity components may be ca1culat 
by direct integration. Then, from Maxwell's equatio 
the 8 and cP components of the electric field attributal 
to the electric current may be determined. Similarly, t 
electric and magnetic fields generated by the loop 
"magnetic" current may be determined beginning w 
a similar source density expression for the "magneti 
current. The results for "magnetic" and electric c: 
rents are then combined, according to the principle 
superposition, to predict the fields produced by 1 

structure of FIG. 2 at the distance R from the origill 
the coordinate system. These fields are predicted 
equations 3. 

/3,aZolo 1.,,'-/loR+ TIN< ) 
~ = - 2R cos n</> I~ (/3,0 sin 8)e 

n/3.JlZolo J.(/3.L1 sin 8) 1. .. ,-/loR+ Tn", ) 
~ = "2R sin n'" ........ :---:r-"'6 ... Pia 'an 8 e 

/3gDlm J.t.,-/loR+ T ) E6 = - -nr- cos n.p In (/3,0 sin 8)e 

ET 1IPe1 m. J.(/3,o sin 8) 
• = - 2R Sin .,. fJ,o tan 8 

1. .. ,-/loR+T) 
e 

The superscript e indicates a field component at 
utable to the electric current, whereas the superscri: 
indicates a field component attributable to the "r 
netic current". 13 is the phase constant equal to 2~ 
130 is calculated with A equal to the free-space w 
length at the frequency of operation, ho, while of antennas according to the invention may operate 

either to radiate or receive electromagnetic energy. 
Mathematical Analysis. An approximate mathemati

cal analysis of the radiation fields of the structure of 
FIG. 2 aids in understanding its performance and that of 

65 calculated using the guide wavelength, Ag. ~o is 
characteristic impedance of free space, W = 21Tf ar. 
are the usual Bessel functions. The magnitude of 
"magnetic current" is 
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are readily matched in a receiver or transmitter by 
known circuit design techniques. 

d. Measured embodiment of a high frequency (HF) 
antenna. This embodiment had the following parame-

where the new terms are p., the permeability of free 
space, and la, the magnitude of the electric current 
flowing in the conducting path. In the azimuthal, i.e., 
horizontal, plane, 6=90·. When n= I, the fundamental 
resonance frequency, the magnitudes of the fields re-

5 ters: 

duce to: 10 

P,aZofo 
£4> = - 2R /., (PgO)cos 4> 

(4a) 

/3,alm 
£8= -~ 1\ (/J,a)cos 4> 

(4b) 15 

Monofilar Toroidal Embodiments. Equation 2 may 
be. used to design circular toroidal embodiments of the 
inventive structure. The simplest embodiments are re- 20 
fer red to as monofilar since they have a single electri
cally conducting path. 

a. Conceptual embodiment of a receiving antenna for 
FM broadcast. Assume a primary resonance frequency 
of 100 HMz, and the following parameters: 25 

b=0.5 inches = 1.27 cm. . 
s=O.5 inches = 1.27 cm. 
Applying equation 2, VpO.296=AgIAo, so that the 

major radius a is 14.1 cm. = 5.55 inches. From Equations 

a=2.74 feet=0.834 m. 
b=0.925 inches=2.35 cm. 
N=IOOO turns (of 18 gauge wire) 
s=0.2 inches=0.5 cm. 
The voltage standing wave ratio (VSWR) of this 

antenna was measured through a 4 to I balun trans
former and a 50 ohm coaxial cable. In FIG. 7, the mea
sured VSWR is plotted versus frequency in the vicinity 
of the primary resonant frequency, n= I, of about 3.63 
MHz. In FIG. 8, the measured VSWR as a function of 
frequency is plotted in the vicinity of the secondary 
resonant frequency, n=2, of about 7.19 MHz. FIGS. 7 
and 8 illustrate two important properties of embodi
ments of the invention. First, the various resonance 
frequencies of an embodiment" of the invention do not 
have the familiar integer mUltiple, harmonic relation-
ship of a simple linear antennas. The absence of this 
relationship is evident from the non-linear wavelength 
relationship of Equation 2. Second; although operation 
of this embodiment of the invention at higher modes 
increases its electrical size, it also broadens its band-
width. This increase in electrical size is particularly 
useful at higher frequencies, where embodiments of the 
inventive antenna may be undesirably physically small 
if operated at their primary frequencies. The broadened 
bandwidth may be important at any frequency. In the 
present embodiment, at the primary resonant frequency, 
the maximum dimension is 0.01 free-space wavelengths 
and at the secondary resonant frequency the maximum 

4, it can be seen that the azimuthal 6 and </> fields of this 30 
antenna will vary and have different magnitude ratios in 
different directions. Therefore, this antenna has an ellip
tically polarized characteristic. The maximum dimen
sion of this embodiment is 0.1 free-space wavelengths at 
the primary self-resonance frequency. 35 dimension is 0.02 free-space wavelengths. 

b. Conceptual embodiment of a low frequency (LF) 
antenna. Assume a primary resonance frequency of ISO 
kHz and let: 

b= 10 feet = 3.05 m. 
s=2 feet=0.61 m. 
Solving equation 2, V pO.OS3, so that a=55.8 

feet = 17 m. Although this structure is physically large, 
its maximum dimension is only about 0.02 free-space 
wavelengths at the primary self-resonance frequency. 

40 

c. Measured embodiment of a very high frequency 45 
(VHF) antenna. This embodiment of my invention was 
constru:.t.ed on a plastic torus form as shown in FIG. 3 
with the following parameters: 

e. Measured embodiment of a medium frequency 
(MF) antenna. This embodiment had the following 
parameters: 

a= 12 feet = 3.66 m. 
b=9.7 feet=2.96 m. 
N= 120 turns 
The feed point impedance was measured with a Gen· 

eral Radio 916-AL impedance bridge with the antenna 
placed four feet above sandy soil. As expected with the 
simple toroidal embodiment of the invention, ellipti
cally polarized radiation was observed. A plot of the 
measured resistive component of the feed point impe· 
dance as a function of frequency is shown in FIG. 9 
The resonant frequency was 339 kHz at an impedanc< a=6.25 inches = 15.87 cm. 

b=O.S inches= 15.87 cm. 
N=70 turns (of 16 gauge copper wire) 
s=0.56 inches= 1.42 cm. 

50 of approximately 9100 ohms. At the measured resonan 
frequency, the maximum dimension of the antenna i 
about 0.015 free-space wavelengths. 

According to Equation 2, the velocity factor at the 
primary resonance frequency of 100 MHz is 0.336. The 
measured value was 0.332 at a resonance frequency of 55 
about 106.8 MHz. A measured plot of the input impe
dance as a function of frequency of this embodiment is 
shown in FIG. 6. The resonaqce frequency, at which 
the reactive component of the impedance :s zero, is 
readily identified. The measured characteristic shows a 60 
relatively narrow bandwidth and an input impedance at 
resonance of 1000 ohms. As with all embodiments of the 
invention, the zero reactive impedance component 
means that there is no need to use a matching compo
nent to attempt to achieve a conjugate match between 65 
the receiver or transmitter impedance and the antenna 
impedance in order to maximize system efficiency. The 
resistive components of the structures described here 

The "crossed-field" properties of the toroidal err 
bodiment of the invention are particularly useful i 
mobile communications typically operated in the VH 
and UHF frequency ranges. The typical whip receivin 
antenna used in these applications responds to the ele, 
trical field component aligned with it. In metropolit~ 
areas, particularly, a .communications transmitter I, 
cated between buildings, fences or the like, produc 
standing electrical and magnetic wave components th 
are spatially displaced by one quarter wavelength wi 
respect to each other. Therefore, the amplitude of t1 
received signal at the antenna terminals varies depen 
ing upon the location of the antenna, much like t 
response of a waveguide probe moving along a slott 
waveguide supporting a standing wave. The same res 
is obtained regardless of whether an antenna sensitive 
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the electrical or magnetic components of the wave is AA' of FIG. 10. The measured results are plotted i 
used. FIG. 11 as a function of frequency. The calculate 

Because the toroidal embodiment of the inventive velocity factor was 0.103 while the measured value we 
antenna, particularly, responds to both electrical and 0.094 at about 2.46 MHz. The larger variation betwee 
magnetic components of an electromagnetic wave, it 5 the calculated and measured velocity factor in this err 
can be used to avoid these standing wave effects. There- bodiment compared with other measured embodiment 
fore, this embodiment could be referred to as an energy may be attributable to mutual coupling effects of th 
antenna since it responds to the energy in the transmit- conducting paths. In order to determine the magnitud 
ted wave rather than to one of the components of the of the effects, if any, of the earth on the antenna, 4 
transmitted wave. In addition, as shown by Equations 3 10 twenty foot long conducting rods were disposed rad 
and the discussion that follows, embodiments of the ally and symmetrically on the ground beneath the ar 
inventive structure may be designed to maximize re- tenna. The feed point impedance shifted very littl, 
sponse to electrical or magnetic field components to from the lines marked 110 in FIG. 11 to the lint 
take advantage of the phenomenon of transmitted stand- marked 111. The small change suggests the major fiek 
ing waves. IS are produced by the "magnetic current." This embed 

Multifilar T~roidal Em~odime?ts. By com~i~ing the ment, at its primary resonance, had a maximum dimer 
fields of Equations 4, vanous a~lmutha~ radlatl~n pat- sion of 0.03 free-space wavelengths. 
terns can be generated. The phYSIcal achle~ement of the If two of the embodiments of FIG. 10 are combine 
~ombinations is mad~ by using several he~lc~1 conduct- to form a quadrafilar e.mbodiment as in FIG. 12(a) wit 
tng paths ~n a ~oroldal form and estab~lshlng a fi~ed 20 their two pairs of windings fed in quadrature, as ind 
phase re.latlonshlp between the ~urrents In ea~h heh~al cated by the phasing means shown in FIG. ll(b), • 
conducting path. These. emb~lments of the Inven~lon omnidirectional antenna pattern may be produced. Bot 
are referred to as. multJfilar since they have mul.uple pairs of windings in the quadrafllar embodiment 8l 

electrical conducting paths. ~n embodl.ment of a blfilar arranged to produce vertical polarization; that is, the 
structure used ~ an anten~a IS ~hown In FIG. ~O. The 25 E+ field components are cancelled, leaving an Be con 
bars .Be and B C are phasing. hnes for controlhng ~e ponent proportional to sin wt sin .,,+C05 '" sin wt=s: 
relative phases of the current In each path and prOVIde ("'+ t) 13___ f th hit' hi f th fi I . . h Ii dOd' th Of' w . .u=usco ep aserealons po e lee 
Input terminals for t e ee. ne con uctlng pa runs od ced b th t . f d tin' ths t1 

B' h h fCC' Th ths d pr u y e wo patrS 0 con uc g pa , 
from B to and t e ot er rom to . epa 0 "fi 8" d' ti tt f th drafil hoC 
not intersect since they are wound with the same sense 30 19ure ra la on pa ern 0 e qua I ar em 
and pitch. When the windings are fed at terminals AA', ~ent r?tat.es at a rate ~qual to th~ rreq~ency o~ oper 
in the middle of the phasing bars, the currents flow in tlon, yteld~g. an effectively omnldl!ectlonal azImuth 
opposite directions in the windings and the field pro- p~ttern. This IS the ~e pattern pr?duced by ~~ tur 
duced by one of the electric current loops is reversed stlle.antenn~, Brown, 'The Turnstil~ Ant~nna, Ele 
with respect to the other. Therefore, the E+compo- 35 trorues (April 1936).14, but produced In Ii: dlfferen~ wa 
nents, from Equation 4a, of the two windings are ISO· I ha.ve foun~ ex~enmentally that operauo~ ~f this ~r. 
out of phase and cancel. As a result, a vertically polar- bodlme?t at Its hlgh~r order modes results In Increasu 
izcd field in the horizontal plane is produced The an- the honzontally radiated field at the expense of ver 
tenna pattern has a "figure S" shape. If Band B' or C cally .radiated field. This embodiment offers p.~icul 
and C' are interchanged, reversing the current in one 4b pr.omlse for standard AM broad~t trans~I~lon 
winding with respect to the other in comparison to the wlch the customary v~r~ tall, ve~lcal translIl1ttlng a 
previous embodiment, then the Ee components, from ten~a tower. may be ehmmated With no ~o~ of. or ~V( 
Equation 4a, of the two windings cancel and a horizon- an InC~ease In, t~e field strength at rc:celvmg locatlor 
tally polarized field with the same antenna pattern as By lnt.erchanglng the. p~th conn~c~lons. at one end. 
before is produced. 45 each pal! of bars, a Similar ommdlrectlonal rotatll 

a. Measured embodiment of a bifilar VHF antenna. A radiation pattern may be achieved. but with horizon: 
bifilar antenna such as shown in FIG. 10 and driven at polarization. This result is entirely analogous to t~ 
terminals AA' to produce vertically polarized radiation previously .d~ribe~ for the structurc;s of FIG .. : 
had the following parameters: Other polanzatlon mixtures may be obtained by varyl 

a = 12.5 inches = 31.75 cm. 50 the phase relationships of the feeds and currents anc 
b=0.5 inches = 1.27 cm. great variety of desirable radiation phenomena pI 
s=0.26 inches=0.63 cm. duced. 
The observed radiation was predominantly vertical; c. Measured embodiment of a quadrifilar omnidin 

the vertical to horizontal field strength ratio was 46. tional VHF antenna. A quadrifilar antenna of the c( 
The velocity factor calculated from Equation 2 was 55 struction shown in FIG. 12 was constructed on a plas 
0.153 compared to a measured value of 0.156 at 46 torus with the following parameters: 
MHz. A "figure S" radiation pattern was observed. At a=4 inches = 10.2 cm. 
the resonant frequency, this embodiment is about 0.1 b=0.3 inches=0.76 cm. 
free-space wavelengths across. 5=0.4 inches = 1.02 cm. 

b. Measured embodiment of a bifilar MF antenna. 60 N=64 turns 
This bifilar antenna had the following parameters: The structure had a primary resonance frequency 

a= 5.95 feet = LSI m. 93.4 MHz and the ratio of vertically polarized to h( 
b=0.95 feet=29.0 cm. zontally polarized field strengths was 76.4. The ante! 
s=4 inches = 10.2 cm. spanned 0.07 free-space wavelengths at the prim 
N = 106 turns (of i" copper tubing) 65 resonant frequency. 
The structure was placed 3.5 feet above soil having a All of the multi filar embodiments shown and . 

measured conductivity of 2 millimhos/meter. The cussed had toroidal, helical paths of the same sense . 
structure was fed and the impedance measured at points pitch so that the paths do not cross. As used here. 
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term multifilar means having more than one conducting 
path, regardless of whether or not the paths intersect. 

Antenna Array Embodiments. Antenna arrays em
ploying driven and parasitic elements to produce di
rected radiation patterns are known in the art. Inventive 5 
arrays incorporating the advantages of my invention 
may be constructed. In FIG. 13, a driven linear element 
131 excites a parasitic toroidal element 132. More com
plex arrays may be constructed using additional toroidal 
elements appropriately physically spaced and having 10 

currents phased to increase the directivity of the radia
tion pattern or to generate different radiation patterns. 
Known or novel phased array techniques may also be 
employed. 

a. Measured embodiment of VHF array antenna. A 15 
VHF array antenna as shown in FIG. 13 was con
structed. Element 131 was a quarter wavelength stub, at 
450 MHz, disposed above a ground plane two free space 
wavelengths in diameter. Element 132 was a toroidal 
loop having a major radius of approximately one tenth 20 
of a free-space wavelength (approximately 21 inches) 
and tuned to resonate at about 495 MHz. The maximum 
measured gain was 4 dB over that of the linear element 
alone. 

In FIG. 14 another array according to the invention 25 
is shown. In that array a toroidal element 141 is resonant 
at the transmitting frequency. A toroidal element 142 is 
tuned as a parasitic director at a frequency about 10 
percent above that of the resonant frequency of element 
141. Element 142 has a d.iameter about one tenth of a 30 
free-space wavelength larger than the diameter of ele
ment 141. 

Non-toroidal Embodiments of The Invention. As 
already mentioned, the surface (real or imaginary) on 
which the conducting path for creating slow waves is 35 
disposed need not be toroidal. In fact, it may not be a 
real surface at all. But it is convenient to construct 
mentally a ml\thematical surface on which the conduct
ing path is disposed for purposes of describing the in
ventive structure. A toroidal surface is a surface of 40 
rotation, but may for example, include corners. I have 
constructed toroidal embodiments of my invention hav
ing rectangular and triangular cross sections. Other 
closed tube-like, but non-toroidal surfaces, can also 
provide forms for constructing embodiments of my 45 
invention. Virtually any multiply connected surface, as 
that term is used in the mathematical specialty of topol
ogy, may be used as a form upon which a conducting 
path may be disposed to construct an embodiment of 
my invention. As used generally and herein, the term 50 
multiply connected surface, includes toroidal surfaces 
and the particular toroidal surface referred to as a torus, 
as welJ as far more complex surfaces. That is, electro
magnetic structures within the scope of my invention 
are not limited in form to toruses or even to more gen- S5 
era! toroidal forms. 

a. Measured non-toroidal embodiment of an HF an
tenna. An HF antenna was constructed on a form hav
ing a rectangular shape as shown in the top view of 
FIG. 15. The form was prepared from plastic pipe hav- 60 
ing a circular cross section and a 2i inch outside diame
ter. The rectangle was a square 27 inches on a side with 
its feed point at the center of one of the legs. The con
ductive path was constructed from 116 equally spaced 
turns of 18 gauge copper wire. The measured feed point 65 
impedance of this structure is plotted in FIG. 16 as a 
function of frequency and shows a resonance at 27.42 
MHz. 

14 
Frequency Tuneable Embodiment. A characteristic 

of the measured results presented above for various 
embodiments of the inventive structure is a relatively 
high Q at the fixed resonance frequencies of each struc
ture. In FIG. 17 an embodiment of a structure accord
ing to the invention is shown including a continuous 
monofilar conducting path and a shorter, discontinuous 
interleaved conductor. The shorter conductor has the 
same sense as the continuous conductor on the toroidal 
form. One path ends in the feed terminal A. A'. A vari
able reactance, capacitor 171, is connected across the 
terminals C, C' of the other path. By varying the capac
ity of capacitor 171. the resonant frequency of the struc
ture may be adjusted. Similarly, a variable inductance 
may be used to tune the resonant frequency of the struc
ture. 

Contrawound Embodiments. Certain specialized 
forms of mullililar helical embodiments of the inventive 
structure achieve extremely important results. All of the 
multifilar embodiments previously discussed have toroi
dal helical conducting paths having the same sense and 
pitch. In those embodiments the conducting paths do 
not cross each other. By contrast, when two or more 
helical paths on a toroidal form have opposite senses, 
the paths repeatedly cross. Structures with mUltiple 
paths having opposite senses or its electrical equivalent 
are referred to here as being contrawound. Con
trawound helices. such as shown in FIG. 18(a), and 
related structures, such as the ring and bridge structure 
shown in FIG. 18(b), have been used as slow wave 
structures in microwave tubes. See, Birdsall et aI., 
"Modified Contrawound Helix Circuits for High Power 
Traveling Wave Tubes," ED-3, l.R.E. Trans. on Elec
tron Devices. 190 (1956). These contrawound slow wave 
structures may be conceptually bent into a closed, toroi
dal form to produce embodiments of my inventive 
structure. In the structure resulting from "bending" of 
the structure of FIG. 18(b), the "bridges" are aligned 
with the circle described by the major radius of the 
torus and the "rings" are transverse to that circle. Both 
the bridges and rings lie on the same toroidal surface. 
The current flows at the crossovers of electrical paths 
of the slow wave structures shown in FIGS. 18(a) and 
18(b) are shown in FIGS. 19(a) and 19(b), respectively. 
An important feature of the ring and bridge structure of 
FIG. 18Cb) is show'! in FIG. 19(b). In that structure, 
since the currents of the waves propagating in opposite 
directions on the structure are constrained to flow in 
opposite directions along the "bridges", i.e., at the 
crossover paths, if those counterflowing currents are 
equal they cancel each other. For an inventive toroidal 
structure employing the slow wave conducting path of 
FIG. t8Cb), the crossover cancellation means that, effec
tively, the only net electric current flowing in the struc
ture flows around the rings lying transverse to the circle 
described by the major radius of the torus. That is. no 
net electric current flows along the circle described by 
the major radius of the torus. The electric current that 
does flow in the structure, sometimes referred to as a 
poloidal flow, in contrast to the cancelled toroidal flow. 
is equivalent to a toroidal "magnetic current" flow. 
Since no net toroidal electric current flows, the con
ducting bridges are unnecessary to this mode of opera
tion of the toroidal ring and bridge structure embodi
ment of the invention. In fact, such an embodiment may 
be readily constructed by omitting the bridges and al
lowing the ring widths to be so narrow that the rings are 
no more than loops of wire disposed on a mUltiply con-
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15 
nected surface. A view of an embodiment 2601 of such 
a structure is shown in FIG. 26 where wire loops 2603 
are disposed on toroidal surface. Applying Equations 3 
to this mode of operation of the ring and bridge embodi
ment and its equivalents, IQ=O and a=Tf/2 so that the 5 
E~e and Ese equations equal zero. The E~m and Eam 
equations remaining predict that elliptically polarized 
fields will be produced by this structure. 

a. Measured embodiment of contrawound antenna. A 
contrawound toroidal structure of the form shown in 10 
FIG. 18(b) was constructed with the folJowing dimen
sions as defined in that figure. 

16 
radiation produced was vertically polarized and omni
directional. 

Image Embodiments. It is well known in the electr?
magnetic arts that the fields produced by an electnc 
current above a perfectly conducting plane are the same 
as if an equal, oppositely directed current were flowing 
in mirror image, on the opposite side of the plane and 
the plane were absent. In this principle, an. image c~r
rent flows along an image path. If the phYSIcally eXist
ing path is in electrical contact with the image plane, an 
electrically conducting circuit is completed-partly b.y 
the existing path and partly by the Image path. ThiS 
principle can be advantageously applied to construct 
many additional embodiments of my inventive struc-

ring thickness (rt)=0.5 inches = 1.27 cm. 
bridge length (b1)=0.25 inches=0.63 cm. 

" N = 78 turns. 
The resulting structure performed as an antenna with 

a resonance at 85 MHz and a radiation resistance of 
about 300 ohms. 

15 tures. Other embodiments are "sliced," preferably in 
half along a plane of symmetry, such as an equatorial 
plane, removing the conducting path on one side of the 
plane and replacing it with the electromagnetic equiva-

It is particularly desirable to construct an an~enna 20 
according to the invention producing only vertlcall~ 
polarized radiation and having an omnidirectional rad~
ation pattern in the azimuthal plane. Such a pattern IS 

produced by a loop of continuous :'magn~tic curre~t" 
uniform in amplitude and phase, or Its equivalent. With 25 
respect to Equations 3, the desired operation would 
correspond to operation of the contrawound structure 
just described with E.,.m equal to zero, i.e., with n effec
tively equal to zero. 

Thc known cloverleaf antenna employs, effectively, a 30 
uniform loop of electric Current to produce a horizon
tally polarized field that is omnidirectional in the azi
muthal plane. Smith, "Cloverleaf Antenna For FM 
Broadcasting," 35 Proc. LR.E. 1556 (1947). The clover
leaf antenna succeeds in approximating a current flow 35 
uniform in phase and amplitude around a large loop 
through use of four radiators each bent into a smaller 
loop occupying a quadrant of a large. imaginary loop. 
The radiators are connected in paralIel to achieve, ef-
fectively, the desired current flow. 40 

An embodiment of the inventive structure, in this 
case a magnetic analog of Smith's cloverleaf antenna, is 
shown in top view in FIG. 20. There, the "ring and 
bridgc" slow wave structure of FIG. 18(b) has been 
bent into a circle and the structure divided into four 45 
opposing portions each occupying a quadrant-201, 202, 
203 and 204. Each of the quadrants is connected in 
parallcl across a coaxial feed 205 so that a "magnetic 
feed current" simultaneously flows in the same direc
tion in each quadrant and, thereby, around the circle. 50 
This embodiment of the structure acts as an antenna 
with a uniform "magnetic current" loop, thereby pro
ducing vertical polarization in an omnidirectional radia
tion pattern. That is, n in Equations 3 is effectively equal 
to zero. Only Equation 3(c) has a non-zero value for the 55 
electromagnetic fields produced by this embodiment. 

b. Measured embodiment of VHF antenna producing 
vertically polarized, omnidirectional radiation. An em
bodiment of the antenna shown in the top view of FIG. 
20 was constructed. The slow wave structure was fabri- 60 
cated from 32 turns of 10 gauge copper wire. The major 
radius was 4! inches and the minor radius was 11/16 
inches. The bridge length ("bl" of FIG. 18) was! inches 
and the ring thickness ("rt" of FIG. 18) was • inches. 
The structure was electrically, but not physically, di- 65 
vided into four quadrants which were fed in parallel 
from a coaxial line. The resonant frequency of the struc
ture, operating as an antenna, was 125 MHz, and the 

lent of a perfectly conducting plane. It is known in the 
art that such an image plane need not be a solid conduc
tor, but that a screen or a set of wires disposed so that 
the spaces between them are much less than a wave
lehgth will suffice. 

In FIG. 21 an embodiment of a structure electromag
netically equivalent to that shown in FIG. 20 is de
picted. The structure 2101 includes a plurality of con
ducting half circles 2103 each lying in a plane. All of the 
planes containing a half circle 2103 commonly intersect 
along a line which forms the Z axis of the embodiment. 
The missing portion of each conducting half circle or 
ring is replaced by an electrically conducting planar 
sheet 2105. Sheet 2105 may be a piece of copper or some 
other highly conducting metal. Half circles 2103 are 
disposed in a circle on sheet 2105. Four of half circles 
2103, which are equally spaced from each other around 
the circle, have their outer ends 2107 electrically con-
nected to sheet 2105. The inner ends of those four half 
circles are connected together at the Z axis of the em
bodiment to form one feed terminal 2109. Sheet 2105 is 
the other feed terminal. All of other half circles 2103 are 
equally spaced from each other around the circle de-
scribed on sheet 2105. Other than the four feed point 
half circles, each half circle has each of its ends 2111 
and 2113 electrically connected to sheet 2105. The 
image currents electrically complete each of the half 
circles 2103. In addition, sheet 2105 furnishes bridge 
connections between loops. Therefore," the embodiment 
of FIG. 21 is equivalent to the bridge and ring con
trawound embodiment of FIG. 20 with narrow ring 
widths. 

a. Measured embodiment of a VHF contrawound 
image antenna. I constructed an antenna cmbodiment of 
the type shown in FIG. 21 having a solid copper image 
plane and 32 half circles, each having a 2 inch (5.1 cm) 
diameter. The centers of the half circles were disposed 
on a 12 inch diameter circle. The measured feedpoint 
impedance of the structure is plotted in FIG. 22 and 
shows a resonance at 67.25 MHz at a resistance of 
nearly 1600 ohms. A coaxial line was used to feed the 
antenna. The polarization of the radiation was vertical 
and the radiation had a maximum value in the azimuthal 
plane. 

In FIG. 23, an embodiment identical to that of FIG. 
21 is shown, except that the solid conducting sheet has 
been replaced by radial conducting wires 2301. The 
sp~cing of those radial wires must be much less than a 
free space wavelength in order that the electromagnetic 
equivalent of a solid sheet is achieved. In general, be-
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• cause the inventive antenna embodiments are much 
smaller than a free sp'lce wavelength at the primary 
resonance frequency, conducting radial wires may 
nearly always be substituted in the embodiment for a 
solid image plane. I have found it useful to cut each of 5 
the radials .2301 to a length of one quarter of a free space 
vavelength at the operating frequency so that the 

.mage plane formed by the radials spans a half wave
length. This practice follows that used for minimum 
dimensioning of horizontal linear reflector elements 10 
used as a ground plane with vertical whip antennas. In 
FIG. 23 an embodiment of an antenna similar to that of 
FIGS. 20 and 21 is shown with four quadrant sections of 
the slow wave structures connected in parallel to a feed 
point 2303. The embodiment of FIG. 23 lacks the bridge 15 
elements of the bridge and ring structure. However, as 
already described for the embodiment of FIG. 26, 
which does not include an image path, and as confirmed 
by experiment for an embodiment including an image 
path, those "bridgeless" structures still behave as if they 20 
are contrawound, bridge and ring toroidal embodiments 
operated so that there is not net toroidal electric current 
flow. 

b. Measured embodiment of a VHF antenna having 
image radials. An antenna embodiment like that shown 25 
in FIG. 23 was constructed. The embodiment had 32 
half circles, each half circle having a diameter of 2 
'"ches. The major radius of the "torus" was 10 inches. 

_ .. "'he four quadrants were fed in parallel through a short 
coaxial transmission line. The measured feedpoint impe- 30 
dance is plotted in FIG. 24 versus frequency and indi
cates a'resonance at 98.5 MHz with a resistive impe
dance of about 6500 ohms. The structure produced 
vertically polarized radiation with a maximum in the 
XY plane and a minimum along the Z axis. 35 

The earth may also be used as an image plane. An
tenna embodiments of my invention generally grow 
.,hysically larger (though electrically smaller) for de
.cending frequencies. In the larger embodiments effects 
of the earth are important and unavoidable, so it is ad- 40 
vantageous to use the earth as an image source. Such an 
embodiment is shown in FIG. 25. There, a very large 
"toroidal" embodiment of the invention has conducting 
paths 2501 that are rectangular in cross section sup
ported on dielectric circular forms 2503. The ends of 45 
each "half loop" are in electrical contact with the earth. 
A transmission line 2505 feeds the antenna. This struc
ture behaves like a contrawound structure since it has a 
eries of "rings" joined by earthen "bridges." In this 

embodiment, the rings are again narrow, are made com- 50 
plete rings by the image path and do not have a circular 
cross section, but a "ring and bridge" slow wave struc
ture is still realized. It may even be desirable that the 
physical portions of the rings be greater or lesser than 
one-half the total effective ring cross section depending 55 
on the application. For example, when the earth pro
vides the image path the rings might be varied in cross 
section to compensate for varying topography. 

Such large antennas are still electrically small and 
efficient. Therefore they offer great promise in the 60 
lower frequency ranges such as the extra low frequency 
(ELF) range. It is well known that frequencies in that 
range deeply penetrate sea water enabling reliable CODl

munication transmissions to submerged submarines. For 
some time the U.S. Navy has been attempting to build 65 
an ELF antenna for submarine communication at 78 

age wave antenna devised in the 1920's (see, 42 Trans. 
AlEE 215 (1923», covers an area 100 miles by 100 miles 
and is atrociously inefficient. At 78 Hz, a free space 
wavelength is 3.85 Mm long. An antenna according to 
the invention having a maximum dimension of 0.003 
free space wavelengths, a dimension believed attainable 
at 78 Hz, would be about 11.5 km (seven miles) across, 
would be self-resonant and would have a high radiation 
efficiency. While ohmic losses might be a significant 
consideration in such a large structure, it is obvious that 
an antenna occupying less than one tenth the area taken 
up by the Navy's Project Sanguine/Seafarer antenna 
will have much reduced ohmic losses if the same size 
conductors are used. Since no antenna embodiment of 
the inventive structure has yet been built to operate in 
the ELF region, it is not known how small such an 
antenna can be made. But it is believed that it could be 
even smaller than 0.003 free space wavelengths, with no 
sacrifice in directive gain. Harrington, Time Harmonic 
Electromagnetic FieldS (McGraw-Hill 1961) 278-79 and 
~07-11, points out that there is no theoretical limit to 
antenna size reduction for a specified gain. My conclu
sion is based on measurements of a structure according 
to the invention having a resonant frequency at 138 
KHz and a resistive feedpoint impedance of 900 ohms at 
that resonance. The maximum overall dimension of this 
embodiment was 0.007 free space wavelengths at the 
resonance frequency. This performance compares very· 
well with the U.S. Navy's 15 KHz transmitter at Cutler, 
Maine which occupies over a square mile, is about 0.1 
free space wavelength overall, and operates at only SO 
percent efficiency, largely because of its non-resonant 
operation. 

The Inventive Structure As A Waveguide Probe. It is 
known that the earth's surface and the ionosphere form 
a cavity has certain natural resonant frequencies. The 
resonances of this cavity are regularly excited by light
ning. These resonance phenomena were apparently ftrSt 
analytically described in two articles by Schumann in 
1952, 72 Z Naturforsch. 149 and 250 (1952). Measure
ments of the cavity resonance frequencies indicate they 
occur at about 8, 14 and 20 Hz, as well as at higher 
frequencies. Galejs, Terrestrial Propagation of Long Elec
tromagnetic Wal'e.I", 241 (1972). Although the theoretical 
attenuation with distance of electromagnetic waves at 
the cavity resonance frequencies varies depending upon 
the propagation model used and atmospheric assump
tions, it is known that the attenuation is quite small. See, 
Galejs, ibid., at 254. For example, the attenuation at 8 
Hz is less than 0.25 dB/per million meters. Since half 
the circumference of the earth is approximately 20 mil
lion meterS, propagation at 8 Hz using the earth-ionos
phere cavity from any point on the earth to any other 
point on the earth with a loss no greater than 5.0 dB 
appears to be possible. 

However, no one has yet built a practical waveguide 
probe cap~ble of exciting the earth-ionosphere cavity at 
8 Hz where the wavelength is about 37.5 million meters. 
This failure is attributable to the poor radiation effi· 
ciency and physical size limitations for such probes in 
the previously known technology. However, with my 
invention, a waveguide probe of reasonable size can be 
built which can efficiently excite the earth~ionosphere 
cavity at the primary Schumann resonance frequency. 
An embodiment of my inventive contrawound struc
ture em~oying the earth as an image current source and 
having a maximum dimension of 0.001 free space wave- . Hz. See, OE-2 IEEE J. of Oceanic Eng. 161 (1977). The 

proposed Navy antenna, a slight variation of the Bever- . lengths, and probably much smaller, can be built to 
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launch vertically polarized, omnidirectional energy 
efficiently into the cavity at its primary resonant fre
quency. While the embodiment of the structure is physi
cally large, perhaps 10 to 20 miles across, it still o~cu
pies less than four percent of .the .area of the Project 5 
Sanguine/Seafarer antenna which IS supposed to oper-
ate at a frequency ten times high~r. . 

My invention has been deSCribed With respect to 
certain preferred embodimen.ts. Various add~ti.ons and 
modifications without departmg from the SPlflt of the 10 
invention will occur to those of skill in the art. Accord
ingly, the scope of my invention is limited solely by the 
following claims. . 

I claim: 
I. An electromagnetic antenna including a plurality 15 

of closed, interconnected conducting ring elements 
spaced from each other and transversely disposed on a 
IOroidal surface. 

2. The invention of claim 1 further including con
ducting bridge elements longitudinally disposed on said 20 
roroidal surface, said bridge elements electrically con
necting said ring elements. 

3. The invention of claim 2 wherein said conducting 
ring and bridge clements arc electrically divided into 
li)ur substantially identical sections of ring and bridge 25 
elements, s;lid sections being electriclilly connected in 
parallel. 

electrical currents, respectively, through first and sec 
ond substantially closed, elongated conductors helicall 
wound and disposed in bifilar relation on the same torol 
dal surface and establishing, in response to the flow c 
said currents, an electromagnetic wave along said sur 
face in a condition of resonance. 

12. The process of claim 11 including controlling thl 
relative phases of said first and second currents. 

13. The' process of claim 11 including altering th' 
frequencies at which said electromagnetic wave may bl 
established along said surface in a condition of reso 
nance. 

14. The process of claim 13 wherein said altering steT 
comprises altering the reactance of a variable reactanc( 
connected to said first conductor. 

15. An electromagnetic antenna comprising a plural, 
ity of ring elements, each ring element including a con· 
ducting ring element portion and an image means fOl 
electromagnetically completing each ring element, saiC 
conducting ring element portions being' spaced from 
each other and transversely disposed on a toroidal sur· 
face. 

16. The invention of claim 15 wherein said image 
means comprises a plurality of radially disposed, can· 
ducting linear elements, one of said conducting linear 
elements being electrically connected to each of said 
conducting ring element portions. 

17. The invention of claim 15 wherein said image 
means comprises the earth and each said conducting 
dng clement portion is in contact with the earth. 

4. A process for radiating or receiving electromag
netic energy comprising conducting an electricnl cur· , 
rent through II pnth of clo~ed, interconnccted conduct· 30 
ing ring clements spliced from cach other and truns· 
verscly di~poscd on u toroidlll surfnce, and estnblishing, 18. The invention of claim 15 wherein said conduct· 

ing ring element portions arc divided into four substan· 
tially identical sections of conducting ring element por· 

35 tions, said sections being electrically connected in paral· 
leI. 

in response to the flow of !aid current, an elecromag
netic wuve along said surface in a condition of reso· 
nance. 

S. The process of claim 4 wherein said path includes 
a plurality of conducting bridge elements longitudinally 
disposed on said toroidal surface. said bridge elements 
electrically connecting said ring clements. 

6. The process of claim S including the steps of elec· 40 
trically dividing said conducting ring and bridge ele· 
ments into four substantially identical sections of ring 
and bridge elements and electrically connecting said 
sections in parallel before conducting said current. 

7. An electromagnetic antenna including tirst and 45 
second substantially closed, elongated conductors heli
cally wound and disposed in bifilar relation on the same 
·oroidal surface. 

8. The invention of claim 7 including phasing means 
connected to said first conductor for controlling the 50 
relative phases of currents flowing in said first and sec
ond conductors. 

9. The invention of claim 7 including frequency ad
justment means connected to said tirst conductor for 
adjusting the frequencies at which said antenna may SS 
resonate. 

10. The invention of claim 9 wherein said frequency 
adjustment means comprises a variable reactance. 

11. A process for radiating or r~ceiving electromag
netic energy comprising conducting first and second 60 

65 

19. A process for radiating or receiving electromag
netic energy comprising conducting an electrical cur· 
rent through a path of ring elements, each ring element 
including a conducting ring element portion and an 
image means for electromagnetically completing each 
said ring element, said conducting ring element portions 
being spaced from each other and transversely disposed 
on a toroidal surface, and establishing, in response to the 
flow or said current, an electromagnetic wave along 
said surface in a condition of resonance. 

20. The process of claim 19 wherein said image means 
includes a plurality of radially disposed, conducting 
linear elements, one of said conducting linear elements 
being electrically connected to each of said conducting 
ring element portions. 

21. The process of claim 19 wherein said image means 
includes the earth and each of said conducting ring 
element portion is in contact with the earth. . 

22. The process of claim 19 including dividing said 
conducting ring element portions into four substantially 
identical sections of conducting ring element portions 
and electrically connecting said sections in parallel be
fore conducting said current. 

• • • • • 
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l'ntil a iew years ago dcn:loplIll'nt w()rk on radio I,roalka"ting 
stations was confined to the transmitting equipment. little ,~tudy heing 
gin'n to the antt'tlna ~y~tclll or radiatlJ!'. It was gl'lwrally 1J('liI'H'Ii
that a radiator "upportl'd II." t\\'O tll\\,l'r~ IOI) to 3(J(j fcd in hl'ight \\'a~ 
all that would Ice required illr "latillns operating within thl' irclpH'lll'y 
ktlld set a,;idl' ior hroadcasting, Thi,~ conCt'ptilln was an Illltgnl\\'th 
(Ii both the t'cllnlllllir" Iii doigll and lack oi knowlt-dg'!' IIf "ignal 
clln'ragc and iading', The dc\'c1o»nH'lIt IIi high powcr tran,,1I1iu('b 
h:t:-- made it Illuch l'asicr to jl1sti h' the cxpenditure oi relatin·h' laq.~'e 
:-<lI1n" lin the radiating sy:-<tcm. hence thl' ,:tl1dy IIf this pha~e oi Ill'oad
l'a"ting ha,; bCl'll rCI1<.'wed, 

In ICJ2-t. ~tuart Ballentine:.! worked out the cquations illr radiatilln 
i rom antennae of \'arious hl·ights. I Ie was alcle to show that all 
antenna ha\'ing a height cqual to ,5~'\ (,\ heing the transmitting waH'
length) would produce the maximum signal along the ground illr a 
gin'n power input. This is undouhtedly the optimulll condit illn ior 
a Ill'lIadcasting station interested in giying the maxilllulll signal within 
its primary area. By thi~ is meant the area in which the day and lligl 
"ignab are practically equal. 

,\t the time this theoretical \\'ork \\'a~ doni' \,(']'\" little \\'a~ )';;1111\\'n 
;tlJlJlll the lIea\'i~ic\e layer and the degn'l' to which radio ,.ignal~ '\\'I're 
rl"iractec\ to earth hy it. Therl'illre, it wa~ il1lpo~sihll' to dl'lei'I'iline 
wl1l'tlwr or not this antenna oi ,5X ,\ in height \\'ould hc the mllst dt'
sirallk irOlll the standpoint IIi national con'rage, :\leasllrt'llll'llb 
during the la"t live years or So made 1)\' Illan\" ohser\'l'rs han' ('stah
Ii " Ill'CI the an:rage cffectin' height oi tl;!' 11l';~\'isidc laYl'r at Ill't\\'l'l'll 
60 and 100 miles, dCJlcnding upon the timt' oi (lay, ;\~~l1l1ling thest' 

'R,'ad hefore the Tenlle,"~e :\cad~IllY of Sciencl' at Ihe """hdllc Jlll'cling, ~"\" 
2-t, 19.12. 

'Ballentine, Stuart. 192~, Prac.· .. dillgs {If Illsfiflff" "f Radio f.'lIgi'h'''rs, p_, R.l7, 
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tlrl'cl lading pattern IWIlI a t~vical <I 11 It: 11 11<1 oi about .25'\ ill Ill:ight is 
~Il< I\\'n in fig-un: 3. lIen: \\·c ~ec that iading- hecollles IlH:a:,urahle at 
a cli~tanre oi 35 mile~. _ \ t :-:0 miles the yariation is such as to make 
n:ceptioll rather poor. 

[t i~ difficult t(l j(lrm a \"tTy definite picture oi the iading pattern 
t(l Ill' expected inom an antl'lina haying a height equal to .5~'\. ()Ile 
\\-lIllId natural"- expert the i;J{lil1g area to he pushec\ well (lut irom 
tilt' ,t:ltill\l IIt'rall"t' (II til,· large COlllp'JIlellt oi rac\iatioll alllllg- the 
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h~_ ~_ \\'an' 11I1l-1I,il \' al \-"ri"u. Di,tallces frol1l the Alllenlla, Tile "1'1'l'I' 
and 11I\\'<:r ClIn-es i,'ulil-ate actnaI measured ",al-e iutt"Jlsitl' \\'ith a \'t'nical 
XiX' i!llleUlla, The ,haded ar,-a iudicatcs fading-, The lo\\-~r fig-nrl' indicatl'': 
aJltt"nna length in felati"n t" ,,-a'-e length, The \\'aH: length i,. crrum'"u:"y 
gi'-en ill the figure a, ~'I) nl. It should he ~61 Ill, 

;":1'111111", :--;illt'l, Iltnt' art' 1"-11 an,!.!It:~ IIi l11axillllllll radiati(l\l it i~ I'''~
~ihlt- tll;l! elll'q,~~' irolll tht' ~,c(ll1d lo!Je ~ho\\,1l at ahout :;:; dl'gn'l'~ 
,,-illl rt'''l'l'C! (II the hllri7.lIlltal will return to earth at ~l\rh a di,tanl"l' 
;" (II l'au~,' Il'Ilu"I,'_ (Iur ll1l'a"lI"'l1ll'nt~, which ~II ial' art' illl"I'IlII'it-(l', 

d" !lflt )1(::11" fIJi:, (lllt. 
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height~, It I~ l'a~y til ~how graphically that ellergy radiated irlllll all 
alltl'lIl1a at high angi<-s \\'ill he returned to l'arth by the layer at Illod
crate di~tanccs f rom the station, If at these distances the ground \r;(\'e 
has bccn so attenuated or is oi such magnitude that the energy ill the 
two paths is comparable, yiolcnt fading will result due to phasing 
cITects hetwcen the two signals, This type of fading is of the most 
ohjcctionahle naturc as f f('ljul'ntly the quality of transmissioll is se
riou!'h' affccted, 

111 figure I is shown an antenna of the type used a IllIl11her (Ii years 
agl, for koadcaqing, This antcnna radiatcs a largc amount oi ellcrgy 
at high anglc~, The iact that this high angle radiation is extremely 
harlllflli tl) !'ignal con'rage is denHlllstrated hy the in1ensitl' clln'e 
sho\l'n at thc lo\\'er part of the same figurc, In this cun'e, as in the 
(J1l(''; followillg, signal strellgth Illultiplier! by the distallce at which it 
is 11I('asltred is plotted against distance, This is done for coll
\Tniell(,(' as ill this way the degree til which the signal is attenuated in 
passing 0\'('1' the earth is indicated by the slope of the cune, The 
procedure in making th<,s(' nwasurenH'nh was to read the !-oignal 
stn'ngth for sonle time at a gin'n place until it was certain that hllth 
the llIaximull1 and mininlltnl \';dues had been ohsern'd, It will he 
Sl'l'n tktt fading set in at a distance of about IS milt-,.; frotll the 
statiOIl. ,\t 33 miles thl' yariation in intl'nsit\, was such as to tllake 
rl'('(vti('1l rather poor. ,\t -10 Illilt's the signaf faded to zero at timt's 
illdicating that thl' sky wan: <',nd gr;H111d waye were of equal int('nsity 
and \'aryillg in phase relatioll, Here the ~ignal not only \·aried in 
intell~ity, but the fading was of the selecti\'e type which call~ed rather 
s('rio11s q11ality impairment. It is the a11thor's opinion that the hori
zOlltall,\' polarized wan's radi;:ted from the horizontal portioll of the 
antenna contrilJltted to the trouble as their plane of polarizali'lll was 
pro!,;thly ~hifted in the process of refraction from the ionized b:Tr. 

,\t the top of fig-urc:2 is !'ho\\'n the current distrihution on antennae 
h;I\'illg- heig-hts of ,25 A alld ,,=;:--; A, .\s hciore, ,\ is the tran"lIlittill~ 
",a\'e length, Below these figures is shown the corresponding
distrih11tion of powcr in space arollncl the antenna calculated hy Ballen
tine on the assllmption of a perfectly reRecting- earth, It is fttrther 
as~ullled that thl' C11rrent is distributed sinusoidally along- the wire,:l 
In thl' casl' of the antenna of heig-ht ,:2S ,\ it will he Sl'en that q11ite a 
lot IIf l'nlTg-y is radiated ;It rdatin'''' high angles at the eXpl'Il~l' oi 
radiation in the horizontal direction, Since the degree of iadiJl~~ i~ 
dl"!tTlllinl'd hy the rati" oj grollnd wan' tIl the rl'fll'ctl'd wan', \\'e 
\\,,,"1<1 (','Iwet fadill,~' til ~d ill iairly dll'" til thl' al1t('nlla, TIlt' 1111"1"-

I'i~', L \\':11'" jlll<'ll-ity at \'ari"lI- jJi,t;I11l'l', ir"!Il the :\lltl'lln:l, Thl' UI'I"':
;",d 1"II'l'r I'lIrn', ,h,,"' a,'ltIal !Ilea-IIr"d lI'an' illten,itl' at night alld thl' 
,'II! I,' IIl:.rk,'d "j);,qiilll''' thl' :ll'IlI:.1 tllla'tlred illll'n,ii,' ill ihl' da' tilll<, 
'l'hll' il", ,hadl'd :(r~'" r<'prl'-,'lIt, i:uling, The ,mall figure ah,,\'l' -11"1;" the 
kllf..:1h Ilf tlte h11ri7.lIllt;i1 ;!IJ!t"IlIl;1 f 2-HI") ~llld till..' Itl..'!!.!ht IIi thl' tll\\'\,:r ({11)' I. 

\\';,n' kll~th ~(.) illl'ter" 

, 

11)1 

pattl"IOn (d the:,e 1\\"0 antennae is Tt·111ad.;:ahlc.:. and ill this n ... ".:'jJect dc.:Jli

on~trat('~ the impron'ml'l1t to he derin'd 1)\' l'onCl'ntratinH the l'ner"\' 
along the ground rather than racliatilll-! it ll)l\\'anl into ~~:Ice, F 01:"" a 
~tation interested in national cm'erage the "ame holds true hecall"l' the 
energy radiated at low angles will hl' n.1kcted wdl awa\' irolll the 
tratl~lIlittl'r to f('turn to earth at a great distance, :\s Yet .;0 1Ill':I';l1re
ments ha\'e he{'1l made at any di~tancl' grea!t:r than ioo mill'S, IHIt it 
i~ expected that iutltre ohsen'ation:, will hear thi" ont. 

The antenna "hown in figure 1 \\'a:, en:cted at :,tation \\"S:\I al1d 
was 11sed prior to thl' completion oi the permanent strllctllrl', The 
meaS11renH:nt:, ~et down in fignre -l \\'ere taken on the :-:7~-ioot al1tt'lllla 
erl'ct('rI at the same place, a photograph of \\'hich is shoWIl ill figllre 5, 

III C(.l1citt:-;;on thl' ,,,uthor \Yishes to express his thanb to :\I(',,'r~, 
,\, C. I )llIherg and \\", C, :\fontgolllery for yaillahle a,.;sistanl'e, 
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Summary 

DESIGN AND PERFORMANCE MEASUREMENTS 
ON A NEW ANTI-FADE ANTENNA 

FOR RADIO STATION WOAI 

Charles L. Jeffers 
Southland Industries, Inc. 

San Antonio, Texas 
And 

Stephen W. Kershner 
A. D. Ring & Associates 

Washington, D.C. 

A new anti-fade type radiator for 
Sta tion WOAI is described. Vertical 
radiation patterns are presented on the 
basis of computations from predicted 
current distributions. Measurements on 
a model antenna generally confirm the 
performance predicted by the computa
tions. Skywave measurements using pulse 
techniques were made on the full scale 
antenna to determine the optimum tuning 
and the suppression of skywave signals. 
These measurements show skywave signals 
transmitted by both the E and F layers 
of the ionosphere. Final performance 
data are presented, including current 
distribution measurements, the vertical 
radiation pattern and groundwave field 
intensity measurements. 

southeast of San Antonio, and a location 
for the tower was chosen some 3,000 feet 
from the l53l-foot tower which supports 
the television antennas, of WOAI-TV and 
KENS-TV. 

Manuscript 

Radio Station WOAI is authorized 
by the Federal Communications Commis
sion m'operate in San AntoniO, Texas, 
on the clear channel frequency of 1200 
kc with a power of 50 kw unlimited time. 
Both groundwave and skywave signals are 
protected from interference from other 
stations. The most efficient use of the 
assignment requires maximum groundwave 
signal during daytime hours. During 
nighttime hours, the groundwave signal 
should be free from selective fading 
out to the distance where the signal is 
just adequate to overcome noise, then 
the skywave signa~ should rise rapidly 
so as to provide maximum secondary ser
vice. These requirements call for an 
antenna having a carefully controlled 
vertical radiation pattern. 

In April, 1956, the WOAI antenna 
tower was struck by an Air Force plane, 
and plans were made for installing a new 
antenna of optimum design at a location 
creating less air hazard. A new trans
mitter site was selected some 17 miles 

. 
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Several workers, including one of 
the authors, have reported on various 
aspects of anti-fade antennas for 
broadcasting apPlications.1- 6 A new 
type of anti-fade antenna was reported 
by Jeffers in 1948j , but in view of 
recent advances in the knowledge of 
antenna performance, it was decided to 
reexamine the possibilities. 
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DESIGN CONSIDERATIONS 
The first task was to undertake to 

outline in general terms the radiation 
pattern requirements for providing opti
mum nighttime service. Figure 1 shows 
vertical radiation patterns and signal va. 
distance curves for two assumed radiators. 
The solid lines represent the performance 
obtained from an idealized radiator, and 
the dashed lines illustrate an antenna 
with leSS desirable characteristics. 

In the zone where the groundwave 
and skywave Signals are of approximately 
the same intensity, rapid or selective 
fading will occur. Periodic cancella
tion of the carrier signal takes place, 
creating the effect of over-modulation 
and causing serious distortion. For 
optimum design this fading zone should 
occur just beyond the limits of useful 
groundwave service as limited by noise. 
Furthermore, the skywave signal should 
increase rapidly with distance as shown 
by Curve A, Fig. 1. CUrve B shows that 
a slow build-up of skywave signal is un
desirable as it results in a wider fading 
zone. Also, the suppression of skywave 
signals at closer distances as influenced 
by high angle lobes must be adequate to 
prevent an extension of the fading zone. 
These factors necessitate a vertical 
radiation pattern tailored to the fre
quency of operation, ground conductivity 
and minimum field strength for satis
factory groundwave service. 

Figure 2 shows the vertical radia
tion patterns for three types of radia
tors. These patterns were computed on 
the basis of the simple Sinusoidal 
current distributions shown, with the 
phase velocity assumed equal to the velo·· 
city of light. Pattern A is for a con-
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ventional base-fed radiator with a 
height of 205°. Patterns Band Care 
for sectionalized antennas insulated at 
the center with current distributions as 
shown. Pattern D is for the sectional
ized antenna designed by Jeffers in 1947. 
This design results in almost complete 
suppression of the high angle radiation. 
Patterns A, Band D have very nearly the 
desired characteristics for the WOAI 
application. It is well known, however, 
that the current distribution in an 
actual antenna of practical dimensions 
does not correspond closely to the assum
ed Simple sinusoidal current distribu
tion. An investigation of radiation 
patterns based on practical current dis
tributions was therefore undertaken. 

Figure 3 shows the predicted cur
rent distribution for fOUI' types ot: 
radiators. The prediction of current 
distribution was based on a modification 
and extension of a method outlined by 
Schelkunoff and Friis7 for determining 
the approximate current distribution of 
cylindrical radiators of anti-resonant 
length. The total current Io is composed 
of an II "in phase" component and a quad
rature component, I". The II component 
may be thought of as representing the 
power component of the current, while the 
quadrature component is responsible for 
most of the radiation from the antenna. 
The constant kl is simply the ratio 
Iciax/I~x and the constant ~ is the rahtio 
of the velocity of the light to the p ase 
velocity on the radiator. 

The constants kl and ~ were deter
mined by reference to base impedances 
for cylindrical antennas of anti-reson
ant length. Complete details, including 
equations, for obtaining the current 
dIstributions are given in the Appendix. 

,.. .• u.. a. Pt.IDltTID CU •• 'NT OI~T.'.UTION 
(u"a SCMILKUNOPF' 



~e method used to predict the cur
rent distributions is reasonably simple 
and provides an adequate approximation 
for this application. It should be noted' 

,that considerable information is avail
able concerning more advanced methods of 
establishing the current di~tribution of 
cylindrical radiators1til9110 but unfortu
nately the methods which yield the most 
accurate results'are quite complex arid 
require tedious computations. 

Current distributions A and B of 
F1.gure 3 show that .the .minimum of the 
current distribution is filled in by the 
in-phase component of current. The' 
amount of the fill increases as the 
effective diameter of the radiator is in
creased. 

Current distribution C of Figure 3 
is based on the assumption that both the 
in-phase and quadrature components of 
current will be symmetrical with respect 
to the sectionalizing levell where power 
is applied. Such symmetrical current 
distribution would be expected if the 
radiator were removed from the ground 
plane; thus it is apparent that the eff~ 
of the ground plane on the current dis
tribution has been neglected. 

Current distribution D shows the 
predicted current distribution for the 
Jeffers antenna. The length of the upper 
section length was adjusted to be anti
resonantl and the current predicted for 
the bottom section is based on two sets 
of components as indicated. Components 
IB and I~ are predicted in the same man
ner as for the simple base-fed radiator. 
The sum of these components provides the 
total current and the desired loop cur
rent ratios. 

Figure 4A shows the vertical radia
tion'patterns for three types of antennas 
computed on the basis of the predicted 
current distributions: shown by Figure 3. 
All vertical patterns presented are based 
on the usual assumption of a flat infin
itely conducting ground plane and the 
details l including the equations usedl 
are given in the Appendix. Note the 
large amount of null fill in the A and B 
patterns for conventional base-fed radia
tors. The relatively large amount of 
high angle radiation obviously makes this 
type antenna unsuitable for anti-fade 
appl1cations. 

Pattern C has the desired charac
teristics for the WOAI applicationl 'and 

Pattern D also exhibits desirable chara&
,teristics' with very effective suppres

sion of high angle radiation. 

Figure 4B shows the predicted WOAI 
groundwave and 50 percent skywave signals 
computed for antennas providing the verti
cal patterns shown by Figure 4A. The sky 
wave signals are based on the "latitude" 
5~ skywave curves developed for the 
clear channel hearing at the FCC. The 
skywave signals shown for the convent
ional base-fed radiators are undesirable 
because of inadequate olose-in suppres- . 
sion of the skywave signal. The Jeffers 
antenna provides the best suppression of 
close-in skywave signa11 but the build-
up of the skywave signal in a range from 
125 to 175 miles is relatively slow1 and 
undesirable, as it increases the depth 
of the fading zone. 

The antenna consisting of two 120 0 

sections was selected as the optimum 
des1gn because of tpe rap1d bu11d-up of 
skywave s1gnal between 125 and 175 m11es. 
Wh11e the close-in skywave suppress10n is 
not as good as the Jeffers antenna, it is 
st111 considered adequate. Cons1deration 
of the several vert1cal patterns explored 
Shows that the d;sired rapid build-up of 

I 
I 
I 
I 
i 
I 
~ 

i 

I"""-r--... 

Co ,~ 

"'''I: .. 

~ 
~ ~ 
~" 

ro· ... • 
_1 

~= ... -
- ... 

./ rr: ~. -

~ ~- -...... 
I~ 1---

'\'\ / 
~ 
~ l\ 

\ rx \\ I 
\ 

\ 'I \. ---.. .. - .. • .. .............. -~ 
~,_. ____ ~ ... ,..,. .......... ON 

==-K~~ 

It::=~ 

1~+--1 
i oof----.H--+--+---' 

, --- ...... --

.. 

,..,11 4&. PllDICTID tIIOUNIMAVI! AMD IItINWAVI NNAI.$ 



skywave signal in the region of the fad
ing zone can be obtained only with an 
,antenna having a' sharp null in the verti
cal pattern and a high angle lobe of 
appreciable size. 

MODEL TESTS 

A model of the proposed antenna 
was constructed to permit a further 
evaluation of the performance. Figure 5 
is a sketch of the model antenna as 
scaled for measurements at a frequency of 
755 mc. The model was constructed of 1/8 
inch brass tubing with . insulated spaceJ;'s 
provided as indicated. A miniature co
axial line was used to transfer power to 
the sectionalizing insulator. The outer 
conductor of the coaxial line was insu
lated from the lower section of the anten
na as indicated,and the position of the 
shorting plug was adjusted to obtain the 
required base isolation. 

Figure 6 shows the arrangement of 
measuring 'equipment employed to measure 
the amplitude and phase of the currents 
on th~ model antenna. The model was 
mounted on a copper-covered wall of a 
special test room, with the wall simu
lating the ground in the case of the 
actual antenna. The other surfaces of 
the room were covered with R.F. absorb
ing material so as to make an anechoic 
chamber Simulating an infinite ground 
plane in free space. One miniature . 
balanced shielded sampling loop was em
ployed to sample the current on the 
antenna, and a second loop was used to 
obwin a reference signal. Choke .coils 
were used to minimize currents on the 
sampling lines. The loops were coupled 
to a receiver through a variable attenu
ator and a terminated slotted coaxial 

:Jl-I'o' c ... • .. , l.F--• 
= 

~t 
aT : 

II 2 . 
/'fCPt.tI/tt ...... I~ 

--"'-
T·=-~"'·cr~I.'" 

" •• uu.. _aTCH OP 
MODal. ANftNN-' 

37 

line, as shown by Figure 6. One loop was 
maintained at a fixed position and the 
other loop was moved along the model an
tenna to measure the current distributio~ 
At each position the variable attenuator 
and slotted line probe were adjusted to 
produce minimum signal at the receiver 
input. The relative amplitude and phase 
of the current were then computed as a 
function of the location of the pick-up 
probe on the slotted line and the attenu-
ator setting. . 

Figure 7 shows three sets of current 
distribution measurements made for three 
conditions of base tuning. The tuning 
was accomplished by adding short capaci
tive stubs of wire just above the base 
insulator. Analysis of Figure 7 shows 
that the amplitude of current in the 
lower element of the antenna can be 
controlled by base tuning. A completely 
symmetrical. current' distribution could 
not be obtained due to coupling from the 
image antenna, but the current distribu
tion .obtained with the 1.2 centimeter 
stub is reasonably close to the assumed 
symmetrical distribution. 

Figure 8 shows vertical radiation 
patterns for the mOdel antenna computed 
from the current distribution measure
ments. These patterns were computed by 
a graphical integration process. The 
results show that the base tuning may be 
used to control the angle of minimum 
radiation. The efficiency figures (in
verse field strength at one mile) shown 
by Figure 8 were determined by integra
tion of the radiation patterns. 

Figure 9 shows the 50 percent sky
wave signals based on the vertical 
radiation patterns computed from the 
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model measurements. The model with the 
1.2 cent~eter stub provides the required 
suppression of high angle skywave signal 
and exhibits the desired rapid build-up 
of signal in the region from 125 to 175 
miles. 

ADJUSTMENTS AND PERFORMANCE MEASUREMENTS 

Figure 10 is a sketch Showing de
tails of the antenna as constructed at 
the new transmitter site of Station WOAI. 

The overall height is 540 feet, or apprCK
imately 240°, at 1200 kc. The tower is 
lnsulated at the base and at the mid
pOint, 270 feet above ground level. The 
tower was manufactured by Stainless, Inc. 
and is a uniform triangular cross-section 
guyed structure, with a side dimension of 
5 feet. The isolation required at the 
sectionalizing insulator level and the 
base is obtained by using insulated stub 
sections formed by the tower legs and the 
insulated transmission line and wiring 

f,. 
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conduit. All wiring is housed in a 
single 5-inch galvanized steel conduit 
which is centered in the tower cross
section and insulated from the tower 
where required. The 3-1/8 inch,.trans
mission line required to transfer power 
to the sectionalizing insulator level is 
attached to the center conduit. An L 
network is utilized to match the trans
mission line to the impedance presented 
across the sectionalizing insulators. 
The base of the antenna is tuned by a 
variable capacitor employed in conJunc
tion with the inductive stub section. 
Three sampling loops are located on the 
tower as shown by Figure 10 and the co
axial lines from these loops are cQnnect
ed to a phase monitor located at the bree. 

Figure 11 shows the results· of . 
measurements made to determine the effect 
of base tuning on the groundwave effi
ciency. Current ratios as provided by 
the sample loop signals are also shown. 
Field measurements were made at two 
clear locations. at distances of 2.6 and 
5.1 miles, and the results were adjusted 
for equal power input to the antenna. A 
base tuning susceptance of 1.4 mrnhos pro
vided maximum groundwave efficiency. 

Observations of the suppression of sky
wave signals were then made by employing 
pulse transmissions during the e~eri
mental period and observing the results 
at significant distances. The Contin
ental transmitter of WOAI was modified 
for pulse operation by keying one of the 
low-power stages with a pulse generator. 
of special construction. The pulse repe
tition rate was approximately 200 per 
second and the width of the pulse was 
approximately 100 micro-seconds. Obser
vations were made at three locations 
~here the signal was picked up ~y a wide-
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band receiver and displayed on a Tek
tronix oscilloscope. A large single
turn loop antenna was used to pick up the 
Signals, as it was believed this type of 
antenna would offer minimum directivity 
in the vertical plane. 

Figure 12 shows photographs of pulse 
signals as received near Austin on Octo
ber 29, 1958. Photograp~ A shows an F 
layer pulse with a delay Of 1,100 micro
seconds and two pulses of greater delay 
which are probably two and three-hop F 
pulses. The groundwave pulse extends 
well beyond the lower edge of the photo
graphs. Photograph B shows a small E 
layer pulse and an F layer pulse. During 
most of the night, no E layer signals 
were present, but Just before daybreak 
some weak E layer signals as shown by 
photograph B were observed. 

Figure 13 shows photographs of pulse 
signals received at Temple. Photograph 
A shows E layer and F layer pulses along 
with a weak two-hop E layer pulse. 
Several other weak pulses are also evi
dent. The interference evident in the 
groundwave pulse was caused by pickup of 

. R.F. signals generated by the os cillo- . 
scope sweep circuits. Photograph B shows 
the groundwave pulse only with no skywave 
signals eVident. This condition was ' 
typical of the night of November 5 when 
no F layer signals were observed and E 
layer Signals, when observed, were 
relatively weak. 

Figure 14 shows photographs of sig
nals received at Waco on October 28, 
1959. Photograph A shows E layer and 
F layer pulses and photograph B shows 
one-hOp and two-hop E layer pulses and 



also an F layer pulse. The one-hop E 
layer pulse is considerably wider than 

·the transmitted pulse, indicating a con
siderable spread of effective virtual 
heights. . 

Figure 15 shows two unusual condi
tions observed at Waco. Photograph A 
shows E layer and F layer pulses follow
ed by several pulses having a large de
lay. The largest of these pulses has a 
delay of approximately 2,500 micro
seconds indicating a two-hop. F .layer 
mode. Photograph B shows a double 
pulse with the larger.peak occurring at 
the correct time delay for E layer trans
mission. The smaller pulse indicates a 
time delay of 150 micro-seconds corres
ponding to a virtual height of only 80 
km. The interference apparent on Photo
graph B was caused by an adjacent 
channel station • 
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Figure 16 sh9WS the results of a 
time delay analysis of the pulse obser
vations made at the three locations. 
The observed time delays are plotted as 
a function of the distance from the 
transmitter~ The experimental data are 
compared to computed time delay curves 
based on virtual ionosphere heights of 
100 km for E layer transmission and 240 
km for F layer transmission. There 
appears to be little question but what 
the pulses having the greatest time de
lay were transmitted by the F layer of 
the ionosphere. 
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Figure 17 shows the results of 
pulse amplitude observations made just 
north of Austin on the night of Octo-
ber 29, 1958. The base tuning of the 
antenna was varied and the ratios of 
skywave to groundwave pulses were obser
ved over a period of approximately two 
hours. A number of observations were 
made for each tuning condition and the 
average results are shown. During most 
of the night the F layer pulse was the 
only skywave pulse eVident. As day
break approached some weak E layer sig
nals were observed. It was evident from 
the observations that during most of the 
time the skywave Signals completely 
penetrated the E layer and were reflected 
by the F layer. The results show the 
base tuning for mtnimum E and F layer 
signals. 

Figure 18 shows the pulse amplitude 
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results obtained at a location near 
Temple, Texas, 135 miles from the 
transmitter site. Observations were 
made at this location on two nights as 
indicated. E layer signals were observed 
on both occasions, but F layer signals 
were observed only on the night of 
October 28. The E layer signal was sub
stantially higher on October 28 than on 
November 5, but in both cases minimum 
E layer signal was obtained with a base 
tuning susceptance of approximately 
1.3 mmhos. 



Figure 19 shows pulse amplitude ~e
sults obtained at a location near Waco, 
Texas,some 170 miles from the trans-
. .m1tter site. E layer Signals were 
7.observed on October 28 and November 5, 
and on October 28 F layer signals were 
also present. The results show minimum 
E layer signal with a base tuning sus
ceptance of zero and minimum F layer 
signal with 3.0 mmhos. 
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Figure 20 shows the relation be
tween base tuning susceptance and the 
yertical angle of minimum radiation as 
deduced from the data shown by Figures 
17, 18, and 19. The angle of minimum 
radiation may be varied from 38° to 74° 
by varying the base tuning. The final 
tuning selected provides minimum verti
cal radiation at an angle of approxi
mately 42°. 

The strong F layer skywave signals 
observed on the nights of October 28 and 
October 29 indicate that F layer trans
mission may be an important factor in 
the design of anti-fade antennas for use 
in the higher frequency portion of the 

41 

-~."'''~ tHlWAI -,., .. 1M .. 
!'- ...... , .... 7 ....... ",IUI') .- / 

..... ",.J ~ .. -') tI' .. 
V -

-r--t::t- "", LA r:-.=, ... -
/ 

" / 
~ 

'\ .,,/: ~;y .. ... ... . --... -
T 

... 

..-
... ... • I , • + • 

... 

... 
, 

• 

~l. 

eMC ",NIJrd, 6U6C."TANC. ... MM.",", 

1'l00U'" 11_ utUl.Tt., ....... 1TUM ... ".'" ... 
01' PIlL ...... UItlIllIlTt - TIMPU· ... "I .... 

GIIO io'D_V1 ......... - 0:' VIM 

.. ~~ =~ 
N •• -

/ 
.--.-.-... I_~ 

.~ y- o I ... . " / 
S 

,~ 
".,/ -" ............. - ...-

- o I ~ • ... • 

aM& TUN .... 5U5ca..,.ANC& ... MII\148 

FIGUR. It .... um 01' ANPUTUDI "IIAWM 
01' I'UL'OI M.",unM.NU - WACO - 110 ....... 

broadcast band. The presence of F layer 
signals has also been reported by DeWitt 
and Ring,ll who made measurements at a 
frequency of 1410 kc. The observations 
made at Austin on the night of October 29 
show that the signal completely penetra
ted the E layer except toward daybreak 
when weak E layer signals were observed. 
Time was not available to make further 
pulse observations to establish whether 
the .~ layer transmission observed on 
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October 28-was an isolated instance or 
occurr.ed for an appreciable percentage 
of the time. The results obtained 
clearly indicat~the need for obtaining 
more measurements of this type so that 
the mechanics of skywave propagation 
for this frequency range will be more 
fully understood. 

Figure 21 shows the current distri
bution measur.ed on the full scale anten
na with the final base tuning adjust
ment. A movable sampling loop was 
connected to one of the regular sampling 
lines so that amplitude and phase _ 
measurements could be made by employing 
the phase-m6riitor at the base of the 
antenna. The sampling loop was spaced 
several feet from the center of the 
tower to minimize pick-up from stub 
currents. It can be seen that the cur
rent distribution obtained on the full 
scale antenna closely approximates the 
current distribution shown by the dashed 
lines as obtained on the model with no 
capacity stub. 
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Figure 22 shows the vertical radia
tion pattern for the final tuning of the 
antenna compared with the vertical pat
tern obtained for the model with no 
capacity stub. The vertical patterns 
were computed from the current distri
bution measurements by a mechanical 
integration process. Further integra
tion of the vertical pattern for the 
full scale antenna indicates a no loss 
inverse field strength at one mile of 
1950 mv/m for a power of 50 kw. 

Figure 23 shows the groundwave and 
skywave signals for the final adjust
ment of the antenna as compared with 
the originally intended tuning of the 
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antenna. - The measured groundwave signal 
on the route through Austin and Temple 
is also shown, and it is evident that 
the measured groundwave field strength 
was considerably higher than predicted. 
In view of the higher than expected 
groundwave signal, it was decided to 
select the final tuning condition shown 
rather than the tuning condition which 
would most closely approximate the 
originally intended performance. The 
final tuning provides minimum radiation 
at a vertical angle of approximately 42°, 
which corresponds to a distance of 150 
miles for E layer transmission. Skywave 
signals computed for an F layer virtual 
height of 240 km are also shown by 
Figure 23. Further observations, includ
ing field strength measurements to 
establish the limit of groundwave 
service in several directions, are now 
being made to determine whether any 
change in tuning may be desirable. 

Radial groundwave field strength 
measurements were made in 8 radial dir
ections to establish the efficiency of 
the WOAI antenna. The RMS inverse field 
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at one mile ~as found to be approxi
mately 1890 mv/m. This value is in 
good agreement with the expected values 
of 1845 mv/m based on the original de
sign pattern and 1950 mv/m obtained by 
integration of the radiation pattern as 
based on the current distribution 
measurements. 

.The antenna input impedance at the 
sectionaliz1ng level for the f1nal base 
tun1ng was measured to be 110 + j 200 
ohms. The 1mpedance value was deter
mined by measur1ng the 1nput 1mpedance 
at the lower end of the transm1ssion 
line with the output end connected 
directly across the sect10naliz1ng in
sulators. The1mpedance was then trans
ferred to the output end of the 11ne by 
means of a Sm1th Cihart. 

The authors w1sh toacknowledge 
the cons1derable help prov1ded by A. D. 
Ring who act1vely part1c1pated in 
estab11sh1ng the des1gn criteria and 
selecting the optimum radiation pattern. 

CONCLUSION 

The design of an anti-fade antenna 
for broadcasting purposes requ1res care
ful consideration of all pertinent· fact
ors, including the frequency of opera
tion and the ground conductivity. A 
rapid build-up of skywave signal just 
beyond the primary service area is 
required to minimize the rapid fading 
zone. For best results the design 
should incorporate a range of control . 
of the vert1cal radiation pattern. The 
effect of practical current distribu
tions on the vertical radiation patterns 
must be considered. Measurements on a 
model of the proposed antenna perform
ance form a good bas1s for making a 
final evalua.tion of the performance 
before constructing the full scale 
antenna. . 

After the actual antenna has been 
constructed, careful measurements are 
requ1red to insure that the optimum 
performance is obta1ned. The suppression 
of skywave signals may be checked by 
employing pulse transm1ssions, and 
lim1ted measurements indicate that F 
layer transm1ssions are sometimes pre
dominant. Finally, the current distr1-
bution (both amplitude and Phase) of 
the full scale antenna should be meas
ured and the vertical radiat10n pattern 
computed from the current d1stribution 
data. 

, , 
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APPENDIX 

METHOD OF DETERMINING CURRENT 
DISTRIBUTIONS AND VERTICAL RADIATION 

PATTERNS OF CYLINDRICAL RADIATORS 

A. Power 

shown 
a method for determining the current 
distribution on a cylindrical radiator 
of a given diameter where the length is 
such as to make the radiator anti
resonant. In the case of a radiator 
a,bove a ~round plane, the anti-resonant 
length is defined as the length (near 
~/2) where the base input reactance is 
zero and the resistance is at or near 
the maximum value. For our purpose the 
equation for current distribution given 
by Schelkunoff and Friis has been re
arranged so as to. permit an extension 
to radiators of other lengths. 

The current may be expressed as: 

I z = I~ - j I~ ( 1 ) 

Ithax 
I~ = -2- [1 ~ cos 'Y (Go - z)] (2) 

I z" = I" sin 'Y (G - z) (3) max 0 

where: 
I z = current at height z, 
z ~ he~ght in degrees above ground 

plane, 
II = real or "in-phase" component of 

z current, 
I~ = imaginary or quadrature component 

of current, 
II and Im"ax = maximum values of IZI and 
max I" . 

c Z 
v = - or the ratio of the velocity of 

v light to the phase velocity of 
the antenna, 

and Go = overall height of radiator. 
For an antenna of anti-resonant length 
the current at z = 0 is equal to ~ax' 
thus 

(4 ) 
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where P is the power and R is the base 
o 

input reSistance of the anti-resonant 
length radiator. 

The value of 'Y can then be determined 
from 
tV _ 180 
r - 1 

o 
(5) 

where 10 is the length of the anti
resonant radiator in degrees. Appropri
ate values of Ro and 10 may be deter-

'mined from graphs or equations given by 
Schelkunoff7 or others. 8,9,10 

The value of I~ax is determined so as to 
satisfy the required relationship between 
current and groundwave efficiency for a 
given power input. For the current dis
tr~bution of equations 1 - 3 and assuming 
anti-resonant length ('YGo = 180 0

) it can 
be shown that: 

Eo = 0.651 G ..r(I! ):2 
II 0 avg 

I~vg 

I" avg 

=-r 
= 

2 I" max 
7r 

(6 ) 

(7 ) 

(8 ) 

Where Eo 
mv/m, at 

is the inverse field strength in 
a distance of one mile along the 

ground plane, and I~vg and I~vg are the 
respective average currents in amperes 
along the radiator. It follows that 
I" is given by max 

I~ax = ~,.f'( Eo )2 (~)2 
.~5l Go + c:: 

The value of Eo to be used in equation 
(9) may be taken from data given by 
Brownl , which shows the ground plane 
radiation efficiency of vertical radia-
tors with reduced velocity, sinusoidal 
current distribution. This approxi
mate method of determining Eo amounts 
to neglecting the influence of the II 
component of current on the radiation 
efficiency of the antenna. It can be 
shown, however, that this method yields 
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l 
f, 

results whioh are quite aoourate for the 
range of effeotive radiator diameters 
generally in use for s'tandard broadoast 
station antennas. 

For: radiators of other. than anti-reson
ant length an approximate ourrent distri~ 
bution may be obtained from 

/ kl 
I z/ ko ~ r[ 1 -oos 'Y (Go -z ) ] 

- J sin 'Y (Go-z) (10) 

Where ko is a constant to z=elate the 
absolute current to the relative ourrent 
distribution and kl = It /1 11 The max max. 
values of I~ax' I~ax and 'Yare based on 
the solution for a radiator of anti~ 
resonant length and the given effective 
diameter. This method yielded current 
distributions A and B shown by Figure 3. 
The results appear to be reasonable as 
long as the length of the radiator is not 
much greater than the anti-resonant 
length. 

The vertioal radiation patterns for non
sectionalized radiators such as A and B 
of Figure 3 were oomputed by the usual 
integration of the current distribution: 

where f(e) is the vertioal radiation 
at angle e above the ground plane, 
normalized with respect to the ground 
plane radiation. 
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Solution of this- integral expression 
yields 
f(e) - N/D where: 
N 

_ 

2X oos e [ ] ';;:'"2'~=;"":'''''- cos 'Y Go - cos So 
'Y - sin2e 

e [sin So 
- j kl oos [sin e 
sin e sin So [ sin 'Y 

'Y 
D = g (cos 'Y G - 1) - j 'Y -, 0 

sin 'Y Go - ) 
,'Y 

and where: So = G sin e o ' 

(12) 

B. Sectionalized Radiators with Current 
Distrib1l't:rOn SYfmetrical about 
Sectionalizing nsulator. . 

The current distribution shown for 
radiator C of Fig. 3 is based on a rad
iator sectionalized at the midpoint with 
the current distribution assumed to be 
symmetrical about the feed point. The 
approximate current distribution for'a 
sectionalized radiator with the current 
symmetrical about the feed point may be 
expressed by dividing the radiator into 
lower and upper sections of lengths, Gl and G2 respectively •. 

For the lower section 

I lz kl 
'~-2[1-COS 'Y (G2 - Gl + z)] 

o 
- J sin 'Y (G2-Gl +z) 

and for the upper section 
(13) 

(14) 

As before the constants kl and 'Y were 
determined from the solution for a rad
iator of anti-resonant length. 

The integration of the current distri
bution ~ressed by equations (13) and 
(14) .may be performed in parts to yield 



fee) = N/D where 

G2 cos Sl - cos 

[sin So 
~(G2-Gl)-cOS So] - jkl cos 8[sin e 

+ .:r y 2 [ sin ~ (G2 - Gl ) 
- sin 9 

D = * [2 c.os ~ G2-cos ~(G2-Gl)-l] 
[Go 1 

jkl [577! - ~ [si~ ~(G2-Gl) - 2 

. sin ~ - G
2

'1)- . (15) 

where Sn = Gnsin 9 

C. Sectionalized Radiator with Power 
Applied Both at the Base and at the 
Sectlnnalizing Level. 

The current distribution for a modi
fied Jeffers antenna as shown for radia
tor D of Figure 3 was predicted by com
bining two current distributions pre
dicted by the methods outlined above. 
Current Components IA and IA represent 
a symmetrical distribution about the 
upper feed point as determined from equa
tions (13) and (14). Current components 
I~ and I8 represent the eXpected curr~nt 
distribution on the lower section due to 
the power applied at the base as deter
mined fr.om equation (10). The total 
current is simply the sum of the A and B 
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components with the ratio adjusted to 
produce the desired loop current ratio. 
The length of the upper section was made 
equal to the anti-resonant length in 
order to simplify. this simulation of the 
current dtstribution. 

The vertical radiation pattern for 
the modified Jeffers antenna was com
puted by adding the two radiation pat
terns produced by the two sets of current 
components with appropriate constants 

tnserted to maintain the proper relative 
~gn1tude of the two patterns. The 
individual pa·tterns were determined from 
equations (12) and (15). 

D. Evaluating the Equivalent Cylin
drical Cross Section of a Tower 
with Uniform Cross Section. 

The equivalent cylindrical diameter 
of a tower may be determined by computing 
the effective cylindrical diameter of the 
three tower legs. Generally .. he effect 
of cross and diagonal bracing members 
may be neglected. Sch~lkunoff and Friis7 

have shown that 
n a . 

aeff = a (~) l/n (16) 

Where aeff = radius of equivalent cylin
der. 

Ao = radius of tower legs 
n = number of tower legs 

a = distance from center of 
tower legs to center of 
tower cross section. 
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USE OF, A SECTIONALlZED TV TOWER 
IN AM BROADCAST SERVICE 

A. C. Goodnow 
Westinghouse Broadcasting Company, Inc. 

New York, New York 

Summary 

The 905 foot antenna structure of KYW
TV has been adapted to use as a two-element 
Franklin antenna at 1100 kC/ s, the standard 
broadcast frequency of station KYW. The TV 
lines, FM line, and power conduit are insulated 
within the tower over portions of its length in 
such a manner as to function as coupling elements 
at 1100 kC/S. Insulated power transformers or 
phase monitor isolation coils are not required 
across the sectionalizing and base insulators, 
and the tower has a single driving point at the 
base. Construction details and tuning proce
dures are discussed; the results of performance 
measurements ,show that a horizontal field in
tensity of 301 mV/m for onelHlowatt is real-
ized. 

Introduction 

, Over the years, considerable attention 
has been given to the problem of developing 
antenna designs yielding optimum values ofhori
zontal radiation in the standard broadcast band. 
As a result of early investigations l pointing to 
the desirability of use of vertical radiators in 
the vicinity of one-half wavelength or sl~htly 
greater in height, and further work2• 3, em
phasizing the allied problem of suppression of 
high-angle lobes of radiation, the 190 degree 
radiator (or a top-loaded equivalent) had during 
the thirties come into wide use in high power 
broadcasting stations as representing an eco
nomically feasible approach to an ideal antenna. 
With but few exceptions5, 6, the use of towers 
of appreciably greater height was not under
taken because of the rapid increase in cost with 
increasing height. 

Within the past decade, however, con
struction of towers to decidedly greater heights 
has become commonplace in the television ' 
broadcasting service. The possibility of adapt
ing these taller structures to use as standard 
broadcast radiators also, where practicable, has 
aroused considerable interest, and methods of 
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accomplishing this have been proposed7, 8. 
This paper describes the manner in which the 
KYW-TV tower in Cleveland, Ohio has recently 
been put into service as a radiator for KYW. 

The FCC . authorization for the KYW 
operation stipulates reduction of the field in 
northerly directions by approximately 4 db, in 
order not to increase the previously existing 
field in the service area of adjacent channel 
Canadian stations. The required pattern was 
obtained through use of a parasitically excited 
reflector in the form of a cable suspended from 
one of the guys of the tower. Reference to di
rectional operation, however, will be made 
herein only where it has Significance in consider
ing performance of the main tower. 

The KYW Antenna; Choice of Operating Mode 

The KYW-TV tower is a uniform
section, triangular guyed tower, 805.5 feet in 
height and 6 feet in width between corner mem
bers. An FM antenna is side-mounted on the 
tower 753 feet above ground. Atop the tower is 
mounted a 6-bay superturnstile television an
tenna, increasing the over-all height of the 
structure to 905.5 feet. This height corresponds 
to 364 electrical degrees, or slightly in excess 
of a full wavelength at the KYW frequency (1100 
kc/ s). 

With the radiator height thus estab
lished at approximately one wavelength, opera
tion with" the two halves in phase in the Franklin 
arrangement immediately suggests itself, al
though consideration of other possible modes of 
operation was not neglected. 

In the quest for maximum values of 
horizontal radiation, many types of current dis
tribution along vertical radiators have been pro
posed. Some of these are difficult to realize 
physically, and none seems to have any great 
advantage (in this particular application) over 



an approximate sine function distribution. 
Brown4 points out that the horizontal field of a 
two-element full-wave Franklin antenna is the 
same as that of an. antenna of the same height 
having a hypothetical uniform current distribu
tion. g-he" optimum" distribution of La Paz and 
Miller for this height (developed to determine 
the maximum possible horizontal radiation; with
out regard to whether the indicated distribution 
is realizable) yields as a theoretical limit a 
field only slightly higher than that of the Frank
lin. 

These considerations, together with the 
results of experience with a similar arrangement 
in the three-fourths wave antenna at KDKA, made 
firm the decision to operate the KYW radiator as 
a two-element Franklin antenna, with approxi
mately equal and in-phase currents in the two 
halves. 

Details of Coupling and Isolation Sections 

The tower is insulated at the center and 
the base, and insulated cross-bars at thirteen
foot intervals are provided up to the three
fourths wave elevation for supporting the TV and 
FM lines and a power conduit within the tower. 
Permanently installed current sampling loops 
are provided at the one-fourth and three-fourth 
wave levels, and the cables coupling these to the 
remote phase monitor are enclosed within the 
power conduit. The latter, since it may carry 
an appreciable amount of radio frequency cur
rent, is a copper conduit made up of the outer 
conductor only of the same type of coaxial line 
(3-1/8 inch) employed for the TV and FM cir
cuits. 

The unavoidable presence of TV and 
FM transmission lines within the tower at first 
appears to be an annoying complication in the 
consideration of means of driving the tower as 
an 1100 kc/ s radiator. It soon becomes appar
ent, however, that in so disposing these lines as 
to permit the desired voltage and current rela
tions to be developed on the tower, they can 
themselves be utilized to function as coupling 
elements between the sections, so that the tower 
need be driven only at the base. Moreover, by 
suitably fitting the power conduit into this 
arrangement, the need for insulated power trans
formers at the center and the base (along with 
sampling line isolation coils) is eliminated, and 
a feed system of gratifying simplicity results. 
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As shown schematically in Fig. 1 
and in greater detail in Fig. 2, the TV lines, 
FM line, and power conduit are grounded at the 
base and insulated within the tower to a point 
one-fourth wavelength above ground. This is a 
well-known means of isolating such lines so 
that the tower may be series fed at the base. 
Both below artd above the insulated half-wave 
level, the lines are similarly disposed as quar
ter-wave sections in a mechanical arrangement 
permitting take-off of power, sampling, TV and 
FM circuits at appropriate points along the 
tower. Inasmuch as the quarter-wave line sec
tions so formed are connected with thier open
circuited ends across the center insulators, 
they act as a resonant circuit and thus are the 
means of reversing voltage phase and exciting 
the upper half of the tower. 

The method of excitation bears a 
superficial resemblance to that of Wheeler's 
coaxial cable antenna, but the need for a me
tallic connection (for power and sampling cir
cuits) between the lines and the lower tower 
element prevents it from functioning in the man
ner described by Wheeler10• Rather it is e
quivalent to the method shown by Smith and the 
Huttons8 in their example of a 258 degree sec
tionalized top-loaded tower, although in the 
latter case TV and FM circuits were not con
sidered and a steel cable within the tower func
tioned as a coupling section. 

Tuning Procedure 

It was anticipated that the mechani
cal length of the line sections would require re
duction by means of shorting straps between the 
central lines and the tower structure at points in 
the vicinity of the one-fourth and three-fourths 
wavelength levels, principally because of the 
loading effect of insulator capacitance at the 
base and the center of the tower. In the process 
of adjustment, as the shorting straps were moved 
over a range of positions, measurements were 
made of base impedance, field intensity, and 
loop current ratio and phase (as indicated by the 
phase monitor). During the preliminary adjust
ments, equal active line lengths were maintained 
in the three sections involved. (The length of 
short-circuited section below the three-quarter 
wave point was maintained approximately 10 ft. 
greater than the other short-circuited portions 
with the intention of compensating for the length
ening effect of expansion loops formed in the 



central lines above the sectionalizing insulators.) 
Final'trimming"' adjustments were made by 
varying the length of active line section below the 
half-wave level only. , 

The measured values of loop curren:t; 
ratio and phase versus active length of coupling 
line sections are shown in Fig. 3. Inspection .of 
the curves of this figure shows that as the active 
length of the coupling lines is varied between 
approximately 168 and 158 feet, the ratio of the 
loop currents in the upper and lower elements 
varies from 0.2 to 1. 6, while the phase difference 
varies relatively slowly between approximately 
40 and 115 degrees. Apparently over this range 
the reactance of the coupling sections passes 
through the point of resonapce with the capacity 
of the tower gap, and it is in this region that the 
desired mode oHower excitation is approached. 
On either side of this range of adjustments, the 
tower gap is bridged by rapidly decreasing val
ues of reactance, and a distinct reversal of 
phase in the currents of the two elements occurs; 
this condition is an approach to what should be 
expected were the tower gap non-existent. With 
the active length of coupling line sections at a 
little greater than 162 feet and approximately 
unity current ratio, the indicated phase lead of 
the upper element loop current is approximately 
83 degrees. Although some rotation of phase is 
to be expected along the length of the tower, the 
measured amount is greater than anticipated; as 
discussed later on, this measurement is believed 
to be not representative of the phase relation over 
any considerable portion of the tower length. 

A more detailed investigation of the 
distribution of current amplitude along the tower 
was made by use of an exploring loop and meter 
assembly. The measurements were made at a 
power level of approximately 10 KW. Two-way 
UHF communication sets were used to facilitate 
recording the measurements and de-energizing 
the transmitter while the tower team changed 
positions. 

A set of measurements was made on 
each of the three tower legs at corresponding po
sitions on the structural sections along the tower; 
the vertical interval between measuring points 
was 26 feet in most instances. The results of 
these measurements, with readings for the three 
tower legs averaged, are shown in Fig. 4. The 
discontinuities in the measured leg currents at 
elevations corresponding to the shorting strap 
levels are indicative of the functioning of the line 
sections; at these levels the tower legs begin to 
carry not only the II antenna" current but also 

, . 
"transmission line" current in their' role as 'the 
outer conductor of the line sections. Although 
the transmission line current in the legs is bal
anced out in the far-field region by the out-of
phase current in the central conductors, . ~t shows 
up in the loop measurements because of the 
closer proximity of the loop to the tower legs. 
The probable distribution of the antenna current 
component over pertinent tower sections is indi
~ated by dashed lines in Fig. 4. 

The measured distribution is a 
reasonable approximation of the sine function 
distribution shown by the dotted line in Fig. 4, 
although exhibiting somewhat more triangular 
maxima and broad minima; some reduction of 
velocity is apparent, particularly in the lower 
element. 

Measured Performance 

In the process of completing the 
adjustments and measurements requisite for put
ting the system into service, a logical work se
quence could not always be followed because of 
prevailing conditions of high wind or icing which 
made 'tower work difficult and hazardous. A pe
riod of severe weather interrupted work on the 
tower after it has been tuned approximately to the 
condition shown by Fig. 4, but before the current 
ratio indicated by the phase monitor could be 
verified by measurements with the exploring loop, 
At this time, however, in the interest of complet
ing the work as rapidly as possible, an extended 
set of non-directional field intensity measure
ments (in accordance with the procedure set forth 
in the FCC Rules and Regulations) was made 
forthwith. The measured RMS value of the essen
tially circular pattern resulting was 2070 mV 1m, 
as compared to a value of 2150 mV 1m calculated 
with a 5% allowance for expected system losses. 

Subsequently, as a result of the dis
tribution measurements along the tower, it was 
found that the discrepancy between the readings 
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of the permanently installed sampling loops and 
the exploring loop measurements was approxi
mately 27%. In the belief that the exploring loop 
measurements (involving a number of readings 
averaged over the three tower legs) are less sub
ject to error than the remote readings from the 
sampling loops, a readjustment of the coupling 
section lengths was made, to yield the distribution 
shown in Fig. 4. The field intensity as monitored 
at a single check point showed no sensible change 
during this readjustment; the field intensity re
mains nearly constant on a broad maximum as the 
current ratio approaches unity. It is probable, 



however, that a slight improvement in the hori
zontal radiation was obtained, since a simUar 
field survey made after the change but with the 
system' operating directionally resulted in an 
RMS field value only 1% less than a similarly 
computed value. Accordingly,. this is believed 
to reflect an improvement in the horizontal field 
of the tower itself that would result in an RMS 
value of 2130 mV 1m in non-directional operation, 
corresponding to 301 mV 1m for one kilowatt. 

The apparent error in sampling loop 
ratio readings may be attributable to a difference 
in active areas of the loops or their relation to 
the tower members, although every effort was 
made to preserve symmetry in their mounting. 
As mentioned in Section IV above, the approximate 
quadrature phase relation in loop currents indi
cated by the phase monitor may also be question
able. So urces of error such as differences in 
lengths of sampling lines, instrumental inaccuracy 
etc., were eliminated by appropriate checks, and 
the fact that the sampJilg loops are located on por
tions of the tower which do not carry "transmis
sion line" currents should eliminate any compli
cation associated with effects of the coupling sec
tions. On the other hand, a calculation of the 
RMS value of the horizontal field assummg quadra
ture phase difference throughout both elements 
yields a figure of 1780 mV 1m, or 16% less than 
the value realized. It may therefore be concluded, 
giving due weight to the measured amplitude dis
tribution of Fig. 4, that the currents are sub
stantially in phase throughout the greater portion 
of the tower length. 

An estimate of the base impedance to 
be expected was made by assuming that the calcu
lated loop resistance of the upper section (100 
ohms) could in this case of half-wave elements be 
considered to be transferred unmodified to the 
loop of the lower element and there added to the 
calculated loop resistance of the latter (127 ohms) 
the tower then being treated as a fictitious 182 
degree radiator with the resultant loop resistance 
of 227 ohms. These values were used in 
Schelkunoff's modification11 of the Siegel and 
Labus formulae, and yielded a calculated base 
impedance of 319-j264 ohms. The measured 
base impedance was 606-j50 ohms. The actual 
base impedance, however, may assume any value 
on a circular locus through the origin, depending 
on the selected value of the shunting reactance of 
the lower isolation section. The calculated value, 
if shunted by a reactance of fj650 ohms, for ex
ample, becomes 537 fjo ohms, a reasonably close 
approximation of the measured value. It is evident, 
therefore, that by some device similar to that 
described, the base impedance in application 
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such as this can be predicted closely enough for 
system design purposes. 

Operational Advantages 

The operational advantages real
ized through adaptation of the KYW-TV tower to 
AM service may be summarized as follows: 

1. An increase in horizontal field 
intensity was obtained equivalent to that corres
ponding approximately to a 50% increase in power 
with a conventional antenna. 

2. For non-directional operation in 
Cleveland, an increase of approximately 26% in 
area and 27% in population served within the 
primary service area would result. 

3. For the actual directional opera
tion authorized in Cleveland, an increase of 
approximately 34% in area and 53% in population 
served within the primary service area was real
ized. 

Acknowledgements 

Throughout the planning and com
pletion of the project, the cooperation of the KYW 
engineering staff, in particular Messrs: R. J. 
Plaisted and A. H. Butler, was invaluable. 

Portions of this material have been 
included in Applications and Proof of Performance 
submitted to the Federal Communications Com
mission. 

References 

1. Stuart Ballantyne, "On the 
Optimum Transmitting Wavelength for a Vertical 
Antenna Over Perfect Earth, " Proc. 1. R. E., 
Vol. 12, pp. 833 - 839; December, 1924. 

2. P. O. Pedersen, "Radiation 
From a Vertical Antenna Over Flat Perfectly 
Conducting Earth, "Danmarks Naturvidenska
belige Samfund, Copenhagen, 1935. 

3. A. B. Chamberlain and W. B. 
Lodge, "The Broadcast Antenna, " Proc. 1. R. E. , 
Vol. 24, pp. 11 - 35; January, 1936. 

4. George H. Brown, "A Critical 
Study of the Characteristics of Broadcast 
Antennas as Affected by Current Distribution, " 
Proc. I. R. E., Vol. 24, pp. 48 - 81; January, 
1936. 



5. Ralph N. Harmon, "Some Com
ments on Broadcast Antennas, " Proc. I. R. E., 
Vol. 24, pp. 36 - 47; January, 1936. 

6. Ralph N.Harmon, "KDKA Low
Angle Antenna Array, " presented at I. R. E. Na
tional Convention, June 16, 1938. 

7. Charles L. Jeffers, "An Antenna 
for Controlling the Non-Fading Range of Broad
cast Stations, ., Proc. I. R. E., Vol. 36, pp. 1426-
1431; November, 1948. 

8. C. E. Smith, D. B. Hutton, and 
W. G. Hutton, "Performance of Sectionalized 

--~ 

r -- 0.75" 
I 
I 
I · · · , , 
• · .. ~ .. 

_._.- 0.5 ;r. 

.~ -- 0.25 " 
I 
I 

Fig.1 Schematic diagram of antenna and coupling 
and isolation sections. 

18, 

Broadcasting .Towers, " I. R. E. Transactions 
PGBTS, January 10, 1955. 

9. Lincoln La Paz and Geoffrey 
Miller, "Optimum Current Distributions on 
Vertical Antennas," Proc. I. R.E., Vol. 31, 
pp. 214 - 232; May, 1943. 

10. Harold A. Wheeler, "A Verti
cal AntennaoMade of Transposed Sections of 

, Coaxial Cable, " I. R. E. Convention Record, 
Vol. 4, Part I, pp. 160 - 164; March, 1956. 

11. S. A. Schelkunoff, "Antenna 
Theory and Experiment, " Jour. Appl. Physics, 
Vol. 15, pp. 54 - 60; January, 1944. 

TV LINES 

FM LINE 

CONDUIT 

SECTIONALIZING 
INSULATORS 

0.75 A 

0.5 A 

0.25 i\ 

Fig. 2 Detailed schematic of coupling and isolation 
line sections. 



..... ~ .. "'"-."."~ .... ~~.~~,....,.= ..... ,.,.~~,.,..,........-~~ . '",..,.,.....,-~......,~-......,..". .. ; .. J .. ,.""i.4"',...","'""""""""' .... .." .... ,..,. ...... " .. _"'~!"4 $Ii","", ""J ... _ ... '!'}\ .... ;;:q;z_ ......... ''''''".e!!ilillJ!'.)4i111;:!!!<. ""¥!I!!IIIIll!llL.'j!!!;." . .2I .• I .. _~I,.~"ii.: :" 

. -f·\~·' 

1\ 

0:: 

'" ~ o 
.J 

2. 

o 1. 
r 
0:: 

'" 0-

0 

6 

0-
=> .2 

Q' 
r 
--< 

r--
0:: 0 • R r---
r z 

'" c:: 
c:: 
=> 0 
U 
0-

8 

r-
.4 r---;; 

1\ 
\ 

!--

t--

--

r---... 

PHASE V 
1\ L. 

l,...r 

"-f-<' V 

R,\TlO .L 
-

V 

,-I-
- r--

I -
V 

r-- -
V 

.J ~,L 0<-- - --'-- -

175 165 

~ 
~ 

1\ 
1 

\ 

1:::::= 
V 0 

155 

LENGTH OF COUPLING SECTIONS - FEET 

1 80 

90 

0 

-90 

II 
.1 

-180 

~ l'l 
'\ 

'\ 

Fig. 3 Measured loop-current amplitude and phase 
relations va. coupling -line length. 

r 
7. 

'" ::;: 

'" .J 

'" c:: 

'" 0-
0-
=> 
",' 
<FJ 
--< 
:I: 
0-

r 
z 

'" 0:: 
c:: 
=> 
U 
0-
0 
0 
.J 

900 r- - ...... 
~ --800 

~ ~-
700 ~ 

---0.75 iI rJ, 
- STRAP 600 ~ 

~' 

~-
1-"--I-- i-<'" -.-(I 

50 ~ ~ 
~ 

0 ~ 

-0.5 iI 
-- -- -r - 0 --

40 
---Q 

0 ~-

30 
-STRAP 

-0.25 i\ 
20 

-STRAP 

10 

----~ M f':-, r--r 
'" ----

-- r:-:-'" ----or-- ~ I ..... ~ ~ ~ 
r--~ c--, 

b ~ or--;; , ,Li '" t---~ -:-: / 0 -- - r - ..:::a~ --
-- ;1---' --0 --

40 80 120 160 200 220 

RELATIVE CURRENT AMPLITUDE 

SINE DISTRIBUTION 
--- EXPLORING LOOP MEASUREMENTS 
- - PROBABLE "ANTENNA" CURRENT DISTRIBUTION 

Fig.4 Measured current amplitude distribution. 



'.~ ! 

, • , ••• -~--"'o.r-0-VC-~-' ------) o-i-,--(j~-~ .. ....... .... _ .... -................ ,_ ........... _ .... _--

UNINSULATED 
TOWER SECTION 

(2) COMMUNICATION 
ANTENNAS 

SPIDER CONNECTION 
TO THREE TOWER LEGS 

~ 170' 

r-________ ~O~U~TP~U~T~T~O~S~P~ID~E~R~ ____ ~~ 

3 ~~ COAXIAL AM TRANSMISSION LINE, 
COMMUNICATIONS ANTENNA LINE, 
SAMPLING LINES AND CONDUIT 
CONTAINING LIGHTING AND 

SAMPLING LOOP 

AUXILIARY WIRING 

r--------------, 
I I 
I I 

BASE TUNING I I 
CAPACITOR --------L 

TO TRANSMITTER 

POINT AT WHICH 
BASE IMPEDANCE 
WAS MEASURED 

COAXIAL LINE 
TO 332' LEVEL 

I 
i I L. ____________ -.1 

11 
327' 

5' 

m 
1= 135' 

178' 

1/1 

SECTIONALIZING 
INSULATORS 

663' 

659' 

327' 

868 FEET ABOVE MEAN SEA LEVEL 

F1 re 8 

SCHEMATIC DIAGRAM OF DAYTIME 
FRANKLIN NON-DIRECTIONAL RADIATOR &: 

COUPLING AND TUNING CIRCUITS 

Stat10n KSTP 
Hubbard Broadcasting, Inc. 

St. Paul, Minnesota 
1500 kc 50 kw-U DA-N 

A. D. RING & ASSOCIATES 



FOfu~LAE USED IN THE FCC 5158 

Bi'lS AND RADIATION_ PROGRAM 

The FCC RMS and Radiation program has been designed specifically 
to meet the needs of FCC engineers processing proposals for broadcast 
facilities in the standard broadcast band. Using an IBM 704 computer 
the program first computes the pattern size of the directional array 
for checking the proposed RHS. It then computes the radiation in the 
various directions. The pattern size for the computed radiations is 
ordinarily based upon the value of the radiation specified for a particu
lar direction in the major lobe. If this figure is not supplied to the 
computer, it uses the applicant's RMS figure. Lacking this, the computer 
will base the computed pattern size upon the RMS previously computed in 
the program for the antenna array. 

The program uses the vector addition formulae for all types of an
tenna systems. For some antenna types, certain diagonal spacings and 
orientations required by the vector addition formlae are not ordinarily 
supplied by the applicant. It invariably happens however that the towers 
may be listed in such an order on the coding form that the orientation 
and spacing of oach tower is known either with rospect to a common refer
once point or with respect to the last tower listed. The input form is 
arranged so that this information may be supplied in dther manner. A 
"1" must be inserted in column 49 of the coding form when the data is 
given vuth respect to the last tower listed, as a signal to the computor 
to make the necessary extra calculations. Formulae 1-4 are used for 
this purpose and are skipped for towers not having a "1" in column 49. 

(If) 

'VJhere: 

rEI'1 pi:: D.r CO&, (j),r f J)rf- i) CO.5 ([- I ) 

[)~~distance of tower I from (I_1)th tower (temporarily) 

a,;"':o.orientatlon of tower I from (1-1 )th tower (temporarily) 

J)~.distance of tower I from reference point 

~J~orientation of tower I from the reforence point with respect 
to true north 
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It should be noted that the DI and ¢I at the left of the equal 
sign are with respect to the arbitrary reference point whereas the same 
symbols to the right of the equal sign have a special temporary moaning 
and arc the spacing and orientation with respect to tho (I_1)th tower 
for those towers with a 1 in column 49. 

The no loss rms is next determined. In this program, this is done 
by summing calculated vn.lues of the "little rms1stl at vertical olovc.tion 
angle increments of ten degrees, using zero order bessel functions for 
getting tho individual little rms1s and the trapezoidal rulo for sur,uning 
the little rmsts over the hemisphere. (Formulae 6 and 7) Note the use 
of small letters for little rras' s based upon the field ratios, and the 
use of capital letters for the big RMS which, of course, is a function 
of the transmitter power. Tho no loss constant for getting the no loss 
RMS from the little r.ms on the ground at theta equal zero is obtained 
by the relationship between the transmitted power and the sur;lt1Ution of 
the little rmsfs. (fornula 8) Fornula 5 gives the vertical radiation 
characteristic for conventional towers. 

) -< 
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j ' V ' . , ,,-> y, ,- ,," " < r::- . (..<.) r-- ( (7 ) r ',", (I) f j -- '. • L: j/ . ~-
/''1' "j'v''-4--Lj ::. .1 <:: . r-p p '.', 9' .' " - J,er.r '.J r• I-'p~ C ( ,:; C/..J 

t'7 ..... r .. " .. I '--., ... / .J I " \ (' ~ r . ~ _~ _ . 

)
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b ",. Vertico.l angle of the direction of radiation T.1easured fron 
the horizon. 

:j i(~J ~ Function of theta defining tho vertical radiation pc.ttern 
vi 'tower p. 

c:,. 
! r-' 

Height of Tower p in degrees. 

~ Field ratio of the pth tower. 

''''''''c.(J'r:;-::Littlo rIDS at vertical angle 9 • 

• '·I'i')'\.~;. Summation of little rms's over a herllsphere; this is also 
called total little rIDS. 

(JIl"Q, -Difference in phasing between tot·mrs p and q. 
,. t' 

~F'~ Spacing between towers p and q. 
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f? f/ :~'I-? Calculated RMS at theta equals zero assuming loss resistance R. 

-/0 Zero order Bessel function of the first kind. 
,~ 

I~, Field ratio of tower p. 

f( I Nultiplying constant for obtaining hypothetical value of field 
strengths from field ratio values or hypothetical RMSr from the little 
rms at theta equals zero. 

I 
lff1j Calculated RMS at theta equals zero assuming no loss. 

The hypothetical radiated field strengths and tower currents are next 
determined by formulae '.9, 10 and 1j. 

The adjusted constant, the adjusted tower currents, and the adjusted 
RMS are noxt computed by taking into account the power loss in the indi
vidual towers of the array. (formulae 12 and 13) 

~~I J ( ,-
, ' , , 

(It) 

((I ) '. , 

(12 ) " . 

(I ~) 

Where: 

.' 

j~. (";:) ::-
t· ' . 

I 
C f~:" >r \- _ 

Assumed loss resistance in the qth tower. 

Antenna height of pth tower. , 
~~ Hypothetical field strength at one mile from tower q. This 

is the same as the no loss fiold strength. 

" I"B (13)Hypothetical base current of q th tovlor. This is the srune as 
the no loss current. 

-," 
..! % (e:..) Hypothetical loop current of q th to\vor. This is the some as 

the no~loss current. 
! r:. (<?) Hypothetical power loss in qth tower. 

I) 
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Hypothetical values of transrutter power output, and tower currents 
arc useful in miling this computation. The hypothetical values are defined 
for this purpose as those which would exist if the no loss field strengths 
and no loss tower currents were assumed to prevail despite the presence of 
the assumed loss resistances in the individual towers. The hypothetical 
values of the currents, power loss, the radiated field strengths, and the 
constant are the same as the no loss values. The hypothetical values of 
transmitter power (which includes hypothetical power loss) are graater 
than the rated transrnitter power. In the formulae, the hypothetical values 
nre differentiated from the no loss values b.Y a prime. 

The hypothetical values of tower current Ipt, constant K', Field 
Strengths E r p and total power loss PL I as vlOll as tho value of RH8 tare 
adjusted downwards to predicted values by an amount corresponding to the 
decrease in transmitter power fron the hypothetical value to the operating 
value. The operating value of transLutter output power is P. Tho hypo
thetical trc~smitter output power pI is equal to P plus PL'. 

Power values are adjusted downward by the ratio pip + PL- ['1 RMS, 
and radiation values arc adjusted dOvffiward by a factor LP/{p + ~L172 

Tower current values are also adjusted by the factorf}/(P + ptlltc.nd 
those arc the values shown on the printout: 

(I 4) ~-!) I7/ (F:/P I- /:;.,);~ 
. I C" .::> / (/"';' ) p-( ,7/ -: PI.... (?) r,/ /::-f /~) 

I, (.. / ~ 

( ( t-) /)/1 /."I.r - K / (t""/1-- -t r,~,-)'2- I 

(/7) R, tl S '" R I'i .s / ( ~?;/l y{ 

't-Jhere: 

,.Lr;r) :: predicted current in towor q. 

f:::; (::1) .:predicted power loss in tower q. 
-<1 

1<.., D ! " predicted constant considering losses. 
" ) /-, .J", 

ffl1 S predicted RNS considering lassos. 

The radiated fields in all required direction is found fron the voctor 
sum of the fiold radios from all towers lilultiplioc1 by KADJ• 
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( 19) .s p C C\ SeC (, 5 (rf/J -tfJ) -/-. UJ f) 

Adjusted Constant. 

Field ratio of the pth tower. 

Vertical ~nGle above horizon. 

Orientation of tower P. 

Sp~cing of tower P. 

Ii) \l.-p Relative l~asing of tOvler P. 

The pertinent vertical radiation charactoristics (function of theta) 
for the particular type of towers is selected by an 0, 1 or 2 in column 50 
of the input card for that tower. 

fp (e)o previously supplied for conventional towers (sec fp (e)). 

The formula for top loaded towers is as follows: 

fp (9)1 ::: cos B cos_l!..s,;in..& . .::-.-£.Q§ A - sin B sin G sin (A sin G) 
. . cos e (cos B - Cos G) 

Tho vertical function of theta for soctionalized ~ntennas is quite 
long and was taken from page 2-112 of tho NAB Handbook (5th edition). For 
top loaded towers, tho followj,ng formula.s should bo used to find tOHer 
current in lieu of Formulae 10 and 11: 

(20) 

(
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ABSTRACT 

IMPLEMENTATION OF ANTI SKYWAVE ANTENNA 
TECHNOLOGY BY EXTREME TOP LOADING OF SHORT 

ANTENNAS IN A DIRECTIONAL ARRAY 

Timothy C. Cutforth 
Vir James Consulting Radio Engineers 

Denver, Colorado 

Top loading of short vertical antennas is usually limited 
to groundwave field enhancement. A successful method of 
top loading to achieve antiskywave properties is detailed. 
The allocation criteria of the KNWZ Thousand Palms, 
California nighttime directional array includes protection 
of a station in the direction of the major population 
center in the service area making anti skywave design 
essential. The high radiation efficiency achieved in the 
KNWZ nighttime array is also attributable to the 
antiskywave characteristics in the antenna design. A 
similar nondirectional toploading implementation at KIAM 
Nenana, Alaska achieved dramatic improvement in fringe 
reception both daytime and nighttime. 

ANTI SKYWAVE ANTENNA 

The well known 5/8 wavelength tower is in effect a gain 
vertical colinear array because of the current 
distribution. The gain and the change in vertical section 
is largely due to the phasing of the currents along the 
tower. In the far field a 5/8 wavelength tower and its 
ground reflection behave as a 3 element broadside array. 
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The additional gain clearly comes from the suppression of 
the otherwise wasted high angle radiation. A similar 
broadside vertical array can be created with a rather wide 
range of "element" spacings (or tower height) while 
retaining significant gain and desireable improvement in 
the vertical section characteristics. This can be achieved 
by shifting the normal current distribution with top 
loading on towers shorter than 5/8 wavelength. As the 
tower becomes considerably shorter than 5/8 wavelength the 
method of top loading becomes more important. In the case 
of KNWZ Thousand Palms, California the deepest required 
protection was to XEAZ Tijuana, Mexico at 52 degree 
vertical angle in the direction of Palm Springs. Top 
loading from 93 degrees of physical height to 216 degrees 
electrical height provided the needed high angle skywave 
suppression while increasing gain for the KNWZ array. 

MEASURED PERFORMANCE 

Measured gain beyond theoretical for the ND and DA-2 arrays 
indicated gain of l.~, 1.2 and 3 db was actually achieved 
at KNWZ. A similar toploading installation was done at 
KIAM. The KIAM ND tower in Nenana, Alaska achieved 1 db 
measured gain as constructed when toploaded from 68 degrees 
physical height to 208 degrees electrical height. KIAM has 
regular listeners and FM translators as much as 200 miles 
distant in areas with signal strengths of as little as 25 
microvolts per meter. Before installation of the toploading 
the signal strength at the Tanana translator was S7 on the 
receiver and varied downward to S5. Since the toploading 
installation the receiver indication is S8 with no visible 
fading day or night. Other fringe locations indicate a 
dramatic improvement in reception with some locations 
reporting full time listenable signal where there was 
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little or no discernable signal before. This is clearly 
greater improvement than can be attributed to the measured 
1 dB signal strength increase as measured in the 
nondirectional proof of performance. We attribute the much 
larger fringe reception increase to changes in the high 
angle skywave interference to the groundwave. There was 
also some increase in the actual transmitter modulation 
ability resulting from the excellent antenna bandwidth. 

DEFINING THE ANTENNA 

The tower characteristic and the amount of top loading is 
defined most clearly by the location of the current null on 
the tower. Measurement of the current is facilitated by 
the construction of a shielded torroidal loop of coaxial 
cable which can encompass the tower section. This type of 
loop is much more tightly coupled to the actual tower 
current than a conventional sample loop or field meter 
antenna loop and will easily define the current null 
location with accuracy of better than one degree. After 
setting the current null at the exact location desired the 
loop is moved up and down the tower at convenient 
increments to measure the actual current distribution. 
Relative current distributions measured were not sinusoidal 
but appeared to have the approximately the same current 
area under the curve that should result from a theoretical 
sinusoidal current distribution. 

The large degree of top loading was accomplished using a 
relatively small capacity to ground. The KNWZ array used 
Sm of the top guy wires. The KIAM tower used a 20 ft 
diameter capacitance hat. The resulting capacitance is 
insulated from the top of the tower in each case but 
attached via a coaxial transmission line to lumped 
reactances at the bottom of the tower for ease of 
adjustment. An adjustable reactance at the tower base 
allows for easy adjustment of the current distribution over 
a wide nearly infinitely variable range of current null 
locations. 
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METHOD OF ADJUSTMENT 

The most practical method of adjustment is to place the 
current sample loop at the desired tower elevation and then 
to adjust the loading reactance for a m1n1mum sample 
current. Sample current nulls as much as 30 db below the 
current maximum have been observed. The severely top 
loaded antenna is relatively broadband with driving point 
resistances considerably higher than the standard tower of 
the same physical height and have a rather low base 
reactance resulting in a low Q driving impedance. The KNWZ 
daytime and nighttime directional arrays both exhibited 
good bandwidth without specific effort going into field 
adjustment of the bandwidths of the common point networks 
or antenna tuning units. The KIAM antenna characteristic 
provided 10 kHz sideb~nd VSWR's of 1.7 and 2.0 at the tower 
and was rduced to 1.04 and 1.50 using a standard three 
component "T" network from parts on hand. The resulting 
measured KIAM modulation sideband symmetry was down 2 db at 
622 kHz relative to .638 kHz with 8 kHz tone modulation and 
the plate of the rollins 21E transmitter tuned just 
slightly on the high efficiency side of the dip as is 
customary. Overall, these antennas have been successful in 
all respects. 
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A SHORT BROADCAST ANTENNA 

FOR RESTRICTED HEIGHT LOCATIONS 

Homer A. Ray 

Continen~al Electronics Mfg. Co., Dallas, TexaS 

There is a continuing need for the development of small 
antennas which perform as well as large antennas in 
current use. This is particularly true at medium and 
low frequencies where structural height and available 
sites are fractions of one wavelength. The antenna to 
be described was developed for very low frequency communi
cations and Loran. It is useful throughout the frequency 
range where the vertically polarized ground wave is the 
principle means for radiation. 

It has evolved that the maximum bandwidth x efficiency 
product will be achieved for a given site volume if a 
current sheet of constant amplitude flows vertically-at 
the site perimeter to the total ·height of the system. This 
accounts for the name PARAN or "Perimeter Current Antenna". 
A useful configuration for broadcast applications is shown 
in Figure 1. 

Where FAA height restrictions prevail it can be used at 
heights as low as 50 to 100 feet. Low heights tend to 
restrict the charge or induction fields of low radiators 
to smaller areas and ground systems may there£ore be smaller 
without excessive losses. It is structurally easier .to harden 
small grounded towers as opposed to tall .ones' so that 
survival in hurricane areas can be achieved more readily. 
Small size allows its use as an on-site emergency antenna 
in the event of damage to the main radiator. 

A pictorial diagram of the components in a monopole tower 
system as used in broadcasting is shown in Figure 2. In 
all of the discussion which follows a very short tower is 
visualized and the impedance is predominantly the capacitance 
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THE PARAN ANTENNA 
LOW HEIGHT - HIGH EFFICIENCY 

BROADCAST APPLICATIONS 

1. FAA RESTRICTED HEIGHT LOCATIONS 

2. SITES WITH LIMITED GROUND AREA 

3. HARDENED FOR HURRICANE AREAS 

4. ON - SITE EMERGENCY ANTENNA 

Figure 1 Broadcast Paran Antenna M4-3(1) 
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of the tower to ground. When power is applied to the 
terminals z the predominant current flow during each 
alternation of the cycle is charging and discharging this 
capacitance C. Its path includes the tower inductance, 
plus the inductance of the ground screen and the soil 
resistance in parallel. 

In addition to the local charge through C there is energy 
propagated beyond a radian length from the tower. This 
energy due to its distance cannot return to the circuit as 
an in-phase component on each cycle and is therefore lost 
to the circuit as radiated power. If there were no soil 
or conductor losses in the antenna circuit the total loss 
would be due to radiation and the system would be one 
hundred percent efficient. We must therefore address our
selves to the ratio of the circuit losses versus the 
radiation loss. The circuit as seen from Terminal Z is 
the left diagram of Figure 2B. 

It is neither economical or practical to reduce the ground 
resistance to zero. For the moment we will consider it 
fixed and equal to one ohm which is a familiar value to 
broadcasters. A tower 20 electrical degrees high will have 
a one ohm radiation resistance and the efficiency of this 
system will be 

.~ = 100 Ra = 
100 

= 50% 

If the efficiency of this system is to be improved it must 
be done by increasing the radiation resistance. Radiation 
resistance increases as the square of the height and where 
height is not a limitation is the usual approach. With 
height limited we have two other options: 

1. Current distribution on the tower. 
2. Mutual impedance with other towers. 

It turns out that each of these options provides a possible 
four-to-one improvement or a total of sixteen-to-one in the 
radiation resistance without increasing the tower height. 
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The current distribution on a single short tower conforms to 
the first few degrees of a sinewave as shown in Figure 3A. 
For small angles the sine is equal to its argument and the 
current distribution is a linear function of height. The 
field intensity from the tower is the integral of the 
current over the total height which in this case is simply 
the area of the triangle A. If the tower is 20 degrees 
high and the base current is one ampere the area A is 

1 x 20 
10 degrees. A = = ampere 

2 

The field intensity is 

E = KA Mv/m at 1 mile 

where K = 0.65. 

By simple manipulation of ohms low it follows that the 
radiation resistance at the base of the tower where one 
ampere is flowing is 

where k = 1,215 x.lO-5 

If A can be doubled as shown in Figure 3B then the radiation 
resistance will be quadrupled. This calls for constant 
current throughout the tower height. 

One way to achieve constant current is to put a large top 
hat on the tower so that .itbecomes quarter wave resonant 
as shown in Figure 4A.The current distribution on the 
vertical tower is a few degrees of sine wave but now 
near 90 degrees and is almost constant throughqut the tower 
height. The top hat can be shortened without affecting the 
current distribution by inserting a tuning coil as shown 
in Figure 4B. 

A coil at the top of the tower is cumbersome and can be 
placed at the base by using the tower as a coaxial line to 
effectively connect it at the top as shown in Figure 4C. 
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An advantage is that a convenient feed point is now provided 
on the grounded coil. The tower is effectively fed between 
the top hat and the top of the tower and the current 
distribution is unchanged. This practical configuration 
then supplies a four-to-one increase in radiation resistance 
for the single tower. 

Since the top hat must be supported by additional towers 
it is desirable to use these towers as additional radiators 
and examine the mutual impedance between them. A circuit 
for that configuration is shown in Figure 5. Four towers 
as shown are an economical compromise for broadcasting use. 
Since there is a common connection between these four elements 
in the top hat only one needs to be fed by the transmitter. 
Tuning of this system is simple in that the four inductors 
are made to contain the same number of turns at all times 
and the taps are moved until the system is resonant at the 
frequency of operation. 

Experience shows that the currents in the four towers will 
be matched to within ten percent without any additional 
adjustment. The match is not critical to operation or 
efficiency. The ratio of the mutual resistance to the 
antenna's radiation resistance is shown in Figure 6. A 
typical spacing is one tower height or from 10 to 20 
electrical degrees. Here it can be seen that the mutual 
resistance is within 95% of the radiation resistance of 
each element. 

The mutual reactance as shown in Figure 7 where the spacing 
between towers is one tower height is insignificant. This 
mutual reactance is not to be confused with the mutual 
reactance component from Figure 6. Figure 6 is a vector 
which rotates in proportion to spacing and in fact will be a 
pure reactance at 140 degrees electrical spacing. Figure 7 
is a close-in component which falls rapidly with spacing. 
We will return to it later when discussing bandwidth. 

The resulting radiation resistance of each tower when 
operating with unity phase and amplitude is shown in Figure 8. 
We have the self radiation resistance of a constant current 
element which is four times that for a linear current element 
plus three coupled mutual resistances which are almost equal 
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to the radiation resistance, and their sum approaches six
teen times the radiation resistance for a single tower. To 
the extent that the ground currents to each tower overlap, 
there will be a mutual ground resistance component which 
must be added to Rg . With one tower height spacing this 
overlap of ground currents is minor. 

The efficiency of our first example which was 50% with 
one ohm ground resistance and one ohm radiated resistance 
now approaches 

100 x Ra 100 x 16 
= = 94% 

17 

This example represents a 50 foot antenna at one megahertz 
or a 100 foot antenna at 500 kilohertz. 

The size of the ground syste~ to achieve one ohm or less 
of ground loss with these antennas is shown in Figure 9. 
There are many ways to configure the ground system but it 
is shown with 120 radials and their length is in terms of 
tower height. With that many radials in a small area the 
loss resistance within the confines of the radials themselves 
is very low and the loss is mostly due to the soil beyond the 
end of the ground system. 

With a conductivity of ten millimhos a length equal to one 
tower height will produce one ohm and with a conductivity to 
two millimhos the length required will be closer to two tower 
heights. The radiation resistance developed in the PARAN 
elements for broadcasting is shown in Figure 10. The result
ing efficiency with one ohm of ground loss is shown in 
Figure 11. Here a comparison is made with the efficiency 
of a single tower under the same conditions. It shows the 
very large improvement obtained at low heights. It also 
shows that there is little to be gained where the height 
of both antennas approaches one quarter wavelength. 

The radiation intensity for fifty and one hundred foot 
PARANs using one ohm ground loss is shown in Figure 12. 
With a perfect ground system the radiation for one kilowatt 

12 



(I) 

~ 

60~--------~--------~--------,-------~ 

5 401----------r--~~--_+--------~~------~ 
w 
(.) 
z « 
~ 
(I) 

~ 201---~~--_+----------~----t. __ ~--------~ 

Z o 
.... 
« 
c « 
a: 

> 
(.) 
Z 

500 1,000 
FREQUENCY kHz 

Figure 10 Paran Element Radiation Resistance 

1,500 

100%r-------];~--.. ,.------~~== .. ~ 
75%1---~----_+----~~--~--------~--------~ 

4 ELEMENT PARAN 

~ 50%~~----~~----------~---------r--------~ 
u. 
u. 
w 

SINGLE TOWER 
ONE OHM 

GROUND LOSS 

25%~~~-----+----------~--------~--------~ 

O%~---------+----------~---------r---------i 
400 

HEIGHT 

Figure 11 Comparison Of Radiating Efficiency M4-3(8) 



1 KILOWATT 

MV/M 

1 MILE 

L 

190,---------------------------------~ 

180 

170 

HEIGHT 

100' 

160~----------------~----------------~ 
540 

o 

1,000 
FREQUENCY kHz 

Figure 12 Paran Field Intensity 

.25 .5 .75 

Figure 13 Vertical Radiation Pattern 

1,600 

1.0 

M4-3(9) 



will approach 186.3 mV/m at one mile for all frequencies 
at short heights. 

The vertical radiation pattern for short or zero height 
PARAN's is shown in Figure 13. It is the same as that 
for a short monopole, since it is contained within a one 
radian cube. For the same reason the horizontal plane 
pattern is non-directional within plus or minus 0.1 dB. 

The bandwidth also approaches a sixteen-to-one improvement 
and this can be seen by considering the four elements as 
current filaments on the surface of a thick cylinder as 
shown in Figure 14. If the four towers wer,e lifted from 
ground and fed from a point at the geometrical center 
the radiation resistance here would be exactly that for 
a single tower of the same height and no improvement in 
efficiency would result. The four circuits in parallel 
have one fourth the radiation of each of the elements. 
This is a basic concept upon which the mutual impedance 
between antennas is developed. 

The same principle applies to the reactance of the system 
as shown in Figure 15. The four reactances in parallel 
produce one fourth the reactance of the elements however 
the mutual reactances are absent for the reason shown in 
Figure 7. Here we have a four to one decrease in reactance 
and with a four to one increase in resistance due to current 
distribution the Q of the circuit has been reduced almost 
sixteen-to-one. This explains a fundamental reason behind 
the bandwidth improvement of thick radiators. 

The power capability of the PARAN system is primarily due 
to its voltage limitation at the lowest frequency of 
operation. Using 15 ohms as the practical radiation 
resistance and -J300 ohms reactance at 500 kilohertz the 
current for 50,000 watts is (12,500W per element) 

I = J ~2, 500 
15 = 29 Amperes 

E = 29 x 300 = 8,700 Volts (carrier) 

E (Modulated Peak) = 8.700 x 2 x 1.41 = 25 kV 
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The values over the frequency range of interest are shown 
in Figure 16. 

One of the first questions that has been asked is about 
the use of the PARAN in directional antenna systems. 

The complex problem of sky wave radiation must be worked 
out as a unique problem in each application. This is 
a task for broadcasters and/or their engineering consultants. 
Directional systems with PARAN elements are quite feasible 
if attention is paid to all of the problems involved. 

The sky wave radiation from the top hat alone on the 
PARAN antenna has been calculated for its lowest frequency 
of operation and is shown in Figure 17 for one kilowatt of 
power. The maximum radiation value is 1.2 mV/m at one mile 
and this can be added to Figure 13 where the field is 
186.3 mV/m at one mile on the ground. It represents about 
one half of one percent increase in radiation at a vertical 
angle of 50 degrees from a phase center on the ground at the 
geometric center of the PARAN set. 

When used as one element in a directional array the vector 
sum of the top hat components from all of the top hats will 
take on the pattern of the directional array. The resultant 
will continue to be a small component increase in the same 
order of magnitude. The parameters are easily programmed 
and can be included in computer solutions to directional 
systems. 

In large spaced arrays where the mutual impedance between 
sets of PARAN's representing tower locations is almost 
equal for all elements of the set,.then four element PARAN's 
as shown here should be quite feasible depending upon the 
protection problem. Keep in mind that two tower PARAN's 
may be used for a potential eight-to-one improvement 
in efficiency. With normal two tower directional arrays the 
two element PARAN can be oriented at right angles to the 
tower line ensuring symmetry of mutual impedances and 
clo.ser spacings may be used. We offer these as tools for 
the ingenuity of broadcast engineers. 
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Monitoring the amplitude and phase from a set of PARAN's 
can be done at the geometric center of a set, or if the 
application warrants s.ampling loops on all towers with a 
phase meter reading the vector sum of a set. 

A number of PARAN fifty kilowatt antennas are in broadcast 
use overseas. They have also been sold to the united 
States Government for other purposes. The basic principles 
of antenna theory can be used to properly engineer the 
total system for conformance with the FCC Rules and 
Regulations as they apply to broadcasting in the United 
States. Two basic 4 element models are offered which are 
50 and 100 feet high. The system can be extended to even 
lower heights with the use of more elements if the need 
arises. 
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Installing New Ground Systems 
by Thomas Vernon 

Harrisburg PA Many small market 
AM stations that were part of the boon 
in the '60s are approaching 30 years of 
age. Those that haven't seen much an
tenna system maintenance may be ex
periencing problems with erratic an
tenna resistance readings, poor effi
ciency and spotty signal coverage that al
ways improves right after it rains. 

These symptoms almost always point 
to a badly deteriorated ground system. 
Many small market stations cannot af
ford to hire a consulting firm to install 
a ne:vv system. Rest assured however, 

that savvy small market engineers can 
do a crechble job themselves with proper 

. planning and preparation. 

SKETCHES 
The first thing to do is find out what 

sort of ground system is supposed to be 
in place. Check your station license. 
Typically it will specify a 23'x23' ground 
screen with 120 copper radials spaced 3° 
apart. . 

The next step is to go out to the trans-

WHY QEI? 

Our 24 hour 
service hotline 
number is 
609·728·2020. 
Call us toll free at 
800·334-9154 for all 

the facts on QEI"New Reliables" 
FM transmitters from 1 kw to 30 kw. 

,Our new FMQ 
: 30000B is the only 
30 kW transmitter 
available with 
a single phase 
power supply. 

Our FREE spares kits 
include every solid 
state component of the 
transmitter, exciter 
and remote control. 
Call us toll free at 
800-334-9154 for all 

the facts on QEI "New Reliables" 
FM transmitters from 1 kw to 30 kw. 

With our FMQ 
3.5/5/10 kW or 20130 kW 
FM transmitters, you 
can upgrade power in 
thelield. 

. All olOEI's 
FM transmitters 
have no plate 
blockers or 
sliding contacts. 

Our PA tube 
warranty is the 
longest in the 
business-
15,000 hours. 
Call us toll free at 
800-334-9154 for all 

the facts on QEI 'New Reliables" 
FM transmitters from 1 kw to 30 kw. 

QEI CORPORATION 
ONE AIRPORT DRIVE· P.O. BOX D· WILLIAMSTOWN. N.J. 08094 

TEL (609) 728-2020 • FAX (609) 629-1751 

mitter site and see what's there. If the 
system was installed more than 20 years 
ago, there may be little left to find. The 
ravages of time and occasional copper 
thieves take their toll.. . 

Careful excavation with a shovel and 
pick axe may reveal deteriorated or bro
ken strapping, a rotted ground screen, 

2or4inchcopperstmp 
crisscross&dover -pl,,, 

Overhead view of a 23'x23' ground screen 

or poorly spliced radials. Buried radials 
may be easily ·Iocated with a field 
strength meter and headphones. 

There's no way around it: Putting in 
a ground system the righfway is a costly 
venture. The following suggestions may 
help in getting the right materials quickly 
and at a favorable cost. 

First, only use the largest broadcast 
supply distributors. They are able to buy 
copper at volume discounts and usually 
offer better prices than smaller opera
tions can. Some materials can be pur
chased and fabricated locally at consider
able savings without compromising 
quality. Copper can be purchased in 
2S'xl 3/4' sections from roofing 
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HENDERSONNV 890115 U.S.A. 

702-fi,fi,'-;)400,800_8;)4_3457,rA)( 102-"'-48UI 
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wholesalers, and cut into 2- or 4-inch 
strapping at a sheet metal shop for less 
than the normal price of strapping. 

You must make sure however, that the 
material is 99% copper and not a cop
per/tin alloy as is sometimes used in 
roofing. 

Although many types of wire have 
been used in radials, #10 soft drawn cop
per is the preferred type. Hard drawn 
wire may break as it is plowed into the 
ground, particularly in rocky soils. 

Traditionally; silver solder has been 
used on all connections. 
Cadwelding is now the 

40nch 
copparSlap 
naillld10 frama 

the ground. 

preferred method, as it 
makes a better bond 
and is much more af
fordable than silver sol
der. 
. Copper pop rivets 

are useful for joining 
sections of strapping 
together prior to sol
dering. 

To plow radials into 
the ground, a tractor 
with a single sub-soiler 
plow will be required. 
A sub-sailer blade is 
capable of burying the 
wire 8 to 10 inches 
deep. When such a 
plow is located, it will 
have to be modified for 
inserting radials into 

There are two methods of plowing 
radials into the ground. In the first, the 
spool of wire is located at the tower and 
the loose end attached to the plow. In 
this case, all that is required is that a 1/4-
inch hole be drilled through the toe of 
the blade. 

Guard against breakage 
If you are working in an extremely rocky 

area, pulling the wire through the ground 
in this manner may cause numerous 
problems with wire breakage. Since the 
wire is being pulled the entire length of 
the trench, there is quite a bit of friction. 
Add a few sharp rocks, and the wire is eas
ily cut or damaged. In-this situation, a 
different approach is required. 

The second method involves mounting 
the spool of wire on the tractor, while the 
loose end is attached to a secure point near 
the tower base. Obviously this takes more 
modifications to the plow, but it also 
greatly reduces friction and breakage 
problems. The reel is secured to the plow 
by means of a length of pipe attached to 
the plow with '1]" bolts. 

The devices used to secure weights to 
the ends of barbells are useful in keeping 
the reel centered on the pipe. A piece of 
conduit is welded on to the back of the 
blade for the wire to pass through, and a 
pully may be attached to the frame to re
duce friction. Access to welding equip
ment and some improvisations will go a 
long way in creating a device that works. 

Sweat equity 
With all the materials and equipment 

collected, it's time to begin work. Plan 
on having two or three able-bodied as
sistants for the duration of the project. 
Youl1 need them. 

Measure the length of the radials from 
the tower and mark out the circumfer· 
ence. One easy way to do this is with a 
measured length of wire attached near 
the tower base. With this wire stretched 
taught, walk around the tower marking 
the distance with spray paint on the 

(continued on page 28) 



Your Ground System 
(continued from page 22) 
ground or with occasional wooden stakes. 

Make sure youll have some sort of 
temporary ground for the transmitter 
while the work is being done. Four 8' 
lightning rods located at the comers of 
the transmitter building are better than 
no ground at all. 

Next, remove all of the existing ground 
system. Be as thorough as possible. If any 
of the old wiring is left in place it can short 
out the new system resulting in pattern in
stability and an inefficient system. 

Measure the 23x23 area around the 
tower base and make sure that it's level. 
Remove any remaining vegetation and 
thoroughly treat the area with commer
cial weed killer or large quantities of rock 
salt. This will prevent the possibility of 
vegetation' growing up through your 
new screen and damaging it. 

Now you're ready to begin plowing 
radials into the ground. Remember that 

you'll have 30 wires coming into each 
side and they should be spaced 6-to-8 
inches apart. The first few radials may 
be a little rough, but once you develop 
a system the remainder will go in with 
relative ease. 

One suggestion if you're working in a 
rocky area: Make a dry run before plow
ing in a radial. In this way youll discover 
rocks and other obstructions in the path 
and can remove them before the second 
run when the wire is inserted. This may 
take a little more time, but will result in 
fewer broken wires. 

Be sure to start each run about two feet 
within the 23 foot square to insure there 
will be enough slack. 

Building a frame 
With all the radials in place, a frame 

for the ground screen can be con
structed. Treated 4x41umber is used for 
the 23 foot frame. Use stakes or what-

IGIMOD 2000™ A 

3 circuit card 

package transforms a 

standard'OPTIMOD 

8 t OOTM into a multi band, 

digitally controlled 

processor, delivering 

maximum, competitive 

processing when using 

compact disc and R:-Dat. 

price and availability. 

Audio 
DEALER LIST: 
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Arlington, TX (817) 275-1380 
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Jackson. MS (601) 857-8573 
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ever means are appropriate to secure the 
frame and prevent twisting. 

Fold all the radials out over the frame, 
leaving about a foot of slack on all wires. 
Fill the area with 3/4 inch of gravel. Ten 
tons of gravel is sufficient. 

Put the two pieces of strapping that 
run over the tower base in place. You will 
have to fold the strap to go over the 
tower base. Two-inch strap is sufficient 
for power levels up to 1 kW; while 4-inch 
strap is used for 5 kW and above. 

Attach strapping to the top of the 
frame. Copper roofing nails are ideal for 
this if you can find them. For areas 
where radials intersect the transmitter 
building, strapping is run around the 
building with radials attached to either 
side. All equipment inside the building 
is grounded to this strap. 

Transmitters and equipment racks are 
attached by soldering a strap to the chas
sis under the rear door. Remove all paint 
in the area to be soldered. A welding 
torch may be necessary to generate 
enough heat for a good connection. 

The radials are now soldered to the 
strap on top of the frame at 6- to 8-inch 

intervals. You may wish to place a piece 
of scrap metal in the area where you are 
soldering, so the torch does not set the 
frame on fire. 

Screening comes in 8x24 foot sections, 
which should be carefully unrolled in 
place. Wear gloves for this operation, as 
the edges are razor sharp. Tack the sec
tions in place. Carefully measure and 
make a cutout for the concrete pier. 
Overlap sections by 11/2 inches. Join the 
sections together by twisting the over
lapped areas together. Solder all of these 
joints. The screen is now soldered to the 
frame at 6-inch intervals. 

With the ground system in place, a 
fence must be erected around the out
side perimeter. A wooden fence is pre
ferred. Be sure to work with the contrac
tor who installs the fence to be sure that 
the post holes don't cut through any 
radials. 

By following the steps outlined above, 
you should be able to install a quality 
ground system yourself. 

••• 
Tom Vernon, a regular RW columnist, di-

vides his time among broadcast consulting, 
computers and instructiolUll technology. He 
can be reached at 717-367-1151. 

Digital 
Displays 
(continued from page 19) 
the flow of light from the display. 

Unlike the LED, LCDs can contain 
numerous more displays. They are even 
now used to produce the picture on 
pocket-sized television sets. 

LCDs can also produce. white letters 
on a dark background. This is known as 
the dynamically scattered LCD. Another 
type of nematic fluid and no polarizers 
are used to achieve this display. 

Vacuum fluorescent display 
Another method of displaying infor

mation from small computers is the 
vacuum fluorescent display. This device 
operates similarly to the triode vacuum 
tube. A schematic illustration is found in 
Figure 3. 

Vacuum fluorescent (VF) character dis
plays consist of a single cathode produc
ing electrons. The "plates" or positive 
voltage levels where electrons are col
lected are the character elements. 

The plates are coated with zinc oxide. 
This is a fluorescent material and when 
electrons strike it, a blue-green glow is 
produced. The grid is used to erase the 
display from the screen when no longer 
needed. 

Vacuum fluorescent displays are quite 
popular even though they employ a 
much older technology. They consume 
very little power, have a long life and a 
fast response time. Color displays can 
also be produced when filters are used. 

This concludes the 12-part Introduction 
to Digital Electronics course. A multiple 
choice test and an answer sheet will be 
mailed to you by 16 July. 

Please mail the answer sheet back no 
later than August 15th. 

••• 
Ed Montgomery currently is an electronics 

teacher at Thomas A. Edison High School 
in Fairfax County. He has taught broadcast 
engineering at Northern Virginia Commu
nity College and worked as broadcast engineer 
for several radio stations. 



A Lesson • In license Challenge 
such an expectancy, it is much 
more difficult to prevail in a 
comparative renewal proceed-
ing. . 

(continued from previous page) 
dally in the latter portion of the 
license term), the licensee was 
still entitled to a "renewal ex
pectancy:' As a resuit, the FCC 
concluded that, while it was a 
"closell case, the incumbent 
should win. 

Court appeal 
On appeal, though, the Court 

hador:-.--;..l~-- r.: __ .. , .. 1.._ ,...-•• -~ 

found that the FCC had acted 
arbitrarily in granting a 
"renewal expectancy" and in 
thereby essentially ignoring the 
downturn in the incumbent's 
performance. 

The Court noted that the 
"renewal expectancy" is sup
posed to be a predictive device. 
That is, such an expectancy is to 
be awarded to those licensees 
who!5€ past performance indi
cates likely strong future perfor
mance. Here, analysis of the in
cumbent's past performance 
revealed a "strong downward 
trend;' suggesting anything but 
a likely strong future perfor
mance. 

With respect to the R-rated 
material, the Court indicated 

DAB In 
Canada 
(continued from poge 15) 
information that can't be heard 
and by allowing audio noise to 
rise to just below the point of 
perception. 

Under consideration is the 
following plan to implement 
DAB pending successful test 
results and spectrum availabil
ity: It would be introduced 
sometime between 1995 and 
2000. Priority for assigning DAB 
channels would be given to ex
isting AM and PM stations. Any 
additional channels would be 
made available to other appli
cants. 

DAB would be primarily ter
restrially based, but direct 
broadcast satellite service would 
be available for remote areas 
and for national programming 
services to all areas. 

DAB would simulcast with 
the AM and PM stations until 
there was a high penetration of 
DAB receivers. Then, AM and 
FM operation would cease. 

DAB is seen as resolving, 
once and for all, competition 
problems between AM and PM. 
If the operations are turned off, 
I guess it would. 

••• 
Steve Crowley is a registered 

profeSSional engineer with the con
sulting firm of du Trail, Lundin & 
Rackley, Inc., 1019 19th Street, 
N.W, Third Floor, Washington, 
DC, 20036. He can be reached at 
202-223-6700, Or by FAX at 
202-466-2042. 

that, in granting the incum
bent's renewal, the Commission 
could not properly ignore that 
material. Accordingly, the Court 
sent the case back to the FCC 
with instructions to redo the 
renewal expectancy analysis 
with particular emphasis on the 
incumbent's performance at the 
end of the license term and to 
consider further the matter of 

of the not unexpected fascina
tion of the obscenity aspect of 
the case, which tended to attract 
more attention than the more 
mundane renewal expectancy 
aspect. 

tions and thus runs the risk 
of a comparative challenge in 
which the station's continued 
operation could hinge totally 
on the concept of "renewal ex
pectancy:' 

Because all broadcasters are 
technically subject to potential 
comparative challenge at 
renewal time, the Court's treat
ment of the renewal expectancy 
could and should have attracted 
the lion's share of attention. In 
case you missed this case, you 
may want to discuss it, and its 
implications for your own oper
ation, with your communica
tions counsel. 

The risk 
But think about this: How 

many broadcasters do you 
know who actually air full 

The primary teaching of the 
Court's opinion appears that, if 
a licensee's responsiveness to 
community needs through non
~~~ert.1a!nment 1 pror:~m~g 

~ ___ ._1 ___ .:I!. __ ___ ." _ .. _._1_~_ 

Th~ Court's action sent an im
portant message to broad
casters. However, that message 
may have been lost as a result 

depictio~~--~i'Jsex acts? °p~~b~= 
bly not many, if any at all. By 
contrast, every broadcast licen
see has to file renewal applica-

____ . -----------, --------------J 
and permanently, over the 
course of a license term, that 
licensee may not be entitled to 
a "renewal expectancy:' Without 

Harry Cole is a partner in the 
Washington DC-based law firm of 
Bechtel & Cole, Chartered. He can 
be reached at 202-833-4190. 

Get the box that makes 
On-air Magic ... 

Eventide's H3000B Ultra-Harmonizer. 

Introducing radio's 
most colorful 
black box. 

Shimmerish Swept Reverb program-on~ of 70'" 
Evennde BroadcaslUllro-Horrmnize<" digitoloudkl 
effects you can use "right out of the box." Justtum 
the H3000B on, and it'll tum yOJr listeners on. 

RADIO'S MOST COLORFUL _LACK BOX 

MNTIOEINC. 
ONEALSANWAY 
limE FERRY, NJ 07643 

~entide 
me next step 

TEl; 201-641-1200'1WX: 710-991-8715· FAX: 201-641·16.:10 

The effects are all 
digital. The grins are 

only natural. 

Alvin vocal shift program-one of 70+ Eventide 
Broadcast Ultra·Harmonizere digital audio effects 
designed to stretch your imagination (and your 
smile).Andwhenyou havefun,sodoyourlJsteners. 

RADIO'S MOST COLORFUL BLACK BOX 

;;;;~~~~AY ~entide 
LrtTlEFERRY.NJ0764J me next step 
TEl;201-6cl1-1200·TWX: 710-991-8715' FAX:201-641-1640 

Java The Hunvocal shifter-one of 70+ Broadcast 
Ultra·Harmonizere digital effects designed to let 
you dial up pre-programmed insanity. Irs easy to 
afford the broadco~ .. nglneered H3OOOB·s power 
and trexibility: ask your Eventide distributor. 

RADIO'S MOST COLORFUL BLACK BOX 

MNTIOEINC. 
ONEALSANWAY 
lrTTlEFERRV,NJ07643 

~entide 
me next step 

TEl; 201-641·1200·M?:: 71()"991-8715· FAX: 201-641-16d0 

Pressed for time? 
Press directly 

below. 

TimeSqueeze'" automatic stereo time compres
sion/expansion-one of 70'" Broadcast Ultra· 
Harmonizere audio effects designed to make you 
more effective. The H3000B: never before has so 
littlemoneydonesomuchforyourstation'ssound. 

RADIO'S MOST COLORFUL BLACK BOX 

~=~~67643 E~1i~e 
TEl; 201-641·1200' TWX: 71()..991·8715· FAX: 201-641·1640 

Circle 97 On Reader Service Card 

Running out of room? 
Plenty of rooms 

in here. 

LockerRoom reverb/echo-one of 70'" broadcast· 
engineered H3OClOB audio effects you can use 
·'nght out af the bol(. The powerful and versatile 
Broadcast Ultra-Harmonizere is also amazingly 
affordable-put it to worI< toryou. 

RADIO'S MOST COLORFUL BLACK BOX 
MNTIOEINC. 
ONEALSANWAY 
lITTlEFERRV,NJ07643 

E~entide 
me next step 

TEl; 201-6cl1·12QO·1WX: 71()"991-8715· FAX: 201-641·1640 

Audio effects designed 
to make your staff 

more effective. 

TrafficReportvoicefilterwith 'coptereffect-oneof 
70+ Broadcast Ultra-HarrnonlZere digital audio 
effects. Put the "special effects department in a 
box" to woOC coli your Eventide distributor. 

RADIO'S MOST COLORFUL BLACK BOX 
MNTIOEINC. 
ONE AlSANWAY 
UffiEFERRY,NJ07643 

lEG' 201-6d1-1200' TWX: 710-991·8715· FAX: 201-641·1640 
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ENGINEERING 
REPOlIT 

E.288 Summary Digital Audio 
Radio Issues Broadcasting 
• AM Receivers NAB will sponsor a demonstration 
• Digital Audio Broadcasting of the European EBU/DAB-147 dig-
• Low Profile AM Antenna ital audio broadcasting system at the 

Project NAB Convention in Atlanta. The sys-
• NRSC Activities Update tem was developed to allow multipath-
• STL Authorization free mobile reception of digital audio 

Deadline Extended transmissions. (See the previous 
TeJeyision Issues Engineering Report for more infor-
• ATVand HDTVExhibits mation.) The NAB '90 showing is ex-

at 1990 Convention pected to include a booth demonstra-
tion of DAB hardware. System devel-

• FCC ACA TS Update opers will be present to answer ques-
• A TTC Update tions about development progress and 
General Issues mobile test results. Additional mobile 
• 1990 NAB Broadcast tests are planned for five cities in 

Engineering Conference Canada, with the tests to be conducted 
• FCC Terminates Proceedings later this year. For more information, 

Without Action contact Stan Salek, NAB Science & 
• FCC Declines to Preempt r- l Technology, at (202) 429-5391. 

State, Local RF Regulations l\j/ 
• FCC Violation Round-up '~ T 

L-________ -.---J"j Low Profile 

AM Receivers 
Several new radio receivers were 

shown at the recent Consumer Elec
tronics Show that offer improved per
formance to AM reception. Both 
DENON and Philips showed NRSC
compatible tuners, intended to be in
corporated into home stereo systems. 
The DENON unit, model TU-660 will 
be available from dealers in February. 

Also, Taiwan-based SANGEAN 
showed an AM Stereo/FM Stereo 
pocket-sized headphone radio, the 
model SR-66. The unit is available in 
quantity from both SANGEAN and, 
U.S. dealers, at a single piece price of 
about $33. They can be reached direct
ly by writing SANGEAN America, 
Inc., 9060 Telstar Ave., Suite #202, El 
Monte, CA 91731. U.S. dealer infor
mation can be obtained from Steve 
Kravitz, Motorola, at (708) 576-0554. 
NAB staff contact: Stan Salek, (202) 
429-5391. 

AM Antenna Project 
The second stage of the computer 

modeling on the low profile antenna 
project is underway. Engineers at 
AGL, Inc are in the process of modi
fying the Numerical Electromagnetics 
Code (NEC) to optimize the antenna 
model for a given gain and bandwidth 
as it analyzes the antenna's emissions 
characteristics. This is the first step in 
the process of developing a viable 
model for a low profile antenna. The 
NEC is a computer program which 
predicts the behavior of radiating 
structures. 

The objective of this project is to 
develop a standardized mathematical 
model from which engineers can de
sign low profile AM antennas. Science 
and Technology has specified that the 
antenna should be physically small (a 
maximum of 50 feet in height) econ
omical, easy to install and operate in 
population centers (on a warehouse or 
building roof) and have a stable radi-

, 
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ation pattern. Such an antenna could 
enable some Day timers to increase 
coverage and possibly operate at night 
by moving their facilities closer to the 
population center of the station' s./ 
licensed community. V 

NRSC Activities Update 
The NRSC has approved the circu

lation for comment of a third volun
tary standards proposal. The docu
ment, titled "Performance Recom
mendations for AM Receivers," ad
dresses minimum operational perfor
mance forNRSCAM radios. To com
ply with the standard, receivers must 
be capable of audio response to 7.5 
KHz, without harmonic distortion ex
ceeding two percent. The NRSC pre
pared this document to augment the 
NRSC-l audio standard, providing 
radio receiver manufacturers with 
more detailed design guideline infor
mation. 

On FM radio issues, the NRSC 
Multipath Working Group is currently 
investigating a laboratory test plan 
that could isolate the effects of 
transmission system components on 
multi path distortion. The Composite 
Studies Working Group is studying 
the effects of subcarriers and system 
overshoot on total RF occupied band
width, as well as whether different 
types ofFM receiver decoders are less 
susceptible to adjacent channel inter
ference. 

For more information on NRSC ac
tivities, contact Stan Salek at (202) 
429-5391. 

STL Authorization 
Deadline Extended 

New rules that were to have taken 
effect on July 1, 1990 have been 
pushed back by the FCC to July 1, 
1993, giving stations and manufac
turers an additional time to comply. 
Per FCC Rule 74.550, all STL equip
ment operating in the 944-952 MHz 
band was to have been FCC authorized 
by July 1, 1990. The Rule was enacted 
in 1985 to foster an anticipated shift to 
narrowband channels of 300 kHz (for 
FM composite links) and 200 kHz (for 
discrete channels). For more informa
tion, call Stan Salek, (202) 429-5391. 

See Engineering Report, page 36 
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Pat,20} ANTENNAS 817 

)nanner. It is possible in this. way to ref1lizc an npproxirnately nondircctiomti charac
terist,ic in tho hori:6ontn,l pIu.w'!, whil.c mnrkod direotivity in the vm'titml is Hudntainod. 
Directional characteristics for tt t,ypicttl en.sc (1.1'0 shown in Fig. 54. Such polyphaso 
~Lrrangemcnts arc very Hexible, since hy simple cha.nges ill t,he illdividuHJ n.rruy it is 
possible to vary the (iil'ccti.ono.l e1ia.l'::wteristics in th(} horizon!.a.! plt~no in nlmost uny 
manner desired. 

20. Ring Antenna Systems,l-Mal'ked directivity in the vortic!tl plane combined 
wit.h it. substantinl1.y circubr }):1ttern in a horizonULl pln.nc can L(! obbillCld by al'ra.ng
ing short vcrt.i<lal l'ndh~t.ol'S ill eonccn{.ric rings t~nd providing a unifol'm progressive 
phase 8hift betwccn nujn.ccnt a.ntellnna in tho individual ril1~1!l such thn,t t.ho toted 
phase shift a.round the circumference of each dng is the same and is a who]c number 

of Cyc1BS. 
Two types or Buell l'ing (Lntellna. systems have especially desh'able properties. '1'he 

first, termed tho ,To 1,ype, consist,s of It m\lltiplidty of conccnt..rk l'ing~, with a.ll ttlltcnntl.S 
ill the sa.me ring ha.ving t,he su..ll1C phase. The othol', termod the J .. type, ha~ only 1~ 
single ring, hut with tho totll1 plllt~e shift nround the ring being n cycles, where n is 
an integer not less than 1. 

'1'ho design of n. J() nut..C:!lUl!t is c~rriod out (La folloWEi: First, uti integer 111, is selMted 
that will give the desired powet· guin when substituted in. the !lpproximl1tc l'cll1tiol1 

POW(~I' gl1in ~ 1.1.7 Vm '- 0.5 (44) 

'fhia power gain is cxprcssl~d wit.h respect to n. f>hOl't ym't.lcfl.l grounded a.nklllln., 11lHl 

f1RBUmeS tha.t the radild,ors of whid). the l'ing 11rrl1Y is compost!cl 0.1'0 likow.i!'ll'! short 
vertical radiators. The vll.lue of m obta.ined in this way thcn dctermiuofl a vl1lue 
of the quantity k' po ac<.:ol'ding to tho l'elation 

-
To/PO = 'IT'(m - 0.25) 

The quantity k' is do.fincd by tho rcllll.ion 

where 

S 1 
1.8 

== + ~--
, I 'IT' 
Ie po - -4; 

(45) 

(413) 

(47) 

The rn-dills p of !1 ring is then made such ihl1t J o(k' p) is u. maximllln, correspondhlg to 

A ph 
p ~ 0.62 S -I- 28 wave lengths (48) 

where p hl\.s the value 0 for (.he first ring, 1 for the second ring, 2 for the t:hh'd ring, 
etc., and the outer ring in t.he tU'!'ay is the onc ror which the mdiua p is n.little les8 than 
Ie'po. ~l'here is also a <.:(!ntral n.ntcnnn.. The numbcl' of n.)ltnnnas in mwh )'ing should 
be not less than. 1 + k/po/S. Thc toUt1 CUI'I'cnt ill (I,f\.ch !'ing, whon the ClH'rent in the 
center n.ntennn. is tnkr.n arluni\,y, will t.hen be 2.00 for the fir:sll'ing, 2.9 for tho second 

I. W. W. Ih.ns(ln. u.ud J, It. Woodyu.l'd. A Now l'dnoiplu in J)iwct.iol\(\l Alltl!lIll:.l.>Cllign, l'roc. I.R.E., 
Vol. Z6. p. 333, MBreh, lIlas: W. W. H{l.lHlCll nnel ),. M. !ioliingHwol·t.h. De'Hign of "Fl:l.t-shoot,ing " 
Antenna Artuys, Proc. I.R.E .• Vol. 27. p. 137, lo'ei)I'IIIUY, 1030; II. Chi~l'C'!ix. AfI\,nnIlUI\ n RU.YOIl.1l0mcllt 
Zenithal R6duit, L'Ondo Illcctri\iWl, Vol. 15, p. 440, July, 103(1, Sec alHo U. ~.1';~t.eliL2.'.!lS,4.87, Out. 16 
H140, isaUQd to W. W. Hansen IUld F. E. TormaIl. 

! . 

. . 
: 



I ' 

• ----.J __ ., .-.-~ ..... 'IUt; u,,\"; u'/Wlllm:s HI tHO rIng, !UlC.! tho plJltsCB of successive rillgs 
differ by exactly 180°. An eXlltrlplc of 1\ J OJ untcmna sYEltcrn iEl given in Fig. 55. 

The J'I ttntflll1lH is d(>si~ncd by fit'st selecting the total numbnl' of cydes n of phnse 

r' .... :\. ..... ~ 
I • I '""" 

FIG. 55.-I'hw vi~w of J 0 nntenno. 
nrl'Q.y with m = 4, having a gnitl of ::!.3, 
Tho cit'c1el:! roprcl:!cnt lt1'l'ny t!lcmcnts, 
thoso with 0. ( -) hl!,idc htl. villg the cur· 
rent flowin,:c 180? ont of phai'le with tho 
curl'('nts in the fl.ntcllnn~ mat'ked (+). 
The radii of tho i'lucClOs;!live l'i1l~S nl'O 
O.52A., O.95X tlnd l,39X, allti the I'~ln.tivc 
cUl'rent! in the inclil'idt~al nntcUIlD,!I at'O 

1,0.50, OAl, and 0.30 for tho Stlccc$;sivc 
rings. 

[.Jllift Mound the ring to give the desired gain, 
acconling to the npproximn.te equation 

Power gain =0 0.752 v'n + 1.5 (49) 

This IlS,<Jt\mo~ that 1,hc array is composed of 
short verticnl )·ndirdm.'s, nnd gives the power 
gnin wiLh l'ospc.lct to n. singlo such rndiator. 
The minimum llUlllbol' of radiators required is 
2n + 3. Wil,h fowor thnn t.his, the radiation 
}lil,ttern ill the hOl'izonud phme will not be cir-
t'lIilu'. 'l.'hn radius p of the ring must be small 
enough to SILiil:lCy tJlC rclntion (21rp/}..)'I. < < 4, 
Thc exact value of tho tltdius is oth~"Wise 
immfl,t,cl'inl oxcept for the fn.ct thM the smaller 
tiw rndiu9 the lowet· will be the radiation 
l'esi~t.nnce, f~T1d honco the lnOl'fl diffiClult it be
comes to l'l~duoc 1,he otlJ(')r lo~s('.s sufficiently 
to I)I'ovide Itn ClfTi(',icnt ,'ndiil.t,iug system. The 
J'l nllt.mlnil. is clHtI'n(.ltcl'i1.ed by it. directivity 
in f\. vCl'Lieltl})lnnc thfl,t hns no minor lobes, as 
showll in Fj~. {)(I, 

Oomp:n ison of tho chnrll.ctcristics of the J 0 

fl.lld J" nrrays indk,lttof{ thltt the latter is pref
cril.hle wll('n hj~h g!\.in ig dosircd, wlwrens the 
formor becomes more llConomicltl with moder
at(\ ~ain[.;, Tho tl'fl.rH3itio)) point at which the 
mu1tiplc~I'ifl~ nl'l'angement hfl,s approximately 
the same def!imbili!,y ns t.ho single ring occurs 
whcl1 (h'po)/S is in tll(\ mnge 6,55 to 10. 

21. Antenna Systems Involving Plane Reflectors. Systmns Employing a Single 
Flat lleflector.-In ultm~high-iroquency work, n fhtt ClOllduc{,ing sheet, usually of 
copper, is often pll\ced nell,r all nntcmna Rystem to modify i,hc field pattern and increase 
the gain, Such a rdlcctor ncts in the same as a perfectly conducting en.l'th, and its 
effect can be allHlY7Jcd in t.he same way. 

FlO. 50.-li"iold produced in n vN,t.icnl pla.no by l\ single-l'ing nntonnll rot· 1. "" 5,correspond .. 
illg to !t gnin or 2,1. 

The ~impl(>gt al'rnngonwnt involving n. f1:lt reflootor (If this type cOflsists of a hl\lf~ 
wave Itntr-nnn. ll,djncC'1l t to f),nel pnl'nllol with it copper Elheet ot' ~crnCln. In such a.n 
arrangement, the spn.citW; bCltweon the nlltcmnn. anet t.ho l'ofieet.or is prererably of the 

1 Thp.I.IC toLll1 rp.lnt.[ve ~lIrt"C:lltR in (>ach !'illie Mil prop()rt.ioltlll t.o LiJe ur(Jn~ utlcicf t.ho 6ueeeSJIive loopll of 
the !unct.ion pJ lI(k'()) , with Cl\c.h ring of /lntCrlMS bCiag idcl1tHicd wit,h till! corl"cApondltlg loop or tho 
]jesso! function. 
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in tho plane of tho loop that i~ npproxim!~tdy circulltl', us shown in I~ig, 530. This is 
obtainod from tho field pnt.t.(lrll~ nf tho individual nntonnn.fl hy noting that the iudi
viuutlll'o.cllnLlon,o:l ill any pnrt,jl".ttlnl' diroction IU'() in tirno ctundl'Etturo, and $0 combin~ 
to giv(\ I), rO:oluJl.".nt thn,t .is tho sqtlaro root of tho sum of tho squnrea of tho individunl 
radiations in thnt direction, 

(a) Turn- stile Clrray (b) DirecHonal patterns in horizonTal plane 
Fro. U3,-StHckod IUHty of tUl'Ilstilo ant.(!nnl~ flyHt.urni'3, t,()gethcl' with dil'Qctional pattel'llS 

ill hOl'izon tnl plano. 

Turnstile nni;(lnnl\)j nro ,'3omctimes nrmngnd in an army in, which a. number of 
individl1111 LurnlStilcs in [t. horizontal plano !1.I'0 f\'l't'angcd Ono n.bove the other in a 
bro[t.(l.'$ic.l() arrEty, in which Lhe linn of tho m'l'ay 113 vertical, tu:! shown in Ii'ig. 53a. This 
gives nppl'OXiml1Lnly uniform l'n.diation in nll hori7l0ntltl directions, but pl'ovides 
directiviLy in a vCl'ticn.l plnno, 
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Dir~dionOiI ch~rClet(!rjstic.s 
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FJa. 1)4.-T>olyph'.l:lc !\.ntcnnn. unity that conccntl"nto/:l l'I\,1i(~tio!l a.long tho horizontQ.{ 
without l'(!quit'in~ t\ bigh polo Iltl'Uc:ture. Varying tho n.nl!:lf~ botween tho linea of antennas 
Ot' modifyil1l( the mrnngomont, of ank1l\IlC1.S within a. lillO, et.c., nltlkos it possiblo to control 
thQ horizontal nltd vortico.l pattC!'JI8. 

Polypha.,w .An{l)nna Al'r(lI/8.t~Mn.rk('d directivity in r~ vertical plane can be 
obhLinod n.t. bl'oadertst and Jownr fJ'(·("!ll("H.~il'~ by ll.'ling a. hr~c numbor of ~hort vcrtienI 
ndi n,to!'?J i n [~ poiyphn,!(1 rtrrny, !t'> i 11 us tl'll. ted in Fip:. ,114. }-[oro ::.hort. vC'rtical rndintors 
[~ro al'1'fl,n~(!d at rC!/?:ui!Lr int.ervltls in lillNtr nrrn.y~, ~t numlwr of i:luch linear arrays arc 
MrfHlg(!d tts shown, and tl)!~n t.he vn.rious linnnr ftrl'nys nrc excited in a polyphaso 

1 Su:;h !\rrn.ng~mcnts h(\vo been prtl('lollcd hy TCrIlHHl, op, cit., p. U78, 
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Antenna System 

The directional antenna system for the 
new KTBS was designed and adjusted by 
the consulting firm of A. Earl Cullum, Jr. 
of Dallas. The array (Fig. 5) is a six 
tower "in line" type with four of the tow
ers used for daytime operation and all six 
in service at night time. The towers are 
378 feet high and spaced about 530 feet 
which means that the end towers of the 
array are approximately one half mile 
apart. The towers were furnished by the 
International Derrick and Equipment 
Company and were erected by the Andrews 
Company of Ft. Worth. A four-section 
RCA Pylon FM antenna was mounted on 
top of Number 3 tower. The combined 
height of this Number 3 tower and Pylon 
is 378 feet. 

Since a rather "tight" pattern was in
volved the array was constructed accord
ing to a very rigid specification in order 
to obtain the highest degree of stability 
possible. Every precaution was taken to 
insure permanence of all joints, bonds and 
electrical connections. Mechanically all 
towers and ground systems are symmet
rical with the exception of the one radiator 

which is made up of a shortened tower 
plus the FM Pylon. All underground 
joints and all connections between heavy 
members above ground were made with 
silver solder or brazed and welded. In ad-

ABOUT THE AUTHOR 

W. M. (BILL) WITTY, the author of 
this article, needs no introduction to 
most readers of BROADCAST NEWS. For 
nearly twenty years he has been inti
mately associated with the broadcasting 
industl'Y in the southwest-first as RCA's 
field sales engineer for the area, and 
more recently as a consulting engineer in 
his own right. Leaving the perhaps more 
glamorous field of allocations engineer
ing to others, Bill has specialized in 
"facilities engineering" - i.e., the plan
ning and supervision of plant installa
tions, particularly those involving com
plicated and extensive antenna or equip" 
ment problems. The KTBS transmitter 
plant was one of these. The accompany
ing article-printed in Bill's own modest 
words-makes no attempt to glamorize 
this job. However, BROADCAST NEWS 

readers familiar with this type of installa
tion will quickly recognize it as the work 
of an expert. 

dition to the bond straps furnished by the 
tower manufacturer for "jumping" the 
butt joints on the towers the lighting con
duits were bonded to the towers at lO-foot 
intervals throughout the tower lengths. 
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KTBS DIHECTIONAL SWITCHING SYSTEM 

DAY PUSH BUTTON TUNI~G HOUSES 
AND 

PHASE CABINET 
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NIGHT PUSH BUTTON 
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f-.::A.::UX.::IU=A~RY::.-____ 110 V. 

RELAYS 

SERIES CONTACTS 
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TRANSMtTTER EXCrTATION 
CONTROL NUMBER I 

FIG. 12 (Iefl). Simplified Bchemalic of the KTBS 
directional switching system. Push buttons on 
the phasing cabinet operate contactofs in the 
phasing cabinet and in the six antenna tuning 
houses. Back contacts operate signal lights in 
the transmitter room and prevent excitation from 
being applied unUJ all contactors have closed. 

Directional Switching System 
KTBS's directional system consists ac

tually of two separate and complete sys
tems, so far as phasing and power dividing 
equipments are concerned. The daytime 
pattern is obtained with one set of net
works, transmission lines and four of the 
six towers. The nighttime pattern utilizes 
another set of networks, lines and all six 
of the towers. Switching between the two 
modes of operation twice each day is ac
complished by means of solenoid type 
switches located in each of the tuning 
houses and in the phase cabinet in the 
transmitter building (Fig. 12). Seven of 
these. switches are actuated from two push 
buttons located on the front of the phase 
cabinet in the transmitter building. Each 
of the seven switches is provided with back 
contacts which actuate auxiliary relays iIi 
the transmitter building that have one set 
of contacts to operate pilot lights and an
other set to close the transmitter excita
tion control circuit. Extra series contacts 
on the push buttons also break the trans
mitter excitation control circuit. The ex
citation control in this instance is the 
plate supply to the transmitter crystal 
oscillator. 

With this arrangement it is virtually im
possible to switch the antenna system with 
carrier power "on". Also if one of the re
mote solenoid switches fails to go over its 
pilot light will indicate in which tuning 
house the trouble is and it is not possible 
to put the carrier back on until this switch 
has properly closed. All of the switches 
must be in one of the two positions-that 
is-day position or night position before 
carrier power can be restored. The operator 
is able to manually hold off excitation until 
all lights are on for one position, thus in
dicating that the remote switches are all 
clear. Should he inadvertently release the 
push button before all of the switches have 
cleared the auxiliary relays will prevent 
excitation from being restored. 

FIG. 13 (left). These three racks are built into 
the right wall of the transmitter room. The left
hand rack contains frequency and modulation 
monitors and distortion measuring equipment: 
the center rack the antenna meters, the phase 
monitor and the contactor signal lights: the right
hand rack contains the audio input equipment. 



Ground System 

The type of ground system installed at 
KTBS, to some extent, departs from the 
conventional form of buried radial system. 
The KTBS ground system does have 120 
buried radials 300 feet long around each 
tower, but these do not come all the way 
in to the tower base insulators. Rather, 
these radials terminate at an underground 
circular bond strap 100 feet in diameter 
around the edge of the overhead system. 
The overhead system (Fig. 7) is supported 
by anchored poles-12 at each tower-
and is 8 feet above the ground level. It 
consists of 120 radials drawn tautly and 

soldered between a central ring (Fig. 8) 
mounted around the top of the tower 
ioundation and a large copper cable sup
ported by the twelve poles (Fig. 9) around 
the 100-foot circle. This outer cable is, 
in turn, bonded to the underground cir
cular bond strap by means of 4-inch copper 
strip running down and tacked to each 
pole. Since the tuning houses are beneath 
the ground system, connections to the tun
ing hOllse equipment from the ground sys
tr·m. as well as from tk antenna. are made 
through the roof of the tuning houses. 

Th;s type of design insures maximum 
stability of antenna impedance since there 

can be no foreign material of changeable 
nature slich as vegetation, water or soil 
within the field of the antenna at the point 
which is most critical and where the cur
rent is highest. 

The individual tower ground systems 
were connected together by means of a 
buried 4 inch copper stri~ running the full 
length of Ihe array. Also transverse 4-inch 
copper yt rips were placE'd at ha]fwa~' in
tervals between all oi the towers and any 
ground radials that were traversed were 
silver soldered to these strips. The central 
transverse strip extends to the transmitter 

FIG. 9 (below). Close·up view of one of the anchored poles 
supporting the overhead ground screen. Note compression 
spring which provides compensation for expansion due to 

FIG. 10 (below). 'His b a close-up view of the central ring to 
which the 120 radials of the elevated ground screen are carefully 
braised. The ring, in turn, is connected by copper straps to the 

temperature changes. bonding about the tower base. 



FIG. 7 (opposite page). Overall view 
of the elevated ground screen installed 
around each of the KTBS towers. This 
ananqement provides a stable antenna 
impedance because changes in vege
tation or ground wafer in the critical 
area around the base ate minimized . 

• 
FIG. 8 (right). This close·up view of the 
base of one towel shows the BAF -4A 
FM Isolation Unit (in square box) and 
the Austin Transformer (large open 
coils) used to isolate the tower light-

ing circuits. 

building and is connected to the ground 
terminals of all the transmitting equipment. 

Other copper strips were buried along 
the line of transmission line poles between 
the transmitter building and towers Num
ber 3 and Number 4. All transmission lines, 
conduits, and sampling lines were bonded 
to these buried strips at each pole, which 
are spaced at IO-foot intervals. Along the 
runs between the towers these ground con
nections are made at 3D-foot intervals. 

Tower Lighting System 
In many directional antenna systems 

the 1000 watt beacons mounted on each 

tower in accordance with CAA require
ments are flashed by means of individual 
flashers of the non-synchronous type in
stalled on each tower. The speed of the 
motor in this type flasher varies a slight 
amount with the result that the lights on 
a multi-element array occasionally get "in 
step". If this occurs with as many as six 
elements a rather heavy demand is made 
on the power service and the line voltage 
will fluctuate to the extent that it is some
times difficult to operate measuring equip
ment in a station during nighttime hours. 

At KTBS a central flasher was installed 
in the transmitter building and the three 

phase power service divided among the six 
towers in such a manner that a nearly· 
constant lighting load is presented at all 
times. The flasher consists of a syn
chronous motor geared to rotate a cam 
shaft at 36 R.P.M. Six adjustable split 
cams are mounted on the shaft and ar
ranged to operate individual mercury type 
switches that control the lighting voltage 
to each tower. This arrangement enables 
the desired lighting sequence of the tower; 
to be obtained and the split cams permit 
accurate adjustment of the 2: 1 Iight-to
darkness ratio required by the CAA. 

FIG. 11 (below), This view of the tower base shows the connections between the tower and the doqhouse 
(lower right corner). The large concentric line is the FM feed line which runs directly to the BAF·4A 
Isolation Unit in the square box at the top left of this picture. Note that the isolation unit is mounted on 

sprinqs in order to provide for differential expansion of the FM Une which runs up the tower. 
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WNBC-WCBS SHARED AN'rENNA SYSTEM 

In order to improve the service from WNBC, the National 
Broadcasting Company station in New York, a change in trans
mitter location was desired. After some search an island of 
about six acres known as High Island in Long Island Sound was 
obtained. The island is close to shore and accessible by 
bridge in the Borough of the Bronx in New York City. This 
location, being near sea level, had the advantage of permitting 
a higher antenna as well as a ground system extending into 
sal t ,,,a ter. 

The transmitter of WCBS, the Columbia Broadcasting System 
station in New York, was located on Columbia Island about one 
and one half miles from High Island. This Island was reached 
only by boat, and as remote control was anticipated, it was 
desirable to provide easier access to the 'transmitter. There 
had been occasions during winter ice conditions and storms 
when Columbia Island was isolated for a day or more. As good 
transmitter locations are not plentiful in the vicinity of 
New York City, it was natural to cons'ider a joint project on 
High Island. After some study it was agreed that NBC and CBS 
together would plan, design, and construct, complete new 
transmitting stations using a common antenna. The two stations 
are both Class lA with powers of 50 KYI. WNBC operates on 
660 kc/s and WCBS on 880 kc/s. The frequency separation, one 
being three fourths of the other, seemed sufficient to insure 
successful operation into a single antenna. 

FCC construction permits when obtained, contained 
specifications for both stations that the antenna height must 
not exceed 549 feet above mean sea level, that the unattenuated 
field intensity at one mile, based on 1 KW antenna input, must 
be at least 225 millivolts per meter, and that any spurious 
radiations resulting from cross modulation be held to non
interfering levels. 

Considering the ground elevation, the antenna height 
became about 528 feet above ground. The theoretical no-loss 
performance of a p~ vertical antenna of this height is only 
206 mv/m at 660 kc/s and 228 mv/m at 880 kc/s. It was then . 
obvious that some increase in efficiency would be necessary 
at 880 kc/s to compensate for losses and that an appreciable 
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increase would be necessary for 660 kc/s. To obtain the 
increase, a top loaded and reactance sectionalized antenna 
tower was indicated. To determine the optimum degree of top 
loading, position of tower sectionalizing and reactance 
insertion, the RCA Laboratories were engaged to model the 
antenna. 

With the physical data arrived at, the antenna was speci
fied as shown in Figure 1. The tower has a triangular constant 
cross-section, 4t feet on a face, is sectionalized with a 
single pedestal type insulator about 85 feet from the top and 
guyed at four levels. The set of guys attached to the top of 
the tower (unlike the others) have no insulators at the tower, 
and are electrically bonded to the tower. The upper sections 
of these guys are therefore used for top loading to increase 
the electrical height of the tower. A suitable reactance is 
connected between the upper and lower sections of the tower to 
control the effective electrical height. 

Vertical plane radiation patterns obtained from the 
model, indicated that a field of about 246 mv/m at one mile 
might be realized for one KW radiated power. The value was 
approximately the same for both frequencies. This meant that 
on the basis of 50 KW input to the antenna the required field 
would be obtainable with about 42 KW radiated power, leaving 
8 KW available to supply the system losses and any tolerance 
in the modeling data. 

To provide additional information, a mathematical model 
was prepared for each frequency and arranged to program a 
computer, with variables of top loading, current distribution, 
(which would be obtained by variation of the sectionalizing 
reactance) and estimated values of tower ohmic resistance. 
These computations indicated a trend of increased field with 
reduced length of guy top loading, other variables being held 
constant. This results from using guys for top loading instead 
of the so called uHATII of structural steel. The guy loading, 
while quite desirable from a structural viewpoint, has a 
vertical component which modifies the effective current distri
bution of the very top portion of the antenna. It was obvious, 
however, that appreciable reduction in top loading would result 
in excessive values of sectionalizing reactance necessary to 
maintain a suitable current distribution on the tower. This 
would cause high sectionalizing voltages and losses in the 
reactance network. The guy top loading was finally set at a 
length of about 120 feet. There would be some effective 
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extension of this value due to the capacity of extra large 
insulators at the ends of the loading sections. 

The antenna system was constructed in accordance with 
the above values. The design was based on 50 lbs./sq.ft. on 
flats for wind loading and the tower is constructed from 30 
foot welded sections. In view of the voltages anticipated 
from the operation of two ,0 KW transmitters (the peak voltages 
add arithmetically) three exceptionally large guy insulators 
w~re used at the ends of the guy sections used for top loading. 
The remaining insulators were spaced in an attempt to minimize 
guy currents and equalize insulator voltages. Considering 
that the antenna was to be used for two separate transmitters 
with the increased complexity in the networks for matching, 
isolation, and sectionalizing, it was felt advisable to have 
an auxiliary antenna with its own networks. For this use, a 
bottom segment of one of the top guys cables was made 200 feet 
in length with the top end terminated in large insulators and 
a corona ring. Although only the lower power auxiliary trans
mitters would be used on this antenna, the peak voltage at the 
upper end calculated to be well over 100 KV. All guys were 
fabricated from one inch diameter Alumoweld cables. Each 
strand in the cable is of steel with a thick aluminum covering 
providing good conductivity for the current carrying portions. 

The tower being sectionalized and top loaded has a higher 
loop current than would be found in an equivalent unloaded 
antenna. Because of this higher loop current, conduction 
losses in the steel tower might have become significant. As 
a precaution, we obtained the cooperation of the tower fabricator 
in the control of the galvanizing process and obtained a galva
nized coat thicker than normal. 

An efficient ground system was designed and installed, 
starting with a conventional expanded copper mesh ground screen 
about 46 feet square around the tower base. From this screen 
120 radials of one inch wide buried copper ribbon were extended 
approximately one fourth wave length to the island shore line. 
Further extension of the radials was by #2-0 stranded copper 
cable to a point where at least ,0 feet was immersed in salt 
water. The ends were anchored by securing to concrete blocks. 

At this stage, base impedance and tower current distri
bution measurements were made, on one frequency at a time, 
using various amounts of a temporary simple coil for the 660 
kc/ s rea·ctance at the sectionalizing pOint, and a short circuit 
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or capacitor for 880 kc/s. Field intensity measurements were 
next made to determine the antenna performance as well as to 
exactly confirm the optimum value of sectionalizing reactance 
for each frequency. This work was performed with the advantage 
of daylight while the two stations were still in operation at 
the old locations, by permission from the FCC to use a test 
power of 50 watts on the frequencies of 640, 680, 860 and 900 
kc/s. Advantage was taken of the water of Long Island Sound 
bordering on the station to use a boat in making radial meas
urements in several directions. This method was faster and 
produced more consistent data than could be obtained on land 
with short radials in the built up city area. The boat was 
run on a radial starting from and ending with a fix. Speed 
was maintained as near constant as possible, with the start, 
finish, and measurement times recorded. An example of these 
measurements is sho't.ffi on Figure 2. From these, as well as 
measurements on land, it was confirmed that the antenna would 
meet the required radiation efficiency. The sectionalizing 
reactances required, were determined at 180 ohms inductive for 
660 kc/s and 50 ohms capacitive for 880 kc/s. The tower 
current distribution placed the minimum at about 23 degrees 
above the ground. The widely differing reactances were due 
to insufficient height for the low frequency, while at the 
high frequency the antenna with the top loading, was somewhat 
too high. 

It was now necessary to consider a design for the permanent 
sectionalizing reactance. This component is of particular 
interest because of the two-frequency requirements and the 
necessity to avoid large losses. Several networks had been 
considered which would supply the separately required reactances. 
With the precise values now in hand the networks shown in 
Figure 3 were re-examined. #1 is the simplest, however, calcu
lations indicated that the coil current would exceed 400 amperes 
and the loss at 660 kc/s would be about 6 KW. The reactance 
slope, or variation against frequency in the band! 10 KC would 
also be excessive. The base impedance of a loaded antenna 
varies more rapidly with frequency than that of a simple 
antenna. Using a sectionalizing reactance such as is necessary 
for two frequencies causes a still steeper base impedance 
variation and results in concern for the proper loading and 
low distortion operation of the transmitter. These character
istics were sufficient to reject #1 network. The other three 
networks, by proper choice of values can all be made to exhibit 
nearly equal and acceptable amounts of loss and reactance 
slopes. #2 however, develops a peak voltage well over 100 KV 
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across the capacitor, and #3 an effective current of 200 amperes 
in Llo Voltages were computed for full modulation and the 
current for no modulation condition. These characteristics 
do not make for easy design, and in addition these two circuits 
would be critical to adjust, especially if it became necessary 
to do so after installation high up in the tower. #4 network 
provided a very happy compromise. The voltages and currents 
are not uncomfortable for design purposes and the adjustments, 
even after installation, can be made straight forward. At 
this point it should be explained that the provision for getting 
a power circuit past the tower sectionalizing to supply the 
top beacon had already been made. Previous measurements had 
shown that running power circuits up through the tubing of a 
sectionalizing coil and the consequent short circuiting of 
unused turns for adjustment, would reduce appreciably the 
effective Q of the coil. Therefore an insulating transformer 
such as is commonly used at the tower base was installed at 
the sectionalizing level to supply the top beacon. The opera
tion of #4 network can best be seen in Figure 4. Ll Cl is 
made anti-resonant at 660 kc/s so that for practical purposes, 
all the sectionalizing current at that frequency flows in L3. 
Thus with L~ alone connected, it may be adjusted to the proper 
value by reference to the antenna base impedance determined 
during the tests. With the other leg of the network added, and 
an approximate value of L2 in use, Ll Cl may then be adjusted 
for the same base impedance as obtained before. The frequency 
may then be changed to 880 kc/s and L2 adjusted for the base 
impedance determined for that frequency. 

Figure 5 shows the way in which the network was installed 
in the tower. A 5 foot open face section above the sectional
izing insulator made room for a shield cabinet containing L3 
and a 10 foot space below the insulator was provided for a 
double compartment cabinet for Ll C1 and L2 . As there is very 
little circulating current between the two legs of the network 
they are individually connected between the tower sections. 
The shield cabinets are constructed of one eighth inch thick 
aluminum with welded seams and ventillating louvres with 
baffles to minimize rain entrance. The doors have special RF 
bonding and weather strips. The coils for the network were 
specified so that there would be a minimum of unused turns 
and as good a Q factor as feasible. Before installing the 
coils in the cabinets the Q1s were carefully measured by 
plotting resonance curves for each frequency. Q1s between 
900 and 1000 were found. When the coils were installed in the 
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shield cabinets the Q's dropped to about 600. On the basis of 
a 600 Q the network loss computed at about 1500 watts for each 
r~equency. The capacitors for Cl are multiple vacuum units, 
three of which are variable. They are rated at 60 KYl. The 
network provides a DC path for static drain and a ball gap 
across the sectionalizing insulator supplies protection to 
the network from lightning. The single sectionalizing 
insulator minimizes stray capacity between tower sections. 
~t is equipped with a rain shield and was especially designed 
to tolerate a small amount of rocking, which can occur during 
high winds. 

The pictures Figures 6 and 7, show L~ mounted in ~he 
upper cabinet, and Ll, Cl, L2 mounted in the lower cabinet. 
The cabinets were painted with Day Glo, the same as the two 
top orange sections of the tower. This paint, having flores
cent characteristics, provides increased visibility during 
daylight. 

Figure 8 illustrates the effect on the antenna base 
resistance of using a two frequency sectionalizing reactance 
network instead of a simple coil as would be used in the case 
of the antenna being built for one station. The base resistance 
around 660 kc/s was measured using only the coil L3 at the 
section and again when the entire network was connected. There 
is an increase in slope of about 1.3 over a 20 KC band when 
the complete network is connected. It may be noticed that 
the two plots cross at the carrier frequency. 

Figure 9 illustrates the measured current distribution 
on the tower at 640 kc/s. The complete curve was obtained 
with a sectionalizing reactance of zero and indicates only 
the tower current. That is, the current in the guy loading 
and the effect of it is not shown. The partial curves show 
the locations of the current minimum for sectionalizing 
reactance values of jl40 and j190 ohms. 

Although some trouble was experienced initially with 
inadequate electrical bonding at the cabinet door edges, 
there has been no difficulty to date with the sectionalizing 
network proper. The antenna system as a whole is performing 
satisfactorily. 
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During the early stages of the project, we became aware 
of many serious problems relating to the design of the 
isolating and coupling networks. The general performance 
criteria we originally had in mind were not reducible to 
specific performance standards until several network designs 
had been studied in detail. 

General problems relating to network losses were of 
particular concern in this instance because the circuitry 
required to provide the unusually high isolation necessary 
b~tween these transmitters could very easily result in 
excessive losses. A second important factor relating to 
circuit performance dealt with the problem of maintaining 
reasonably constant load impedance over the bandwidth being 
transmitted. In normal installations, this requirement does 
not impose any special design requirements, but under some 
circumstances, the impedance bandwidth problem may become 
controlling in network design. A further requirement was 
that the coupling and isolating network for each station be 
capable of being disconnected from the antenna system in the 
event of failure in one network so that the other station 
could continue operation in normal fashion and that the station 
in trouble would be able to work in perfect safety on the net
work which had suffered a failure. 

Past experience has established that a transmitter using 
a Class "C" final amplifier and having stray R.F. energy in 
its tank circuit will generate cross modulation products as 
though the amplifier behaved as a mixer with 25-30 db loss. 
If these spurious emissions fallon or near frequencies that 
are used by other services, it has been found that these 
spurious emissions in 50 kw plants must be kept at least 120 db 
below the level of the fundamental. Both the sum and difference 
frequencies were in use within 100 miles of the transmitting 
site; therefore, these first order effects had to be effectively 
removed. The net isolation required was such that attenuations 
in the order of 100 db at carrier frequency had to be obtained 
and, consequently, all networks had to be enclosed in well
shielded cabinets. 

These problems in terms of defining the performance of 
the coupling and isolating networks indicated to us that a 
reasonably complete design of the networks would be necessary 
before specifications for the network could be written; 
consequently, we deSigned these networks ourselves. 
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Base impedance data from the model measurement work 
indicated that there could be impedance bandwidth problems. 
These data from the model work indicated that the antenna 
impedance would be significantly worse than that specified in 
EIA Standard TR-IOI-A for normal load impedance and that actual 
tests on transmitter performance should be made. An analysis 
of Class "C" amplifier performance indicates that the optimum 
load impedartce as a function of bandwidth should be the equiva
lent of a dissipative parallel resonant circuit. Both NBC and 
CBS arranged for tests to determine transmitter performance 
into the then expected load impedance. These tests indicated 
that both the RCA BTA-50H and the G.E. BT-50-A transmitters 
would meet frequency response and distortion specifications 
with the expected load impedance if that impedance characteristic 
was properly oriented. The foregoing transmitter performance 
experiments also verified the fact that impedance bandwidth 
characteristics of other natures would not provide the same 
overall performance. 

If the load impedance would be made reasonably constant 
over a frequency range significantly in excess of the band
width to be transmitted, transmitter performance could be 
further improved and overall operation significantly stabilized. 
These performance measurements indicated that serious consid
eration should be given to antenna coupling circuit design 
which would provide broad band impedance control in the same 
fashion as that provided by compensation used in television 
antennas. 

The actual antenna impedance, as a function of frequency, 
was determined around both operating frequencies during the 
antenna tuning process. 'rhese data indicated that the impedance 
bandwidth problem ,.,as worse than that anticipated from the 
model measurements; a graph of these data is presented on Figure 
10. Since suitable performance of the system was directly 
related to the proper matching of this impedance characteristic 
to the transmitter, considerable effort was devoted to the 
optimizing of these matching net'l·Torks. 

Consider for the moment a simple antenna whose resistance 
is constant and whose reactance varies as a series resonant 
L-C circuit. The terminal admittance and equivalent circuit 
of this antenna is shown in Figure 11 a, b. Suppose now, we 
put a reactive network across these input terminals, (Figure 
11 b) and try to improve the admittance match thereby. Assume 
that the network in parallel with the antenna is a parallel L-C 
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network resonant to the carrier frequency. The effect at 
frequency fl, a lower side band frequency, will be that of 
transforming the admittance from the original value to a new 
value, along a constant conductance path as shown on the Smith 
chart of Figure 11 a. Similarly, the admittance at carrier 
frequency is not changed; and the admittance at f2' an upper 
side band frequency, is also improved. It may be seen that 
for moderate impedance bandwidth problems a significant 
improvement can be made by proper choice of the L-C ratio of 
the compensating network. It may also be seen that for 
impedance mismatches that are sufficiently severe such as 
that for f3 on Figure 11 a, that the reactive compensation 
network no longer offers a significant improvement. Our 
impedance bandwidth problem was severe enough to warrant a 
study of more effective methods of compensation. 

Previous experiments had indicated that compensating net
works using a dissipative element were capable of providing 
better overall driving point impedance characteristics. The 
circuit of Figure 11 c is such a network. This tompensating 
circuit will add both susceptance and conductance to the 
antenna admittance as shown by the transformation of the f4 
admittance on the Smith chart of Figure 11 a. A brief analysis 
of this type of network indi'cated that it provided two principal 
functions: (1) that of absorbing the energy reflected by the 
admittance mismatch at the side band frequencies and (2) that 
of providing relatively broad band constant load imped'ance 
for the transmitter. Since both of these conditions fit the 
required performance objective, dissipative compensating net
works were considered to provide satisfactory system performance. 

The foregoing detailed circuit requirements were applied 
to the design of suitable isolating and coupling networks, 
Figure 12 shO'..vs the final networks. Since the base impedan,ce 
was capacitive at both frequencies, a common antenna loading 
coil La performed a common tuning function and reduced the 
undesired voltages across both the isolating networks. The 
remainder of the circuit in Figure 12 may be described as 
follows: The first network at the antenna end of the circuit 
is an L or a T network for matching the antenna impedance to 
the transmission line; some of the circuit elements in these 
networks are rejection traps tuned to the undesired frequency. 
The T network at the transmission line end is a phase shift 
network to properly orient the load impedance to the optimum 
position at the plates of the final Class "c" amplifier. 
Calculations indicated that two traps would provide 
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adequate isolation and, therefore, the third element could be 
used for other purposes. 

A very low L-C ratio parallel resonant circuit connected 
in shunt to ground will provide an excellent filter to limit 
the generation and radiation of spurious frequencies. Calcu
lations established that the antenna impedance could be 
properly transformed by the first series arm of the WCBS T 
network so that this shunt L-C network could also act as a 
reactive compensating netwQrk as previously de·scribed. These 
two functions, compensation and filtering, are performed by 
the shunt network in the WCBS circuit. (It was not practical 
to incorpor.ate this feature in the WNBC side of the network.) 
A limited amount of compensation was provided for WCBS by this 
method. Further compensation of either the dissipative or 
non-dissipative type can be added, if needed, at this same 
point. On the WNBC side, the first T network was required to 
properly orient the impedance characteristic for compensation, 
and provision was made for compensation at the end of that 
network. Figure 13 is a photograph of the WCBS network; note 
particularly that Ll~ could not readily be made with half the 
present inductance and twice the diameter of the tubing as 
would be required for a significant increase in bandwidth 
impedance compensation. Figure 14 is a photograph of the 
network feeding the auxiliary antenna; this network provides 
only isolation and matching at the carrier frequency; no 
provisions were made here for broad band compensation or 
proper orientation of the load impedance. 

An important consideration was that of obtaining maximum 
Q in the decoupling networks; properly designed coils for 
operation at this power level will produce Qts in the 500-1000 
range. In a tuned circuit utilizing a coil and condenser in 
either series or parallel, it is important that the circuit 
connections also be made to provide minimum loss. No turns 
may be shorted in the coil; and the circuit should occupy the 
minimum physical space. Conductor sizes must be adequate for 
the current to be carried, a value of 20 amperes unmodulated 
carrier for each inch of circumference was used. Care was 
taken to make equivalent paths for each condenser, when units 
were used in parallel. Most of the resonant circuits in the 
decoupling networks were designed to operate at or near full 
design inductance. Detailed measurements of Q of these circuits 
have not been made, but those that were made of the antenna 
sectionalizing network suggest that Qts in excess of 600 were 
obtained in actual operation of these networks. 
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Stringent performance specifications were established for 
all charaqteristics of the plant. We believe that these 
performance -criteria have been adequately met. 

The transmitting site is almost completely surrounded by 
the New York urban area. It was not possible to find directions 
with, relatively unobstructed sites for the making of :the field 
strength proof. Therefore, the radials were 5{hosen near the 
~ominal cardinal directions 00 , 4~, 900 , l35~, etc. Minor 
variations of these bearings were made to fit available water 
navigation paths, parkways or other roads which would provide 
somewhat improved measuring locations. Four field crews were 
used each consisting of a driver and engineer. Each crew 
measured field strength of both stations at each location with 
careful calibration of the field set for each measurement at 
each location. Final analysis of these data indicated reasonably 
uniform radiations in all eight directions on both frequencies 
and yielding a radiation effici~ncy of 244 mv/m per kw at 660 
kc/s and 256 mv/m per kw at 880 kc/s. These radiation efficien
cies are both significantly above the required 225 mv/m per kw. 
The current minimum on both frequencies had been drawn up to 
a height sufficient to significantly control fading. As the 
current minimum is raised on the tower, the magnitude of the 
current at the loop increases and consequently, losses increase. 
The resultant radiation efficiencies demonstrate that the 
construction techniques used have kept the antenna losses to 
a minimum. 

Since the coupling and isolating networks were designed 
with due consideration to the bandwidth problem, calculations 
and data were readily available for the values of various 
elements at side frequencies as well as at 'carrier frequency. 
The High Island plant is only a few miles from both old WNBC 
and WCBS transmitting plants; both stations operate 24 hours 
a day. 

Difficulty was encountered in tuning these networks on 
the actual operating frequency. Considerable success was 
obtained in the tuning of these networks for side band fre
quencies with final trim up on carrier frequency. Figure 15 
indicates the approximate normalized impedance characteristic 
as observed at the final amplifier plates in the WCBS trans
mitter. A similar impedance frequency characteristic was 
obtained for WNBC. Since the impedance bandwidth problem is 
significantly worse at 660 kc/s, a dissipative compensating 
network along the lines previously described has been built 
for WNBCts use and is currently under test. Figure 16 indicates 
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the improvement in impedance characteristic available by this 
procedure; these measurements were taken at the transmitter 
output terminals, the impedance there should be similar to a 
series resonant circuit at that point. 

The isolation networks were designed with the intention 
of reducing spurious signals to an absolute minimum. The 
approximate difference frequency, 219 kc/s, is used by a low 
power radio beacon at Teterboro Airport some 15 miles from the 
transmitter plant. The sum frequency, 1540 kc/s, is used in 
Philadelphia, Pennsylvania. The two spurious signals, 220 . 
kc/s and 1546 kc/s, which could interfere with these services, 
are the highest order cross modulation products generated. 
The success of the installed filters in preventing cross modu
lation can best be guaged by the fact that both the 219' kc/s 
and the 1540 kc/s signals can be received with no noticeable 
interference from the WNBC and WCBS signals, within a quarter 
mile of the High Island transmitter. As a further demonstration 
of the isolation between the two transmitters, I asked our 
operating staff to connect a 500 ohm one tenth watt resistor 
between plate and ground of the final amplifier of the WCBS 
transmitter 'and have WNBC operate with 50 kw. I have that 
resistor with me; an~ as you can see, it shows no ill effects 
from that test. If that resistor had dissipated its rated 
power under the foregoing test, the isolation would have been 
57 db. It may be of interest to note here that during tune up 
of the antenna system as much as 80 watts of the WCBS Columbia 
Island signal could be obtained in the High Island antenna 
system, this represents a natural decoupling of about 28 db 
between sites spaced 1.75 miles. The original 4 mile spacing 
between WNBC and WCBS resulted in an isolation of only 
approximately 35 db. It may thus be seen that significantly 
better isolation between transmitters has been achieved in the 
joint plru±than existed when the plants were separated. 

I am sure that you all realize that a project of this 
magnitude that has extended over several years has required 
the cooperation and the diligent efforts of many people in 
both organizations. Specific credit to all of them would take 
more time than is warranted, but there are two that I want to 
especially point out at this time. Mr. William Duttera, our 
Session Coordinator, who was responsible for the original idea, 
and continued to participate in the project; and Mr. John 
Seibert of NBC spent many months following the details of the 
joint construction as well as the details within the WNBC 
portion of the plant. 
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lile Effects of 

lewer Lighting and 

Isolation Circuits 

Upon Tower Impedance 

.f Various AM Towers 

TOWER LIGHTING CHOKE 
(DUAL WOUND) 

TO 117V AC LINE 

Figure I-Single choke tower lighting isolation. 

Tower lighting isolation circuits often affect the measured antenna impedance 

of an AM tower. The results of an investigation of this problem are reported. 

PERHAPS some of you have meas
ured antenna impedances and found 
them to vary when you connected 
the tower lighting or isolation cir
cuits. Or, perhaps, you have inves
tigated apparent transmitter effi
ciencies in the range of 90 to 110 per 
cent. Tower lighting or isolation cir
cuits frequently cause such condi
tions to exist. 

During the course of our consult
ing work, we had encountered these 
conditions and antenna resistance 
changes up to 50 per cent due to the 
effects of tower lighting isolation 
circuits. It was, therefore, deemed 
advisable to investigate these effects 
in more detail. 

To this end, special equipment 
was set up to measure the antenna 
impedance of KSTR, Grand Junc
tion, Colo., which operates on an 
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By VIR N. JAMES* 

8.ssigned frequency of 620 kilocycles. 
Impedance measurements of the 
KSTR SOO-ft. tower over the entire 
broadcast band provided an oppor
tunity to study the effects of tower 
isolation circuits for effective an
tenna heights which varied with fre
quency from 0.15 to 0.5 wavelength. 
The investigation consisted of tower 
impedance measurements without 
isolation circuits and then with vari
ous tower isolation circuits con
nected. 

Tower lighting isolation circuits 
commonly encountered consist of 
the following types: 

1. A single dual-wound choke. 
This choke is often supplied in 
diameters of approximately 5 inches 
and lengths up to 18 inches with a 
two-layer winding. One winding 
connects each side of the ac circuit 

to the tower lights. Some chokes are 
triple wound to accommodate a 
third tower circuit. A simple sche
matic showing the connection of a 
single dual-wound lighting choke is 
shown in Figure 1. 

2. Sometimes two of these chokes 
are used in tandem. A schematic of 
tandem chokes is shown in Figure 2. 
It will be noted that the neutral 
side of the tower light is shown tied 
to the tower so that the tower iso
lation choke functions as a static 
drain choke. 

S. An entirely different means of 
tower lighting isolation is provided 
by the transformer isolation type or 
so-called "Austin" transfol'mer. 
Transformer isolation is shown in 
Figure S. 

The tower isolation chokes fre
quently encountered have a high 
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2 TOWER LIGHTING CHOKES 
(DUAL WOUND) 

TO 117V AC LINE 

Figure 2-Tandem choke tower lighting isolation. 

CAPACITANCE TO GROUND 
28 TO 32 UUF 

117V AC LINE 
'-----<t-====t-:L 

Figure 3-Transformer tower lighting isolation. 

"'Consulting Radio Engineer, 232 S. Jasmine, Denver 22, Colo. 

This report was presented at the 14th NAB Engineering Conference. 
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Figure IO-One-fourth-wave 
line isolation. 

Figure II - Insulated sam
pling loop isolation. 

SAMPLING LOOP AND LINE 
TIED TO TOWER 

TO 
PHASE METER 

Figure 12-Parallel resonance isolation. 

MEASURED ANTENNA IMPEDANCE 
KSTR Tower - Height 300 ft. 

value of inductance on the order of 
350 microhenries. The transformer 
isolation units consist of a large 
doughnut-shaped primary winding 
connected to the 60-cycle power 
line. The tower lights are supplied 
with current from a secondary 
doughnut winding located In the 
field of the primary but spaced sev
eral inches from it. 

The effects upon tower imped
ances of tower lighting chokes may 
be thought of as a highly inductive 
circuit with a significant amount of 
circuit resistance at the R.F. fre
quency. The effect is further com
plicated by a distributed capaci·· 
tance effect. The mathematics for 
calculating the effects of such tower 
lighting chokes in the range where 
the operation is critical is quite dif
ficult. However, their performance 
may be obtained easily and rapidly 
with a radio frequency bridge. The 
transformer isolation circuit, on the 
other hand, shunts the antenna im
pedance with a capacitance of ap
proximately 30 micromicrofarads. 
The effects, therefore, of the trans
former isolation is more readily cal-

(Continued on page 27) 
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.374 
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.406 

.414 

.420 

.427 

.435 

.444 
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.459 

.466 

.475 

.481 

.491 

Tower Only 
R X 
11.3 -153 
18.7 -86.7 
22.2 -63 
24.6 -50 
28.1 -30-
31.3 -17.2 
36.5 +5 
41 19 
48 41 
53.2 55 
60 70 
71 94 
82 1I3 
95.7 135 

ll4.5 162 
134 186 
153.5 207 
185 231 
231 261 
271.5 275 
340 294 
400 299 
496 292 
575 268 
690 164 
730 90.8 
760 -50 
765 -146 
750 -263 
700 -330 
603 -416 
515 -438 
435 -444 
350 -442 
285 -428 
249 -415 
207 -395 
182.2 -380 
154 -356 
138 -339 
ll7.2 -31I 

2 Chokes 
R X 

12.2 11.8 
19.1 18.6 
22.8 21.9 
25.2 24.5 
29.2 30.0 
32.3 33.0 
37.4 36.9 
41.5 4l.I 
48.9 48.2 
54 52.8 
60 58.9 
71 70.1 
81.5 82.3 
95.2 95.7 

ll4 ll3.8 
131 132.1 
151 206 
184 230 
231 259 
272 275 
350 294 
410 299 
530 287 
620 238 
720 138 
767 55 
787 -1I6 
750 -232 
668 -380 
565 -414 
465 -431 
394 -436 
325 -435 
269 -422 
218 -403 
187 -389 
153 -367 
134 -351 
ll4 -326 
101 -308 
86 -269 

I Choke 
R X 

13.9 13.4 
20.1 19.7 
23.7 23.0 
26.0 24.6 
30 28.7 
33 32.9 
37.9 38.3 
42 43 
49 50 
54.5 54.1 
60.2 59.7 
73 72.1 
84 83 
98 97.3 

121 120 
146 145 
171 208 
215 232 
290 253 
359 252 
490 229 
580 254 
633 -95 
580 -300 
353 -332 
214 -326 

83.3 -205 
48.1 -71.4 
57.3 +177 

ll9 306 
281 374 
493 380 
760 318 
862 29 
730 -316 
607 -410 
423 -465 
336 -464 
251 -448 
210 -421 
163 -357 

Trans. 
R X 

11.0 10.8 
18.2 17.9 
20.2 19.9 
24.6 24.0 
28.9 28.2 
32 31.0 
37.5 36.9 
42 40.8 
50 50 
56 55.1 
62.9 63 
76 77 
87 87 

102.2 101.6 
123.3 123.0 
148 147 
170 206 
206 232 
267 259 
312 274 
400 283 
475 278 
580 240 
655 149 
740 -7 
770 -109 
782 -222 
770 -290 
712 -374 
590 -420 
460 -439 
383 -440 
315 -434 
265 -421 
214 -403 
189 -389 
158 -368 
139 -352 
ll9 -329 
108 -311 
92 -280 
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Mississippi 
Jackson 

Ellington Radio, Inc. 
FL 3-2769 

Missouri 
Kansas City 

Burstein·Applebee Company 
BAltimore 1·1155 

St. Louis 
Graybar Electric Company 
JEfferson 1-4700 

New Hampshire 
Concord 

Evans Radio 
CApital 5·3358 

New Jersey 
Camden 

General Radio Supply Co. 
WO 4-8560 (in Phila.: WA 2-7037) 

New Mexico 
Alamogordo 

Radio Specialties Company, Inc. 
HEmlock 7-0307 

Albuquerque 
Radio Specialties Company, Inc. 
AM 8-3901 

New York 
Buffalo 

Genesee Radio & Parts Co., Inc. 
DElaware 9661 
Wehle Electronics Inc. 
TL 4·3270 

Mineola, Long Island 
Arrow Electronics, Inc. 
Pioneer 6·8686 

New York City 
H. L. Dalis, Inc. 
EMpire 1·1100 
Milo Electronics Corporation 
BEekman 3-2980 
Sun Radio & Electronics Co., Inc. 
ORegon 5·8600 
Terminal Electronics, Inc. 
CHelsea 3·5200 

Ohio 
Cincinnati 

United Radio Inc. 
CHerry 1·6530 

Cleveland 
Main Line Cleveland, Inc. 
EXpress 1·4944 
Pioneer Electronic Supply Co. 
SUperior 1-9411 

Columbus 
Buckeye Electron ic Distributors, Inc. 
CA 8·3265 

Dayton 
SrepcD, Inc. 
BAldwin 4-3871 

Oklahoma 
Tulsa 

S & S Radio Supply 
LU 2-7173 

Oregon 
Portland 

Lou Johnson Company, Inc. 
CApital 2-9551 

Pennsylvania 
Philadelphia 

Almo Radio Company 
WAlnut 2-5918 
Radio Electric Service Co. 
WAlnut 5·5840 

Pittsburgh 
Marks Parts Company 
FAirfax 1-3700 

Reading 
The George D. Barbey Co., Inc. 
F~ 6-7451 

Tennessee 
Knoxville 

~_9~~4rant Brothers Company 

Texas 
Dallas 

Graybar Electric Company 
Riverside 2-6451 

Houston 
Busacker Electronic Equipment Co. 
JAckson 6-4661 
Harrison Equipment Company 
CApitol 4-9131 

Utah 
Salt Lake City 

Standard Supply Company 
EL 5-2971 

Virginia 
Norfolk 

Priest Electronics 
MA 7-4534 

Washington 
Seattle 

Western Electronic Company 
AT 4-0200 

West Virginia 
Bluefield 

Meyers Electronics, Inc. 
DAvenport 5-9151 

Wisconsin 
Milwaukee 

Electronic Expeditors, Inc. 
WOodruff 4-8820 

TOWER IMPEDANCE 
Starts on page 4 

culated. It should be noted that 
transformer isolation does not pro
vide a static drain. This must be 
added. 

The measurements of the KSTR 
tower were made under the follow
ing conditions: 

A. No lighting isolation. 
B. One tower lighting choke. 
C. Two tower lighting chokes 111 

tandem. 
D. Tower shunted by a 3(} micro

microfarads capacitor to simulate 
the transformer isolation. 

The measurements of the KSTR 
tower with the various forms of 
tower lighting isolation described 
above were performed using a Gen
eral Radio type 916-AL radio fre
quency bridge. The signal generator 
consisted of a very stable master 
oscillator followed by a power am
plifier to isolate the effects of the 
bridge on the oscillator_ A built-in 
electronic voltage regulator main
tained the oscillator frequency and 
output very stable. The detector 
consisted of a very selective, well 
shielded, superheterodyne receiver. 
The switching arrangement was set 
up to disconnect the tower lighting 
circuits or to permit connecting one 
choke, two chokes in tandem, or the 
shunt capacitance. 

Figure 4 is a plot of the base 
tower resistance for the entire 
broadcast band as shown by a 
broken curve. The solid curve is a 
plot of the resistance obtained with 
a single dual-wound tower lighting 
choke connected. It will be noted 
that the tower resistance showed a 
maximum change from 765 ohms 
down to 48 ohms at a frequency of 
1275 kilocycles, corresponding to a 
tower height of approximately 0.4 
wavelengths. This represents a 
drastic change of 93.8 per cent. It is 
to be noted that the variation of 
tower resistance within the one 
quarter wave region was fairly 
small. 

In Figure 5 it will be seen that 
when two tower lighting chokes 
were used in tandem, a great deal 
less change in antenna resistance 
occurred. In fact over a broad band 
from G.25 to 0.35 wavelength of 
tower height close agreement was 
obtained with basic tower resistance. 

Figure 6 shows how transformer 

isolation affects tower resistance. 
This system proy-ed inferior to the 
two chokes in tandem, although 
vastly superior to the single choke 
commonly utilized. Very little 
change in antenna resistance oc
curred over only a small range of 
approximately .2 to .25 wavelength 
antenna height. At all other antenna 
heights, the transformer caused a 
significant change in measured an
tenna resistance. While the effect 
upon tower reactance may not be as 
significant as tower resistance for 
non-direction operation, it is quite 
important in directional antenna 
work. 

Figure 7 shows the effect upon 
the measured tower reactance of a 
single tower lighting choke isolation 
circuit. Again the tower reactance 
without any isolation circuit is 
shown as a dashed curve. The tower 
reactance obtained with a single 
choke connected in the tower light
ing circuit is shown by the solid 
curve. Here the effect is exceedingly 
great. For instance, at 1375 kilo
cycles corresponding to an antenna 
height of approximately _420 wave
length, the reactance changed from 
a negative 438 ohms up to a positive 
380 ohms. This change of 818 ohms 
represents a percentage change of 
187 per cent. Again, the use of two 
chokes in tandem greatly reduces 
the adverse effect of the tower 
lighting circuit upon the measured 
true reactance, as shown in Figure 8_ 
Similarly, Figure 9 illustrates the ef
fect of transformer isolation upon 
the tower reactance. Again, the iso
lation transformer, while radically 
better than a single choke, measured 
inferior to the two chokes in tandem. 

It may be noted, however, that in 
critical areas of tower height con
siderable resistance and reactance 
variations occurred with the use of 
these types of tower lighting isola
tion circuits. 

Other forms of isolation are nor
mally used to prevent loss of radio 
frequency power in AM towers, 
when other radio services share the 
same tower. Figure 10' illustrates a 
circuit which isolates an FM an
tenna from an AM tower. Here the 
outer conductor of the coax line is 
tied to the tower near the top while 
a length of line of approximately 
one-quarter wave length long (at 
the AM frequency) is insulated from 
the tower. A capacitor is frequently 
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connected from the base of the 
tower to the coax outer conductor 
at the point where it is also con
nected to ground. This length of in
sulated line, together with the tower, 
forms a one-quarter wave resonant 
circuit having the top end shorted 
with resulting high impedance at the 
open lower end. This high impe
dance formed by the one-quarter 
wave stub serves to isolate FM or 
TV service from the AM tower. In 
practice the grounding point and/or 
the top point, which is tied to the 
tower, is moved until the measured 
AM antenna impedance shows that 
it is unaffected by the presence of 
the FM or other service. 

In Figure 11 a sampling loop is 
isolated from the tower merely by 
insulation. This type of sampling 
loop isolation is frequently utilized 
in simple two-tower directional an
tenna systems. However, frequently 
it has been found that insulated 
sampling loops appreciably change 
the measured antenna impedance, 
often due to a significant capaci
tance coupling effect. Several cases 
of radical pattern distortion have 
been encountered even in simple 
two-tower directionals. 

Figure 12 illustrates a parallel 
resonant type of isolation for sam
pling loops. In this system one side 
of the pickup loop and the outer 
conductor of the coax line is tied to 
the tower. Indeed, the line is bond
ed to the tower at frequent inter
vals. At the base of the tower, the 
coax line is connected to a large coil 
formed by the coaxial cable. This 
coaxial coil must be tuned close to 
resonance if the tower impedance is 
to be unaltered by the pickup loop. 
It has been found that improper 
tuning of such tank circuits permits 
attainment of wide variations of 
tower impedances. However, where 
these circuits are properly tuned, no 
undesirable effects have been en
countered. 

Although time did not permit, nor 
did the manufacturer care to supply 
a tunable resonant choke for tower 
lighting isolation, nevertheless, this 
form may be entirely satisfactory. 

Conclusion: Regardless of the 
t.ype of tower isolation circuit em
ployed, the performance must be 
thoroughly checked. It is hoped that 
the broadcast equipment suppliers 
will make more suitable isolation 
circuit systems available. 

SINE SQUARED 
Starts on page 12 

ponent) is different from the modu
lation (chrominance component), 
they will not register and the differ
ence in delay may be easily deter
mined. Further, this same presenta
tion shows whether the frequency 
response of the system is flat since 
again complete registry should occur. 

Linearity Testing 
As indicated earlier the sin' tech

nique may be used for linearity 
testing. This is perhaps misleading 
and still the technique makes use of 
conventional sin' shaping filters so 
it is included for the sake of com
pleteness. 

The conventional signal used for 
testing linearity is the stair step. 
Usually ten steps are used. For the 
proposed test the number of steps is 
first reduced to five and the signal 
is introduced into the system. At the 
output the signal is differentiated so 
that spikes all having a common 
base result. This signal is fed into 
a sin' pulse shaping filter so as to 
bandwidth limit the noise and is then 
presented on an oscilloscope. It is a 
simple matter to see whether all five 
pulses have identical amplitude (the 
case for perfect linearity) . 

The shaping filter should be such 
as to produce a 2.75 usee h.a.d. pulse 
in the conventional manner. The 
response is 6 db down at 182 kc/s 
and zero 364 kc/s. If more steps are 
used it becomes necessary to use 
narrower pulses which in turn have 
wider bandwidth and consequently 
introduces more noise with conse
quent error. 

Conclusions 
As was indicated at the beginning 

this paper is intended as 8, survey of 
the uses of the sin' pulse; to try to 
show where it may provide more 
direct means of evaluating circuits; 
and finally to establish techniques 
for general picture enhancement. 
The equipment for some uses is com
plex, for others it is relatively sim
ple. There is, however, a great 
amount of material available in the 
literature and more will doubtless 
appear. In bj:oad perspective the sin' 
pulse is a powerful tool. It can ~·e
veal many deficiencies. It requires 
a certain amount of education and 
experience to appreciate its full 
potential. 
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TtiE FOLDED UNIPOLE ANTENNA FOR AMi-

By JOHN H. MULLANEY* 

THIS article will discuss a method for reducing the 
physical height of an antenna system without serious
ly impairing its electrical characteristics. This will be 
accomplished by use of folded-unipole antenna theory. 
Present day techniques dictate that in order to re
duce the physical size of an antenna system and still 
obtain a reasonable efficiency, inductive or capacitive 
loading be utilized in order to change the current 
distribution of the array. It will be shown that by 
grounding a vertical structure and folding back one 
or more conductors parallel to the side of the struc
ture, it is possible to obtain a wide range of resonant 
radiation resistances by varying the ratio of the 
diameter of the folded back conductor in relation to 
the tower. It wiII also be shown that a top-loaded 
folded-unipole antenna can obtain a wide range of 
resonant radiation resistances and at the same time 
obtain a band-width many times greater than the 
same antenna without loading and use of the folded
unipole method of feed. 

Series-fed vertical antennas are commonly used 
in standard broadcast service today. Some stations 
use a shunt-fed antenna, but the great majority are 
series-fed. The folded-unipole antenna could be called 
a modification of the standard shunt-fed system. In
stead of having a slant wire leaving the tower at an 
angle of approximately 45° (as used for shunt-fed 

systems), the folded-unipole antenna has wires (one 
or more can be used) attached to the tower at a 
pre-determined height, supported by stand-off in
sulators, and run parallel to the sides of the towel' 
to its base. The tower is grounded at its base-that 
is, no base insulator is used. These folds, or wires, are 
joined together at the base and driven at this point 
through an impedance matching network. Depend
ing upon the type of folded-unipole antenna used, 
the wires may be connected to the tower at the top 
and/or at pre-determined levels along the tower 
(shorting stubs). 

The folded-unipole antenna has the advantage of 
not requiring a base insulator, lighting chokes, or 
isolation transformers. It provides better protection 
against lightning, due to the fact that the antenna is 
grounded. In addition, the folded-unipole antenna, 
on a comparison basis, will develop a somewhat high
er radiation efficiency, particularly for towers of the 
order of 45° to 60° high. The band-width for the 
folded-unipole antenna is also superior to that of a 
series or shunt-fed antenna system. The folded-uni
pole has an additional advantage over a series or a 
bhunt-fed system in that it wiII operate with a much 
shorter ground system and still produce approxi
mately the same effective field. 

Basically speaking, a folded-unipole antenna can 

'Consultlng Engineer, 2000 PSt .. N. W., Washington 6, D. C. 
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IROADCASTING 

The advantages of using a folded antenna for 

broadcast include the elimination of the base 

insulator, lightning choke, and isolation 

transformer, higher radiation efficiency, wide 

bandwidth, adjustable radiation resistance, and 

the use of a shorter ground system. These and 

other factors dealing with the design and 

construction of the folded unipole AM radiator 

are described in this article. 

be visualized as a half-wave folded-dipole perpen
dicular to the ground and cut in half. The following 
discussion will briefly treat the theory of and re
sults obtained from this type of antenna system. 

Theory of Folded-Unipole Antenna 
To readily understand the folded-unipole antenna 

and its use in feeding a grounded tower, let's take a 
quick look at some basic transmission line theory. 
We know that a transmission line which is less than 
90° in length and shorted at its far end will appear 
inductive at its input terminals. If this line is in
creased in length so that it equals a quarter wave, it 
will appear to be a parallel resonant circuit at its 
input. That is, it will appear to have very high im
pedance. 

Figure 1 illustrates a one fold, folded-unipole an
tenna. In order to determine its input impedance, let 
us assume a generator voltage (e) and then find the 
current (I) flowing in the lower end of element d t 

as illustrated in Figure 1. Roberts (Input Impe
dance of a Folded Dipole, R.C.A. Review, Volume 8, 
No. fl, June, 1947, W. Van B. Roberts) has out
lined a method for analysis of a folded-unipole an
tenna. 

Referring to Figure fl, it should be noted that 
Generator A is opposing Generator C, with respect 

d 

Figure I. A one fold. 
folded unipole an
tenna. 

Figure 2. 

d 

B 

Figure 3. The folded unipole antenna with unequal size 
conductors. 
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Figure 4. Top view of a uniform cross-section, guyed tower rigged for a six wirefolded-unipole antenna. 

to the lower end of element d2 • Thus, element d 2 is 
grounded so far as any voltage is concerned. 

Generators Band C impress a voltage, 2E, on the 
lower end of element d l ; thel'efore, Figure 2 is equiva
lent to Figure 1. Our reason for using three gen
erators is that it is fairly easy to determine the cur
rent developed by each generator and then by the 
principle of superposition, add these currents to ob
tain the actual current in the lower end of element 
dl . 

Let's go a little further and first assume that there 
is no voltage (for the moment) in the lower gen
erator. There is then only the voltage 2E acting be
tween the lower ends of d l and d2 • Inasmuch as 
elements d l and d2 form a 900 transmission line, 
shorted at the far end, their impedance is very 
high; consequently, only a small current will flow 
into element d l . Next, assume there is voltage only 

in Generator C. Then, since the lower ends of d l and 
d2 are shorted together (by the zero internal im
pedance of A and B), the two elements act as a 
simple 90 0 radiator made up of two elements con
nected in parallel. If R is the radiation resistance of 
this radiator, Generator C will supply a total current' 
equal to E/R to this composite antenna, but by 
symmetry, this current divides equally between u\ 
and d2 , so that the current entering element d l is: 

1/2 E 
1,=-- (1) 

R 
Thus, if Generators A, Band C are all working at 

once, the voltage impressed on element d l is 2E, 
while the current entering it is 112 E/R plus a very 
small amount produced by Generators A and B work
ing above. The input resistance of element d l , being 
the ratio of voltage impressed to resulting current 
flow, is therefore approximately 4R. If the two ele-
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.• .niehts .... a,re close together, the value of resistance will 
be different from that of a single radiator, and the 
impedance multiplication due to folding is approxi
mately :four. 

The imFedance transformation can be expressed as follows: 
Z, 

The impedance transformation = -- = (l + n)' (2) 
Zo 

Where: 
Z, = input impedance of the folded-unipole antenna. 
Zo = i:n.put impedance of a single antena. 

I. 
n = current ratio -- = 1 

I, 

Up to this point, we have discussed equal size con
ductors, that is the diameter of the tower and the 
fold is the same. However, with the introduction of 
the tran sfoI'mation ratio, as noted in (~), we are now 
prepared to discuss the operation of a folded-unipole 
antenna with unequal diameter conductors. Figure 3 
illustrates the folded-unipole antenna with unequal 
size conductors. 

Generators A and C are alike in order to put 
zero vol tage on element d2 , but Generator B must 
now be so chosen that no current will flow through 
Generator C when it is not producing voltage. The 
determination of this voltage (el) is one of the two 
essentials to the solution of the problem. The other 
is to determine how the current produced by Gen
erator C, acting above, divides between elements d 1 

and d 2 • This problem becomes extremely complex 
because of the non-symmetry of the elements and 
there are several methods which can be used to solve 
the problem. "Guertler" (Impedance Transformation 
in Folded-dipok, Proceedings of the IRE, September 
1950) demonstrates a method for determing this vol
tage. "Roberts". has also demonstrated methods for 
determining this voltage. We will use the electrostatic 
or capacitive method discussed by Roberts, since this 
method appears to offer the most promise for a sim
ple solution. Briefly, this theory states that the cur
rent will divide directly as the ratio of the capacitie,s 
of the elements, while the voltage ratio will he th,~ 

inverse of the capacity ratio. To solve our problem 
then, we must assign undefined capacities, CI and c~ 
to elements dl and d2 • Then: 

e c, 
(3) 

el C2 

The current entering element d1 is the total cur
rent produced by Generator C acting alone multiplied 
by: 

C,j(Cl + C2) (4) 

Neglecting the very small current produced by 
Generators A and B acting alone, as already dis
cussed for equal elements, the total current due to 
Generator C alone IS: 

e 
(5) 

R 
Where R = radiation resistance of the two elements connected 

in parallel. 
The driving point impedance of the antenna is: 

(e + e,) 

the current entering d, 
(6) 

Thus, it is readily proven that the driving point impedance is: 
R (l + C2)' 

(7) 
C, 

Dec:ember, 1960 

The foregoing method of determination indicate~ 
that the impedance step up ratio depends upon the 
ratio of the elements' diameters, being inversely pro
portional to the diameter of the excited fold or ele
ment and directly proportional to the diameter of the 
grounded element. The spacing between the tower 
and fold is not extremely critical, but does determine, 
to some extent, the impedance transformation ratio. 
Although this type of antenna has good band-width, 
its band-width characteristics will be decreased if a 
transformation ratio of greater than approximately 
ten is attempted by means of the spacing ratio. It 
has been found that the best way to increase the 
band-width of the antenna is to increase the number 
of folds. 

The electrostatic or capacitive method outlined by 
Roberts is primarily a physicist's approach to a so
lution of the folded-unipole antenna. It can be shown 
that the impedance transformation ratio for a folded 
unipole antenna where unequal diameters are used 
IS: 

Transformation ratio = (1 + Z,)2 
(8) 

Where: 
Z, = the characteristic impedance of a transmission line made up 

of the smaller of the two conductor diameters spaced the 
center to center distance of the two conductors in the an
tenna. 

Z2 = the characteristic impedance of a transmission line made up 
of two conductors the size of the larger of the two. 

The above equation assumes that the power will 
be fed to the smaller conductor (fold). That is, the 
feed line from the transmitter is connected in series 
with the fold (fold's diameter always a.ssumed small
er thar! tower's) so that an impedance step-up of 
greater than four will be achieved. 

The magnitudes for Zl and Z2 of equation (8) for 
uniform cross-section conductors can be determined 
from standard transmission line formulas. 

During the past five years, numerous experimental 
measurements have been made on different types of 
folded-unipole antennas for broadcast use. Our ex-

Figure 5. Details of 
the fold attachment 
at the tower's base. 
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Figure 6. Detailed drawing of the crossarms. 

perience indicates that the average height of a non
directional broadcast antenna will vary somewhere 
between 150 and 800 ft. Inasmuch as the change in 
frequency from the low end to the high end of th(~ 
broadcast band is approximtaely three to one and if 
we assume that the height of the broadcast antenna 
is not higher than 90 0 and six driven folds are used 
on the tower without any shorting stubs, the fol
lowing empirical expression may be used to obtain 
the impedance of a folded-unipole antenna: 

Zfu = 3.6 (Zul (9) 
Where: 
Zfu = base impedance of the folded-unipole in ohms. 
Zl1 = base self-impedance in ohms for the tower height under con

sideration. 
3.6 = empirical constant determined from measurements. 

Equation (9) assumes that the folded-unipole an
tenna is approximately 900 and has not been reso
nated by use of shorting stubs (that is, wires con
nected between each of the folds to the tower at 
predetermined levels, based on impedance measure
ments at the base of the tower) . 

In normal practice, it is desirable to resonate the 
folded-unipole antenna by means of shorting stubs. 
These stubs are actually short circuits connected be
tween each of the folds to the tower at some point 
below the top of the tower. The actual location for 
these shorting stubs must be determined experiment
ally. To do this, first measure the tower with the 
shorting stubs at the very top. Then have a tower 
rigger move the shorting stubs down until jO is 
measured at the base. It should be noted that a 
folded-ullipole antenna will initially measure +j. Con
sequently, if the shorting stubs are moved down the 
tower too far, the measured reactance sign will change 
to a minus, indicating that the antenna has gone 

8 

through resonance. Hence, this means that the short
ing stubs should be moved up until jO is obtained. 
This conditio!!. is theoretically referred to as first 
resonance. At resonance, Z = R; hence, the follow
ing empirical expression may be used for obtaining 
the resistance of a folded-unipole antenna at first 
resonance: 

Zfu = 7.3 (Rll) (10) 
Where: 
Zfu = base impedance or resistance for folded-unipole at first re

sonance (ohms). 
Rll = self-base resistance of tower (ohms). 
7.3 = empirical constant determined from measurements. 

Practical Aspects of Folded-Unipole Antennas 
So far, we have discussed how to determine the 

impedance for a folded-unipole antenna, assuming it 
had six folds, but no information has been given 
with regard to the practical construction of this type 
of antenna. Equations (9) and (10) were developed 
from measurements of what we call our standard 
broadcast folded-unipole antenna. 

Figure 4 is a top view of a uniform cross-section, 
guyed towel' rigged for a six wire folded-unipole an
tenna. 

Figure 5 is a drawing indicating the details of the 
fold attachment at the tower's base. 

Figure 6 is a detail drawing of the cross-arms or 
spider. 

Figure 7 is a bill of materials for a typical folded
unipole antenna installation on a uniform cross-sec
tion guyed tower. 

Figure 8 is a plot of impedance measurements ob
tained on a ~OO ft. tower with six folds at 1570 KC. 
This towel' is 0.819 wave lengths or approximately 
115° high and would be expected to have a self
impedance (Zll) of 155 j~60; however, when "it is 
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...i.QniVerte-d to a folded-unipole antenna and the folded
unipole shorting stubs have been adjusted to obtain 
jO or reSonance at the base, the resistance is multi
plied up to 1.170 ohms. This is a transformation ratio 
of 7.55. .In order to transform this impedance to 50 
ohms jO (transmission line impedance), an "L" or 
"'1''' type of network may be used. We prefer to use 
a modified version of an "L" network (See Figure 
10) and treat the transmission line resistance as a 
series resistance of a parallel network at resonance. 

The following formulas may be used to determine 
Xl and :Xc for an "L" network: 

X, 
Zfu=-+R, 

R, 
R," 

(11) 

Xc = X, + - (12) 
X, 

X, = v' (R, Zfu) - (R,)' (13) 

The following data furnishes complete information 
for the construction of a typical standard broadcast 
folded-unipole antenna. ' 
Where: 
Zfu = measured base impedance of folded-unipole at resonance 

(ohms). 
R, = transznission line impedance (ohms). 
X, = reactance of series coil (ohms). 
Xc - reactance of shunt condenser (ohms). 

Using the foregoing formulas, a modified L net
work was used to match the impedance shown in Fig
ure 8. Figure 9 is a plot of coupling impedance ob
tained for this antenna system. 

In order to determine the current in the antenna, 
an ammeter may be placed in either the transmission 
line output (input to modified L network) or the 

output of the network (input to the folded-unipole) 
or at both locations for determining power. Thf' 
F.C.C. will allow the meter to be placed at either 
location and to be used for direct measurement of 
power. Where a folded-unipole antenna is operated at 
first resonance, it is recommended that the antenna 
ammeter be placed in the input to the network so 
that a larger scale ammeter can be used. It should be 
noted that inasmuch as the antenna is adjusted to 
jO, line current is a true indication of power. 

Figure 11 is a plot of the measured resistance and 
reactance for a folded-unipole antenna (resonated) 
which is 70° in height at 800 KC. This antenna 
would be expected to have a base impedance (when 
measured without folded-unipole rigging) of 31 +j9. 
Examination of Figure 11 shows that this antenna 
(folded-unipole rigged and resonated) has a feed 
point impedance of 230 +jO. An impedance match 
from 50 ohm line to this impedance can be readily ob-, 
tained by use of an "L" or "'1''' coupling network. 

Current Distribution On A Folded-Unipole Antenna 

During the writer's experiments with folded-unipole 
antennas in 1949 and 1950. for the United States Air 
Force, it was determined by measurement that th,~ 
current distribution on a folded-unipole antenna is 
the same as that of a base insulated antenna of iden
tical height. D. L. Waidelich has proven ("General 
Folded-dipole Antenna Design," Communications, 
April 1949) that the current distribution on a folded
dipole antenna is the same as that of a simple dipole 
antenna. Inasmuch as a folded-unipole is basically 112 

FIGURE 7 

Bill of Materials for Folded-Unipole Antenna Installation 
For Uniform Cross-Section Guyed Tower 

1. 6 pieces of angle iron (Figure 6). 

2. 2 each %" x 1 %" bolts and 2 lock washers. 

3. 12 each %" x lYz" bolts and 12 lock washers. 

4. 12 flat washers 7/16" J.D. maximum O.D. 

5. 12 each %" Clevis Shackle. " 

6. 6 turnbuckles Yz" bolts or larger. 

7. 3 pieces of copper strap 6" wide (long enough 
to ground antenna at base). 

8. 24 wire clamps suitable to attach shorting 
straps to antenna (aluminum deadend clamps). 

9. 6 folds-No.4 NCSR, stranded aluminum wire 
-total length equal to 6 times tower's height 
plus 25' additional. 

10. 6 egg type strain insulators-to insulate folds 
at base of antenna 3" diameter or better. 

11. 36 stand-off insulators (placed at 30.' intervals 
on tower adjacent to folds) (Jocelyn Cross Arm 
Pin and 15 KV Insulator) . 

12. 1 variable vacuum capacitor 10./100.0. uuF or 
equivalent 15 KV, 45 amperes (suggest Jen
nings type). 

December. 1960 

13. 1 variable inductor 0./60 microhenries-appro
priate to handle 1 KW power (suggest Gates, 
Johnson, or Multronics type coil). 

14. 6 springs 4" -6" long. 

15. 1 Weston or equivalent R.F. ammeter 0.-6 amps 
(for 1 KW installations). 

16. 1 remote antenna ammeter unit. 

17. Tuning unit cabinet with bowl feed thru for 
output connection. 

18. Miscellaneous: 
Solder, brazing rod and torches, flux, poly
ethelene tape, hand tools, and small parts to 
mount inductor and variable capacitor. Also 
needed to facilitate the measurements, adequate 
extension lights and a rough support for the 
measuring equipment to provide access to the 
antenna tuner unit. 

Note: All hardware to be galvanized or painted 
with aluminum paint. Dissimilar metal 
clamps recommended for use between tower 
and aluminum wire. 
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Figure 8. Impedance measurements obtained on'a 200 ft 
tower with six folds at 1570 KC. 

of a folded-dipole antenna, it follows that the current 
distribution of a folded-unipole would be the same 
as that of a simple unipole. Further, Sehelkunoff 
("Antennas Theory and Practice," Wiley) has shown 
that the current distribution for a folded-dipole is thc 
same as that of a simple dipole of similar length. 

Numerous field intensity measurements have been 
made during the past five years on folded-unipole an
tennas to determine their current distribution and 
effective Erms. Measurements have been made on 
series-fed antennas before converting to folded-unipole 
and then comparison measurements made to demon
strate that the CUlTent distribution and effectivc 
fields are similar for both antennas. It can therefore 
be concluded that the CUlTent distribution of a 
folded-ullipole type of antenna will be the same as 
that of a simple base insulated series-fed antenna. 

Band-Width Considerations 
The band-width of an antenna depends upon its 

base impedance and the rate with which its reactance 
changes with frequency. The band-width is consid
ered to be the frequency band within which the pow
er is equal to or greater than one-half the power at 
resonance. Expressed in equation form: 

Where: 

2Ra 
Af=

dx 
df 

(14) 

af = band-width in kilocycles between half-power points. 
Ra = measured antenna resistance in ohms. 
dx 
- = slope of reactance· curve at resonant frequency. 
df -
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Figure 9. Plot of coupling impedance. 

The effective band-width will be doubled when the 
generator is matched to the antenna circuit. The Q 
of a folded-unipole antenna can be determined from 
the equation: 

Where: 

fo 
Q=--

Af 

fo = operating frequency in kilocycles. 
Af = band-width of antenna in kilocycles. 

(I 5) 

Our experiments indicate that a folded-unipole an
tenna has a much more desirable band-width char
acteristic than an equal height series-fed antenna. 

Top-Loaded Folded-Unipole Antennas 
For very short towers, advantage may be taken of 

top-loading to increase the effective height of a folded
unipole antenna. 

Our experience indicates that the simplest and most 
effective means for top-loading a folded-unipole an
tenna is to connect the top three guy wires to the 
tower, adjust them to a given physical length and 
then inter-connecting them at the lower end to 
simulate a pyramid. Experimental data indicates that 
the following expression can be used to compute the 
length of guy wires necessary to obtain a given 
amount of top-loading: 

TLo + GO" 

0.705 
Where: 
G eff = desired electrical tower height in degrees. 

TLo = desired top·loading in degrees. 

(I6) 

Gll = electrical height of tower without top-loading in degrees. 
0.705 = empirical constant. 

x z c 
fu 

Figure 10. Schematic of "L" type impedance transforming network. 
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Figure II. Plot of the measured resistance and reactance 
for a folded-unipole antenna 70 degrees in height at 
800 KC. 

Figure 12 is a plot of the measured resistance and 
reactance for it folded-unipole antenna (resonated) 
which is 69.5° in height at 1000 KC and has been 
top-loaded an additional 15.5° to given an electrical 
heigh t of 85 0. This antenna would be expected to 
have a base impedance of 39 +j40 (when measured 
without folded-unipole rigging but with top-loading). 
Figure 12 shows that this antenna (folded-unipole) 
rigged and resonated) has a feed point impedance of 
350 -t--jO. An appropriate impedance transformer 
should be used to match this antenna impedance to 
a transmission line. 

Second Resonance for Folded-Unipole Antennas 
A folded-unipole antenna can obtain a wide range 

of resonant radiation resistance by varying the ratio 
of the diameters of the folded conductors to the 
diameter of the tower. The radiation resistance varies 
as the square of the height and if the transformation 
ratio is raised enough, the height of the antenna can 
be reduced, the limit being the point where ground 
losses consume a prohibitive percentage of the power. 

For practical operation a short antenna should 
have a resistance of at least 50 ohms. Unfortunately 
short series-fed antennas in the range of 45° to 60° 
do not approacll this value; consequently, this type 
of antenna has excessive losses. In these ranges, the 
use of a top-loaded folded-unipole antenna is ex
tremely desirable, inasmuch as these antennas can be 
operated at first or second resonance. For second 
resonance, a top-loaded folded-unipole has a length 
of approximately one-half that of a folded-unipole 
at first resonance. This is the same as saying that if 
a folded-unipole antenna had a length of approxi
mately 90° (electrical), we would expect second 
resonance to occur at approximately one-half this 
length or 45°. The base impedance for a top-loaded 
folded-unipole antenna at second resonance can be 
expressed as: 

R2r = 1580 

[ 
Where: 

h2r 
-X 

2r 

log 482/dl d2 

log 28/d2 
] 2 (17) 

R2r = resistance of folded-unipole at second resonance (ohms). 
h2r = height at second resonance. 

12 

I I I 1 I 1 I 
<400 ~EA~TA~CEI .-I--H-+-+-t-0::;.';;:,:ERAtc-Tl::;;NG:..;'rRE+OU::;EN,:=C-t-Y -I-H-I-+-H-H 

1- ..... -- .-- -- --.-- -- -
J5oH-I--HH--p···-h:-t-++::I-f--I:.::H-+-+-H-I--HH-+H 

", I--'" 

'~r+-r-Hr++~-r"'~'-I-~r+-I'~~H++-tr++H 
I-- ---7~---~~1-- ~ 

2SoH-I--HI7'T-t-H-++H:+t-i-+-+-Hrr+-tr++H 
"" --I---I-I---+--l-+---J'o,d-----1I--+-I--I--l 

200 rESIS~CE H-I-+-tr+-t-H-r···'~.:-.. H-+t-i-+--t"'H-++-i-20 
.... 

IsoH++-I-+-I-H-4--HH---I-H4-.d-r+++-I-+--I-H-.o 
1--1-- ... -.---- I-- -f-·-f- '" ......... 

I ~t--+-I-+-l-l---+--+-+-I-+-t-l---+---+-+-+-+-t--+-+---'1""I-I---+----t-I-'o 

970 990 1000 910 930 950 

FREQUENCY KC 

Figure 12. Plot of resistance and reactance for a folded
unipole antenna which is 69.5 degrees in height at 1000 
KC and has been top-loaded an additional 15.5 degrees 
to simulate electrical height of 85 degrees. 

2r=wave length at second resonance (same units as h2r). 
8 = spacing, center to center. of tower to fold. 
d, = fold diameter. 
d2 = tower diameter. 
8. d, and d2 should be expressed in the same units. 

It should be noted that "loglo" or loge" can be used, 
inasmuch as a ratio is expressed in equation (17). 

It should be noted that the operation of a folded
unipole at second resonance is similar to that at first 
resonance; however, the ratio of the diameter of the 
folds to the tower's diameter and the spacing is much 
more critical. 

UnaHenuated Field Intensity 
It has been observed experimentally that a folded

unipole antenna will develop a higher un attenuated 
field intensity than the same equivalent height series
fed antenna system. The increase in field intensity 
varies between approximately two to ten per cent. 
The greatest increase in field intensity is experienced 
on short antennas in the range 45° to 75°. 

This paper was presented at the 14th Annual NAB Engineering 
Conference. 

Rooftop installation of folded-unipole antenna system at 
WAKE, Atlanta, Ga. 

BROADCAST ENGINEERING 



EFFECTS OF TOWER LIGHTING AND 
ISOLATION CIRCUITS UPON THE IMPEDANCE 

OF VARIOUS AM TOWERS 

UTH NAB 
BROADCAST ENGINEERING CONFERENCE 

CHICAGO. ILLINOIS 
MARCH 1960 

Vir lV. fames 
CONSULTING RADIO ENGINEERS 

1316 S. KEARNEY, DENVER 22, COLORADO SKyline 6-1603 



THE EFFECTS OF TOWER LIGHTING AND 
ISOLATION CIRCUITS UPON TOWER IMPEDANCE 

OF VARIOUS AM TOWERS 

PAGE 1 

PERHAPS SOME OF YOU HAVE MEASURED ANTENNA IMPEDANCES AND FOUND THEM TO 

VARY WHEN YOU CONNECTED THE TOWER LIGHTING OR ISOLATION CIRCUITS. O~, PER-

HAPS, YOU HAVE INVESTIGATED APPARENT TRANSMITTER EFFICIENCIES IN THE RANGE 

OF 90 TO 110~. TOWER LIGHTING OR ISOLATION CIRCUITS FREQUENTLY CAUSE SUCH 

CONDITIONS TO EXIST. 

DURING THE COURSE OF OUR CONSULTING WORK, WE HAD ENCOUNTERED THESE 

CONDITIONS AND ANTENNA RESISTANCE CHANGES UP TO 50~ DUE TO THE EFFECTS OF 

TOWER LIGHTING ISOLATION CIRCUITS. IT WAS, THEREFORE, DEEMED ADVISABLE TO 

INVESTIGATE THESE EFFECTS IN MORE DETAIL. 

To THIS END, SPECIAL EQUIPMENT WAS SET UP TO MEASURE THE ANTENNA IM-

PEDANCE OF KSTR, GRAND JUNCTION, COLORADO, WHICH OPERATES ON AN ASSIGNED 

FREQUENCY OF 620 KILO~YCLES. IMPEDANCE MEASUREMENTS OF THE KSTR 300 FOOT 

TOWER OVER THE ENTIRE BROADCAST BAND, PROVIDED AN OPPORTUNITY TO STUDY THE 

EFFECTS OF TOWER ISOLATION CIRCUITS FOR EFFECTIVE ANTENNA HEIGW"S WHICH 

VARIED WiTH FREQUENCY FROM 0.15 TO 0.5 WAVELENGTH. THE INVESTIGATION CON-

SISTED OF TOWER IMPEDANCE MEASUREMENTS WITHOUT ISOLATION CIRCUITS AND THEN 

WITH VARIOUS TOWER ISOLATION CIRCUITS CONNECTED. 

TOWER LIGHTING ISOLATION CIRCUITS COMMONLY ENCOUNTERED CONSIST OF THE 

FOLLOWING TYPES: 

1. A SINGLE DUAL-WOUND CHOKE. THIS CHOKE IS OFTEN SUPPLIED IN 

DIAMETERS O~ APPROXIMATELY 5 INCHES AND LENGTHS UP TO 18 INCHES WITH 

A TWO LAYER WINDING. ONE WINDING CONNECTS EACH SIDE OF THE AC CIRCUIT 

TO THE TOWER LIGHTS. SOME CHOKES ARE TRIPLE WOUND TO ACCOMODATE A 

THIRD TOWER CIRCUIT. A SIMPLE SCHEMATIC SHOWING THE CONNECTION OF 

A SINGLE DUAL-WOUND LIGHTING CHOKE IS SHOWN IN FIGURE 1. 

VIR N. JAMES, CONSULTING RADIO ENGINEERS, DENVER, COLO., lARCH 1960 
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2. SOMETIMES TWO OF THESE CHOKES ARE USED IN TANDEM. A SCHEMATIC 

OF TANDEM CHOKES IS SHOWN IN FIGURE 2. IT WILL BE NOTED THAT THE 

NEUTRAL SIDE OF THE TOWER LIGHT IS SHOWN TIED TO THE TOWER SO THAT THE 

TOWER ISOLATION CHOKE FUNCTIONS AS A STATIC DRAIN CHOKE. 

3. AN ENTIRELY DIFFERENT MEANS OF TOWER LIGHTING ISOLATION IS PRO

VIDED BY THE TRANSFORMER ISOLATION TYPE OR SO-CALLED MAUSTINM TRANS

FORMER. 1RANSFORMER ISOLATION IS SHOWN I~ FIGURE 3. 

THE TOWER fSOLATION CHOKES FREQUENTLY ENCOUNTERED HAVE A HIGH VALUE 

OF INDUCTANCE ON THE ORDER OF 350 MICROHENRIES. THE TRANSFORMER ISOLATION 

UNITS. CONSIST OF A LARGE DOUGHNUT SHAPED PRIMARY WINDING CONNECTED TO THE 

60 CYCLE POWER LINE. THE TOWER L1GHTS ARE SUPPLIED WITH CURRENT FROM A 

SECONDARY DOUGHNUT WINDING LOCATED IN THE FIELD OF THE PRIMARY BUT SPACED 

SEVERAL INCHES FROM IT. 

THE EFFECTS UPON TOWER IMPEDANCES OF TOWER LIGHTING CHOKES MAY 8E 

THOUGHT OF AS A HIGHLY INDUCTIVE CIRCUIT WITH A SIGNIFICANT AMOUNT OF 

CIRCUIT RESISTANCE AT THE R.F. FREQUENCY. THE EFFECT IS FURTHER COMPLI

CATED BY A DISTRIBUTED CAPACITANCE EFFECT. THE MATHEMATICS FOR CALCULATING 

THE EFFECTS OF SUCH TOWER LIGHTING CHOKES IN THE RANGE WHERE THE OPERATION 

IS CRITICAL, IS QUITE DIFFICULT. HOWEVER, THEIR PERFORMANCE MAY BE OBTAINED 

EASILY AND RAPIDLY WITH A RADIO FREQUENCY BRIDGE. THE TRANSFORMER ISOLATION 

CIRCUIT ON THE OTHER HAND SHUNTS THE ANTENNA IMPEDANCE WITH A CAPACITANCE OF 

APPROXIMATELY 30 MICROMICROFARADS. THE EFFECTS, THEREFORE, OF THE TRANS-

FORMER ISOLATION IS MORE READILY CALCULATED. 'T SHOULD BE NOTED THAT 

TRANSFORMER ISOLATION DOES NOT PROVIDE A STATIC DRAIN. THIS MUST BE ADDED. 

THE MEASUREMENTS OF THE KSTR TOWER WERE MADE UNDER THE FOLLOWING 

CONDITIONS: 

A. No LIGHTING ISOLATION 

VIR N. JAMES, CONSULTING ~ADIO ENGINEER, DENVER, COLO., MARCH, 1960. 



B. ONE TOWER LIGHTING CHOKE 

C. Two TOWER LIGftTING CHOKES IN TANDEM 

D. TOWER SHUNTED BY A 30 MICROMICROFARADS CAPACITOR TO SIMULATE 

THE TRANSFORMER ISOLATION. 

THE MEASUREMENTS OF THE KSTR TOWER WITH THE VARIOUS FORMS OF TOWER 

LI GHTI NG I SOLATI ON DESCR I BED ABOVE, WERE PERFORMED USI NG A GENERAL RADIO 

TYPE 916-Al RADIO FREQUENCY BRIDGE. THE SI GNAL GENERATOR CONSI STED OF" A 

VERY STABLE MASTER OSCILLATOR FOLLOWED BY A POWER AMPLIFIER TO ISOLATE THE 

EFF"ECTS OF THE BRIDGE ON THE OSCILLATOR. A BUILT-IN ELECTRONIC VOLTAGE 

REGULATOR MAINTAINED THE OSCILLATOR FREQUENCY AND OUTPUT VERY STABLE. THE 

DETECTOR CONSISTED OF A VERY SELECTIVE, WELL SHEILDED, SUPERHETERODYNE RE

CEIVER. THE SWITCHING ARRANGEMENT WAS SET UP TO DISCONNECT THE TOWER LIGHT

ING CIRCUITS OR TO PERMIT CONNECTING ONE CHOKE, TWO CHOKES IN TANDEM, OR 

THE SHUNT CAPACITANCE. 

FIGURE 4 IS A PLOT OF" THE BASE TOWER RESISTANCE F"OR THE ENTIRE BROAD

CAST BAND AS SHOWN BY A BROKEN CURVE. 1HE SOLID CURVE IS A PLOT or THE 

RESISTANCE OBTAINED WITH A SINGLE DUAL-WOUND TOWER LIGHTING CHOKE CONNECTED. 

IT WILL BE NOTED THAT THE TOWER RESISTANCE SHOWED A MAXIMUM CHANGE F"ROM 765 

OHMS DOWN TO 48 OHMS AT A F"REQUENCY OF" 1275 KILOCYCLES, CORRESPONDING TO A 

TOWER HEIGHT OF APPROXIMATELY 0.4 WAVELENGTHS. 1H15 REPRESENTS A DRASTIC 

CHANGE OF 93.81. IT IS TO BE NOTED THAT THE VARIATION OF TOWER RESISTANCE 

WITHIN THE ONE QUARTER WAVE REGION WAS FAIRLY SMALL. 

IN F,GURE 5 IT WILL BE SEEN THAT WHEN TWO TOWER LIGHTING CHOKES WERE 

USED IN TANDEM, A GREAT DEAL LESS CHANGE IN ANTENNA RESISTANCE OCCURRED. tN 

F"ACT OVER A BROAD BAND F"ROM 0.25' TO 0.35 WAVELENGTH OF" TOWER HEIGHT CLOSE 

AGREEMENT WAS OBTAINED WiTH BASIC TOWER RESISTANCE. 

FIGURE 6 SHOWS HOW TRANSF"ORMER ISOLATION EF"F"ECTS TOWER RESISTANCE. 

THIS SYSTEM PROVED INFERIOR TO THE TWO CHOKES IN TANDEM, ALTHOUGH VASTLY 

SUPERIOR TO THE SINGLE CHOKE COMMONLY UTILIZED. VERY LITTLE CHANGE IN 
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ANTENNA RESISTANCE OCCURRED OVER ONLY A SMALL RANGE OF APPROXIMATELY .2 

TO .25 WAVELENGTH ANTENNA HEIGHT. AT ALL OTHER ANTENNA HEIGHTS, THE TRANS

FORMER CAUSED A SIGNIFICANT CHANGE IN MEASURED ANTENNA RESISTANCE. WHILE 

THE EFFECT UPON TOWER REACTANCE MAY NOT BE AS SIGNIFICANT AS TOWER RESISTANCE 

FOR NON-DIRECTION OPERATION, IT IS QUITE IMPORTANT IN DIRECTIONAL ANTENNA 

WORK. FIGURE 7 SHOWS THE EFFECT UPON THE MEASURED TOWER REACTANCE OF A 

SINGLE TOWER LIGHTING CHOKE ISOLATION CIRCUIT. AGAIN THE TOWER REACTANCE 

WITHOUT ANY ISOLATION CIRCUIT IS SHOWN AS A DASHED CURVE. tHE TOWER REACT

ANCE OBTAINED WITH A SINGLE CHO~E CONNECTED IN THE TOWER LIGHTING CIRCUIT 

IS SHOWN BY THE SOLID CURVE. HERE THE EFFECT IS EXCEEDINGLY GREAT. FOR 

INSTANCE, AT 1375 KILOCYCLES CORRESPONDING TO AN ANTENNA HEIGTH OF APPROXI

MATELY .420 WAVELENGTH, THE REACTANCE CHANGED FROM A NEGATIVE 438 OHMS UP 

TO A POSITIVE 380 OHMS. THIS CHANGE OF 818 OHMS REPRESENTS A PEReENTAGE 

CHANGE OF 187'. AGAIN, THE USE OF TWO CHOKES IN TANDEM GREATLY REDUCES 

THE ADVERSE EFFECT OF THE TOWER LIGHTING CIRCUIT UPON THE MEASURED TRUE 

REACTANCE, AS SHOWN IN FIGURE 8. SIMILARLY, FIGURE 9 ILLUSTRATES THE 

EFFECT OF TRANSFORMER ISOLATION UPON THE TOWER REACTANCE. AGAIN, THE 

ISOLATION TRANSFORMER, WHILE RADICALLY BETTER THAN A SINGLE CHOKE, MEASURED 

INFERIOR TO THE TWO CHOKES IN TANDEM. 

IT MAY BE NOTED, HOWEVER, THAT IN CRITICAL AREAS OF TOWER HEIGTH 

CONSIDERABLE RESISTANCE AND REACTANCE VARIATIONS OCCURRED WITH THE USE OF 

THESE TYPES OF TOWER LIGHTING ISOLATION CIRCUITS. 

OTHER FORMS OF ISOLATION ARE NORMALLY USED TO PREVENT LOSS OF RADIO 

FREQUENCY POWER IN Ak TOWERS, WHEN OTHER RADIO SERVICES SHARE THE SAME TOWER. 

FIGURE 10 ILLUSTRATES A CIRCUIT WHICH ISOLATES A rM ANTENNA FROM AN AM TOWER. 

HERE THE OUTER CONDUCTOR OF THE COAX LINE IS TIED TO THE TOWER NEAR THE TOP 

WHILE A LENGTH OF LINE OF APPROXIMATELY ONE QUARTER WAVE LENGTH LONG (AT 

VIR N. JAMES, CONSULTING RADIO ENGINEERS, DENVER, COLO., ~ARCH 1960 
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THE AM FREQUENCY) IS INSULATED FROM THE TOWER. A CAPACITOR IS FREQUENTLY 

CONNECTED FROM THE BASE OF THE TOWER TO THE COAX OUTER CONDUCTOR AT THE POINT 

WHERE IT IS ALSO CONNECTED TO GROUND. THIS LENGTH Of INSULATED LINE, TO

GETHER WITH THE TOWER, FORMS A ONE-QUARTER WAVE RESONANT CI RCUI T HAVI NG 

THE TOP ENb SHORTED WITH RESULT1NG HIGH IMPEDANCE AT THE OPEN LOWER END. 

THIS HIGH IMPEDANCE FORMED BY THE ONE-QUARTER WAVE STUB SERVES TO ISOLATE 

FM OR TV SERVICE FROM THE AM TOWER. IN PRACTICE THE GROUNDING POINT AND/OR 

THE TOP POINT, WHICH IS TIED TO THE TOWER, IS MOVED UNTIL THE MEASURED AM 

ANTENNA IMPEDANCE SHOWS THAT IT IS UNAFFECTED BY THE PRESENCE OF THE FM OR 

OTHER SERVICE. 

IN FIGURE 11 A SAMPLING LOOP IS I'SOLATED FROM THE TOWER MERELY BY 

INSULATION. THIS TYPE OF SAMPLING LOOP ISOLATION IS FREQUENTLY UTILIZED IN 

SINGLE TOWER NON-DiRECTIONAL ANTENNA SYSTEMS. HOWEVER, FREQUENTLY IT HAS 

BEEN FOUND THAT INSULATED SAMPLING LOOPS APPRECIABLY CHANGE THE MEASURED 

ANTENNA IMPEDANCE, OFTEN DUE TO A SIGNIFICANT CAPACITANCE COUPLING EFFECT. 

SEVERAL CASES OF RADICAL PATTERN DISTORTION HAVE BEEN ENCOUNTERED EVEN IN 

SIMPLE TWO TOWER DIRECTIONALS. FIGURE 12 ILLUSTRATES A PARALELL RESONANT 

TYPE OF ISOLATION FOR SAMPLING LOOPS. IN THIS SYSTEM ONE SIDE OF THE PICK

UP LOOP AND THE OUTER CONDUCTOR OF THE COAX LINE IS TIED TO THE TOWER. 

INDEED, THE LINE IS BONDED TO THE TOWER AT FREQUENT INTERVALS. AT THE-

BASE OF THE TOWER, THE COAX LINE IS ~ONNECTED TO A LARGE COIL FORMED BY THE 

CO~XIAL CABLE. THIS COAXIAL COIL MUST BE TUNED CLOSE TO RESONANCE IF THE 

TOWER IMPEDANCE IS TO BE UNALTERED BY THE PICKUP LOOP. IT HAS BEEN FOUND 

THAT IMPROPER TUNING OF SUCH TANK CIRCUITS PERMITS ATTAINMENT OF WIDE 

VARIATIONS OF TOWER IMPEDANCES. HOWEVER, WHERE THESE CIRCUITS ARE PROPERLY 

TUNED. NO UNDESIREABLE EFFECTS HAVE BEEN ENCOUNTERED. 

VIR N. JAMES, CONSULTING RADIO ENGINEERS, DENVER, COLO., MARCH, 1960 
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ALTHOUGH TIME DID NOT PERMIT, NOR DID THE MANUFACTURER CARE TO 

SUPPLY A TUNABLE RESONANT CHOKE FOR TOWER LIGHTING ISOLATION, NEVERTHELESS, 

THIS FORM MAY BE ENTIRELY SATISFACTORY. 

CONCLUSION: 

REGARDLESS OF THE TYPE OF TOWER ISOLATION CIRCUIT EMPLOYED, THE 

PERFORMA~CE MUST 8E THOROUGHLY CHECKED. IT IS HOPED THAT THE BROADCAST 

EQUIPMENT SUPPLYERS WILL MAKE MORE SUITABLE ISOLATION CIRCUIT SYSTEMS 

AVAILABLE. 

VIR N. JAMES, CONSULTING RADIO ENGINEERS, DENVER, COLO., MARCH, 1960 



PAGE 7 

MEASURED ANTENNA.MPEDANCE 

KSTR TOWER - HEIGHT 300' 

lOWER HEIGHT TOWER ONLY 2 CHOKES 1 CHOKE tRANS. 
F(KC} WAVE LENGTH R ! ! ! ! ! .8. ! 

517 .158 11.3 -153 12.2 11 .• 8 13.9 13.4 11.0 10.8 
620 .189 18.7 -86.7 19.1 18.6 20.1 19.7 18.2 17.9 
655 .200 22.2 -63 22.8 21.9 23.7 23.0 20.2 19.9 
675 .206 24.6 -50 25.2 24.5 26.0 24.6 24.6 24.0 
705 .215 28.1 -30 29.2 30.0 30 28.7 28.9 28.2 
725 .221 31.3 -17.2 32.3 33.0 33 32.9 32 31.0 
755 .230 36.5 +5 37.4 36.9 37.9 38.3 37.5 36.9 
775 .236 41 19 41.5 41.1 42 43 42 40.8 
805 .246 48 41 48.9 48.2 49 50 50 50 
825 .252 53.2 55 54 52.8 54.5 54.1 56 55.1 
845 .258 60 70 60 58.9 60.2 59.7 62.9 63 
875 .267 71 94 71 70.1 73 72.1 76 77 
900 .275 82 113 81.5 82.3 84 83 87 87 
925 .282 95.7 135 95.2 95.7 98 97.3 102.2 101.6 
955 .291 114.5 162 114 113.8 121 120 123.3 123.0 
980 .299 134 186 131 132.1 146 145 148 147 
1000 .305 153.5 207 151 206 171 208 170 206 
1025 .313 185 231 184 230 215 232 206 232 
1055 .322 231 261 231 259 290 253 267 259 
1075 .328 271.5 275 272 275 359 252 312 274 
1105 .337 340 294 350 294 490 229 400 283 
1125 .343 400 299 410 299 580 254 475 278 
1155 .352 496 292 530 287 633 -95 580 240 
1175 .359 575 268 620 238 580 -300 655 149 
1205 .368 690 164 720 138 353 -332 740 -7 
1225 .374 730 90.8 767 55 214 -326 770 -109 
1255 .383 760 -50 787 -116 83.3 -2'()5 782 -222 
1275 .389 765 -146 750 -232 48.1 -71.4 770 -290 
1305 .398 750 -263 668 -380 57.3 +177 712 -374 
1330 .406 700 -330 565 -414 119 306 590 -420 
1355 .414 603 -416 465 -431 281 374 460 -439 
1375 .420 515 -438 394 -436 493 380 383 -440 
1400 .427 435 -444 325 -435 760 318 315 -434 
1425 .435 350 -442 269 -422 862 29 265 -421 
1455 .444 285 -428 218 -403 730 -316 214 -403 
1475 .450 249 -415 187 -389 607 -410 189 -389 
1505 .459 207 -395 153 -367 423 -465 158 -368 
1525 .466 182.2 -380 134 -351 336 -464 139 -352 
1555 .475 154 -356 114 -326 251 -448 1119 -329 
1575 .481 138 -339 101 -308 210 -421 108 -311; 
1610 .491 117.2 -311 86 -269 163 -357 92 -280 

VIR N. JAMES, CONSULTING RADIO ENGINEERS, DENVER, COLO., M~RCH, 1960. 
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THE EFFECT OF A QUARTER WAVELENGTH STUB ON MEDIUM WAVE ANTENNAS 

Jerry M. Westberg 

Harris Corporation, Broadcast Transmission Division 

Quincy, Illinois 

When an FM antenna is mounted on a medium wave tower, the coax must cross 
the base insulator of the tower. One popular method of crossing the base 
insulator with coax, is to have the coax insulated from the tower one quarter 
wavelength up the tower. 

There is a common assumption that the performance of an antenna will not be 
affected by the bonding of coax one quarter wavelength up on a medium wave 
antenna (hereafter referred to as a quarter wavelength stub). It can be shown 
by measured and theoretical data that this assumption is not true. The base 
impedance of a 204 0 tower was measured before and after the installation of a 
quarter wavelength stub. The base impedance was then measured off-frequency to 
determine an equivalent Q for the two antennas. The equation used to compute 
equivalent Q is as follows: 

F 
Qe =--

2LlF 
(JVSWR -

F = Frequency 

1 ) 

JVSWR 

Ll F = Frequency change from F 
VSWR = VSWR caused by change in frequency 

The base impedance of the tower changed from 58-J138 Ohms to 98-J28l Ohms. 
The equivalent Q of the antenna increased from 9.2 to 15.3. 

The antenna was then modeled using a "method of moments" technique. For 
the analysis, an antenna and coax radius of .48 and .02 degrees, respectively, 
were used. The center-to-center separation of the antenna and coax is 1.14 
degrees. The results were comparable to the measured data. The predicted 
impedances before and after the installation of a quarter wavelength stub are 
54-J204 and 80-J379, respectively. The equivalent Q for each case was computed 
to be 13.9 and 18.4. 



VARY TOWER HEIGHT 

Seven other antennas of different height were modeled. The same radii and 
separation was used. Base impedances and equivalent Qs were calculated for each 
antenna with and without a quarter wavelength stub. The results are found in 
table 1 below. These data are pictured on figures 1-3. 

TOWER HE IGHT IMPEDANCE OF 
(DEGREES) TOWER (OHMS) 

92 65 +J77 
102 104 + J144 
122 308 + J297 
143 836 + J19 
163 398 - J493 
184 126 - J343 
194 79 - J269 
204 54 - J204 

Tower radius .48° 
Stub radius .02° 
Separation 1.14° 

VARY BONDING POINT 

TABLE 1 

IMPEDANCE OF 
Qe TOWER WITH Qe 

STUB (OHMS) 

5.2 310 + J136 4.6 
4.7 473 - J424 4.7 
3.9 548 - J589 6.8 
4.1 328 - J631 9.1 
5.3 198 - J569 11.6 
8.9 123 - J484 14.6 

11.2 98 - J434 16.4 
13.9 80 - J379 18.4 

The equivalent Q of every antenna (except for 102° and 92°) was increased 
with the addition of a quarter wavelength stub. The distance from the ground to 
the point where the coax is bonded to the tower was adjusted and the results 
were recorded. The results are found in tables 2-6 below. 

TABLE 2. 204 DEGREE TOWER 

BONDING DISTANCE IMPEDANCE OF 
FROM GROUND TOWER WITH STUB Qe 

(DEGREES) (OHMS) 

112 27 - J213 23.4 
102 44 - J278 20.3 
92 80 - J379 18.4 
82 183 - J573 17.0 
71 809 - J1011 15.5 
66 2067 - J131 14.6 
61 1011 + J1078 15.2 



BONDING DISTANCE 
FROM GROUND 

(DEGREES) 

92 
82 
71 
66 
61 

BONDING DISTANCE 
FROM GROUND 

(DEGREES) 

92 
82 
76 
71 
66 

BONDING DISTANCE 
FROM GROUND 

(DEGREES) 

92 
87 
82 

BONDING DISTANCE 
FROM GROUND 

(DEGREES) 

92 
82 

TABLE 3. 184 DEGREE TOWER 

IMPEDANCE OF 
TOWER WITH STUB 

(OHMS) 

123 - J484 
381 - J801 

2075 - J290 
1072 + J1036 
384 + J828 

TABLE 4. 143 DEGREE TOWER 

IMPEDANCE OF 
TOWER WITH STUB 

(OHMS) 

328 - J631 
1248 - J594 
1428 - J295 

791 + J768 
391 + J658 

TABLE 5. 102 DEGREE TOWER 

IMPEDANCE OF 
TOWER WITH STUB 

(OHMS) 

473 - J424 
630 - J344 
588 + J226 

TABLE 6. 92 DEGREE TOWER 

IMPEDANCE OF 
TOWER WITH STUB 

(OHMS) 

310 + J136 
179 + J146 

14.6 
12.6 
11.4 
10.9 
12.2 

9.1 
7.5 
7.0 
7.3 
7.4 

4.7 
4.0 
4.3 

4.6 
4.8 

The base impedance of a 209 degree tower was measured. The tower has a 1" 
electrical conduit and 7/8" coax insulated from the tower one quarter wavelength 
up the tower. The base impedance of the tower with a quarter wavelength stub is 
74 - J263 ohms. The equivalent Q of the antenna is 19.8. 

The coax and conduit were then bonded to the tower at different heights. 
The tower base impedance was sweeped each time the bonding strap was moved and 
an equivalent Q was computed. The results are found in table 7 below. 



TABLE 7. MEASURED 209 DEGREE TOWER 

BONDING DISTANCE IMPEDANCE OF 
FROM GROUND TOWER WITH STUB Qe 

(DEGREES) (OHMS) 

90 74 - J263 19.8 
80 114 - J332 18.4 
75 149 - J375 17.4 
70 209 - J446 16.2 
65 310 - J520 15.8 
60 529 - J586 14.9 
55 919 - J533 15.4 
45 595 + J658 15.5 

CONCLUSION 

The impedance of a medium wave antenna is affected by the presence of a 
quarter wavelength stub. The magnitude of change in impedance depends on the 
tower height. 

The bandwidth of an antenna is influenced by the presence of a quarter 
wavelength stub. For tower heights above 102 degrees the data suggest that the 
stub adversely affects the bandwidth of the antenna. The presence of a quarter 
wavelength stub will increase the bandwidth of a medium wave antenna for heights 
less than 102°. 

The bandwidth of the antenna with a quarter wavelength stub may be improved 
by adjusting the height above ground where the stub is bonded to the tower. For 
maximum bandwidth the bonding point of the stub varied from 66° for a 204° tower 
to 90° for a 92° tower. It should also be noted that the maximum bandwidth 
point of attachment appears to occur when the tower base impedance is close to 
resonance. This provides a good benchmark for field adjustment. The bonding 
point of the stub to the tower may be lowered until the base impedance of the 
tower is resonant. 
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A NEW DIMENSION FOR THE DESIGN OF MEDIUM WAVE ANTENNAS 

I INTRODUCTION AND SUMMARY 

In the medium wave (AM radio) band directional antennas 

are frequently used both to provide service to specified 

areas and to minimize interference to other radio stations. 

There are two basic modes of propagation which occur at these 

freq~encies. During both the daytime and nighttime a ground 

wave signal is propagated. Further, during the nighttime a 

second method of propagation occurs, a signal is reflected 

from the ionosphere and returns to the earth at greater 

distances with significantly less attenuation than that 

suffered by the ground wave. Conventional directional 

antennas suppress both the ground wave and the sky wave and 

consequently some desired ground wave service may be lost in 

order to minimize the sky wave interference to other 

stat ions. 

It is proposed to use a combination of vertical, 

horizontal and diagonal antenna segments to obtain 

significant separate control over the ground wave and sky 

wave radiation. These various antenna segments will have to 

be excited with carefully chosen current ampl itudes and 

phases in order to obtain this control. It has been found 

that the currents and phases associated with IITee li or "LII 

antennas as used in the past have not provided this choice of 

ampl i tude and phase. 
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In order to illustrate this concept a model vertical 

antenna with a center fed horizontal antenna centered above 

the mid height of the vertical antenna will be described. It 

is shown that the model and other antennas utilizing this 

principle can provide improved ground wave service and better 

sky wave protection that can be obtained with the use of 

vertical antennas alone. 

II MODEL ANTENNA 

Figure 1 is a set of cartesian and spherical coordinates 

chosen to describe the model and its radiation 

characteristics. The ground plane is the X-V plane and the 

positive Z direction is toward the zenith. The positive R 

direction is out from the origin, positive Theta is away from 

the zenith (Z axis), and positive Psi is counter clockwise 

from the X axis. 

Figure 2 shows the principle features of the model. A 

typical 190 degree base fed vertical antenna tower (#1), base 

insulator (#2) and support guy cables (#3) is shown. At the 

145 degree height a center fed horizontal antenna (#4) is 

shown. It is ori ented parall el to the Y axi s. Its ends woul d 

be supported by insulators (#12) and an auxiliary set of 

transparent guy cables at a 45 degree angle (#13) thus making 

each hal f of the antenna 45 degrees in 1 ength. The hori zontal 

element would be fed from a balanced feed network (#5) 

supported in the tower. This network would be fed by a 
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coaxial transmission line (#6) supported inside the tower and 

insulated (#7) from the tower for the bottom 90 degrees. A 

power and phase control network (#8) would feed the 

transmission line for the horizontal antenna. A conventional 

matching network (#9) would be provided for the vertical 

antenna. A typical combining network (#10) would be used to 

combine the antennas for a comon feed line (#11). 

III CALCULATION OF RADIATION 

The radiation from such an antenna can be analyzed by 

seperately developing the equations for the total radiation 

from each of the elements. For this analysis sinusoidal 

current distribution is assumed. The far field was calculated 

by the integration of the antenna current elements and their 

images for each antenna segment. 

There is only a Theta component of the electric field 

for a vertical antenna, it is given by the following 

equation: 

60I(lv) 

E(Th)=j-------[Cos(BhCos(Th)-Cos(Bh)] (1) Volts per meter 

R(O)Sin(Th) 

Where I(lv) = vertical antenna loop current in amperes 

(its phase is assumed to be zero) 

R(O) = distance to observation point in meters 
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Bh = electrical height of the vertical antenna 

Th = the angle Theta 

Using the same procedure the Theta and Psi fields (there is 

no radial component) from the horizontal wire are given by 

the following equations: 

120 I(lh)[(F1)(M1)(M2)(M3)] 

E(Th)=- --------------------------- (2) Volts per meter 

R(O)[l-Sin (Th)Sin (Psi)] 

120 I(lh)[(F1)(M1)(M4)(M3) 

E(Psi)= - -------------------------- (3) Volts per meter 

R(O)[l-Sin (Th)Sin (Psi)] 

Where I ( 1 h) = the magnitude of the 1 00 P current i n the 

hori zonta1 wire 

Ph = the phase of the loop current 

F1 = Cos(Ph)+jSin(Ph) 

M1 = Sin(BaCos(Th)) 

M2 = Cos(Th)Sin(Psi) 

M3 = Cos(B1 )Sin(Th)Sin(Psi )-Cos(B1) 

M4 = Cos(Th)Cos(Psi) 

Ba = the electrical height of the hori zonta1 wi r e 

B1 = the electrical hal f length of the hori zonta1 

wire 
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Note that the E(Th) components in equations 1 and 2 are 

in time quadrature, this may be the reason that the concept 

was not previously discovered! 

IV CALCULATION OF CONIC SECTIONS 

The radiation from the model antenna is best described 

with the use of a series of conic sections. A computer 

program was written to perform the necessary calculations. By 

means of a hemispherical integration the total power flow for 

both the Theta and Psi components of field were summed up and 

a multiplication factor established to correct the assumed 

currents so that the radiated fields would be in mV/m at one 

kilometer for one·watt. 

In the model it is assumed that the vertical antenna has 

a loop current of 1.00 at a phase of 0 degrees. The 

horizontal antenna has a loop current of 5.00 at a phase of 

90 degrees. In this example the calibration factor was found 

to be 0.06875. Thus the actual currents would be 0.06875 

amperes for the vertical antenna and 0.3438 amperes for the 

horizontal antenna. 

Pertinent conic sections were then drawn by the computer 

for the model antenna. In the following conic section graphs 

it is assumed that each antenna is operating with the current 

that is necessary for the combined system to radiate one 

wat t • 
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Figure 3 shows the conic sections for the E(Theta) 

component from the vertical antenna alone, as expected they 

all show an omnidrectional pattern. Note that Theta = 90 

degrees corresponds to an angle of elevation of zero. 

Figure 4 shows the conic sections for the E(Theta) 

component from the horizontal antenna only. At an azmuith or 

Psi angle of 0 and 180 degrees there is no E(Theta) component 

because that direction is at right angles to the horizontal 

wire. Also at an azmuith of 90 and 270 degrees (the direction 

of the horizontal wire) the Theta radiation is zero on the 

ground (Theta=90) and goes through a maximum at Theta 

approximately 30 degrees. 

Figure 5 shows the conic sections for the E(Psi) 

component from the horizontal antenna. Note that this is the 

only E(Psi) component so it is also the total e(Psi) 

component. 

Figur~ 6 shows the conic sections for the total E(Theta) 

field. For Theta = 90 degrees (on the ground) the field is 

omnidirectional. As the angle of elevation increases (Theta 

decreases) the E(Theta) component first decreases, goes 

through zero and then increases. 

V ALLOCATIONS IMPACT 

Figure 7 illustrates two AM stations service areas under 

several different operating conditions. They operate with a 

power of 1 kW utilizing 190 degree vertical antennas on 1000 
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kHz sepatated by 260 miles in a area where the conductivity 

is 10 mmhos per meter and the dielectric constant is 15. The 

illustration shows to approximate scale the daytime ground 

wave service, the nighttime service as it would be limited by 

sky wave interference with the vertical antenna only and the 

improved night time service that would result from the use of 

the model antenna with the horizontal element. 

Figure 8 shows the ground wave field strength versus 

distance from both the vertical antenna alone· and with the 

addition of the horizontal antenna and the interference 

producing sky wave signal of the other station. 

The station is protected during the daytime to its 0.43 

mV/m ground wave contour. Its 0.5 mV/m contour occurs at 60.5 

miles. At night with the same power and antennas the 

interference limit is to the approximate 6.8 mV/m contour 

which occurs at 17 miles. 

Now with the model antenna which has a horizontal 

antenna added with the appropriate current amplitude and 

phase the nighttime limit is reduced to the approximate 1.3 

mV/m contour which now occurs at 33 miles. To obtain this 

change in vertical pattern from the model a ratio of 

horizontal loop current to vertical antenna current of 5/1 is 

required. A phase of +90 degrees was required assuming that 

the horizontal wire was parallel to the line joining the 

stations and that the reference of zero degrees corresponds 

to current flow toward the other station. 
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... 

For the same input power to the combined antenna system 

this addition of the horizontal antenna reduced the RMS of 

the ground wave to 65 percent of its former value. In spite 

of this reduction in ground wave efficiency the service 

radius is nearly doubled. 

Figure 9 shows the behavior of several examples of the 

use of the hori zontal wi re in antennas. All ·are ori ented and 

adjusted to to fit the allocation situation outlined above 

and to protect a second sta·tion 260 miles in the 90 degree 

direction. The top of the figure shows 5 differerit model 

antennas. PA is the example just described. PB is a typical 

two element directional antenna using 90 degree towers. PC is 

a directional antenna consisting of two 135 degree elements 

with a horizontal wire on one vertical antenna. PO is another 

two element antenna with 90 degree towers. PE is another 

single tower example with the vertical antenna 135 degrees in 

height. The graph on the left shows the vertical radiation 

pattern of each of these antennas in the 90 degree direction. 

The graph on the right is the horizontal radiation pattern 

for each antenna with a radiated power of one watt. 

These examples are offered for illustrative purposes 

only and are not intended to represent the optimum that can 

be achieved with the proposed antenna concept. 

A.D. RING & ASSOCIATES. P.C. • CONSULTING RADIO ENGINEERS 



VI CONCLUSIONS 

An antenna system consisting of both vertical and 

horizontal radiating elements has been described. It truly 

adds another dimension or perhaps several dimensions to the 

design of medium wave ant~nnas. It is not yet known how 

versatile the system will eventually be but it is anticipated 

that it will permit new stations to be added to the spectrum, 

for existing stations to improve their local service and to 

result in reduced interference to many stations. 

A.D. RING & ASSOCIATES. P.C. • CONSULTING RADIO ENGINEERS 



z 

~----~----~-----y 

x 

FIGURE ~ 



FIGURE 2 



CON IC SECTIONS 
PARAMETER IS THETA 
mV/m AT 1 Km. FOR 1 Watt 

- • ~ 1- 1~ u 
~--------------t'"----------I------------t'"-----------i-----:1' : Ii, I , ~~L __ ~ _____ ._~ ____ ~ _____ ~ ________________________ ~ ____ _ 

it 1 ,:: I I , 

.21I-f.---,------t--r---+-- C'D--i------------l------------i-----...:»-":L-- -1- _____ !_!. ____ L _ _ ~t _ ..: _________ - __ 1. ___________ ..: ___ --
,I I I :...... I ' I 

-~-~L--~------L8~--~~- ---~------------l_-----------~-----, t" 1 I 
,I J I:, 1 I 

~~L---------~-~----~-- ___ ~------------~-----------~-----'L IA ,I : . I 1 I 

~_J --J~-----L-l_---~-- ___ ~ ____________ ~-----------~-----
:l~ I : I;: I : 

~-~LQ-~------~-~----~--l---~------------~-----------~-----'I.!. 1 '::' : ' 
~-i~-,------r-r----~-- ---1------------r-----------1-----

Ii 1 ,I: , 1 I ..311_ ~l.---.----- _~- ~ ____ ~-_ _ __ ~----- _______ ~ ___________ ~-- __ _ 
it I r r : I, r I 

Ja~~--~------L-~----~--t---J------------~-----------J-----II r I. I I 
IJ' t': 1 1 I 

~.~~---------~-~----~-- ---~------------~-----------~-----,f r I:, ' I J2aJt __ ..! ______ L_~---~-- ___ ~ ____________ ~-----------~--.---
:1 f : t:: 1 : 

~~L--~-----.-~----~-- ___ ~------------~-----------~-----,I 1 r I: I I 1 
J~ • .ll...--l------L-~----L-- ___ .J ____________ ~-----------J-----

II t I: I I 
IJ t': 1 ' I -1.!58 .... ~- __ , ______ .- ~ ____ I_-- -_ -.... -- ----------~---- -------~-----
I r t': I 1 1 

J9..LL __ ~------L-~----:--- ___ J ____________ ~-----------J-----
1 ,.: I 1 
Ii 1 ,I: I ' I 

~~ .... L--I------·-~----I--- ---~------------~-----------~-----
(J) 'L ,I:, ' , 
_ JSaJ __ J ______ L_~----~-- ___ ~ ____________ ~-----------.1-----

:' r : t:: 1 ~ 
~~L--~-----.-~----I_-- ---~------------~-----------~-----'l 1 ,':, I., 
~.1 __ , ______ L_~----~-- ___ .1 ____________ ~-----------.1-----

:i : 1:: 1· : . 
..:u.~1..---f:..-----.-~----1_-- ___ ~------------~-----------~---

i~ 1 ':: I : • , 

~~--~------r-r----~-- ---1------------r-----------,-----11' t I : ., ' , 
~~~---------.-~----I--- ---~------------~-----------~-----I J I " 1 ' I l . " I ~a..L --J------L-r----~-- ---.1------------r-----------,-----

:1 1 : I:: I " 
~~L--~-----.-~----I_-- ___ ~------------~-----------~-----il ,I:, ' I 
~..LL __ ,'------L-~----~-- ___ J ____________ ~-----------.1-----

II f I I I I 
II t': 1 I , .,2;'.~~-- _1 ______ .- ~ ____ 1_-- ___ ~--------- ___ .L ___________ ~--- __ 

1 J I': I ' I ..2SIl.ll __ ~------ L._~ ____ :__ _ _ __ .1 ____________ ~- __________ .1 ____ _ 
I I I: 1 I ,t, f I: I • '. 

~ .... ---------~-~----I--- ---~------------ ... -----------~-----'L I ,r : L' I I -..:3IiIa.l __ J ______ L_~----:--- ___ .1 ____________ ~-----------J ____ _ 
! 1 t : t ~ ~. 1 : 

~·~~--~------T- ... ----I_-- --- .... ------------ ... ----------- .... -----
'" ,I:, ' , ~aJ---l------L.-'r---~--- ___ J ____________ ~-----------J-----• r: 1- "_0_. _ I ..::tlIl..:t ___ , ______ ~_ L ____ ~-- ___ ~------------L ___________ ~-- __ _ 
I, I ':: I : I 

~afr--~------t_-r---1--- ---,------------r-----------,-----
..:J.:Sa-!~ ___ , ______ ~_ ~ ____ ~ __ _ __ ~ ____________ ~ ___________ -! ____ _ 
1e,5(5~~ I r I : ' 

E (TH) FOR VERTICAL ANTENNA 

FIGURE :3 



CONIC SECTIONS 
PARAMETER IS THETA 

mV/m AT 1 Km. FOR f Watt 

I ~ III 1~ 2111 
JL_ ------------r_-----------.------------r-----------.-----
~_ 1_. ________ L ___________ ~---_--------L---_-------~---_-

; '~: I : I 

~- -~--~,~.----r------------1------------r------------1-----
" ,~I I I I 

-~---~-~~~-----------i------------~-----------i----
~- --+-----~--,~ ----------~------------~-----------~-----,,,,'~ , I I 

., ,1 ,,'~, t J 1 

--~------~-~~,--------~------------~-----------~-----.: \ : ~ I : I 

~- ---~-------~~--~~\~-----i------------r-----------i-----
.... : ~ \ I I I 

-~ ---~-------~----~~----~------------~-----------~-----: ''-60 \ I I I 

M_ ----[--------l_~----\.."T\.---i------------l--.----------i-----
___ ;~ _____ ~~----t-u-!~~------------~-----------~-----o : .: ' IJ I : I . 

.JA ----t-------;/"---..L.;.c4si------------;-----------i-----
~I ---~-------~-~--t7t----~------------~---------~-~-----: y I • 1 I 

.J2aj---~-------Jr--~-~------~------------l_-----------~-~---J . .. /. 30 I I 

~ ___ ~------~~~-~jz::-----~------------~-----------~-----..,' , I .r I I I 

~at-+-----j--~r----------~------------~-----------~-----. . • I 1 • 1 
: , -' l' I I I 

~I _~---~-~-~-----------~------------~-----------~-----i: "// ' I I I 

.J~t~--J~r-----:------------~------------:------------~-----, ~ I I 

~ ~1bY-------~-----------~------------~-----------~-----
- .J~ ------------l_-----------i------------l------------i----
~ ;~~ --------~-----------~------------~-----------~-----

': ._.~ .: I - : I 

~~-~---:~----r-----------i------------r---------7-1-----
~. --~---,~~~-~----------~~------------~-----------~-----~ \ "' ..... I I I I 

~j--~-----~--~----------~------------l------------~-----" 'to." '" I I .......', ,I ")". I _ I ._. _ I 

-- t---~---- --"7'~-\'''''~-------i-----------·- ~-----------i-- - --
~·l---~-------~}--~~-----i---------~--l------------i-----
~: .. \ I I I 

----r-------~----\-~----i------------~-----------i----
:lOa ----:- -------l_ .. --- -r.l.\..---~-- ----------l_---- ------ _.1 __ ---

: I : if: I : 

~ ----~-------~~----T-r.---~------------~-----------~-----: I , I I I I 

~ ----~-------l-t---i-7r---1------------l------------1----
~ ----~-------~~---~~----~------------~-----------~-----~ .. / I I I I 

~I ---~-------ir--l-~-----1------------l------------1-----
: , I 1'/ I I I 

~. ---t-----~~-~l~--------i------------~-----------i-----
...... 8.' I 

~~--t-----7-/T~----------1-~----------r-----------1-----
: / 1 1 I t 

~ --~---~?;~~-----------~------------~-----------~-----

j 
: -" /' I I I I 

~t -~--_j~----l_-----------~------------l_-----------J-----r /';,7 I : I : ...:3:5a -1-.-,,::--- - ____ ~ ____ - ______ ~----- _______ ~ ___________ ~--- __ 
l/'\~" , I I I 

E (TH) FOR HORIZONTAL ANTENNA 

FIGURE 4 



CONIC SECTIONS 
PARAMETER IS THETA 

mV/m AT 1 Km. FOR '1 Watt 

• 5 18' 1!5 211 

JL-~----r-------;;----I-It---:------------;-----------:-----
~-ir---T-------T~--/-~7---i------------T-----------i-----
~-~---~-------~----~----1------------~-----------1-----il : 11' 1)1, I , , 

~~r--~-------~----~-----~------------~-----------~-----a! ;': / I, : ' 
~-1---~------r-r--~-------1------------r-----------1-----
~: '-r'" , ' , 

~-lr-i----~J~-r-----------i------------T--~--------i-----
~-1-~----~--~-~-----------t------------~-----------t-----~: .. /", I I I I 

~- ~:;:z-~ ~-----~-----------~------------~-----------~-----: , • Itt 

~- f7; --------~-----------t------------~-----------t-----I I , , 

~ -----------~-----------~------------~-----------~-----I I ' I 

Jat ~~~ --------~-----------t-------~----~-----------t---~-

t
: " , I , 

~. ~--~-~----~-----------~------------~-----------~-----.. , ',~ It' , 

J2a -~---~-~~-~-----------t------------~-----------1-----" ,. 1. , I , 

~ -~-----~-~,----------~------------~-----------~-----~ ,~ ., ., . I I 

~a ---~--·---,-~~~--------1------------~-----------1-----'. ,,~15, , I 

--~--------~---~-~-----~------------~-----------~-----
J~ ___ ~~~-----~r---~-~----l------------~-----------l-----

~ ~ -~~-i-------~~~-~-~~~J------------~-----------J-----
(J) : : ~ '~30' : I 

J~ ----~-------r-r---~-T.---1~-----------r-----------1-----
.: I 1 11 I I I 

~ ----~-------~-----r-~---~------------~-----------~-~---: I f I' 1 I 1 

~ ---~-------~~---~~----1~-----------~-----------1-----: V!. I , , 

~a ---~--------~--~-7 -----~------------~-----------~-----! ,':;/ • .! t 

~a ---~------r-r~----------1------------r--------.--1-----
: , I ". I , I 

~ --i----~J--~----------i------------T-----------i-----
~a _~~ ___ ~-~~-~-----------~------------~-----------J-----',. I I : , h _ 1 1 1 1 

~ -~---~----~.----------~------------~-----------~-----(~' , , I 

~ r:~~ --------r' -----------J------------r' -----------~-----~ " 1 I 
• I I 1 I 

~ -----------~-----------~------------~-----------~-----, I , , I 

~ \~~--------~------~----1------------~-----------1-----\"~ I , .. ' .' 
~ _\ __ 4~ ~_--~-----------~------- __ ---~-----------~-----
.,;wI, ~ , .... , t 1 

-~---~-~-r-----------1------------r-----------i-----
~a __ 1 _____ ~~~----------~------------~-----------~-----~ . , !\'\, I , I 

~ ---~------~-~---~-------1------------~-----------1-----
't '1. " . til 

~ ---~--------~----~-----~------------~-----------~-----\ I\. \ \ I I I 

~·j---~-------~r-----t----1------------~-----------1-----
~d----i-------~-~--~--~---~------------~-----------~-----21'3;' 23: 1 I \" I I I 

E (PSI) FOR HORIZONTAL ANTENNA 

FIGURE 5 



CONIC SECTIONS 
PARAMETER IS THETA 

mV/m AT 1 Km. FOR ~ Watt 

" !S I" I!S "N 
~--i--/------/--r---i---~---i------------r-----------i-----

1 ~ " 1 : l ' ' , 
_UL~~-~---~--~~---~--- ___ ~------------~-----------~-----

, "" , : I, ' , 
.2II_ J _'::~ __ "::r ... __ - --'r- - i.- ___ ! ___ J ____ - ---- - --r-- ----__ --__ .l -- - --

I "/" ~ I I 
1)to.. I" 1 I I 

~~---~-~--~--~--~---- ---~------------~-----------~-----,J ",': I I , 
~8_J_~ _________ ~_~ ________ J ____________ 'r-----------J-----,I " -~, 1 I 

I' '\ 1 ' 1 I , 

~~----------~~~~~----t---~------------~-----------~-----" "l" I ' I ~_J~ ___________ ~~--~--- ___ J ____________ ~-----------J-----

: ',60 li~ \ . : I : 
...7.1l..~-- ... -- --- ----~:-~-- 4.- --- ~-- --- -- -----~ -- --- - - -- - - "1-----

I , I~ i5- I . I , 
~_J __ ~ _________ ~ __ ~--~ ___ J _____ ~ ______ 'r-----------J-----

t ~ I; t • I I 
I t .~. tIl 

~"1--~--------~--~--~ ---~------------~------~----~-----I' I! I I I 1 

J .. {--f---------~--~--+- ---{------------~-----------{-----
I r 1-, 30, I I -u·i--: ... ---------~i-7'---IT --:-i------- ----- ~---------- -i-----

J~a{i~----------~f--tr-- -·-{------------r------------1-----
1/ (', I I I 

~~-----------r~i/~---- ---~------------~-----------~-----
" / ')f 90 I ' I 

J~aJ~ _______ r---~-~----- ---J------------r------------J-----1 , .., /. \ I 1 

_~J~ __ ~~--~~-~-~_~----- ___ ~------------~-----------~-----
, ;.'~./ ' 'r- 75 I ' I 

J~a {--,- :"-'7- ----}_-- ~ -- -- ---{ ----- -- ---- -}------ ------1-----
~ ~,~;--~--~---~---~--- ---~------------~-----------~-----en I 4( ... I ~ I I I - J~aJt--.------~-'r---~--- ---J,------------r' ___________ J, ____ _ 

I ..... ' ", '. 

_~,~--~~-~-----~---~~- ___ ~----------~-L-----------~-----
I ~, .... , I... ~ I I I 

.:za. -+ ------ -::..,~ -_}_-.:.\. --~ - ---1-- -- - -- -- - --r---------'---1- - - --
.." .. , " ..... f'. ... \ I I. I 

~.~------------~-~--~-~ ---"1------------~-----------"1-----
I ." i.. "' ,'" , , 

~_t------------}-~-~-~ ---_t------------r-------------+-----
~~-----------~---~-: __ ~------------L-----------~_----1 1 , "1 I 1 

~aJ ____________ ~----~-- ~~-J------------r-----------~J-----
: J \ \ ':'\ : I '! 

~~------------~------- ~-~~------------~-----------~-----I I \ ~ t I , I 

~-t------------~-15~-- ,t-i-t------------r------------_t-----
~..:---- - --- - - .,;-_.L -- -- __ - J-J-- ~ ____________ L _ - ---- --- - -~-- - --

I If: II I , 

~i------------~------- t-1-t------------r-------------t-----
I I J : .. I I , 

~~------------~------- ~-~"1------------~-----------"1-----~a 1 ____________ ~ __ .!.. /:~:~.J.r-1-- __________ ~------ _____ 1 ____ _ 
: ,;' 1/: , : 

~."1------------~---~--~~--~------------~-----------"1-----, r / /' ' ., 
~J------------r---7--~---J------------~-----------J-----: / (" /" ,":': , : 
~"1----------~~~---~-~L---"1------------~-----------"1-----

I / I ,,: [' , , ~aJ----_ ..... ---:-,..--<r--L.--.;- ___ .1 __________ --r' ___________ .1 ____ _ 
I ,/ /' / f I I 

..:3:5,,~-- ..... :..c-,. ___ -: __ ~ ___ _ .L _ _ __ ~ ____________ L ___________ ~ ____ _ 
18,eecI2/./ .... : I I , I 

E (TH) FOR COMBINED SYSTEM 

FIGURE S 



----------------
---

NORMAL DAYTIME 
SERVICE RANGE 
96.5 Km. (60 M j) 

NORMAL NIGHTTIME 
SERVICE RANGE 

- -- --

190
0 

NON-DIRECTIONAL ----+--L..-J 
ANTENNA 

27.5 Km. (t7 M I) 

NIGHTTIME SERVICE 
RANGE WITH t90° 

ANTE NNA 8 HORIZONTAL 
ELEMENT 51.5 Km. 

(32 MI.) AT EACH 
STATION 

FIGURE 7 

----.., 



-

~ 

/ 

180 

DISTANCE IN MILES FROM SECOND STATION 
60 50 40 30 20 10 0 10 20 30 40 50 6OK).O 

NIGHT LIMIT , 
190 0 ANT .......... ........ 1 I \ :1 

8.0 

/ / \ \ 

L 
I / \ \ 

\ I GROUND WAVE \ 

;; ~ FROM 190 0 ANT ....... l\\ I 

~ 
~ GROUND WAVE.~ 

I I 
FROM VH - ANT \ 1\ 

h / \ ~\ NIGHT LIMIT "... 

\ 
~ 

! / FROM VH- ANT V\ \ / " I 

/ /' \ V \ \ 
/ 

, 

/ \\ '" / \ 
-

I 

VI.. ~ V '\ '\.. 
~£. 

DAY LIMIT \ I....- 190 0 ANT 

6.0 

4.0 

2.0 

.0 

0.8 

0.6 

~ / / , 
0.4 

V/ t-<. 

200 

VH ANT 

\ / 

220 240 2.60 280 
DISTANCE IN MILES FIRST STATION 

VERTICAL ANTENNA f~ 

HORIZONTAL ANTENNA 5 /90 0 

300 

FIGURE 8 

" 

0.2 

0.1 
320 



:11 iLQ.. i& 
O.9~ *2 

#4 5.0LaQ 

200 

f50 

iOO 

50 

o 

PA 

#4 

- 45° I-

#1 ,*2 

PA 
RMS=8.18 

PB 
RMS=9.92 

VERTICAL PATTERNS 
HORIZONTAL BEARING = 90° 

20 40 60 
ANGLE OF ELEVATION 

-

i& 
O.4~ 

5.0~ 

#4 

45° I-

#1 #-2 

PC 
RMS=7.90 

14 

12 

10 

8~ 
~ 
a:: w 
a. 
lJ.. 

6:E 
u 

4 

2 

00 0 0 

FIGURE 9 
1& 

O.4~ 

6.0~ 

- 45° r 
#4 

#'1 '* 2 

PO 
RMS=6.56 

--

-

HORIZONTAL PATTERNS 
ELEVATION ANGLE = 0 

90 180 270 
AZIMUTH BEARING 

7.7t:2Q 

#'4 

-l 45° ~ 

4'i 

PE 
RMS=5.02 

360 



I . 

THE PROBLEM 

Radio communications services which depend upon the propagation 

of a g~Ddwa~ along the earth's surface may experience severe 

interference problems due to the reflection of signals on their own 

or related frequencies from ionized layers in the earth's upper 

'atmosphere (the ionosphere). For example, stations operating in the 

Standard (Medium Frequency) Broadcast Band suffer greatly from such 

skywave interference. 

In general, the interfering signals can originate in either the 

same radiating system as that which generates the desired ground

wave, or from other stations located perhaps many hundreds of miles 

away. In the first case, the interfering signal. being of the same 

frequency as the desired (groundwave) signal, and bearing the same 

modulation, can cause severe variations of amplitude and phase of 

the received signal. This interference, generally known as 

s~le~tive~fading~ can seriously limit the useful range of a facility 

by causing severe distortion of the demodulated (audio) signal or by 

causing the amplitude of the received signal to drop below local 

noise levels. 

The second case, caused by sources otbeI than the source of the 

desired groundwave, can be even more disruptive, since the 

interfering signal(s) bear modulation different from that of the 

des i red signal. 

Both types of interference would be made more tolerable if a 
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transmitting antenna could be designed to as to reduce, relative to 

the desired surface wave, that portion of the radiated energy which 

travels outward and upward to reflect from the ionosphere. 

DEFICIENCIES AND/OR LIMITATIONS OF KNOWN PRIOR ART 

Efforts to design such an antenna generally depend upon achieving 

some specific distribution of current and phase so as to shape the 

radiation pattern in the vertical plane. (That is, to "squeeze" he 

radiated signal pattern down as close as possible to the horizontal 

plane.) 

Such attempts have met with varying degrees of success. In 

general, it appears that attempts to drastically improve the 

vertical plane radiation characteristics of short (e.g., one half 

wavelength or less) radiators have not been particularly successful. 

Some larger radiating structures (for example, the Franklin 

Antenna) do give good performance and are capable of generating 

strong ground waves while providing considerable suppression of 

skyward radiation over at least a range of vertical angles. Such 

designs, however, do not provide as much suppression of skyward 

radiation as is desirable over as wide a range of vertical angles as 

is needed. Further, these structures are generally quite expensive 

to build and maintain. 

CONCEPTUAL DESCRIPTION OF THE ANTI-SKWYWAVE ANTENNA 

The following paragraphs describe the theory behind an antenna 

structure intended to be capable of generating strong ground waves 
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while radiating only limited amounts of energy skyward. 

This discussion is the essence of theotetical research and 

experimentation on the subject, spread over a period of several 

years. Only one of the several approaches which have been 

investigated will be discussed. 

The following is in terms of AM Broadcast practices and 

problems, but the ideas apply to other services which depend upon 

the surface wave. 

Consider a vertical current-carrying conductor above the earth, 

which is an imperfectly conducting dielectric material. If this 

vertically-oriented conductor is located near the surface, (as is 

the case with the typical AM broadcast antenna), two distinct 

far-field waves are generated. One, the ~~aId wave, is of the 

form: 

The other, the aur~e wave (or "ground wave") has the form: 

EQUATION 2) 

/ 

x 

with the geometry as show in Figure 1 and 
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EQUATION 3) 

EQUATION 4) X -z. ). ! II J ~ ?IIOIJl~fnd-

j;/J!t:. 
EQUATION 5) 

~~.I)GG 7 1 Lk 7Y c::-iZ- EA ~) 
(HlIo/t~~7' 

G::t ~4 y -=' I2.dAT'I}/'§ 0'8$<.772, L 

vertical angle (U) similar to that shown in Figure 2." 

The magnitude of this field is zero at both the zenith 

(P=90 Deg.) and at the horizontal Plane(1=o Deg.). The zero (null) 

at the zenith follows from the direction of current flow in the 

conductor and the geometry. The null at the horizontal plane is due 

to the fact that the two terms in Equation 1), which describe the 

contributions from the source (/il) and from it's image (122) are equal 

in magnitude. However, the vertical coefficient of reflection, Rv, 
has a unique value of -1.0 at the horizontal plane. Thus. complete 

cancellation of these two terms occurs at P=o. 
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The vertical coefficient of reflection varies rapidly, in both 

magnitude and phase, as a function of~. A rough graph of magnitude 

and phase of Rv vs. ~ for a typical earth material is shown in 

Figures 3-A and 3-B. 

The maximum magnitude in the skyward field pattern of a short 

vertical radiator in the medium frequency broadcast band generally 

occurs about 25 to 30 degrees above the horlzontal. 

This skyward energy is, of course, that which travels outward 

and upward and, upon reflection from the ionosphere, returns to 

earth to possibly create interference. 

The surface wave, on the other hand, appears to result only from 

the image, not from the source itself. (Note that there is no term 

dependent upon Rl in the surface wave equation - EQUATION 2).) 

The term (l-Rv ) .has the unique value of 2.0 at the horizontal 

plane, because (as discussed above) the vertical coefficient of 

reflection has the unique value of -1.0 at the angle F=O Deg. 

Because of the manner in which Rv varies with ~ and the behavior of 

the surface wave attenuation term, F, the surface wave field 

decreases rapidly with height above the surface, and in no practical 

case is it a source of (broadcast band) ionosphere-reflected 

interfering signals. 

The surface wave has a vertical plane pattern generally similar 

to that shown in in Figure 4. The precise vertical plane pattern 
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naturally depends upon radiator height (length), current distribut

ion, earth constants, etc. 

Figures 5-A and 5-B are sketches of the proposed antenna design. 

A base fed monopole (a quarter wavelength or so in height), 

operating over a conventional ground system consisting of perhaps 

120 buried copper radial ground wires about one quarter wave in 

length, forms one important element of the system. Disposed around 

the base of the conventional monopole are several short (one

thirtieth of a wavelength or so) base-fed radiating elements. 

Around the entire array of monopole and short radiators is a 

circular electric screen, about one thirtieth of a wavelength high 

and at a distance of about one quarter wave from the monopole. 

At a far-field observation point on the earth's surface, such as 

PI' the electric screen acts to impede the illumination of the 

surface of the earth by the collection of short radiators. Thus, 

the screen, in concert with other design factors, decreases the 

ability of the short radiators to generate a strong surface wave. At 

appreciable angles above the horizon, however, the geometry of the 

structure permits more and more of the current carrying length of 

the short radiators to become effective in radiating a ~k~ard field 

(e.g., points P2 and P3). 

The number and placement of the short radiators, together with 

their height and the height of the circular electric screen 

("fence") can be so designed as to provide a very close match in 

both amplitude and phase to the skyward radiation from the taller 
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base-fed monopole. By appropriate adjustment of the phase and 

magnitude of the currents flowing in the short radiators, this 

skyward radiation can be made to very nearly cancel the skyward 

radiation of the taller monopole over wide ranges of vertical 

angles. Since the screen, acting with the ground system, has a 

drastic effect upon the ability of the short radiators to generate a 

surface wave, while only modestly affecting the surface wave 

characteristics of the taller monopole, a strong ground.wave 

results, even though the skyward radiation is severely curtailed. 

More than one short radiator is used simply to aid in obtaining 

the desired radiation pattern (both in amplitude and in phase) from 

the short sources, and to achieve a gain in efficiency through 

mutual impedance effects. Further, the effective length of the 

short radiators should be increased by top-loading or other 

appropriate techniques. 

This antenna design should result in greatly increased ground 

wave signal strengths (per unit of input power) as compared with 

that obtained with conventional antenna systems. The fields so 

generated are on the order of twice those usually obtained in 

practice, but exact values are greatly influenced by frequency, 

antenna system design, and the electrical characteristics of the 

earth. 

PRESENT STATE OF DEVELOPMENT 

A reasonably complete mathematical (computer) model of the new 

antenna concept has been implemented. Variables permitted by the 
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computer model include frequency, dimensions of the radiating 

elements (and the number of elements in the ring of low-profile 

radiators), the conductivity and dielectric constant of the ground 

screen and of the surrounding earth, the radius and height of the 

circular electric screen, and so on. Thus, it is possible to (at 

least partially) verify the model by comparing the results for 

well-established cases before proceeding on to the complete design. 

For example, Figures 6-A through 6-D present vertical section 

("slices") for conventional base-fed antennas of height 90, 135, 180 

and 225 electrical degrees, respectively, operating over a perfectly 

conductive earth (that is, the usual assumption in broadcast antenna 

design practice). 

As expected, no surface wave is present in the perfectly 

conductive case. The field strengths (stated in terms of mV/m at 

one Kilomter for one kilowatt of radiated power for all cases 

presented herewith) agree with those computed for these heights of 

radiator using other computational approaches. 

Figure la of Section 73.190 of the FCC's Rules and Regulations 

("the Class I Curve") has been digitized, in order that some 

comparison of the nighttime interference generating characteristics 

of various antenna designs can be made. The second graph on each of 

the above (and following) figures presents the computed interference 

contribution (per kW of radiated power) as a function of distance 

(kM) • 

Figures 7-A through 7-D correspond to Figures 6-A through 6-0, 
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exc ept ·tha t f ini te (and typi cal) val ues of conduct i vi ty and 

dielectric constant have been taken into account. Here, a 

significant portion of the energy exists in the form of a surface 

wave. (In broad terms, something on the order of 90 percent of the 

radiated energy goes into the skyward flow, for typical broadcast AM 

antenna systems.) 

The surface wave has the rather interesting characteristic of 

traveling outward and dQwnward from the source. In addition to the o 

vertical electric field component (which is to be expected, since 

the electric current flows in a vertical direction in the radiator), 

there is a horizontal component of electric field, parallel to the 

surface of the earth. Since the earth has a finite conductivity, 

there is a flow of energy downward into the earth, which accounts 

for the greatly increased attenuation of the surface wave as 

compared with the skyward wave. 

COMPUTED PERFORMANCE OF ASWA 

FIGURES 8-A through 8-D present computed skyward and surface 

wave fields for the same ASWA antenna systems whose central (tall) 

radiator is 90, 135, 180 and 225 deg. in height, respectively. As 

above, the calculated skywave interference contributions are also 

shown. (Following standard broadcast engineering practice, the 

interference values shown are based upon a 20:1 ratio of desired to 

undesired signal strengths.) 
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AM Antenna Design: 
The New Wave? 

Relaxed regulations and improved technologies 
are beginning to make AM's future sound better. 

The AM industry has been 
thrown into turmoil by re
cent moves both in technol: 

ogy and in regulatory areas. 
For its part, the FCC has out

lined regulatory changes it would 
like to see in AM broadcasting. 
The changes would improve AM's 
competitive position with regard 
to FM transmission, which has 
been received rather more favora
bly in recent years. 

Night and day 
While the FCC has been re

laxing its regulations, the NAB 
has been seeking to improve AM 
antenna technology. The principal 
problem that hampers the success 
of AM transmissions is signal in
terference arising from the anten
na signal strength profile (Figure 
la). Existing antenna designs 
generate signals having two com
ponents. 

The groundwave is directed 
from the antenna to the horizon. 
The stronger it is, the wider the 
coverage of that broadcasting sta
tion. The skywave, on the other 
hand, is directed more vertically, 
and would not matter but for the 
fact that its signal is reflected by 
the earth's ionosphere back to
wards the surface. This can cause 
"selective fading"-severe ampli-

By Hugh Aldersey-Williams 

Figure 1. Signal strength versus departure angle for a) typical AM antenna; b) 
new design antenna. Note the relative increase in signal strength at 
the horizon (groundwave) and the decrease at 45 degrees (skywavel. 

tude and phase distortion or even 
disappearance into noise-of one 
broadcast signal, as well as inter
ference between stations with sig
nals that are close in frequencies 
even though they may be hun
dreds of miles apart. At night, the 

ionosphere reflects radio waves 
even more strongly than it does 
during the day, making many AM 
services unusable after dark. Ef
forts to increase the groundwave 
signal strength produce a concom
itant increase in the skywave, 
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AM Antenna Design 

Figure2. Design of Prestholdt's AM antenna 
comprising horizontal. vertical. and 
diagonal antenna elements. 

Figure 3. Design of Biby's AM antenna showing the 
central monopole, four short radiators, 
and the circular electric screen. 

merely exacerbating the problem 
of interference. In a typical AM 
broadcast antenna system, per
haps only 10 percent of the radia
ted energy goe~ into the ground
wave. 

Previous attempts to devise an 
antenna design with a stronger 
groundwave but a weaker sky
wave have not been very success
ful. Larger radiating structures 
have been able to generate 
stronger ground waves while sup
pressing the skywave component, 
but this has not been possible with 
short radiators (shorter than half 
a wavelength). Successes have 
been limited by the comparative 
expense of the antenna designs 
and the fact that they did not sup
press the skywave signal over the 
full range of vertical angles neces
sary to cut interference to an 
acceptable level. 

Now, the NAB has authorized 
the construction and testing of two 
new antenna designs, which rep
resent the most promising move in 
the technology of the field for 
years. "This is a major undertak-

66 BM/E FEBRUARY, 1986 

ing for the association," says NAB 
president Eddie Fritts, "one which 
we expect to have a significant im
pact on AM radio. The result 
should be a clearer, louder, better 
quality sound for AM." 

In a field 40 miles west of 
Washington, DC, next month, 
ground will be broken for the pro
totypes, developed independently 
by two engineering consultancies. 
Construction of the antennas is 
expected to take one year, and 
field testing and proof of perfor
mance will take another year. 
Tests will be conducted on the un
used 100 kHz available on AM. 

The engineers responsible for 
the projects stress that both de
signs currently only exist on paper 
and have not yet been proven in 
any way. Nonetheless, theoretical 
predictions have been sufficiently 
optimistic for the NAB to give its 
backing. "A significant increase in 
AM service would result if these 
antennas are successful and im
plemented by AM broadcasters," 
says the NAB. 

The new designs work essential-

ly by combining a number of an
tennas at one location. The overall 
signal obtained by adding the in
dividual signals from each anten
na in the array is expected to 
provide more independent control 
over the skywave and groundwave 
comporient signals. Suitable ad
justment of the component anten
nas could then minimize the 
skywave signal and simultane
ously increase the horizon sig
nal strength of the groundwave 
(Figure 1b). 

Antenna segments 
The first public announcement 

of a design, one of those now being 
investigated by the NAB, was an
nounced at the September 1985 
IEEE Annual Broadcast Symposi· 
urn by Ogden Prestholdt, a retired 
partner of A.D. Ring and Associ
ates. It comprises vertical, hori· 
zontal, and diagonal antenna 
segments. These segments are de
signed to be excited with carefully 
chosen current amplitudes and 
phases to obtain an overall radia· 
tion distribut'ion with a sup-
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pressed skywave. Using sepa
rately driven diagonal as well as 
vertical and horizontal segments 
provides a selection of amplitudes 
and phases than has been possible 
with the "T" and "L" antennas 
tried in the past, says Prestholdt. 

The design was conceived when 
it was realized that "vertical po
larization isn't necessarily gener
ated only by a vertical wire," says 
Prestholdt. A possible configura
tion of Prestholdt's design is 
shown in Figure 2. It comprises a 
typical 190 degree base-fed verti
cal tower with a base insulator 
and guy cables. At the 145 degree 
height, there is a center-fed hori
zontal antenna .oriented parallel 
to the y-axis and supported at its 
ends by insulators and an auxilia
ry set of transparent guy cables at 
a 45 degree angle. Thus, each half 
of the antenna is 45 degrees in 
length. The horizontal element 
would be fed from a balanced feed 
network supported in the tower 
which is in turn fed by a coaxial 
transmission line supported in
side the tower and insulated, for 
isolation, from it for the lower 
90 degrees. 

Prestholdt calculates the radia
tion distribution-described in a 
series of conic sections-from the 
prototype antenna by first devel
oping a mathematical description 
of the total radiation from a short 
current element using a computer. 
Then, the far-field-both skywave 
and groundwave~is calculated by 
integrating the antenna current 
elements and their images for 
each antenna segment. The com
ponent due to the vertical antenna 
only varies with the angle of ele
vation and is in that direction, 
while the horizontal signal is a 
function of both elevation and 
bearing from the antenna and has 
components in both of these direc
tions. The elevation components 
are found to be in time quadra
ture-i.e., these signals from the 
horizontal and vertical antennas 
are 90 degrees out of phase when 
the antenna currents are in phase. 
By selecting appropriate signal 
amplitudes the skywave compo
nent can then be minimized. 

A typical configuration of two 

ftNo more halftime 
headaches ... " 

"This new Telex headset is so light and comfortable 
I can finally leave my aspirin home. And, my engineer 

saYSlsoUndgre~ k~ 

~Includes 
The newest Telex "Sportscaster" effective windscreen 
boom mic headset has the pros and push.to-cough switch. 
in the broadcast booth talking. NEW For complete information 
Good news about the model TELEX about this and other 
PH-24 is spreading quickly ,SPORTSCASTER professional headsets 
among veteran sports PH-24 from Telex, write to 
announcers like network Telex Communications, 
television sports announcer Inc., 9600 Aldrich Avenue 
Charlie Jones. Imagine, South, Minneapolis, 
a professional broadcast M N 55420. For quick 
headset with full studio· information, call toll free 
quality, electret condenser 800-328-3771 
microphone and optimum 
earphone receiver performance 
weighing a mere 2112 oz. (less cord). 
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distant antennas of the new de
sign might reduce the RMS of the 
groundwave significantly from its 
value for conventional vertical an
tennas. But, Prestholdt reports, 
the AM transmission service radi
us can be approximately doubled 
because of the reduced level of in
terference between the two anten
nas. "It is not yet known how 
versatile the system will eventu
ally be," says Prestholdt, "but it is. 
anticipated that it will permit new 
stations to be added to the spec
trum, for existing stations to im
prove their local service and to 
result in reduced interference to 
many stations." 

Short radiators 
The second proposed antenna 

comes from Richard Biby of Com
munications Engineering Ser
vices. It will be described in detail 
in a paper a t the NAB conference 
in April. The design centers on a 
base-fed monopole of about a quar
ter of a wavelength in height. This 
operates over a conventional 
ground system comprising ap
proximately 120 buried copper ra
dial ground wires of the same 
length· as the monopole. Around 
the base of the monopole are dis
tributed a number of shorter ( 1/.'30 

wavelength) base-fed ra
diating elements. These short ra
diators and the central monopole 
are enclosed by a circular electric 
screen also about 11,,0 wavelength 
high and roughly a quarter of a 
wavelength from the monopole 
(Figure 3). Biby says that "this is 
not a super-gain scheme-the per
formance of the antenna is critic
ally dependent on the imperfect 
conducting characteristic of the 
earth." . 

The screen in the layout serves 
to cancel the creation of a strong 
groundwave by the short radia
tors, but does not prevent them 
from radiating a strong skywave 
at angles above the horizon. Judi
cious positioning of the screen and 
the short radiators allows the 
skywaves from the central mono
pole and from the short radiators 
to be closely matched in phase and 
amplitude. Then, adjustment of 
the short radiator currents can 
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cancel the two skywaves over a 
range of vertical angles. The circu
lar electric screen only has a small 
effect on the groundwave compo
nent from the monopole. 

"This antenna design," says 
Biby, "should result in greatly in
creased groundwave signal 
strengths per unit of input power 
as compared with that obtained 
with conventional antenna sys
tems." Biby's computer model of 
the new antenna concept allows 
for variation of a number of details 
that affect the radiation strength 
at vertical and horizontal angles 
from the antenna. These variables 
on the computer model include fre
quency, the number and dimen
sions of radiating elements, 
conductivity, and dielectric con
stant of the screen and the earth. 
Biby is able to compare results for 
well-established designs for verifi
cation of the model before using it 
to predict an optimum new anten
na configuration. 

For the future 
Both Biby and Prestholdt are 

confident that their computer 
modeling of their antennas' per
formance will be verified when the 
antennas are up and running in 
.?(.·.rly 1987, For the moment, how
ever, they emphasize that they 
ha ve only these theoretical 
predictions. 

Nonetheless, their experiments 
are being followed with interest by 
the parties that stand to benefit, 
Biby and Prestholdt have been 
receiving attention from a number 
of companies, which do not wish to 
be named. Michael Rau, the 
NAB's engineer coordinating the 
field study, also says a lot of 
interest is being shown by the 
broadcast community-engi
neers, consultants, and managers. 

Such interest, while encourag
ing, is a little premature with first 
tests not due to start for at least a 
year. The NAB is, however, main
taining a mailing list for those 
who wish to be updated on prog
ress and for volunteer AM engi
neers interested in performing the 
necessary skywave field mea
surements over the period of 
,the test, BM/E 
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Question 2-How LIGHT (in ounces) is this 
lightweight headset? 

Question 3-What HALFTIME PROBLEM 
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John H. Nullaney, being first duly sworn upon oath, deposes & 
states that he is a registered professional engineer in the state of 
:'laryland & the District of Columbia, & his qualifications are knO\~·n 
to the Federal Communications Commission. ..1.ffiant. stat:es that he has 
~een retained by Harrea Broadcasters, Inc., licensee of radio station 
\\KB{"' ,·;ho operate on 1230 KHz at Harrisburg, Penna., to prepare comn:cn ts 
in regard to the application of Scott Broadcasting Cor~oration. licensee 
of rc>.d io station \vFEC \\'ho operate on 1400 .K.'"l:z at Harrisbu.rg, Penna., or:. 
the possible interference such application might cre~te to the operatio~ 
of ~KBO because of the close separation of antennas. 

Affiant states that the computations & exhibits contai~ed herein were 
:nade by him personally & all facts reported herein a::e true of his OI';n 

kno,·.jledge, except \-lhere stated to be on iclformation 0:- ::81ief, & as to 
:hose facts, he believes them to be true. 

:'.' ~. 

I.sl John H. \!ullaoev 
John H. Nulla~ey, P.E. 
:laryland 7'15314 ( SEA L ) 

Subscribed & sworn- \0 before me this 9 Lll ddY or :\ugust 1976. 

Is! ..lovee A. '\lullaoey 
( SEA L ) Joyce A. :-lullaney, 

:-';otary Public 
My Commission Expires: July 1, 1976. 
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£\G I\~ERI;':G CO~!f';1EI\lS PREPARED ON BEHALF OF RADIO STATION WKBO CONCERNING 
THE APPLICATION OF RADIO STATION \vFEC TO ~lOVE TRANSNITTER SITE 

I. General: 

This office has been retained by Harrea Broadcasters, Inc., licensee c'
rad io station WKBO of Harrisburg, Penna. WKBO operates on 1230 KHz T..;iCll 
1-0.25 K\v U using a 150' grounded folded-unipole antenna. He ,,,ere retained 
to study an application filed on July 8, 1976 by Scott Broadcasting Corp. , 
licensee of radio station WFEC who operate on 1400 KHz, 1-0.25 K\v U to 
move their transmitter site within 370' of the present antenna system of 
~vKBO. Our study has been directed to determing if the close proximity 
of the \vFEC antenna \vould create interference to \\'KBO & make any recommend
ations to prote.ct the operation of \VKBO. 

\ve have determined that the proposed operation of \vFEC has a high probabilit 
of creating re-radiation of ,VKBO's signal & thereby distorting it's rad
iation pattern. In addition there is a possibility of cross-modulation 
being set up between the two stations. 

WFEC is presently located approximately 2,630' from the WKBO antenna 
on a true bearing of 22.46 0

• Their proposed move 'ivould locate the 
\vFEC antenna approximately 370' a,,,ay on a tL-ue bearing of 123.28 0

• 

Filters are nOlV' installed at the WKBO installation to prevent any cross
modulation or re-radiation of the WFEC & WCI'-'lB(1460 KHz 5 K\1j DA-N) signals. 

It is not the posLt1.0n of \vKBO that it is impossible for 'vFEC to prevent 
interference to 1.v'I<:SO'S non-directional pattern nor eliminate any inter
modulation, but rather that because of the extremely close spacing of the 
two antennas, the fact that both will be grounded folded unipole types; 
& the frequency separation is only 170 KHz, that it will be a very difficult 
problem to solve. WFEC's engineering statement does not appear to be 
aware of the magnitude of the problem inasmuch as they do not furnish 
details regard in? exactly how they propose to handle the matter. \VKBO 
feels that special conditions should be assigned to any construction permit 
granted HFEC for this site. 

TI. Engineering Discussion: 

A. WFEC Proposed Antenna System: 

The proposed antenna will be located at the southern tip of City 
T ....... , ___ 1 ~ .... __ ....... _ ....... 1- _c n_ ...... _ r'''' ...... -t-..,..--...,1 D..,;1"-r'\"'"'Irl 'h.,....;r"ln-,-" The oo-eot2:ranhic 
J..Ol.dllU, JUOl- OUUl-ii Ul. .L CUll VC:;Ul...LC4.1.. ~'(.4-'-.L..L.Vu. ............ -'--'- ..... 0'-"· '-' .L-

coordinates are: 

N. Lat. 
IV. Long. 

40° IS' 19" 
76° 56' 04" 

The WKBO antenna is located at geographic coordinates of: 
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The distance between antennas is 0.0701 miles or 370'. The true bearing 
from \iKBO to the proposed WFEC antenna is·123.28°. 

WFEC proposes to use a grounded folded-unipole antenna 175' tall, which 
is equivalent to a height of 89.7° at 1400 KHz & 78.75° at 1230 KHz. 
The proposed ground system will be abbreviated & the power input to the 
antenna will be adjusted so as to produce an unattenuated efficiency of 
150 mv /m/Klv at one mile. Al though the cross sect ion of the tower has 
not been stated one would expect a tower with a \vidth of 18" to 36". The 
-folds would be spaced anywhere from 18" to 36", & the radius of the fold 
wires would be on the order of 0.125". 

Figures 1 & 2 are tabulations of computer runs for a 175' folded-unipole 
antenna system with the parameters shown. 

Figure 1 furnishes information for a tower with an 18" side, fold spaced 
24", radius of fold wire 0.125" at 1400 KHz. It will be noted that the 
current transformation ratio is 4.397, while the characteristic impedance 
of the transmission line portion of the antenna is approximately 409 Ohms. 
If this antenna is to be adjusted for a 50 Ohm feed-point, the three 
shorting stubs on the tower must be located approximately 103' from the 
base of the tower. 

Figure 2 furnishes the same type of information as shown in Figure 1 
except the dimensi.Qns of the tower width have been changed to 24". The 
current transforma-tion ratio is sl ighty hieher with a value of 5.236, \vhile 
the characteristic impedance of the transmission line is slightly lower 
with a value of approximately 403 Ohms. 

Figure 3 & 4 are computer tabulations for the same 175' tower but this 
time the frequency has been changed to 1230 KHz. The purpose of making 
this run Ivas to determine what the \vFEC tower would look like at 1230 KHz 
the operating frequency of II/KBO. 

A study of figures 3 & 4 indicates that. for an 18" width tOlver ,vith the 
stub at the top of the tmver one would expect to measure an impedance of 
approximately 307 -j2l6 Ohms; while for the same conditions but for a 24" 
tOlver the expected measured impedance would be approximately 400 - j200 Ohms. 
If the II/FEC tower had been stubbed to obtain an approximate 50 Ohm feed
point resistance at 1400 KHz for Figures 1 & 2, the equivalent impedances 
at 1230 KIiz ~vould be 114 j198 & 79 j182 Ohl!loS. The exact value of impedance 
at either frequency can vary depending upon lead length, distance up tOlver 
folds are terminated, & any variations in parameters. 

A series-pass, parallel-reject type of network can be used in the antenna 
lead to the coupling unit to prevent the majority of inter-modulation 
between carriers; however it will not keep incident fields from either 
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antenna system from being induced in the tower structure which is grounded. 
It therefore will be quite difficult to design a filter system that will 
prevent fields from being re-radiated by each tower at the other stations 
frequency. The reason for this is the fact that each tower is a folded
unipole, & grounded & unless each antenna can be adjusted to have a very 
high impedance at the other stations frequency currents will flow in each 
antenna & prevent proper isolation. The use of networks in the folds is 
possible but these net";vorks even considering the lmv power of both stations 
\.lQuld have to have components capable of handling high currents. 

The attached Appendix illustrates the method of determining the impedance 
of a folded-unipole antenna. It has been used to set up the computer 
program used to.obtain the tabulations shown on Figures 1 through 4. 

B. Distortion to WKBO Antenna System: 

iVe are concerned 'vith the problem of the HFEC re-radiating the signal 
of \vKBO & creating distortion to our non-directional pattern. In order 
to determine '''hat effect if any the WFEC antenna \vould have on the WKBO 
antenna system ,.;e have determined the re-radiated field using the follow
ing express ion: 

37.25 [( 1 -. C2s G) 
Sl.n G 

Where: 

37.25 
Zb 

= re-radiated field in mv/m 
=.peight of re-radiating structure(our case 78.750

) 

=;;~_'w.p.velengths in meters 
- :incident field in v~lts per meter at re-radiator ,.;here 

Ei = lid SEo) x 10- volts per meter(our case 1/v0701 x 
150 x 10- = 2.1398 volts per meter. . 

= Factor 
= base impedance of re-radiator after determining equivalent 

termination impedance at re-radiating frequency(our case 
47.79 ) 

Substituting in the above equation we obtain a re-radiated field of 
-43.615 mv/m. The spacing bet'tveen the two tmvers is 370' or 166.560 at 
1230 KHz. The field ratio for tower fft2(\vFEC tmver) is 43.615/150 = 0.2908. 
(the re-radiated field divided by unattenuated field of WKBO system at 
1230 KHz). The time space phasing for the #2 tower will be equal to the 
actual spacing between the towers plus 1800 for the reversal on the tower. 
This equals -13.44°. The orientation of the array will be 123.28°. The 
field & phase for the WKBO tower is taken as 1 at an angle of 0° •. For 
purposes of computation we will use a Standard Pattern; however the differ
ence between a Theoretical & Standard pattern js only 5% & has no bearing 
on this discussion. Now substituting the known parameters in the General 
Case directional antenna design formulae .\Ve obtain the tabulation of. 
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Figure 5. Figure 6 is a plot of the directional pattern created by the 
location of the IvFEC tow'er along with a comparison to the non-directional 
pat tern for \vKBO. 

It should be noted that WKBO will also re-radiate the 1400 KHz signal of 
IvFEC & distort their non-directional pattern. The results of this 
distortion is not shown in this engineering statement. 

C. Suggested Conditions For Any Construction Permit: 

Inasmuch as WKBO is required to limit its efficiency to 150 mv/m at 
one mile in order to prevent interference to co-channel stations, & 
also maintain necessary filters to prevent cross-modulation or signal 
reradiation to radio station WCMB on 1460 KHz at Harrisburg, Penna, & 
also cooperate '<lith the licensee of radio station \vFEC to prevent any 
such cross-modulation or signal reradiation it follows 'that any change 
in the present existing conditions(no re-radiation or cross-modulation 
bet\veen stations) could cause WKBO to cause re-radiation, cross-modulation, 
& co-channel interference to other stations. In view of this it is 
respectively submitted that WFEC if given a construction permit should 
have the follmving conditions assigned: 

"The authority granted herein is subject to the following 
conditions: " 

1. Before program tests are authorized, permitte shall submit 
to the Commission sufficient field intensity measurements 
made on Station \vKBO, Harrisburg, Pa., to satisfactorily 
demonstrate that the WKBO radiation pattern has not changed 
as a ,rE;isult of permittee's construction. The minimum required 
measurements made prior & subsequent to said construction 
shall include at least ten(lO) consecutive points on at 
least eight radials. Permittee shall assume responsibility for 
all costs involved in complying 'vith this condition. 

2. Permittee assume the responsibility for installation & 
adjustment of necessary equipment in its & "'KBO's antenna 
system to prevent adverse affects on \vKBO, Harrisburg, Pa., 
due to cross-modulation or signal reradiation. Permittee will 
also assume' the responsibility for installation & adjustment 
of necessary equipment in its & WC:-lB' s antenna system to 
prevent adverse affects on WCMB, Harrisburg, Pa., due to cross
modulation or signal reradiation. Permittee shall assume 
responsibility for all costs involved in complying with this 
condition. 

It is assumed that the Commission would also require WFEC to demonstrate 
by means of field intensity measurements on their own operation that 
they have obtained an inverse distance field at one mile of 150 mv/m, & 
their pattern is substantially non-directional. 
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'''KBO now maintains filters to prevent cross-modulation between WKBO & IVFEC. 
It is assumed that WFEC also maintains such filters inasmuch as no problems 
have been noted with \V'FEC operating at their present location. The 
probability of increasing this potential for interference is self evident 
& needs no amplification at this time. 

III. Summary: 

It has been demonstrated that the proposed move of \V'FEC could create 
serious distortion problems to the \~O antenna system let alone their 
mvn proposed operation~ Affiants is aware that by use of filters it 
is quite likely that re-radiation of the WKBO non-directional operation 
can be eliminated. It also follows that by use of proper filters cross
modulation can also be eliminated or reduced to an acceptable level j. hmv
ever because of the close spacing of the t'tvO antenna systems & the fact 
that both towers are grounded & fed by the folded-unipole technique sets 
up a condition that could make it extremely difficult to prevent re-rad
iation of each of the stations signals by the other stations antenna 
system. The matter of obtaining a good bandwidth for proper modulation 
can also become a problem if filters or high Q techniques are used to 
try & de-tune the systems at the other operating frequency. Oper~ting 
t'tvO antennas 'tvithin 170 KHz at a spacing of 370 r is not considered good 
engineering & unless strict conditions are placed on any construction by 
\VFEe, their proposed operation could cause ~vKBO to have a distorted non
directional pattern, so much so, that interference is created to other 
radio stations. A':'serious reduction in band'tvidth would distort the 
modulation quality' \)f the ~O signal, 'tvhich in turn could affect their 
ability to sell time. 

Affiants believes that sufficient reasons have been setforth to demonstrate 
that any authority to construct to WFEC should be subject as a minimum to 
the conditions suggested. 

August 9, 1976. 

/sl ,Iobn H, Mullaney 
John H. Mullaney, P.E. 
Maryland 115314 

( SEA L ) 
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SIDE OF TOWER IN INCHES ? 18 
SEPARATION OF FOLDS FROM TOWER IN INCHES ? 24 
RADIUS OF FOLD IN INCHES? .125 

CURRENT TRANSFORMATION RATIO 

HEIGHT OF TOWER IN FEET 1 175 
FREQUENCY IN KHZ ? 1400 

4.397 

CHARACTERISTIC IMPEDANCE OF TRANSMISSION LINE 

LOSS RESISTANCE OF TOWER IN OHMS 1 1 
BASE INDUCTANCE IN MICRO HENRIES 1 0 
DISTANCE FROM TOP OF TOWER 

TO STUB IN FEET (START?STOP?STEP) ? 0,175,5, 

DISTANCE OF STUB FI:;:OM RESISTANCE F~El'lCT f-INCE 

TOP BOTTOM 

0.000 175.000 222.953 119.077 
5.000 1/'0.000 20!:j.495 129.()60 

10.000 165.000 188.284 136.022 
15.000 160.000 171.738 140.420 
20.000 155.000 156.1.1.5 142.699 
'")1:" :'&00 .:.. ,J,"' ..... ~. 150.000 14:L. 550 1i.t-V ~)' o:c 

"I ~ + ..:..(..),..) 

30'.000 145.0()O 128.091 142.469 
35.000 140.000 115.729 140.602 
40.000 135.000 104.418 131'.906 
45.000 130.000 94.096 134.570 
50.000 125.000 84.686 130.749 
5~j. 000 120.000 76.114 126.5:59 
60.000 l15.000 68.304 1.22.095 
65.000 110.000 61.185 117.42"7 
70.000 105.000 5·L692 112.609 
75.000 100.000 48.764 107.682 

409.27B OHNS 
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80.000 
85.000 
90.000 
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:1.00.000 
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8!'5.000 
B() • ()()() 

~75 ~ ()()O 

70.000 
65.000 
50.000 
55. ()()() 
50 .• 000 
45.000 
40.000 
3!,:j + 000 

2!:-j + O()O 

20.) 000 
15.000 
l().OOO 
5.000 
0.000 
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0.127 
0.000 
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GIDE OF TOWER IN INCHES? 24 
S~PARATION OF FOLDS FROM TOWER IN INCHES? 24 
e ,:',Di US OF FOLD I N INCHES T • :l.2~:'i 

CURRENT TRANSFORMATION RATIO 

HEIGHT OF TOWER IN FEET ? 175 
FREQUENCY IN KHZ ? 1400 

CHARACTERISTIC IMPEDANCE OF TRANSMISSION LINE 

L:J::iS F;:ESI~3TM··JCE OF TOi,JE::r;: IN O!-jiYiS ? :I. 
BASE INDUCTANCE IN MICRO HENRIES ? 0 
D[STANCE FROM TOP OF TOWER 

TO STUB IN FEET (START,STOPvSTEP) ? 0,175,5, 

DISTANCE OF STUB FROM 

o.c,oo 
5.000 

. :to.GIGO 
1'5.000 
20,'000 

30.000 
3 ~ + 00 () ;.~' ~~ .'" 
~r. oor'" ': ." 1.. .. \,/ .... 'J 

45.000 
;5().000 
:::i5 • 000 
60.000 
,~i5. 000 
70.000 
75.000 
BO.OOO 
85.000 
90. (JOO 
9t:; • GOO 

100.000 

BOTTOM 

17~5., 000 
J70.000 
:t6::i.OOO 
160.000 
15:'5.) 000 
150.000 
145.000 
140.00'0 
:l.3~5t(j()() 

1.30.000 
12~'i.OOO 

120·) 000 
lt5.000 
11.0.000 
1. ()~:; .000 
:1.00.000 
9~5. 000 
90.000 
U~:5 • 000 
130.,000 
75.000 

RESISTANCE R~ACTANCE 

~27~j t~:;:J.~) 

240.2:1.4 

:1.7'7 + 072 . 
174.54[1 
:J. ~54 + 320 

120.400 
106.344 

93.947 
83.004 
73 .. 330 
64.763 

·!:'i7.156 
!.:"iO.387 

.44.349' 
3(3.950 
34.:1.1.4 
29.773 

22.364 

:t l.}':? ~ ()·4:~ 

:t 63.,674 

178.,036 
:1.76 .. 4GO 
:L"7:3 .1. OB 

144.009 

130.724 

1 i 7. '::-0:'" 
.a.. .. ~ .... ) 7 .f.. 

1. i:L " :1.52 
:L04.,tJ:l2 

92.,43? 
06.397 

403. ·493 DHhS 
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105. () () () 
1:i.0. 000 
:LI. ~:) • 000 
120.000 
:I. .2 ~.) <- () () () 

:1.30. ()O() 

:l ~~!:5 .) 000 
140.000 
:!.·4;5.000 
:t. ~j() .; 000 
155v 000 
:l60~OOO 
:l6~'j. 000 
:1.70.000 
1. ::;~:5 + ()()() 

.. ' .,. ". 

70. 000 
6;~j + 000 
60. 000 
5!:5 + 000 
::50., 000 
L~ ~:=j ? 000 
40.000 
3!5. O()() 

3() ~ ':)()() 

2::-j.OOO 
20.000 
15110 ()(,() 
:l.O.OOO 

~:,) .) 000 
0.000 

1 (? .206 
16.365 
13.G12 
11 .• :.?:> ., ",J,;._,,_ 

9+·4~75 

7.653 
.. -S 4 042 
-4.63:3 -. 416 ':'. 
... ) -v Cl / 
..:... + ~"')\JO 

1 • 53(? 
0.874 
o ~ :393 
0 • 1 ()() 
o ~ ()()() 
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n .) 
C) ,-. .) ·4·4.'~ 
'7·4.) !7jtj9 
L.".::: 
\ .... \.J ~ ;"',63 
cd.O:l4 
5·7.3:1. :I. 
51 .642 
·4 ~.:5 ~ 9~) if 
·4() 10 :'556 
~.~~ -4 v 7 t ~':) 

2::?) ()!52 
~~:'J o)'3c) 1 
1 '7 ~ c:I:2~) 
:I. :t ~ E;::3 () 

~::. 

.... I.;. '3j{~\() 

() ... ()O() 
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JOHN H. MULLANEY 

CONSULTING RADIO ENGINEERS 

SIDE OF TOWER. IN INCHES? 18 
SEPARATION OF FOLDS FROM TOWER IN INCHES ? 24 
F;:f~DIUf.; OF FOI...n IN INCHES ? .125 

CURRENT TRANSFORMATION RATIO 

HEIGHT OF TO~JEr.;: IN FEET T 175 
F~EQUENCY IN KHZ T 1230 

CHARACTERISTIC IMPEDANCE OF TRANSMISSION LINE 

LOSS RESISTANCE OF TOWER IN OHMS ? 1 
BASE INDUCTANCE IN MICRO HENRIES ? 0 
DISTANCE FROM TOP OF TOWER 

TO STUB IN FEET (START,STOP,STEP) '1' Ov175,5, 

DISTANCE OF STUB FROM 
TOP BOTTOM 

0.000 175.000 
5.000 170.000 

10.000 165.000 
15.000 160.000 
20.000 155.000 
25. 000 ;'.~'. 150.000 
30.000: 145.000 
35.000 140.000 
40.000 135.000 
45.000 130.000 
50.000 125.000 
55.000 120.000 
60.000 115.000 
65.000 110.000 
70.000 105.000 
75.000 100.000 
80.000 95.000 
85.000 90.000 
90.000 85.000 

RESISTANCE REACTANCE 

307. J.B4 
348.007 
389.0/'0 

4:50. El!:33 
4~;B. ~)(S() 

444.349 
410.550 
363.395 
310.905 
259.637 
213.471 
1. 7:~. 932 
:t41.063 
11.4.189 

74.761 
60.496 
40.929 

-:l.9t.:I.~j9 

····:l.64.44~'i 

-:1.:1.(3.,:521 

79., 1.=;O~5 
llt() 'l- ·41 \'J 

2:1.:!.., (;;,;5::5 
:f.9n.30~) 

:l :::j;:5 • :1 G 4 
:l .<.} 1 • ~.~; '7 ::; 

409.2/8 OHl'1S 
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?!'}j • 000 80. 000 
1 ()() + 000 • ... Jr.: 4 

/.J+ 000 
l()~~j~ 000 70 • 000 
:l. :1. () • 000 6:5.000 
:I. J ::i ., 000 6Q .. 000 
:1.20. 000 55.000 
:1.2~5 ;- 000 50 .000 
:1.30 ,. 000 .I11!.-, ·_1 • 000 
1:35. () ()() ·4() " 000 
1.40 • 000 35 • (rOO 
:1. Lf;:'i. GOO 30 .000 
1 !7j () .. 000 '')1::'' 

.:. .. J + 000 
1 ~:;!5 + 000 ;20 + 000 
:1.60. {)()() 1.5. 000 
:I. 6::;.000 10 .. 000 
:1.70. 000 5.000 
" '"'"J f=-
.1. !' ;J • 000 o. 000 

39.523 
~3 J. .849 
2!5 • !5:7 () 

20 .,42:1. 
16 ., 191. 
1.2 .. 7:1.~) 

9. (~,:S2 
7. I::·"')r:.-\J",~ \.oj 

I:''' 
.J+ 

",' ""'1 
C)~.,;. 

4 .. OB4 
'") 
.-:.. + 

,", r~' .<. 
0,.)0 

:I. .893 
:I. • 160 
0.627 
().268 
0 • 01.>5 
O. 000 
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.1·~2[j {. ,:~,~?·4 

:I. .r ." 

.~. (::~ ., ~5)'';? 
::.0:,:5 ~~: ~;.~·4 

::..:r .-:,} ., ~5(? :t 
E!4 • C;~} ~.:! 
'7~5 • 294 
..t •. -:". 

1,..; 1 •• ,1 ,. 5;~ 1 
:5 ~:j .:. .:~~ 6 () 
~·3 () .:. .. ;"{·(S ~.: 

·4~~~ ., OUi 
"~ C) ,. ():/ ·4 
:';':'? ., ·-::~·()·4 
") ":r .. , .. ., .' 
.• ; .•••• J .;. f .. } ,:) I:~) 

l6 • ()~)9 
• 'r J •. , . . , ()~:s -4 

:.=5 .:. .. :':}·4·5 
" ()O() t.) ., 
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J 0 H N H. M U L LAN E Y 

CONSULTING RADIO ENGINEERS 

SIDE OF TOWER IN INCHES? 24 
SEPARATION OF FOLDS FROM TOWER IN INCHES ? 24 
RADIUS OF FOLD IN INCHES? .125 

CURRENT TRANSFORMATION RATIO 

HEIGHT OF TOWER IN FEET ? 175 
FREQUENCY IN KHZ ? 1230 

CHARACTERISTIC IMPEDANCE OF TRANSMISSION LINE 

LOSS RESISTANCE OF TOWER IN OHMS 1 1 
Bf.r SI::: I N:OUCTI:~NCE :r N rj I CI:~(J HENF~ I ES '[ 0 
DISTANCE FROM TOP OF TOWER . 

TO STUB IN FEET (START1STOP1STEP) 1"0,175,5, 

DISTt-1NCE OF STUB FFWi'1 F~ESISrpd'ICE 1~:E(~CTr-:I!\!CE 

TOP BOTTOM 

0.000 :1.75.000 401.074 --:1'"79.936 
5.000 170.()OO 44:7 .4l1 ·-:l.~3·4.470 

:l.O~OOO 1. 6!5.~ 000 483.458 --S):!. .:. ·413 
15.000 160.000 ~500 + ~5:l 0 -14.7:1.3 
20.000 155.000 491.058 (,j6.:1.06 
25 t O()() 150.000 4~5i3 + 628 1 :'5~3 v ~·):?8 

30.000 :., ~" . 145.000 407.850 :[ 94.,643 
:3!:) <. 000: : 1.40.000 349.4B2 ::'~29.,919 

40.000 135.000 291..881 24.-J .. 90.5 
45.000 130.000 239.979 250.:l55 
50.000 12!5.000 1 <»5.680 244.325 
~)5. 000 120.000 159.023 2~5:5.~112 

60.000 115.000 :1.29.17B 219.0f:14 
6~5 + 000 110.()OO 10~L 051 2()3 + t18:~ 

70.000 105.000 85.577 :I. (::::3.490 
75.000 :LOO.OOO 69.830 173.466 
80.000 95.000 5:;''' ~ O~)3 159.103 
t~~5. 000 90~OOO 46.640 14~5, ~53:1. 

90.000 8~). 000 :~8 • U.5 132.,790 
95.0()O 80.000 31.105 120.D64 

403 ~ 493 OHr'lS 
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:1.00.000 75.000 
:LO!5.000 70.000 
U.O.OOO 65.000 
:f. J.~:i. 000 60.000 
:L20.000 !:i5.) 000 
12::;.000 50.000 
:1. 30. OiJO -45.000 
1.~)~).OOO 40.000 
140.000 35.000 
:1.4:5.000 30.000 
:l~'jO.OOO 25.000 
:1.55.000 20.000 
160.000 1.5.000 
:l.6~3.000 :LO.OOO 
170.000 5.000 
:1. 7~'j. 000 0.000 

25~318 
20.525 
16.546 
13~237 
10.485 

8.20:) 
6,. :-)O~I 
4.748 
3.474 
2.4·47 
1 .633 
1.007 
0.548 
0.236 
() ()"~~ 
_. -00 ~ ... J! 

0.000 
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109.71~) 
7\ (i-y ;281 
E~(J + 5(:17 
SCI;. 332 
j·'l.69B 
6:3~!:i5l 

5!5.842 
4f~ ¥ ~57'7 

·41.5t)3 
34.916 
~~t3y.~551 
':>":) ,-;'1 ~C'l 
:- .... _.:- ":,,,.) 

16:1 ~ 5!50 
1 () ,. ~1(S~~ 

5+3:5-3 
0.,. ()()c· 
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II FIGURE 5 J 0 H N H. M U L LAN E Y 
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EFFECT OF WFEC ON WKBO ANTENNA SYSTEM+ 

FREQUENCY 1230 KHZ 0.702 I<W 

TABULATION OF ANTENNA PARAMETERS 

OF~I ENTATION SP(.iCING FIELD PI··IASING 
DEGREES DEGREES FEET f=~(~,TID DEGREES 

0.000 0.000 0 .. 000 l~OOO 0·,000 
123.280 166.560 -- <. Q C) '-.1 " 

'Io.~O, 40 .. /.~ 0.291 -,13 .. 440 

TOWER HEIGHT SIDE OF 
TOt.JEI:;: NUMBER DEGREES FEET 

:L 
2 

TDI...JEI--;: 
NUriBEFi: 

1 
2 

HrlS 

67,.500 
78.750 

149 + 93;:5 32.000 
17·<L 924 :l.B. 000 

N-DA FIELDS AT ONE MILE 
1 KILOWATT 702.000 WATTS 

1.9,0.862 .,. -
~,·9,2·. 659 

159.9:1.5 
161.420 

THEO'RET I CAL 

F:SS/F:t1S I;:AT I 0 
r;; 

158.020 
1<lH.373 

1.065 
1!51.734 

165.921 
155.792 

1 • 06~'j 
159.321 
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TABULATION DF STf.',NDAFUt HDR I ZO,···lT,:')L F'ATTE1:;':N 

TF:UE FIELD TF\lJE FIELD Tr~:UE FIELD TF\UE FIELD 
BEI~I:;: • F!l.)/rl DEAl:;': .. ril.) / t·! BE,~~!~: • r"jlJ/f'i BEAR .. riV/f'1 

0.0 154.199 90 .. 0 137 + :554 l8D.0 175.037 270.0 1.20.170 
~1 y 0 1.64.169 95.0 132.076 :l8~-j. 0 .J C' ..... r.~ -.,."-1 

.Lv~') • ...J':>1 275.0 116 .. 938 
lO.O 174.087 1.00.0 l27 + ;1~j7 :1.90.0 :L91.226 2tlO.O :1.14 .. 9:t 8 
1 ~7j. 0 183.403 105.0 :l24.527 :J.9~5.0 :L97.642 :2fJ5~() :tl~3 .. 8J.2 
20.0 1.91.591 110.0 122.261 200.0 202.378 2 ~ .. )I'J v () 1l3.3:t:l. 
2:5.0 198.195 115.0 120.f.322 205.0 20:;:;.112 295.0 :L 1 3 • 1. "QA 
30.0 202.854 120.0 120.090 210.0 205 .. 636 ~)OO. 0 113.114 
::)5.0 205.330 125.0 119.994 215.0 203.869 305.0 1:1.3.114 
40.0 20!:"i .. 519 130.0 120.522 ~~2()+() 199.871 310.0 11.3.127 
4~5. 0 203.458 135.0 121 + /'30 22~7.;. () :l93.841 31!5 .. 0 :t:L 3 .. 22>3 
!5() .. 0 199.317 140.0 1.:~~3. 723 2~5()+() 181,.102 3:2().O 113 .. 60~~i 
~5:j ~ 0 193.385 145.0 :L 26.63"7 23!5{oO :l.77.0E)4 32!5 ~ () :L:t4.490 
f.,O.() 186.046 150.0 130.606 240.0 167.295 330.0 11.6.191 
65 .. 0 177.747 155.0 135.720 2·45 + CI :I. t:"-., "lC'" 

;J/.;A... 1:> .... 335 v. () 119;.Ol,s 
"70.0 16B.966 :L60.0 14:1..988 ::'~:=j() ~ 0 147.590 :-5-4() ~ () 123.221 
7'5.0 160.172 J.65.0 149.317 r) 1;'- r:; i) 

A- ..... 1 .. ...I' + v 13D., 7:1.4 345.0 128.'?·49 
BO.() 151.790 170.0 :I.~:;7.495 260.0 131.049 350.0 136.:L78 
0:5.0 144~169 175.0 166.203 ~~ C)~:; 0) () :l.21.},.843 355.0 :L44.,7:1.2 

The directional antenna pattern was developed by using the General Case 
design formulae & adjusting the pattern for Standard computations in 
accordance with the Commission Rules. 

Formulae Used: 

DIRECTIONAL M:-TEt-.'NA DES IGN FOru-fUIAE 
(General Case) 

1\=1 

. (0 



J 0 H N H. M U L LAN E Y 
CONSULTtNG RADIO ENGINEERS 

Page 3, Figure 5 Cont: 

Where: 

E = Unattenuated field intensity in mv/m at one mile 

K = A constant to convert unit pattern values to unattenuated field 
intensity in mv/m at one mile 

Fant The vertical radiating.characteristics of kth antenna as defined 
by formula (3) above. 

N = Number of towers 

¢= Azimuth angle from reference line of the array 

RMS= Effective field of the directional pattern 

Jo= Bessel function, zero order, of tower spacing 

6 = Angle above the horizontal 

Ax= Azimuth angle measured clockwise from the re£erenc~ line of the array 
to a line drawn from the reference point through t:,e kth tower 

GK= Height of the kth antenna in electrical deg=ees 

M~ Relative field ratio of the kth tower 

q/K= Relative phase angle of fieid radiated from kth tower 

$x= Spacing of the kth tower' frum the reference point 

SJl(= Spacing be tween tm.;ers j anci k 
-

':I/H~= Relative phase between the fi~lds radiated; from j and k 
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APPEi\TDIX 

J 0 H N H. MUll AN E Y 
CONSUL.TING RADIO ENGINEERS 

~ETHOD OF DETER.'TINING FOLDED UNIPOLE DRIVE POINT I?-IPEDANCE: 

I. Introduction: 

The folded-unipole antenna for standard broadcast use \Vas introducted 
to the industry by John H. Nullaney, P.E. in lQS6. An article entitled 
"The Folded Unipole Antenna For Ai''! Broadcasting", by affiant 'iv-as printed 
in December lQ60 in Broadcasting Engineering. Since that time your 
affiant has used this type of antenna in not only non-directional but 
rJirectional applications for standard broadcast stations. The math
ematical approaches to the solution of a folded-unipole problem have 
been expanded by your affiant & it is now possible to predicate with 
reasonable accuracy the expected impedance for these antennas. The 
following discussion setstforth the salient factors used in the deter
mination of the base impedance. 

II. Engineering Discussion: 

A. Drive Point Impedance Formula: 

~ 11:2:-2- - Z?:-3 

(; f-n ) >- ~i -t-

,Z:-2- - .~.r. '.' Z L + 

n Z?:- B 

~~~.~-~---

L --
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B. Calculation of Current Transformation Ratio: 

Two types of cross sections are given consideration: 

a = radius of fold 
t = side of tower 
s= separation of fold from tmver 

For purposes of calculation, replace the triangles by circles of the 
appropriate diameter: 

@ .-...... - ... -. 

The equivalent radius is chosen so that the separation of the fold fro~ 
the tower remains unchanged. 

C. ~agnetic Field: 

Page 3 is a sketch of the magnetic field around a folded-unipole tower. 
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I 
I 

_ Physical principle: No flux 1 inked betlveen conductors. 



Page 4, Folded-Unipole Cont: 

D. Simplified Problem: 

JOHN H. MULLANEY 
CONSUL.TING RADIO ENGINEERS 

Going further the fold & the tm..;er can be represented as: 

. \1 

The linked flux can be expressed as: 

d-b 
." -:' ::.": 

/(-x:~ 
-d+4 

- -... " .. . - . 

~ 7t:; r:CA (x~J)+-~ CJ_~)]d-1_u . 
- J+a.. 

. - - . - '-' 
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Require 0 = 0, then: 

2d'-t 

--

J 0 H N H. M U L LAN E Y 
CONSULTING RADIO ENGINEERS 

Since there are three folds, t~8 current transformation ratio is one 
third of the ratio of Ib t I h c o a' en e: 

I ----h :::: 

3 
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E. Calculation of Transmission Line Impedance: 

J 0 H N H. M U L LAN E Y 
CONSULTING RADIO ENGINEERS 

The transmission line impedance for a folded-unipole antenna which is 
equivalent to a two conductor transmission line of unequal diameters can 
be determined as follows: C , 

Equivalent cross sections: 

41. 

2.$ 

_* .J, 
1M 2et, 

~"---." 

The Characteristic impedances is then: 

i!::-o &Oh {a+b+st 
~i. j, } /20~~ 

Since there are tp,.:ree folds; . 
. -

F. Summary: 

The equations setforth in this Appendix have been used to "wTite a computer 
program to determine the base impedance of a three fold folded-unipole 
antenna system. Figures I through 4 present data concerning the \vKBO-\vFEC 
problem. 
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Elevated Vertical Antenna 
Systems 
Is your vertical-antenna system performance up to snuff? If not, 
maxbe it needs a lift-in elevation above ground, that is! 
By AI Christman, KBel 

Electrical Engineering Dept 
Grove City College 
Grove City, PA 16127 

/1 

F
or many years, standard broadcast 
stations have used vertical 
monopoles (towers) as trans

mitting antennas. These monopoles are 
required by the FCC to have extensive 
ground systems, usually consisting of 120 
or more buried radial wires that are used 
to simulate a perfectly conducting image 
plane beneath the monopole. The length 
of the radials is generally !4 }., although 
longer radials are often used. Elec
tromagnetic energy leaving a radiator 
travels through space until reaching the 
earth's surface, where it flows through 
the soil to the radials, and then back to 
the antenna feed point. 

Background 
The FCC mandate requiring the use of 

many buried radials is apparently based 
upon the findings of three RCA 
engineers: Brown, Lewis and Epstein. 
These men carried out extensive tests on 
buried-wire radial ground systems in the 
mid-1930s and published their results in 
a now-classic paper in the Proceedings 
of the Institute of Radio Engineers.! In 
this 1937 paper, a single test was 
performed wherein the radials were laid 

1 Notes appear on p 42. 

90 

MAXIMUM GAIN: 
A- 0.06 dei 
B- -2.61 dBi 

C --9.66 dBi 

upon the surface of the earth rather than 
buried jn the soil. The conclusion was 
that "tliis ground system is about as 
good, as an equal number of buried 
wires."2 The experimenters' normal 
procedure was to bury the wires to a 
depth o(~bout 6 inches.3 Although this 
work was dQIJ.e at a frequency of 3 MHz, 
the results were quickly applied by AM 
broadcasters to their own part of the 
spectrum (540-1600 kHz), and buried 
radials have been used in AM-broadcast 
antenna systems ever since. 

I recently studied elevated vertical 
antenna systems to determine how well 
they perform compared to conventional 
ground-mounted systems. My computer
modeling results indicate that an elevated 
vertical monopole antenna with four 
elevated horizontal radials provides more 
power gain at low elevation angles than 
does a conventional ground-mounted 
monopole with 120 buried radials. 

The frequency of operation for my 
analyses was 3.S MHz, and I used 
ground constants u (conductivity) and Er 

(relative permittivity) that simulate 
average-soil electrical parameters. The 
computer program I used for this 
work was NEC-GSD, a Method of 
Moments code developed by engineers 

Fig 1-Elevation
plane radiation 
patterns for V4-A 
vertical monopole 
antenna systems 
with 120 buried 
radials (A), four 
buried radials (8) 
and a ground 
stake only (C). 

at the Lawrence Livermore National:, 
Laboratory. ' ',': .:. 

In agreement with the fmdings of Arch ~f':'" 
Doty, KSCFU, I believe that the use of ' , , : 
elevated, rathec'''than buried, radials,;,.~\ 
provides superior performance, because ,. ' • 
it allows the collection of electromagnetic 
energy in the form of displacement cur-
rents, rather than forcing conduction 
currents to flow through lossy earth.4 

The Computer Analysis 

The first step I took was to determine 
what effects, if any;would be caQ-sed by·, 
changing the depth at which the ground 
radials were buried. I used NEC-GSD to 
model a !4-}' vertical monopole with 120, 
buried !4-}' radials. The operating fre
quency was 3.S MHz, and I modeled the 
system with average ground (u = 0.003' 
Sim and Er = 13).5 

, For the NEC model, the antenna was 
constructed of no. 12 wire (radius = 1 
mm) and metal conductivities were 
adjusted to simulate an aluminum mono
pole mounted on a 2-foot steel ground 
stake with copper radials. As the burial 
depth of the radials was increased from 
2 to 6 inches, the power gain of the 
antenna decreased only slightly (see 
Table 1), as did the ground-wave field 
strength. (Note that the reactive portion 
of the input impedance may be altered 
by adjusting the length of the monopole 
or by making it thicker in relation to the 
radials.) I used the vertical-monopole 
antenna system with 120 radials buried 
2 inches deep as a reference' standard for 
comparison with the other antenna 
systems discussed in this article. 

I repeated the procedure described 
above using four buried radials, rather 
than 120. The results are given in 
Table 2. As before, slightly lower power 
gains and field strengths were calculated .. '. 
as radial depth increased. Compared to 
the 12o-radial cases, monopoles with!> 
only four buried radials have mu~., ,~" 
higher ground losses, as eviden~ by 
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Table 1 
Power Gain and Electric Field Strength for Vertical 
Monopole Antennas wIth 120 Buried Radials 

calculated power gain (dBI) 
Elevation 

angle 
(degrees) 

0 
5 

10 
15 

'20 
25 
30 
40 
50 
60 
70 .. ' 
80 
90 

Vertical electric 
field strength 

120 radials 
buried 2 in. 

-00 

-6.14 
-2.40 
-0.86 
-0.17 
+0.06 
-0.02 
-0.83 
-2.37 
-4.68 
-8.13 

-14.13 
-158.38 

120 radials 
buried 4 in. 

-00 

-6.15 
-2.41 
-0.87 
-0.18 
+0.04 
-0.03 
-0.84 
-2.31 
-4.69 
-8.14 

-14.14 
-158.45 

120 radials 
buried 6 in. 

-00 

-6.16 
-2.42 
-0.88 
-0.19 
+0.03 
-0.04 
-0.85 
-2.37 
-4.69 
-8.14 

-14.14 
-158.51 

(mVlm) 33.16 33.10 33.06 
Input impedance 
(ohms) . 39.87+j22.0 4O.18+j22.49 4O.44+j23.02 

Table 3 . 

Table 2 
Calculated Power GaIn and Electric Field Strength for 
VertIcal Monopole Antennas wIth 4 Buried RadIals 

calculated power gain (dBI) 
Elevation 

angle 
(degrees) 

0 
5 

10 
15 
20 
25 
30 
40 
50 
60 
70 
80 
90 

Vertical electric 
field strength 

4 radials 
buried 2 in. 

-00 

-8.82 
-5.08 
-3.54 
-2.85 
-2.62 
-2.70 
-3.52 
-5.06 
-7.37 

-10.83 
-16.84 

-169.74 

(mVlm) 24.37 
Input Impedance 
(ohms). 74.48+j33.69 

4 radials 
buried 4 in. 

-00 

-8.84 
-5.10 
-3.56 
-2.87 
-2.65 
-2.72 
-3.54 
-5.08 
-7.40 

-10.86 
-16.86 

-169.99 

24.31 

74.73+j34.04 

4 radials 
buried 61n. 

-00 

-8.85 
-5.11 
-3.58 
-2.89 
-2.66 
-2.74 
-3.55 ~ .. j 
-5.10 
-7.42 

-10.87 
-16.88 

-170.17 

24.27. 

. ~ 
~. ", . 

.-::~. 

. '~.' 

. :.:; . "- ~. 
.• : .... : .. :1 
. -.. :- ~ 

~:'"~:~.''''' 
74.93+j34.39 

Calculated Power Gain and Electric Field Strength for Elevated Vertical Monopole Antenna Systems 

calculated power gain (dBI) 
Elevation 

angle 4 radials 4 radials 4 radials 4 radials 
(degrees) height = 5 it height = 10 it height = 15 it height ~ 20 it 

0 -00 -00 -00 -00 

5 -6.40 . -6.22 -6.09 -5.97 
10 -2.69 -2.53 -2.43 -2.34 
15 -1.19 -1.08 -1.03 -1.00 
20 -0.56 -0.50 -0.53 -0.59 
25 -0.41 -0.43 -0.54 -0.71 

.30 -0.57 -0.68 -0.91 -1.22 
40 -1.59 -1.93 -2.45 -3.13' 
50 -3.38 -3.99 -4.88 -6.05 
60 -5.94 -6.85 -8.15 -9.92 
70 -9.61 -10.80 -12.50 -14.87 
80 , -15.n -17.15 -19.16 -21.97 
90 -157.37 -154.72 -152.32 -150.20 

Vert/cal electric 
field strength 

. (mVlm) 32.19 32.94 33.49 34.00 
Input impedance 
(ohms) 38.64 +j8.60 36.06 + j3.37 3.n +jO.59 31.35 -j1.17 

reductions in gain and field strength, and 
by increases in input resistance. Much of 
the. power radiated by the 120-radial 
antennas is now wasted heating the soil 
in the four-radial systems. Variations in 
azimuth-plane gain were negligible 
(0.01 dB or less). 

strengths in the tables were normalized 
for an applied power of 1 kW at the feed 
points of the antennas, and were calcu
lated at a distance of 1 mile and a height 
of 5 feet above ground. [This normali
zation procedure allows the pattern 
values for the different antenna con
figurations to be compared directly at 
any given elevation angle-Ed.] At this 
height the electric field is almost entirely
surface wave (ground wave) rather than 
sky wave. I concluded from this 
comparison that if radials must be 
buried, more radials are better than a few 
radials in order to minimize losses. Also, .' 

The elevation-plane radiation patterns 
"for vertical monopole antennas with 120 
radials, four radials and no radials 
(ground stake only) are shown in Fig 1. 
The pattern shape remains essentially 
constant, but the pattern size (gain) 

. depends upon the quality of the ground 
system. All of the vertical el~c field .. ~ , . .".- .... . . . 

, 
4 radials 4 radials:~-'" -

height = 25 it height = 30 it 
-00 -00 

-5.82 -5.60 
-2.23 -2.06 
-0.96 -0.85 
-0.64 -0.64 
-0.89 -1.02 
-1.56 -1.87 
-3.92 -4.71 
-7.46 -8.87 

-12.06 -13.72 
-17.55 -18.05 
-24.67 -23.45 

-148.37 -146.88 

34.66 35.55 

28.82 - j2.05 26.51 - j2.08 

it's helpful to keep buried radials as close 
as possible to the ground surface. 

The next syst~lA. ~onfiguration I 
modeled was a vertical monopole radia
tor with four horizontal radials-all 
elevated above the earth's surface. I 
found that low-angle power gain and 
field strength increase as the height of the 
antenna system is increased. Also, the 
gain at somewhat higher angles decreases 
as the antenna is raised (see Table 3). 
Note that the power gain at take-off 
angles below 150 increases continually as 
the antenna height is raised from 5 feet 
to 30 feet, but the gain at a take-off angle 



of 20 0 reaches a maximum value at a 
height of around 10 feet, and then 
decreases as the antenna is moved higher. 

Compared with the reference 
120-buried-radial system, the four-radial 
elevated antenna system reaches parity 
(equivalent performance to the reference) 
at low angles at a height of about 15 feet 

. above the surface of the earth. If the 
antenna is raised further, a secondary 
high-angle lobe will develop as the 
antenna height approaches ~ ).; gain at 
very low angles continues to increase. 
Variations in azimuth-plane g8in are 
quite small, even with only four radials 
in the antenna system. 

I , 

Antenna-System Geometry 
The physical layout of the basic 

elevated-radial antenna system I modeled 
is shown in Fig 2. The monopole and the 
outer ends of the radials are supported 
by conductive masts. The height of the 
radial-support masts is the same as the 
elevation of the radials above ground, 
but these masts are separated laterally 
from the tips of the radials by six inches. 
The central mast supports the monopole, 
and it is also the same height as the 
radials. Each mast is attached to a two
foot-long ground stake that is driven 
fully into the earth. 

The masts and ground stakes are made 
of steel, the radials are copper, and the 
monopole is constructed of aluminum, 
as before. All conductors are no. 12. The 
four radials are electrically connected 
directly to the top of the central mast, 

'~'. 
.. 

but are insulated from all other support 
structures. The outer conductor of the 
coaxial cable is also connected to the 
four radials at the top of the center mast. 

This antenna arrangement allows 
significant current to flow on the central 
mast, so I also modeled the system with 
a slightly different feed-point design. In 
this second elevated-radial model, I iso
lated the central mast from the radi~ 
in order to reduce current flow on the 
mast.6 As shown in Table 4, the isolated 
antenna system yields a small improve
ment in ground-wave field strength 
values, and more power gain at low 
elevation angles. There is only a slight 
change in feed-point impedance. Fig 3 
shows the elevation-plane radiation 
pattern for an isolated four-radial 

". 

Table 4 
··~1·)o 

~"'::.;; ... \ . 
Calculated Power Gain and Electric Field Strengt~ for Isolated Elevated Vertical Monopole Antenna Systems 

:, ',' .Ca/cu/ated power gain (dBI) 
Elevation 

..... .... ..:. 
angle 4 radials· 4 radials 4 radIals 4 radials 4 radials 4 radials 

(degrees) height = 5 ft height = 10ft height = 15 ft height = 20 ft height = 25 ft height = 30 ft 
0 -00 -00 -00 -00 -00 -00 

5 -6.33 -6.01 -5.74 -5.50 -5.27 -5.06 
10 -2.62 -2.32 -2.08 -1.87 -1.67 -1.50 
15 -1.12 -0.87 -0.67 -0.51 -0.37 ~0.26 

-0.49 -0.30 -0.16 -0.07 -0.02 +0.01 - , . 
20 
25 -0.33 -0.21 -0.16 -0.17 -0.22 -0.32 
30 -0.49 -0.46 -0.52 -0.64 -0.82 -1.08 
40 -1.51 -1.70 -2.01 -2.44 -2.99 -3.66 
50 -3.29 -3.74 -4.37 -5.20 -6.23 -7.48 
60 -5.85 -6.58 -7.57 -8.85 -10.43 -12.21 
70 -9.52 -10.50 -11.83 -13.55 -15.58 -17.30 
80 -15.67 -16.84 -18.41 -20.44 -22.65 -23.65 
90 -157.35 -154.72 -152.47 -150.61 -149.07 -147.80 

Vertical electric 
field strength 
(mVlm) 32.47 33.71 34.82 35.86 36.86 37.82 
Input impedance 
(ohms) 38.19 + j8.46 35.06 + j3.52 32.59 + j1.38 30.54 + jO.26 28.74 - jO.35 27.15 -/0.64 

_MONOPOLE 

n 

n~ 
CONDUCTIVE MAST 15 REQUIRED) 

n 
RADIAL 14 REQUIRED) 

NO CONNECTION 
/BETWEEN RADIAL 

, AND SUPPORT 

n 
Fig 2-Physical layout of a four-radial, elevated vertical-monopole 
antenna. 

MAX.IMUM GAIN: -0.03dBi 

Fig 3-Elevatlon-plane radiation pattern for a four-radial, elevated 
vertical-monopole antenna Isolated from the support mast (feed
point height - 15 feet). 
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Table 5 
Calculated Power Gain and Electric Field Strength for 
Isolated Vertical Antenna Systems with 4 Shortened 
Radials and/or Shortened Monopoles 

Calculated power gain (dBI) 
Elevation 

angle 118-), monopole 118-), monopole 114-), monopole 
(degrees) 1/8-), radials 114-), radials 118-), radials 

0 -00 -00 -00 

5 -6.88 -6.44 -6.20 
10 -3.15 -2.74 -2.53 

_ 15 -1.62 -1.27 -1.09 
20 -0.95 -0.67 -0.54 
25 -0.74 -0.55 -0.49 
30 -0.84 -0.77 -0.77 
40 -1.71 -1.94 -2.09 
50. -3.32 -3.93 -4.22 

MAXIMUM GAIN: -0.55 dBi 

""",' ~ .. 

~ -5.72 
-9.25 

80 -15.31 

-6.75 
-10.66 
-17.01 

-7.14 
-11.13 
-17.51 

Fig 4-Elevation-plane radiation pattern for a 
two-radial, elevated vertical-monopole antenna 
isolated from the support mast (feed-point 

90 -154.24 -146.52 -160.29 height == 15 feet). . .•. , 

Vertical electric 
field strength 
(mVlm) 30.44 32.05 
Input impedance 
(ohms) 8.25 -j653.45 7.0 -j541.76 

Table 6 

33.02 

36.32 -j136.61 

Calculated Power Gain and Electric Field Strength for Isolated Vertical Antenna 
Systems with 2 Radials . 

Calculated power gain (dBI) 
118-), monopole 118-), monopole 

Elevation 118-), radials 114-), radials 
angle 

(degrees) Azimuth angle (degrees) AzImuth angle (degrees) 
0 45 90 0 45 90 

0 -00 -00 -00 -00 -00 -00 

5 -7.13 -7.05 -6.96 -7.75 -7.59 -7.32 
10 -3.41 -3.31· -3.22 -4.09 -3.87 -3.58 
15 -1.89 -1.78 -1.67 -2.68 -2.37 -2.04 
20 -1.24 -1.11 -0.98 -2.17 -1.74 -1.35 
25 -1.05 -0.90 -0.74 -2.18 -1.59 -1.11 
30 -1.18 -0.99 -0.81 -2.54 -1.77 -1.18 
40 "-2.13 -1.86 -1.60 -4.09 -2.83 -1.98 
50 -3.83 -3.46 -3.13 -6.52 -4.66 -3.51 
60 -6.32 -5.85 -5.43 -9.75 -7.26 -5.83 
70 -9.93 -9.37 -8.88 -13.96 -10.95 -9.28 
80 -16.05 -15.42 -14.88 -20.41 -17.11 -15.29 
90 -151.54 -151.54 -151.54 -144.30 -144.30 -144.30 

Vertical electric 
field strength 
(mVlm) 29.61 29.87 30.16 27.59 27.96 28.88 

Input impedance 
(ohms) 8.63 - }780.88 9.20 - j544.24 

antenna system at a height of 15 feet. feet is competitive with a conventional 
120-buried-radial, ground-mounted 

Modifications to tbe Basic Elevated- antenna. 'This -section describes the 
Radial System results of modeling exercises I conducted 

As I've shown, the performance of the with various combinations of shortened 
full-size, isolated, elevated antenna monopoles andlor radials. Table 5 
system consisting of a !4-}' monopole shows what can be achieved with a 
and four ~-}. radials at a height o~.lS,. ~ure of 114- and lIS:-}' elements. 
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Perhaps surprisingly, the best per
former of this group is a 1/ 4-}' monopole 
with four l/8-}' radials. This configura
tion provides more signal strength than 
the other variations, and also has an 
input impedance closer to son. [Note 
that this configuration provides the best 
performance of the modified configura
tions, but does not perform as well as a 
full-size elevated !4-}' radiator with four 
!4-}' elevated radials-Ed.] 

To find out what impact on system 
effectiveness would be suffered by 
reducing the three-dimensional antenna 
system to two dimensions, I next 
modeled elevated-radial monopole 
antenna systems with only two radials. 
The results are shown in Tables 6 and 7. 
The 14-}' monopole with two 14-}' radials 
appears to be the best in this group, and 
is actually superior to the best of the 
four-radial "half-pints" previously 
described (in Table 5). The elevation
plane radiation pattern for this antenna 
configuration is shown in Fig 4. 

Jack Belrose, VE2CV, suggested that 
I model some "Field-Day Special" 
antennas using an elevated monopole 
with just a singlcftadial. The results are 
presented in Tables 8 and 9. These 
hybrids put out a mix of vertically and 
horizontally polarized radiation. They 
produce both low- and high-angle radia
tion, and exhibit front-to-back ratios as 
high as 12 to 15 dB at some takeoff an
gles. The full-size version (14-)' elements) 
appears to work the best, and its feed
point impedance is much more favorable 
for 50-0 feed lines than the rest of the 



o 

270 H-+-+-+-+-H~f-+++-l-+-+--l--+-+-+--l-190 

,I I 

.I 

MAXIMUM GAIN: - 0.05 dBi 

(A) 

Fig 5-Elevation-plane (A) and azimuth
plane (8) radiation patterns for a one-.radial. 
elevated vertical-monopole. antenna isolated 
from the support mast (height = 15 feet).' 

Table 7 

". '. ~ 

180 

MAXIMUM GAIN: -·b.23 dBi 
ZENITH ANGLE: 70' 

(B) 

bunch. Fig 5 shows the radiation patterns 
of this antenna. 

Arrays 
Calculated Power Gain and Electric Field Strength for Isolated Vertical 
Antenna Systems with 2 Radials 

Many hams use phased-vertical arrays 
for SO-meter DXing, and elevated-radial 
antenna systems should lend themselves 
nicely to such applications. Table 10 lists 
power-gain and field-strength values for 
both the two-element end-fire (cardioid) 
array and the very popular four-square 
array, when constructed from individual 
four-elevated-radial building blocks. 
These antenna-system configurations are 
shown in Figs 6 and 7, and the patterns 
are shown in Figs S and 9. 

. Soil Types 

calculated power gain (dBI) 
114->" monopole 114->" monopole 
118->" radials 114->" radials Elevation 

angle 
(degrees) Azimuth angle (degrees) Azimuth angle (degrees) 

o 45 90 
o 
5 

10 
15 
20 
25 
30 
40 
50 
60 
70 
80 
90 

-0) 

-6.29 
-2.61 
-1.18 
-0.64 
-0.60 
-0.90 
-2.26 
-4.43 
-7.41 

-11.45 
-17.87 

-157.65 

-00 

-6.25 
-2.57 
-1.13 
-0.58 
-0.53 
-0.81 
-2.13 
-4.25 
-7.16 

-11.14 
-17.52 

-157.65 
Vertical electric 
field strength 
(mVlm) 32.72 32.84 

-00 

-6.21 
-2.53 
-1.09. 
-0.53 
-0.46 
-0.73 
-2.00 
-4.07 
-6.93 

-10.86 
-17.19 

-157.65 

32.97 
Input impedance 
(ohms) 36.81 -/263.26 

0 45 90 
-00 - 0) -00 

-6.12 -6.03 -5.90 
-2.48 -2.36 -2.22 
-1.10 -0.95 -0.78 
-0.64 -0.43 -0.22 
-0.69 -0.42 -0.16 
-1.12 -0.77 -0.44 
-2.81 -2.22 -1.72 
-5.43 -4.53 -3.81 
-8.90 -7.63 -6.68 

-13.40 -11.78 -10.63 
-20.11 -18.26 -16.97 

-149.71 -149.71 -149.71 

33.35 33.67 34.15 
';'.~-

34.92 + jO.83 

.-

As the electrical quality of the soil 
becomes worse, an elevated-radial 
antenna system must be raised progres
sively higher above the earth in order to 
reach performance on par with that of 
the reference 120-buried-radial vertical 
monopole. If the soil is very highly con
ductive, the reverse is true. At AM 
broadcast frequencies (1 MHz), my 
modeling studies have shown that 
adequate heights are 10 feet for very 
good soil. 16 feet for average soil and 
23 feet for very poor soil. 

approaches -that of the reference
standard .system also increases for .a 
given soil type. In other words, an 
elevated-radial 160-meter antenna would 
have to be higher above the earth than 
its 8O-meter equivalent in order to obtain 

comparable performance over the same 
ground. 

This reveals another interesting aspect 
of using the elevated-radial technique: as 

. the operating frequency decreases, the 
height at which system perforri:J.ance 

Summary 
My studies on vertical monopole 

antennas using the NEC-GSD computer 
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Table 8 
Calculated Power Gain and Electric Field Strength for Isolated Vertical Antenna Systems with 1 Radial 

Calculated power gain (dBI) 
1I4-A monopole 1I4-A monopole 

Elevation 1I4-A radial 1I8-A radial 
angle 
angle 

(degrees) Azimuth angle (degrees) Azimuth angle (degrees) 
0 45 90 180 0 45 90 180 

0 -00 -00 -00 -00 -00 -00 -00 -00 

5 -6.07 -6.25 -7.30 -9.52 -5.91 -6.08 -6.60 -7.53 
10 -2.36 -2.52 -3.55 -5.96 -2.21 -2.38 -2.90 -3.88 
15 -0.87 -1.00 -2.01 -4.75 -0.74 -0.91 -1.44 .;..2.49 
20 -0.23 -0.33 -1.33 -4.54 -0.14 -0.30 -0.86 -2.02 
25 -0.05 -0.11 -1.09 -4.97 -0.01 -0.17 -0.76 -2.08 
30 -0.14 -0.16 -1.14 -5.92 -0.19 -0.36 -0.99 -2.51 ...... .~ 

40 -0.76 -0.71 -1.69 -9.36 -1.17 -1.36 -2.12 -4.24 
50 -1.55 -1.49 -2.49 --13.82 -2.70 -2.93 -3.89 -7.02 
60 -2.19 -2.20 -3.20 -11.80 -4.54 -4.85 -6.07 -10.72 
70 '-2.64 -2.n -3.65 -7.82 -6.55 -6.94 -8.37 -14.10 
80 -3.12 -3.28 -3.86 -5.35 -8.69 -9.08 -10.31 -13.70 
90 -3.92 -3.92 -3.92 -3.92 -11.12 -11.12 -11.12 -11.12 

--",' 

.oe=: . ~. 

Vertical electric 
field strength 

-h 

(mVlm) 33.21 32.43 28.69 22.90 33.98 33.35 31.49 ';·28.52 
Input impedance 
(ohms) 49.56 +j16.56 '.f~' . 40.65 -/485.47 

code indicate that a radiator elevated 10 
to 20 feet above ground and having only 
four elevated horizontal radials can out
perform a ground-mounted monopole 
with 120 buried radials. At 3.8 MHz, an 
elevation height of about 15 feet is 
adequate for average soil, while a lower 
height is satisfactory for shorter 
wavelengths. Higher elevation above 
ground is necessary over soil With poorer 

Table 9 

. -$ 

electrical characteristics and at lower 
operating frequencies. 

I will be doing field studies to verify 
the computer predictions (preliminary 
tests during Field Day showed very 
promising results). if the information 
gathered from NEC is correct, the con
struction cost and complexity of effec
tive vertical-monopole antenna systems 

can be greatly reduced over that of 
comparable buried-radial systems now 
widely in use. At the same time, ease of 
installation and 10w-angle g$1. will ~ 
increased. The elevated-radial technique 
appears to be equally valid in the . 
medium-frequency broadcast band and 
at the lower end of the HF range, so 
perhaps the ground-plane vertical is "the 
antenna for all bands"! . 

Calculated Power Gain and Electric Field Strength for Isolated Vertical Antenna Systems with 1 R.adlal 

Calculated power gain (dBI) 
118-A monopole 1I8-A monopole 

Elevation 1I8-A radial 1I4-A radial 
angle 

(degrees) Azimuth angle (degrees) Azimuth angle (degrees) 

0 45 90 180 0 45 90 180 
0 - 00 -00 -00 -00 - 00 - co - 00 -00 

5 -8.54 -8.88 -10.84 -17.05 -6.96 -7.28 -8.33 -10.58 
10 -4.76 -5.01 -6.79 -13.72 -3.19 -3.50 -4.54 -6.90 
15 -3.13 -3.29 -4.88 -12.93 . -1.61 -1.90 -2.92 -5.47 
20 -2.31 -2.36 -3.75 -13.42 -0.85 -1.12 -2.14 -4.93 
25 -1.86 -1.80 -3.00 -14.95 -0.52 -o.n -1.79 -4:~_ • 
30 -1.63 -1.46 -2.48 -17.44 -0.46 -0.69 -1.71 -5.21 
40 -1.41 -1.10 -1.82 -17.11 -0.83 -'1.03 -2.08 -6.55 
50 -1.19 -0.87 -1.42 -10.19 -1.58 -1.78 -2.88 -8.36 
60 -0.88 -0.69 -1.16 -5.93 -2.52 -2.75 -3.89 -9.51 
70 -0.59 -0.56 -0.99 -3.32 -3.56 -3.82 -4.91 -8.99 
80 -0.52 -0.59 -0.89 -1.72-.:: -4.68 -4.92 -5.68 -7.49 
90 -0.85 -0.85 -0.85 -0.85 -5.97 -5.97 -5.97 -5.97 

Vertical electric 
field strength 
(mVlm) 24.75 23.45 18.09 9.90 . 29.95 28.79 25.48 20.18 
Input Impedance , .. -, 

. (ohms) 23.49 -/527.41 12.22 -}1004.27 

40 D!i'J"s.· . : ~:.:: . ,:.;~\ 

.... 
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Fig 6-Physicallayout of an elevated, two
element phased-vertical array (feed-point 
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MONOPOLES 

MAST (12 REQUIRED) 

NO CONNECTION 
BETWEEN RADIAL 
AND SUPPORT 

Fig 7-Physicallayout of an elevated, four
square phased-vertical array (feed-point,<,"= . 
height = 15 feet). 

Calculated Power Gain and Electric Field Strength for Isolated Phased-Vertical Antenna Systems 
calculated power gain (dBI) 

Elevation 
angle 

(degrees) 
o 

o -00 

5 -2.45 
10 +1.23 
15 2.66 
20 3.20 
25 3.23 
30 2.92 
40 +1.51 
50 -0.76 
60 -3.87 

.70 -8.01 
80 -14.06 
90 -25.00 

Vertical electric 
field strength 
(mVlm) 51.39 
Input Impedance 
(ohms) 

2-e/ement 
cardioid array 

Azimuth angle (degrees) 
45 90 

-00 

-2.96 
+0.69 

2.07 
2.55 
2.51 
2.10 

+0.47 
-2.06 
-5.40 
-9.69 

-15.65 
-25.00 

48.35 . 

-00 

-6.18 
-2.53 
-1.16 
-0.70 
-0.76 
-1.20 
-2.91 
-5.57 
-9.11 

-13.60 
-19.44 
-25.00 

32.99 

180 
-00 

-32.85 
-27.61 
-23.74 
-20.42 
-17.68 
-15.51 
-12.70 
-11.57 
-11.93 
-13.99 
-19.06 
-25.00 

1.89 
,.~. 

51.07 +J33.7,1 . :~;; 

45 
-00 

-0.50 
+3.16 

4.54 
5.03 
5.00 
4.63 
3.17 

+1.08 
-1.29 
-3.61 
-5.65 
-7.53 

84.86 
. ","", '.,. 

4-e/ement 
+square array 

Azimuth angle (degrees) 
90 135 

-00 

-3.29 
+0.39 

1.82 
2.36 
2.40 
2.11 

+0.85 
-0.94 
-2.89 
-4.66 

"-6.17 
-7.53 

48.34 
'" .... ~ 

-00 

-13.87 
-9.94 
-8.15 
-7.17 
-6.61 
-6.33 . 
-6.33 
-6.71 
-7.10 
-7.35 
-7.48 
-7.53 

12.90 

36.8 
-/4.47 

225 
- 00 

-37.32 
-33.19 
-31.06 
-29.65 
-28.67'- , 
-28.00 
-26.44 
-22.02 
-16.70 
-12.58 
-9.66 
-7.53 

0.81 

66.62 
+/47.2 
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MAXIMUM GAIN: 3.26 dBi 
AZIMUTH ANGLE: 90· 

(A) 

Fig 8-Elevation-plane (A) and azimuth
plane (8) radiation patterns for an elevated, 
two-element phased-vertical array (feed-
point height = 15 feet). \. 

MAXIMUM GAIN: 5.07 dBi 
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Fig 9,...Elevation-plane (A) and azimuth
plane (8) radiation patterns for an elevated. 
four-square phased-vertical array (feed
point height = 15 feet). 

Notes 
1G. H. Brown. R. F. Lewis and J. Epstein. "Ground 

Systems as a Factor in Antenna Efficiency." 
Proceedings of the Institute of Radio Engineers. 
Vol 25. No.6, Jun 1937, pp 753-787. 

2"Ground Systems ...... P 784. 
3"Ground Systems ...... p 769. 
4A. Doty, "Improving Vertical Antenna 

Efficiency," ca, Apr 1984, pp 24-31. 
SG. Hagn, SRI International, Arlington, VA, private 

communication. 
'Because the.coaxial transmission line feeding 

power to the antenna must extend vertically 
along the center mast, some means of 
preventing the flow of antenna current on the 
outer surface of the cable shield must be used 
to Isolate the feed line from the vertical support 
structure. This can be done by using a trans
former at the feed point, or by placing suitable 
ferrite material around the outside of the trans
mission line (a choke balun). 

Reference 
A. M. Christman, "Vertical Monopoles 

with Elevated Ground Systems." Proceedings 
of the Third Annual Review of Progress in 
ApplIed Computational E1ectromagnetJcs, Naval 
Postgraduate .~. Monterey. CA. March 
1987. '. 
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19313 Tornlee Avenue 

Torrance, California 90503-1143 

UNDERSTANDING 
ELEVATED VERTICAL 
ANTENNAS 
Useful information about a popular 
antenna type 

I live on a small lot that limits my options for 
antennas. I'm also an avid DXer who needs 
the lowest possible radiation angle. A verti

cal antenna was an obvious choice to satisfy 
my needs. After working and listening to many 
DX stations who were using a vertical or GP 
(ground plane) antenna, mostly Europeans, I 
considered three possible configurations: 

1) ground mounted quarter wave 
2) elevated quarter wave or ground plane 
3) half wave (including the popular Cushcraft 
"R" series) 

I consulted antenna books by Kraus,l Orr,2 
Moxon,3 and the ARRL,4 and used MININEC5 
to compute the relative performance of various 
designs. I chose a conductivity of 4 mS/meter 
and a dielectric constant of 13 for all the calcu
lations in this article. Vertical antenna perfor
mance varies greatly with ground characteris
tics, so the data presented here should only be 
used for comparison purposes. The MININIC
computed impedances and gains aren't accurate 
because the effect of ground on the antenna 
currents isn't taken into account; however, the 
data are adequate for comparison purposes. The 
elevation plots presented for quarter-wave ver
ticals with two elevated radials were computed 
with 0 degrees perpendicular to the plane of the 
antenna and radials. 

A ground-mounted vertical with 30 or more 
radials would be a great choice for all around 

operating, as illustrated in Figure 1. Unfortu
nately, I have a small yard, blockage from our 
two story stucco house would be excessive, and 
I'd have to put a fence around the antenna to 
protect the kids and dog-so I ruled out the 
ground-mounted vertical design. This narrowed 
the field to an elevated quarter or half-wave ver
tical. Figure 1 shows the relative performance 
of a quarter-wave vertical 8 feet above ground 
and a half-wave vertical with its center 20 feet 
high. The remainder of this article summarizes 
what I learned as a result of my personal experi
ence and by using MININECINEC analysis on 
both these antenna types. 

I couldn't find an aesthetically pleasing 
arrangement for radials on my roof, so I pur
chased a Cushcraft R4--which is a half-wave 
design using traps for 20, 15, 12, and 10 
meters. It has a built-in counterpoise consisting 
of a series inductor and 4 short stainless steel 
radials at the base. The R4 was a big improve
ment over my dipole for DXing on 20 meters. I 
computed the performance of the R4 on my 
roof by simulating it as a vertical dipole with 
it's center 30 feet off ground. The results 
shown in Figure 2 are very interesting. The 
antenna has a fairly broad second lobe, which 
can be viewed as a plus because it increases the 
angular coverage of the antenna, or a minus 
because the higher angle lobes may increase the 
QRM from local stations. Chapter 3, Figure 15 
of The ARRL Antenna Book, 16th edition, 
shows the effect of height on a ground plane 
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Figure 1. Relative performance of (A) ground.mounted quarter wave, (B) elevat
ed quarter wave (or ground plane), and (C) half-wave vertical antennas. 
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antenna. This is very close to the same results 
for the vertical dipole. If your goal is strictly 
DXing, you need not mount the antenna with 
its center higher than 114 wavelength above 
ground. For this half-wave equivalent antenna, 
that means the base will be close to the ground. 

Al Christman, KB8I, published an interesting 
article in QST on elevated vertical antennas.6 

He showed that good performance could be 
obtained with only 2 radials. A comparison of a 
vertical mounted 20 feet high with 2 and 4 radi
als is shown in Figure 3. The antenna with 2 
radials has an azimuthal asymmetry of only 
0.25 dB-hardly worth worrying about. I used 
NEC7 to analyze the performance of verticals 
with 2 and 4 radials at lower height. NEC com
puted the effects of ground on the antenna cur
rents and produced accurate impedance and 
gain results. These results are shown in Figure 
4; again, no appreciable difference can be seen. 
I was pleasantly surprised, but subsequent 
investigation turned up a potential problem 
with the 2-radial design that I couldn't ignore. 

Les Moxon, G6XN, included an interesting 
discussion on short, coil-loaded radials in his 
excellent book HF Antennas/or All Locations. 
He mentions the effect of radial imbalance on 
vertical antenna performance. Radial imbalance 
may be caused by wire length differences or as 
a result of unequal loading due to nearby 
objects like a house, wiring, plumbing, or 
antennas. The effect created when I radial is 6 
inches long and the other 6 inches short is 
shown in Figure 5; this is only ±2.7 degrees on 
20 meters. The resulting pattern with its high 
angle lobe may not be suspected by the opera
tor in his shack because the SWR is not always 
sensitive to these imbalances and is generally 
tuned during antenna installation. This effect is 
not observed at very low heights, like 2 feet. 
Another example, with which I have personal 
operating experience, is a 40-meter elevated 
vertical (up 20 feet) with 2 radials spread out 
on the roof. I was never happy with the perfor
mance of this antenna, which was worse for 
DX than my dipole up only 40 feet. The analy
sis shown in Figure 6 clearly shows a signifi
cant low angle gain degradation (3 dB or more 
at 10 degrees) for the same small radial imbal
ance. Quarter-wave wire radials run close to a 
house roof are good candidates for coupling or 
loading-induced imbalances. 

Moxon's solution to this problem is to use 
short, coil-loaded radials. A MININEC analysis 
confirmed his design. Vertical antenna perfor
mance with radial lengths of 60 degrees or less 
was insensitive to radial imbalances. I read of a 
low-band station that used coax radials with 
good luck.8 A quarter-wave length of coax with 
a velocity factor of 0.66 is 60 degrees long on 
the outside of the shield. A quarter-wave open 



... 

circuit stub looks like a short at the feed end 
and, because it is less than 60 degrees long on 

Uertlcal Dipole Real Ground 

the outside, it won't cause pattern distortion if 
the radial pair is imbalanced. I trimmed a pair 90-

of RG-213 radials for 30 meters using a dip 120- 60' 
meter and installed them on a roof-mounted 
W ARC-band vertical. I simply connected the 
center conductor of the coax radial to the feed-
line coax ground and left the shield open. I 
could have connected the radial shields togeth-
er, but saw no reason to do so. The results were 
as expected and the antenna tuned the same as 
it had with 2 wire radials. I then cut pairs of 

180-
coax radials for my roof-mounted 40/S01160 -40-30 -20 -10 
meter multiband vertical and replaced the wire 
radials. Again, the antenna tuned as before and 

Eleuatlon even seemed to work better. I dressed the coax 
neatly around the edges of the roof. This made 
my wife happy, and I no longer have to worry o dB = 1.05 dBl A 14 .050 11Hz 

about tripping over the wire radials I have run-
ning every which way on the roof! 

I've been doing some SO-meter antenna com-
Uertical Dipole Real Ground 

parisons over the past few months. My inverted 
vee is only 40 feet up at the apex, but it outper- 90-

forms my vertical on most DX stations. I 
believe part of the reason for this is the 
enhanced signal-to-noise radio provided by the 
inverted vee, but even strong DX signals were 
often weaker on the vertical. The performance 
improved significantly after I added 2 addition-
al coax radials to the vertical for SO meters. I 
think the pattern may have been skewed 
because the radials weren't in a straight line 180-
and didn't provide good field cancellation, but -40-30 -20 -10 

I'm not certain. All I know is 4 radials work 
better than 2 in this situation. 

Eleuation 
The radiation resistance of an elevated verti-

cal depends on the height above ground. Close 
to the ground, the quarter-wave design has o dB = 1.46 dBi B 21.050 11Hz 

about one half the resistance of a dipole as 
expected (i.e., == 36 ohms). As the antenna is Uertlcal Dipole Real Ground 

elevated, the radiation resistance drops and 
becomes IS ohms when far from ground. 90' 
Moxon gives an excellent explanation of this 
effect.9 His article "Ground Planes, Radial 
Systems, and Asymmetric Dipoles," is must 
reading for anyone seriously considering an 
elevated vertical antenna. My NEC radiation 
resistance calculations (shown in Figure 7) 
agree very closely with those presented in 
Moxon's article. These results show that even 
for a vertical with 2 radials mounted 1 foot 
above ground, the loss resistance is less than 3 180-

ohms. This corresponds to an efficiency of 92 
-40-30 -20 -10 

percent, which is better than all but the most 
extensive ground-mounted systems. Eleuation 

Elevated vertical antennas are good perform-
ers when properly installed. The feedpoint o dB = 2.47 dBI C 2B.loo 11Hz 
impedance can be raised to 50 ohms using the 
old "ground plane" technique of sloping the Figure 2. Performance of a vertical dipole with its center up 30 feet on (A) 20, 
radials down toward the ground. A better way to (B) 15, and (C) 10 meters. 
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Figure 3. Comparison of elevated quarter-wave verticals with (A) 2 radials and (B) 4 radials. 
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Figure 4. Performance comparison of elevated vertical antennas at low height (A) up 2 feet, 2 radials, (B) up 2 feet, 4 radials, (C) up 10 feet, 2 radials, and (D) up 
10 feet, 4 radials. 
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Figure 5. Twenty-meter vertical elevated 20 feet with 2 radials imbalanced %.2.7 
degrees. (A) Worst case elevation pattern at 90 degrees azimuth, (B) elevation 
pattern at 0 degrees azimuth, and (C) azimuth pattern at 60 degrees elevation. 
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Figure 6. Forty-meter vertical elevated 20 feet with (A) 2 balanced radials, (B) 2 
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Figure 7. Radiation resistance versus height above ground for a 20-meter, 2-radial 
vertical. 

obtain a 50-ohm match is to use a transmission 
line transformer. Jerry Sevick, W2FMI, has pub
lished many low-impedance designs in the past 
few years. 10 Sevick's transformers are available 
commercially from Amidon Associates. * I hope 
this article has provided some useful data for 
elevated vertical antenna users. 

'" Amidon Associates, Inc .. 2216 East Gladwick Street. Dominguez Hilts. 
California 90220. 
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PRODUCT INFORMATION 
New Analog.pevices Brochure . 

Analog Devices offen; a' 24-page brochure 
that des~ribes their latest . floating-

AD8300 DAC From Analog Devices ....... , 
Analog Devices' AD8300isa 

age-output DAC (digital-to.:analog ·rnrIVp.l'tp.r'.·" 

point DSPs (digital and 16- that operates from a single 3-V 
bit ... ' 
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WHY THE FOLDED UNIPOLE? 

1. EF FICIENCY. The radiation model of the folded uni
pole configuration is an identity with that of the 
"series-fed" antenna, Therefore t the unipole gains 
efficiency from more effective matching and impedance 
transformation rather than modification of the tadiation 
pattern, More optimum base impedances materially re
duce losses in turning units and in marginal and deter
ioroted ground systems t increas ing rad iated fie Id 
toward theoretica I va lues, 

2. BANDWIDTH. Certain antenna configurations t although 
matched at carrier frequencYt cause substantial mis
matches at higher audio sideband frequencies. In such 
cases t the superior bandwidth of the folded unipole 
optimally matches the transmitter over the whole audio 
range t resulting in cleart sharp maximum modulation 
for better e:::overage and penetration, 

3, LIGHTNING PROTECTION. "Series-fed" antennas 
must rely on spark gaps to shunt lightning discharges 
to ground't frequently ofter equipment damage i::; done, 
During folded unipole installation t however t the tower 
is bonded directly to the, ground radials with 0 heavy 
copper strop, This provided a direct lightning ground 
and a high level of protection to transmission gear, 

4, ISOLATION. Since the folded unipole equipped tower 
base is at RF ground potential t no lighting chokes t 

FM "Bazooka" sections, or two-way isocouplers are 
ever t~quired, Instead t transmission lines and conduits 
are bonded directly to the tower. This makes it con
venient for broadcasters to lease tower space for FMt 
two-waYt and- CATV antennas t or to improve their own 
system range with higher two-way or STL antennas. 

5, EMERGENCY ANTENNAS. The high effectiveness of 
the folded unipole in the absence of a good ground 
system indicates its use for standby antenna systems 
where a large tower and ground system is not econom
ical. 

MECHANICAL ELECTRICAL DATA 
UP - 300 AlB UP - 600 AlB 

530 - 1600 KHZ 
50,000 Watts * 

Frequency Range: 
Power Rating: 
Impedance Range: 
Lightning Protection: 
Windload (100 mph): 
Download: 
Weight: 
Insulation: 

530 - 1600 KHZ 
10,000 Watts * 
10 - 300/\ ± i 20011* 
DC Ground 
300 tt (136 Kg) * 
500 # (225 K~) * 
125 # (57 Kg) * 
Epoxy - Fiberglass 

* Typical y,; wavelength tower installation 1250 KHZ 

ORDERING INFORMATION 

10 - 3001\± i 150,,* 
DC Ground 
600 # (372 Kg) * 
1000 # (450 K~) * 
250#(114Kg)* 
Epoxy - Fiberglass 

~~ =: ~~~~~~ (Note; "A" usually supplied 530-1200 KHZ t "B" from 1210-1600 KHZ" subject to specific application) 

, Specify: FREQUENCY, TOWER TYPE, TOWER HEIGHT, SPECIAL CONSIDERATIONS (FM ANTENNAS t 
CALL LETTERS, ETC.)t COpy LAST ANTENNA GRAPH 

LBA SYSTEMS, LTD. 
DIVISION: LAWRENCE BEHR ASSOCIATES, INC. 

LBA P.O. Box 3313 Greenville, N.C. 27834 919-758-4509 



a 10 to 15 cps beat, is 1 % or less. 
At 5:1 the error is about 1.3%, at 
4:1 about 2.2%, and at 3:1 ap
proximately 3.6%. Thus by apply
ing these correction factors, reliable 
measurements can be obtained at 
ratios as low as 3: 1. 

In making these measurements, 
it is essential to mount the field 
meter on a tripod. It is also neces
sary to interrupt the carrier and to 
shift the frequency of the desired 
station only. It is not necessary to 
make any changes in the operation 
of the undesired station. I might 
point out that the error is always 
going to make readings higher than 
those in the absence of interference. 

This idea is not new. Prior to 
World War II the FCC considered 
operating co-channel stations with 
sligh t carrier offsets to aid allo
cation. As mentioned above, this 
would eliminate the fading or beat
ing of signals in the area between 
stations. However, since stability of 
crystal oscillators was not good 
enough at the time, this system was 
not incorporated into the Rules. 

Among the uses of this tech
nique are allocation measurements 
in areas where interference would 
be received; tune-up adjustments on 
directional patterns at night, during 
the experimental hours when sky
wave signals are present; measure
ments of Class IV stations service 
areas during heavy interference. 

This technique is quite simple to 
employ. We set up the field meter 
at the edge of the interference zone. 
Then, by two-way radio or tele
phone adjust the frequency of the 
desired station transmitter until a 
very slow beat is observed on the 
field meter. At this point the two 
signals are almost synchronous. 
The operator notes the frequency 
deviation read on the frequency 
monitor at the station, and changes 
the transmitter frequency accord
ingly up or down IOta 15 cps. At 
this point the needle on the field 
meter will stop swinging and a 
steady reading will be obtained. If 
a swinging or slight flutter is no
ticed during the day, the frequency 
of one of the two stations has prob
ably shifted and the above steps 
can be repeated. 

In summary, this technique is be
lieved to be 100% reliable and 
has been verified by the author in 
both controlled tests and actual field 
work. .. 
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The Standard of QUALITY 

505 compact playback unit 

500 compact recorder·playback unit 

There's a lot of get-up-and-go 
packed into SPOTMASTER 
compact and rack mount 
cartridge tape recorders. 
Engineered for compactness, 
reliabili ty and low 
maintenance-they do more 
work more efficiently than 
any other system. Whether 
your station is big and 
forward looking or-for now
just forward looking, write or 
call us, and ask about our 
complete line of 
SPOTMASTER cartridge 
tape equipment. For the 
Standard of Quality in 
cartridge equipment-ask for 
SPOTMASTER-more 
broadcasters around 
the World do. 

505R rack mount playback unit 

500R rack mount recorder-playback unit 

BROADCAST ELECTRONICS, INC. 
8800 BROOKVILLE RD. SILVER SPRING, MARYLAND, JU 8-4983 

SOLD NATIONALLY BY: VISUAL ELECTRONICS 
356 W. 40th St., N. Y., N. Y., CANADA. Northern Electric Co Ltd 

250 Sidney St., Belleville, Ontario. 
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THE TURNER ~(Q)IDJEL 5® 
STUDIO MICROPHONE 

. For broadcasting excellence inside or outside the studio 

Designed for TV and broadcast 
use, the Model 58 has been spe
cially engineered by Turner to 
withstand heat, rough handling 

and humidity. This modestly
priced microphone is rugged 

enough for sports remotes, studio 
or outside interviews, panel shows 
-anywhere freedom and mobility 
are required: yet it gives the qual
ity performance you expect from 
stationary studio microphones. 

28 

The Model 58 is 4" long, weighs only 3% ounces. 
Complete with lavalier; or it can be adapted to a desk 
or floor stand. Level (RETMA) -149 db. Response 
60-13,000 cps. Allows a choice of either hi impedance 
or 150 ohms selected at the free end of the cable. 
Model 58A: combination 50 or 200 ohms selected the 
same way. Net price $34.20. For complete specifica
tions, write: 

THE. ~!~~!~~.~NNEE,C~d~;'~!~' ,~. 
IN CANADA: Tri·Tel Associates, 81 Sheppard Ave. West, Willowdale, Ontario. 

EXPORT: Ad Auriema, Inc., 85 Broad St., New York 4, N. Y. 
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TOPVIEW 

OUTRIGGER 

Fig. 2. Top-loaded folded unipole antenna. 

Q and Bandwidth 

Probably, Q alone is not of great 
interest to the average engineer, 
although it does reflect the quality 
factor of the antenna. For a folded 
unipole, Q can be defined as: 

Fo 

Fh 

where, 
Fo is the operating frequency in 

kilocycles, 
Fh is the bandwidth of the an-

tenna in kilocycles. 
Bandwidth, the difference in kc be
tween the half-power points, can 
be calculated from: 

where, 

2Ra 
BW=-

dx 

df 

Ra is the antenna resistance, 
dx 
- is the reactance slope at 
df resonance. 

Top Loading 

The most effective combination 
is top loading with a folded uni
pole antenna. A very common 
practice in top loading (when it is 
not desired to build a bird cage or 
top-hat-ring) is to use the loading 
system at hand-the guy wires! 

Fig. 2 shows a typical top load
ed antenna. The three guys of the 
top section are connected directly 
to the tow~r with an insulator in
serted at the desired distance down 
the guy loading wire. At the bot-

BROADCAST· ENGINEERING 
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tom of this upper section a wire is 
connected to each guy, forming a 
complete ring around the antenna 
at the insulator height. This addi
tional electrical length (to the 
height of the tower) produces high
er efficiency. The effective height 
can be calculated as follows: 

HOefi = ----
0.705 

where, 

HO eft is the desired effective 
electr i cal height, 

Lt 0 is the chosen top loading, 
Ha a is the existing tower height 

without top loading, 
0.705 is an experimental 

constant. 1 

Folded Unipole Impedance 

From what has been said about 
the folded-unipole antenna, it may 
have become apparent that it is 
really a modified transmission line 
shorted at one end. This, in turn, 
indicates it is possible to tune the 
antenna with shorting bars. In 
practice, to resonate a folded un i
pole so that Z equals R, a fairly 
simple procedure is followed. 

Under normal conditions when 

no shorting bars are used, the fold
ed unipole will reactance measure 
+ j; at resonance this will become 
jO. To achieve jO it is only neces
sary to measure the reactance and 
then attach shorting bars between 
the vertical wires and the tower, 
noting the new reactance value 
each time the bars are moved. If j 
becomes negative, you have placed 
the bars too far down; go up again 
until j equals zero. At this point 
the tower is in resonance for the 
operating frequency. This condition 
is known as first resonance. 

An interesting aspect of folded
unipole antennas is the fact that 
because j is always zero at reso
nance the line current is an exact 
function of the power in the an
tenna; thus, the measured antenna 
resistance and indicated antenna 
current in the formula P = PR 
give accurate value of power. 

In general, the gain in radiation 
efficiency obtained through the use 
of an antenna between 65 and 120 0 

is not very great compared with 
the increased cost. However, one 
aspect of very short antennas (as
suming the FCC Rules regarding 
minimum efficiency are met) is 
sometimes overlooked. 

The shorter an antenna is, the 
lower its radiation resistance, and 
the higher its reactance becomes; 
at the same time bandwidth is rela
tively smail. 

The problems involved in the 
use of very short antennas involve 
DC and RF losses. For example, 
if the antenna radiation resistance 
is low, it may become comparable 
to that of the ground system; so 
ground system losses approach the 
radiation obtained. 

A very high antenna reactance 
requires an equally high reactance 
in the tuning unit. This results in 
an appreciable loss, and the radiat
ing system dissipates. valuable RF 
in an undesirable manner. 

In the case of a folded unipole 
antenna, it is not unusual to have 
an antenna resistance and reactance 
of 250 ohms and jO. This simplifies 
the tuning problem, and results in 
an installation where the resistance 
of a less efficient ground system 
(and hence its losses) become very 
small with respect to the power 
radiated. A. 

1 "The Folded Unipole Antenna for 
Broadcast Use," presented by John H. 
Mullaney at the 1960 NAB Engineer
ing Conference. 

$I>A~TA-MATIC $ $ $ $ $ 
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300P - $495.00 

300R - $230.00 

Call, Write or Wire Today for Guaranteed Satisfaction Offer. 

~~TIuO[;i]® U[xm ~u8[;i]®8[I@ 
~®W ~8WuWO®®~ u8[P~ 

The SPARTA·MATIC 300 series cartridge tape system 
is receiving enthusiastic acclaim by broadcasters 
everywhere! Offering outstanding improvements in 
all areas, the SPARTA-MATIC 300P playback unit 
and its companion 300R record amplifier, contain all 
the features you have been waiting for: 

• Continuous Duty Rated 
• Compact, Modern, Functional Design 
• Laminated Tape Heads 
• Proven Reliability 
• Table Top, Custom or Rack Mounting (Rack Mounting Illustrated) 
• Improved Tone Burst Cueing 
• Plug in Relays and Modules 
• Solid State DeSign 

All this and much more is yours with the new leader .. 
SPARTA-MATlC. Dependable quality that every broadcaster can afford. 
The sophisticate of cartridge tape: the SPARTA-MATIC 300 series. 

$I>A kTA ELECTRONIC CORPORATION 
645(' FREEPORT BOULEVARD' SACRAMENTO 22, CALIFORNIA· GA 1-2070 

Circle Item 18 on Tech Data Card 
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JOHN H. M U L. LANE. Y 
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THE FOLDED-UNIPOLE ANTENNA FOR BROADCAST 

I - INTRODUCTION: 

This paper will discuss a method for reducing the physical height of an 
antenna system without seriously impairing its electrical characteristics. 
This will be accomplished by use of folded-unipole antenna theory. Present day 
techniques dictate that in order to reduce the physical size of an antenna 
system and still obtain a reasonable efficiencY,inductive or capacitive loading 
be utilized in order to change the current distribution of the array. It will 
be shown that by grounding a vertical structure and folding back one or more 
conductors parallel to the side of the structure, it is possible to obtain a 
wide range of resonant radiation res istances by varying the ratio of the diameter 
of the folded back conductor in relation to the tower. It will also be shown 
that a top-loaded folded-unipole antenna can obtain a wide range of resonant 
radiation resistances and at the same time obtain a band-width many times greater 
than the same antenna without loading and use of the folded-unipole method of feed. 

Series-fed vertical antennas are commonly used in standard broadcast service 
today. Some stations use a shunt-fed antenna, but the great majority are series
fed. The folded-unipole antenna could be called a modification of the standard 
shunt-fed system. Instead of having a slant wire leaving the tower at an angle 
of approximately 450 (as used for shunt-fed systems), the folded-unipole antenna 
has wires (one or more can be used) attached to the tower at a pre-determined 
height, supported by stand-off insulators, and run parallel to the sides of the 
tower to its base. The tower is grounded at its base--that is, no base insulator 
is used. These folds, or wires, are joined together at the base and driven at 
this point through an impedance matching network. Depending upon the type of 
folded-unipole antenna used, the wires may be connected to the tower at the top 
and/or at pre-determined levels along the tower"(shorting stubs). 

The folded-unipole antenna has the advantage of not requiring a base insula
tor t lighting chokes, or isolation transformers. It provides better protection 
against lightning, due to the fact that the antenna is grounded. In addition, 
the folded-unipole antenna, on a comparison basis, will develop a somewhat higher 
radiation efficiency,particularly for towers of the order of 450 to 600 high. 
The band-width for the folded-unipole antenna is also superior to that of a 
series or shunt-fed antenna system. The folded-unipole has an additional advan
tage over a series or a shunt-fed system in that it will operate with a much 

.shorter ground system and still produce approximately the same effective field. 

Basically speaking, a folded-unipole antenna can be visualized as a half
wave folded-dipole perpendicular to the ground and cut in half. The following 
discussion will briefly treat the theory of and results obtained from this 
type of antenna system. 

II - THEORY OF FOLDED-UNIPOLE ANTENNA: 

A - General: 

To readily understand the folded-unipole antenna and its use in feeding 
a grounded tower, let's take a quick look at some basic transmission line 
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II - THEORY OF FOLDED-UNIPOLE ANTENNA (CONTINUED): 

A - General (Continued): 
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theory. We know that a transmiss ion line which is less than 900 in length 
and shorted at its far end will appear inductive at its input terminals. 
If this line is increased in length so that it equals a quarter wave. it 
will appear to be a parallel resonant circuit at its input. That is. it 
will appear to have very high impedance. 

\\\\ 
FJGU,.tE 1 

Figure 1 illustrates a one fold, folded-unipole antenna. In order to 
determine its input impedance. let us assume a generator voltage (e) and then 
find the current (I) flowing in the lower end of element dl as illustrated 
in Figure 1. Roberts (Input Impedance of a Folded Dipole, R.C.A. Review, 
Volume 8, No.2, June. 1947. W.Van B. Roberts) has outlined a method for 
analysis of a folded-unipole antenna. Figure 1 then becomes: 

FIG U R E 2 

Referring to Figure 2. it should be noted that Generator A is opposing 
Generator C, with respect to the lower end of element d2. Thus. element d2 
is grounded so far as any voltage is concerned. 
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II - THEORY OF FOLDED-UNIPOLE ANTENNA (CONTINUED): 

A - General (Continued): 
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Generators Band C impress a voltage, 2E, on the lower end of element 
dli therefore, Figure 2 is equivalent to Figure 1. Our reason for using 
three generators is that it is fairly easy to determine the current 
developed by each generator and then by the principal of superposition, 
add these currents to obtain the actual current in the lower end of element 
d l , 

Let t S go a Ii ttle further and first assume that there is no voltage 
(for the moment) in the lower generator. There is then only the voltage 
2E acting between the lower ends of dl and d2' Inasmuch as elements dl 
and d2 form a 900 transmission line, shorted at the far end, their 
impedance is very high; consequently, only a small current will flow into 
element dl • Next, assume there is voltage only in Generator C. Then, 
since the lower ends of dl and d2 are shorted together (by the zero 
internal impedance of A and B), the two elements act as a simple 900 

radiator made up of two elements connected in parallel. If R is the 
radiation resistance of this radiator, Generator C will supply a total 
current equal to E/R to this composite antenna, but by symmetry, this 
current divides equally between dl and d2 , so that the current entering 
element dl is: 

II = 1/2 E 
R 

0) 

Thus, if Generators A, Band C are well working at once, the voltage 
impressed on element dl is 2E, while the current entering it is 1/2 E/R 
plus a very small amount produced by Generators A and B working above, The 
input resistance of element dl , being the ratio of voltage impressed to 
resulting current flow, is therefore approximately 4R. If the two elements 
are close together, the value of resistance will be different from that of 
a Single radiator, and the impedance multiplication due to folding is 
approximately four. 

The impedance transformation 

The impedance transformation 

can be expressed as follows: 

= Zl = (1 11- n)2 
Zo 

Where ~ 

Zl = input impedance of the folded-unipole antenna. 

Zo = input impedance of a single antenna. 

I 
n = current ratio ~ = 1 

II 

(2 ) 

Up to this point, we have discussed equal size conductors, that is 
the diameter of the tower and the fold is the same. However, with the 
introduction of the transformation ratio, as noted in (2) above, we are 
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A - General (Continued): 
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now prepared to discuss the operation of a fOlded-unipole antenna with 
unequal diameter conductors. Figure 3 illustrates the folded-unipole 
antenna with unequal size conductors. 

FIG U R E 3 

Generators A and C are alike in order to put zero voltage on element 
d2. but Generator B must now be so chosen that no current will flow through 
Generator C when it is not producing voltage. The determination of this 
voltage (el) is one of the two essentials to the solution of the problem. 
The other is to determine how the current produced by Generator C, acting 
above, divides between elements dl and d2 - This problem becomes extremely 
complex because of the non-symmetry of the elements and there are several 
methods which can be used to solve the problem. "Guertler" (Impedance 
Transformation in Folded-dipole,Proceedings of the IRE, September 1950) 
demonstrates a method for determining this voltage. "Roberts" has also 
demonstrated methods for determining this voltage~ We will use the electro
static or capacitive method discussed by Roberts, since this method appears 
to offer the most promise for a simple solution. Briefly, this theory 
states that the current will divide directly as the ratio of the capacities 
of the elements, while the voltage ratio will be the inverse of the capacity 
ratio. To solve our problem then, we must assign undefined capacities, 
cland c2 to elements d l and d2 . Then: 

e =.:t 
el c2 

(3) 

The current entering element dl is the total current produced by 
Generator C acting alone multiplied by: 

(4) 

Neglecting the very small current produced by Generators A and B acting 
alone, as already discussed for equal elements, the total current due to 
Generator C alone is: 

~ 
R 

(5) 
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II - THEORY OF FOLDED-UNIPOLE ANTENNA (CONTINUED): 

A - General (Continued): 

Where R = radiation resistance of the two elements connected in parallel. 

The driving point impedance of the antenna is: 

(e + e
l

) (6) 
the current entering dl 

Thus. it is readily proven that the driving point impedance is: 
2 

R (1 + c2) (7) 

c l 

The above method of determination indicates that the impedance step up 
ratio depends upon the ratio of the elements' diameters, being inversely 
proportional to the diameter of the excited fold or element and directly 
proportional to the diameter of the grounded element. The spacing between 
the tower and fold is not extremely critical, but does determine,to some 
extent, the impedance transformation ratio. Although this type of antenna 
has good band'-width, its band-width characteristics wi 11 be decreased if a 
transformation ratio of greater than approximately ten is attempted by 
means of the spacing ratio. It has been found that the best way to increase 
the band-width of the antenna is to increase the number of folds. 

The electrostatic or capacitive method outlined by Roberts is primarily 
a physicistVs approach to a solution of the folded-unipole antenna. It can 
be shown that the impedance transformation ratio for a folded-unipole 
antenna where unequal diameters are used is: 

f (1 + Zl )
2 

Trans ormation ratio = (8) 

~ 
Where: 

Z] = the r.h~racteristic impedance of a transmission line made up of the 
smaller of the two conductor diameters spaced the center to center 
distance of the two conductors in the antenna. 

Z2 = the characteristic impedance of a transmission line made up of two 
conductors the size of the larger of ihe two. 

The above equation assumes that the power will be fed to the smaller 
conductor (fold). That is, the feed line from the transmitter is connected 
in series with the fold (fold's diameter always assumed smaller than tower's) 
so that an impedance step-up of greater than four will be achieved. 

The magnitudes for Zl and ~ of equation (8) for uniform cross-section 
conductors can be determined from standard transmission line formulas. 
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II - THEORY OF FOLDED-UNIPOLE ANTENNA (CONTINUED): 

A - General (Continued): 

During the last five years, numerous experimental measurements have 
been made on different types of folded-unipole antennas for broadcast use. 
Our experience indicates that the average height of a non-directional 
broadcast antenna will vary somewhere between 150 and 300'. Inasmuch as 
the change in frequency from the low end to the high end of the broadcast 
band is approximately three to one and if we assume that the height of the 
broadcast antenna is not higher than 900 and six driven folds are used on 
the tower without any shorting stubs, the following empirical expression 
may be used to obtain the impedance of a folded-unipole antenna: 

(9) 

Where: 

2fu = base impedance of the folded-unipole in ohms. 

211 = base self-impedance in ohms for the tower height under consideration. 

3.6 == empirical constant determined from measurements. 

Equation (9) assumes that the folded-unipole antenna is approximately 
90° and has not been resonated by use of shorting stubs. (that is, wires 
connected between each of the folds to the tower at pre-determined levels, 
based on impedance measurements at the base of the tower). 

In normal practice, it is desirable to resonate the folded-unipole 
antenna by means of shorting stubs. These stubs are actually short circuits 
connected between each of the folds to the tower at some point below the 
top of the tower. The actual location for these shorting stubs must be 
determined experimentally. To do this, first measure the tower with the 
shorting stubs at the very top. Then have a tower rigger move the shorting 
stubs down until jO is measured at the base. It should be noted that a 
folded-unipole antenna will initially measure +j. Consequently, if the 
shorting stubs are moved down the tower too far, the measured reactance 
sign will change to a minus, indicating that the antenna has gone through 
resonance. Hence,this means that the shorting stubs should be moved up 
until jO is obtained. This condition is theoretically referred to as first 
resonance. At resonance, 2 = R; hence, the following empirical expression 
may be used for obtaining the resistance of a folded-unipole antenna .t 
first resonance: 

(10) 

Where: 

base impedance or resistance for folded-unipole at first resonance 
(ohms ). 

Rll = self-base resistance of tower (ohms) 

7.3 = empirical constant determined from measurements. 
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III - PRACTICAL ASPECTS OF FOLDED-UNIPOLE ANTENNAS: 

So far, we have discussed how to determine the impedance for a folded-unipole 
antenna, assuming it had six folds, but no information has been given with regard 
to the practical construction of this type of antenna. Equations (9) and (10) 
were developed from measurements of what we call our standard broadcast folded
unipole antenna. 

Figure 4 is a top view of a uniform cross-section, guyed tower rigged for a 
six wire folded-unipole antenna. 

Figure 5 is a drawing indicating the details of the fold attachment at the 
tower's base. 

Figure 6 is a detail drawing of the cross-arms or spider. 

Figure 7 is a bill of materials for a typical folded-unipole antenna installa
tion on a uniform cross-section guyed tower. 

Figure 8 is a plot of impedance measurements obtaIned on a 200' tower with 
six folds at 1570 KC. This tower is 0,319 wave lengths or approximately 1150 high 
and would be expected to have a self-impedance (Zll) of 155 j260j however, when 
it is converted to a folded-unipole antenna and the folded-unipole shortjng stubs 
have been adjusted to obtain jO or resonance at the base, the resistance is 
multiplied up to 1,170 ohms, This is a transformation ratio of 7,55. In order 
to transform this impedance to 50 ohms jO (transmissIon line impedance), an "L" 
or "T" type of network may be used, We prefer to use a modified version of an 
"L" network '(See Figure 10) and treat the transmission line resistance as a 
series resistance of a parallel netwo~k at resonance. 

FIG U R E 10 
(Schematic of ilL" type impedance 

transforming network) 

~fu 

The following formulas may be used to determine Xl and Xc for an "L" network: 

13fu (1) 

(12 ) 

(3) 

The following data furnIshes complete information for the construction of a 
typical standard broadcast folded-unipole antenna. 
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BILL OF MATERIALS FOR FOLDED-UNIPOLE ANTENNA INSTALLATION 
FOR UNIFORM CROSS-SECTION GUYED TOWER 

1. 6 pieces of angle iron (Figure 6). 

2. 2 each 3/4" x 1 3/4" bolts and 2 lock washers. 

3.· 12 each 3/8" x 1 1/2" bolts and 12 lock washers. 

4. 12 flat washers 7/16" LD. maximum O.D. 

5. 12 each 3/8" Clevis Shackle, 

6. 6 turnbuckles 1/2" bolts or larger. 

7. 3 pieces of copper strap 6" wide (long enough to ground antenna at base). 

8. 24 wire clamps suitable to attach shorting straps to antenna (aluminum 
deadend clamps). 

9. 6 folds - ~4 NCSR, stranded aluminum wire - total length equal to 6 
times tower's height plus 25' additional. 

10, 6 egg type strain insulators - to insulate folds at base of antenna 3" 
diameter or better. 

11. 36 stand-off insulators (placed at 30' intervals on tower adjacent to 
folds) (Jocelyn Cross Arm Pin and 15 KV Insulator), 

12. 1 variable vacuum capacitor 10/1000 uuF or equivalent 15 KV, 45 amperes 
(suggest Jennings type), 

13. 1 variable inductor 0/60 microhenries - appropriate to handle 1 KW power 
(suggest Gates, Johnson, or Multronics type coil). 

14. 6 springs 4" - 6" long. 

15. 1 Weston or equivalent R.F. ammeter 0-6 amps (for 1 KW installations). 

16. 1 remote antenna ammeter unit. 

17. Tuning unit cabinet with bowl feed thru for output connection. 

18. Miscellaneous: 

Solder, brazing rod and torches, flux, polyethelene tape, hand tools, and 
small parts to mount inductor and variable capacitor. Also needed to 
facilitate the measurements,adequate extension lights and a rough support 
for the measuring equipment to provide access to the antenna tuner unit. 

Note: All hardware to be galvanized or painted with aluminum paint. 
Dissimilar metal clamps recommended for use between tower and 
aluminum wire. 
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III - PRACTICAL ASPECTS OF FOLDED-UNIPOLE ANTENNAS (CONTINUED): 

Where: 

2fu = measured base impedance of folded-unipole at resonance (ohms). 

RI = transmission line impedance (ohms). 

Xl = reactance of series coil (ohms). 

Xc - reactance of shunt condenser (ohms). 

Using the above formulas, a modified L network was used to match the 
impedance shown in Figure 8. Figure 9 is a plot of coupling impedance obtained 
for this antenna system. 

In order to determine the current in the antenna, an ammeter may be placed 
in either the transmission line output (input to modified L network) or the 
output of the network (input to the folded-unipole) or at both locations for 
determining power. The F.C.C. will allow the meter to be placed at either 
location and to be used for direct measurement of power. Where a folded-
unipole antenna is operated at first resonance, it is recommended that the antenna 
ammeter be placed in the input to the network so that a larger scale ammeter can 
be used. It should be noted that inasmuch as the antenna is adjusted to jOt 
line current is a true indication of power. 

Figure 11 is a plot of the measured resistance and reactance for a folded
unipole antenna (resonated) which is 700 in height at 800 KC. This antenna would 
be expected to have a base impedance (when measured without folded-unipole 
rigging) of 31 +j9. Examination of Figure II shows that this antenna Cfolded
unipole rigged and resonated) has a feed point impedance of 230 ~jO. An 
impedance match from 50 ohm line to this impedance can be readily obtained by 
use of an "L" or "T" coupling network. 

IV - CURRENT DISTRIBUTION ON A FOLDED-UNIPOLE ANTENNA: 

During the writer's experiments with folded-unipole antennas in 1949 and 
1950 for the United States Air Force, it was determined by measurement that the 
current distribution on a fOlded-unipole antenna is the same as that of a base 
insulated antenna of identical height. D. L. Waidelich has proven ("General 
Folded-dipole Antenna Design", Communications, April 1949) that the current 
distribution on a folded-dipole antenna is the same as that of a simple dipole 
antenna. Inasmuch as a folded-unipole is basically 1/2 of a folded-dipole 
antenna, it follows that the current distribution of a folded-unipole would be 
the same as that of a simple unipole. Further, Schelkunoff (Antennas "Theory 
and Practice", Wiley) has shown that the current distribution for a folded
dipole is the same as that of a simple dipole of similar length. 

Numerous field intensity measurements have been made during the last five 
years on folded-unipole antennas to determine their current distribution and 
effective Erms • Measurements have been made on series-fed antennas before 
converting to folded-unipole and then comparison measurements made to demon
strate that the current distribution and effective fields are similar for both 
antennas. It can therefore be conciuded that the current distribution of a 
folded-unipole type of antenna will be the same as that of a simple base insulated 
series-fed antenna. 
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v - BAND-WIDTH CONSIDERATIONS: 

The band-width of an antenna depends upon its base impedance and the rate 
with which its reactance changes with frequency. The band-width is considered 
to be the frequency band within which the power is equal to or greater than one
half the power at resonance. Expressed in equation form: 

/J.f 

Where: 

dx 
df 

~f = band-width in kilocycles between half-power points. 

Ra = measured antenna resistance in ohms. 

dx = slope of reactance curve at resonant frequency. 
df 

(14) 

The effective band-width will be doubled when the generator is matched to the 
antenna circuit. The Q of a folded-unipole antenna can be determined from the 
equation: 

Where: 

fo = operating frequency in kilocycles 

~f = band-width of antenna in kilocycles 

(5) 

Our experiments indicate that a folded-unipole antenna has a much more 
desirable band-width characteristic than an equal height series-fed antenna. 

VI - TOP-LOADED FOLDED-UNIPOLE ANTENNAS: 

For very short towers, advantage may be taken of top-loading to increase the 
effective height of a folded-unipole antenna. 

Our experience indicates that the simplest and most effective means for top
loading a folded-unipole antenna is to connect the top three guy wires to the 
tower, adjust them to a given physical length and then inter-connecting them at the 
lower end to simulate a pyramid. Experimental data indicates that the following 
expression can be used to compute the length of guY wires necessary to obtain a 
given amount of top-loading: 

Where: 

Geff = desired electrical tower height in degrees. 

TLo = desired top-loading in degrees 

GIl = electrical height of tower without top-loading in degrees. 

(6) 
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VI - TOP-LOADED FOLDED-UNIPOLE ANTENNAS (CONTINUED): 

0.705 = empirical constant. 

Figure 12 is a plot of the measured resistance and reactance for a folded
unipole antenna (resonated) which is 69.50 in height at 1000 KC and has been 
top-loaded an additional 15.50 to given an electrical height of 850 • This antenna 
would be expected to have a base impedance of 39 +j40 (when measured without 
folded-unipole rigging but with top-loading). Figure 12 shows that this antenna 
(folded-unipole) rigged and resonated) has a feed point impedance of 350 -::: .10. 
An appropriate fmpedance transformer should be used to match this antenna 
impedance to a transmission line. 

VII - SECOND RESONANCE FOR FOLDED-UNIPOLE ANTENNAS: 

A folded-unipole antenna can obtain a wide range of resonant radiation 
resistance by varying the ratio of the diameters of the folded conductors to the 
diameter of the tower. The radiation resistance varies as the square of the 
height and if the transformation ratio is raised enough, the height of the antenna 
can be reduced, the limit being the point where ground losses consume a prohibitive 
percentage of the power. 

For practical operation a short antenna should have a resistance of at 
least 50 ohms. Unfortunately short series-fed antennas in the range of 450 to 
600 do not approach this value; consequently, this type of antenna has excessive 
losses. In these ranges, the use of a top-loaded folded-unipole antenna is 
extremely desirable, inasmuch as these antennas can be operated at first or second 
resonance. For second resonance, a top-loaded folded-unipole has a length of 
approximately one-half that of a folded-unipole at first resonance. This is the 
same as saying that if a folded-unipole antenna had a length of approximately 
900 (electrical), we would expect second resonance to occur at approximately one
half this length or 450 , The base impedance for a top-loaded folded-unipole 
antenna at second resonance can be expressed as: 

Q2r log 4s2 /d l d2 /
2 

R2r = 1580 - x ,.-:------' 
2r log 2S/d2 

Where: 

R2r = resistance of folded-unipole at second resonance (ohms). 

h2r = height at second resonance. 

2r = wavelength at second resonance (same units aSh2rl. 

S = spacing, center to center, of tower to fOld. 

dl - fold diameter. 

d2 = tower diameter. 

S, dl and d2 should be expressed in the same units. 

(I 7) 

It should be noted that "1091O" or "loge"can be used, inasmuch as a ratio 
is expressed in equation (17). 
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VII - SECOND ,RESONANCE FOR FOLDED-UNIPOLE ANTENNAS (CONTINUED): 

It should be noted that the operation of a folded-unipole at second 
resonance is similar to that at first resonancej however, the ratio of the 
diameter of the folds to the tower's diameter and the spacing is much. more 
critical. 

VIII - UNATTENUATED FIELD INTENSITY: 

It has been ,observed experimentally that a folded-unipole antenna will 
develop a higher unattenuated field intensity than the same equivalent height 
series-fed antenna system. The increase in field intensity varies between 
approximately two to ten percent. The greatest increase in field intensity 
is experienced on short antennas in the range 450 to 750 • 
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SUMMARY 

A new approximate method for calculating the static 
voltages on the guy insulators of m.f. and I.f. broadcast 
tower antennas is given. The method is based on an 
integral-equation technique, where the integral 
equation is solved by the so-called point matching 
method; the unknown charge densities are 
approximated by polynomials. The polynomial 
expa nsion provides very significant advantages, 
primarily because it leads to the integrals in closed 
form, and because it requires a very low order of 
polynomial. A numerical example is given to illustrate 
the method, 
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1 Introduction 
The overcrowding of medium and low frequency bands 

and resulting interference in the European broadcasting 
area often force broadcasting organizations to increase the 
powers of their transmitters and powers of the order of 
1000 kW are not. infrequent both in Europe and in 
neighbouring countries. In this connexion the problems 
concerning the voltages and insulating material of broad
cast tower antennas as well as the methods of calculating 
these voltages are becoming again of growing importance. 

The first thorough study of rad'Jo-frequencyvoltages 
appearing on the insulators of guy ropes was made in 
1939 in the classical paper by Brown 1. Though the 
voltages resulting from theeIectrostatic field during 
thunderstorms have not been th~oretically treated in 
Brown's paper, he pointed tc> these voltages as a cause 
liabie to produce sparks across the guy insulators. Once 
the static voltage' has broken the gap, the r.f. voltage 

. maintains the arc even if it were much less than the 
voltage required to 'start the arc. In order to overcome 
these difficulties Brown proposed the use of high
resistance leaks across the guy insulators which could 
clear up all troubles due to the static charge. However, 
according t6 widespread experience, a direct or near 
stroke of lightning may destroy the leak resistors entirely. 
At any rate, a quantitative knowledge of the static 
voltages and the methods for their determination deserve 
to be investigated. 

In a recent paper Bruger i hd~ .':I\en an interesting 
method for calculating both the r r and static voltages 
on the guy insulators. As st ressed hy the author himself, 
in this method emphasis was laid on the clarity and easy 
applicability, instead of on extreme precision. 

The purpose of the present pape r is to develop a more 
accurate, but conceptual!) ~iJllple method for calculating 
the static voltages on the guy in~ulators. Essentially, the 
method is based on an integral equation technique, where 
the integral equation is approximately solved by the so
called point-matching method.3 The unknown sub
integral functions, representing in the present case the 
charge densities per unit length of conductors, can be 
approximated by functional series of convenient functions 
with unknown coefficients. In this paper, however, a 
polynomial approximation is adopted. Besides the 
conceptual simplicity, the polynomial expansion offers 
very significant advantages in the necessary computa
tional work on the electronic computer. Apart from the 
fact that the true distribution function can be well 
approximated by a low-order polynomial, the polynomial 
approximation leads to integrals which, by means of the 
recu rren t form ulas, can be red uced to elementary integrals. 

2 Static Field in the Vicinity of the 
Antenna Tower 

Most of the rri.f. and l.f. transmitting antennas are 
built in the form of guyed steel towers of uniform cross
section. For the purpose of analysis they can be approxi
mated by cylinders4 of equivalent radius a. The supporting 

. guy wire-ropes are broken uP. at several points by 
insulators. Inadditiunto the r.f. voltages induced in 
the- guy sections, before and during thunderstorms, the 
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STATIC VOLTAGES ON GUY INSULATORS OF TOWER ANTEJNAS 

insula tors are exposed to high quasi-static voltages 
produced by very strong atmospheric electric fields. For 

,the sake of simplicity we assume that this field is static 
and, in the absence of the antenna tower, is homogeneous 
having a vertical field strength Eo. 

As the first step in determining the static voltages on 
the gUy insulators, the resultant field in the vicinity of the 

. tower has to be calculated. In this calculation, the pre
sence of the guys could be ignored, because induced 
charges on them are too small to affect appreciably the 
charge distribution along the tower. The validity of this 
assumption will be checked numerically in Section 4. 
Since the base of the antenna tower is earthed through 
the static drain coil, the tower is at the static potential of 
the ground, which is taken as a reference. In order to 
avoid dealing with an infiite ground plane, the method of 
images will be used. So, the gfound,plane is replaced by 
the electrical image of the cylinder representiQg the 
antenna tower. Both the antenna cylinder and its image, 
with height h and radius a, are shown in Fig. 1. The 
z-axis of cylindrical co-ordinates r, <p, z, coincides with 
the axis of the cylinders. -. 

Let the unknown charge density per unit length of the 
antenna cylinder- be denoted by q(z). According to the 
method of images the following symmetry· condition 
must be fulfilled: 

q( -z) = -q(z). (0 
If we denote 

(2) 

the scalar potential of the unperturbed atmospheric 
electric field and by <Pi the scalar potential created by the 
induced charges on the antenna, the initial equation 
expressing the boundary condition for potential has the 
form 

<PO+<Pi = 0lr=a._h"'%':;~ (3) 

Since h ~ a, in calculating the potential <Pi at a point 
Per ~ a, z) it can be assumed that the induced charges 
are localized on the axis of the cylindrical conductor. 
So, we have 

<p. = _1_ j q(z') dz' (4) 
" , 4neo -h .Jr2+(z-z')2· 

Introducing equations (4) and (2) into equation (3), and 
taking into account the symmetry condition (1), we 
obtain the fundamental integral equation in the form 

h q(z') dz' h q(z') dz' . (5) 
J .J - J .J = 4nf:oEoz. 
o a2 +(Z-Z,)2 0 a2+(z+z,)2 

This equation is automatically satisfied for z = O. 
Solving equation (5), the unknown charge distribution 

can be determined and, consequently, the resultant 
potential is 

(6) 

Although an exact method for solving equation (5) 
does not exist, there are several methods for solving it 
approximately. A simple, but very general approximate 
method is the above mentioned point-matching method. 
According to tllis method the unknown charge distribu-

December 1973 
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Fig. 1. Cylinder representing the antenna tower and its image. 

tion can be approximated by a finite functional series 
with unknown coefficients. These coefficients can be 
determined by satisfying the integral equation at a 
sufficient number of points along the conductor. Though 
the basic functions in the form of rectangular and tri
angular pulses are in common use, we will choose the i' 

polynomial series. In solving equation (5) the polynomial 
series have an outstanding advantage. because they lead 
to the integrals which are reducible to the elementary 
ones. On the other hand, polynomials of relatively low 
order approximate the charge distribution in a very 
satisfactory manner. So, using polynomials, both the 
number of integrals and, especially, the computation 
time for their evaluation are extremely favourable. 

In order to make further analysis irrespective of the 
height h of the tower, let us first normalize all the lengths, 
so that 

u = z/b; u' = z'/h; A = a/h (7) 

and, consequently . 
q(z') = dQ/dz' = q(u')/h. (8) 

With the new, normalized coordinates the integral 
equation (5) can be written in the form 

1 . q(u') du' 1 q(u') du' 2 J - J = 4nf:oEo h u. (9) 
0'V A2 +(u _U')2 0.JA2+(u+U')2 

Let us now approximate the unknown charge density 
function by the polynomial 

N 

q(u') = L Bn u tn u' ~ 0, (10) 
n= 1 

where N is the order of the polynomial and Bn are the 
coefficients to be determined. The constant term Bo is 
set equal to zero because the polynomial (10) must satisfy 

q(O) = 0, ' (11) 

imposed by the symmetry condition (1). 

With the charge density distribution function (10), 
equation (9) becomes . ~ 

N 

L BnJn(u) = 4nf:oEoh2u (12) 
n=1 -
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where 

J.(u) = p.(u)-P;,('-;"u), (13) 

and 
1 u,n du' 

p.(u) = J .jA2 ( ')2' o + U-U 
(14) 

The integrals (14), for different values of n, can be 
reduced to element<;try integrals: 

== arcsinh {(I-u)1A+arcsinh (ujA), for n = 0 ,. 

Pn(u) == ..JA2+(I-u)2-.jA2+u2+uPo(u), forn =1 

,== {..JA2+(I-u)2 +(2n-l)uP._i{U) 

-(n-l)(A2+u2)Pn_zCu)}jn, for n ~ 2. (15) 

In order to determine N unknown coefficients En of the 
charge density function (I 0), we take N convenient 
points U; along the antenna cylinder and stipulate that 
equation (12) be satisfied at these points. So,we get a 
system of N linear equations in N unknowns En: 

N 

'L: B.J.(Uj) = 4n;80~oh2Uj, i = 1,2, ... ,N. (16) 
n= 1 

Although the choice of points Uj is arbitrary, it is quite 
, natural to select them equidistantly, i.e. 

uj=ij(N+l), i=I,2, ... ,N. (17) 

The end-point u = 1 is excluded because the function 
q(u) is discontinuous there; the point u = 0 is already 
ta ken into account by (11). 

By solving system (16) we get unknown coefficients En> 
and finally determine the charge density function (10). 
The resultant potential 4> in the vicinity of the antenna 
tower can be calculated from equation (6). In final form, 
we can write 

1 N 
4> = 4-h L Bn{Pn(u,R)-P.(-u,R)}-,-Eohu, (18) 

7180 n = 1 

where Pn(u, R) is obtained from Pn(u) by'substituting A 
for R == r/h; rand z = uh are cylindrical coordinates of 
the point wherein the potential is to be calculated. 

If necessary, the cylindrical components of the field 
strength can be calculated by means of the formulae 
given in the Appendix. 

3 Static Voltages on the Guy Insulators 

Essentially, the same method will be used in deter
mining the static voltages on the insulators' of guy 
wire-ropes. 

In order to fix the notation, a sectionalized antenna guy 
with its electrical image is shown in Fig. 2. There are M 
guy sections having lengths dm, m = 1,2, ... , M, and a 

, radius b. The first guy section is directly anchored to the 
ground, without an insulator. Lei: a new coordinate 
system, x-y-z, be introduced and positioned-in such a 
way that the z-axis coincides with the axis of the guy, 

, and x-axis lies-in· the ground plane. The distp.nces along 
the image of the guy are measured by the coordinate t, 
whose origin coincides with the origin, of the x-y~z 
system. 
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The charge density distribution function q(z) along the 
guy sections, as weB as the voltages Vm on the guy 
insulators are determined by solving numericaIIy a 
.system of integral equations. These equations are 
deri~ed by making the following simplifying suppositions:' 

(i) The charge distribution on the antenna tower is 
not disturbed by the presence of the guys. (This 
will be fully justified later by comparing the 
calculated charge densities per unit length on the 
tower arid on the guys.) 

(ii) Mutual effects between the guys are negligible 
and can be ignored. 

(iii) The induced charges are localized on the axes of 
the guy sections. 

Accordingly, the potential at a point P(x, y, z) il,1 the 
presence of only one guy can be written as the sum 

4> =4>o+tP;+tPg +tPg ; (19) 

where 

4>0 is the scalar potential of the unperturbed atmo
spheric electric field, given by (2) (note the change 
of the coordinates); 

4>; is the potential created by induced charges on the 
antenna tower and its image, the guys being 
neglected; 

4>g is the potential due to the induced charge on the 
guy; 

tPg ; is the potential due to the chargt on the guy-image. 

According to the notation in Fig. 2, the two latter 
potentials can be written as follows: 

1 -d qg(z') dz' 
4>g = 47r8

0 
! .j x2 + y2 + (z _ Z')2 (20) 

1 d' - q .(t) dt 
4>g;= - J gl (21) 

47r80 0.jX2+y2+Z2+t2_2t 

x (z cos 28+x sin 28) 

I ;; 

/ 
/ 

Fig. 2.· ksectionali-zed· antenna guy with its electrical image. 
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STATIC VOLTAGES ON GUY INSULATORS OF TOWER ANTENNAS 

where 
M 

d = L dm (22) 
m=l 

is the total length of the guy, quCz') and qgi(t) are the 
charge densities on the guy and its image, respectively. 
For t = z' 

(23) 

At a point P(x = 0, Y = b, z) on the surface of the, 
guy, equation (19) can be put in the form: 

1 d qoCz') dz' 
<P = rPo(P) + tPl(P) + 4- J .j b2 ( ')2 n800 +Z-Z 

1 d qg(z') dz' 
- 4n60 I Jb 2+Z2+Z'2_2zz, cos 2(/ (24) 

Since the total charge on· ~ section of the guy must be 
equal to zero (except for the section m = 1, which is 
directly connected to the ground), the function' qg(z') is 
discontinuous and as a rule changes the algebraic sign at 
points where the guy is broken by insulators. For that 
reason the function qg(z') should be replaced by M 
functions qm(z'), each valid for a separate section. 
. According to the boundary condition for potential, the 
potential tP defined by equation (24) must hav.e a particular 
constant value along each section: 

<1>1 for 
<1>2 for 

tP=< for 

where 

0< z < b l = d l 

b l < z < b2 

(25) 

(26) 

The M -1 unknown potentials, from <1>2 through <l>M' 
are to be determined. Once the potentials <l>m have been 
known, the voltages Vm on the insulators can be calcu
lated by using the formula 

V.." = <l>m-<I>m+l' (27) 

Since the potential of the tower is equal to zero, Vm = <l>M' 
In order to calculate the unknown potentials <l>m, let 

us approximate the charge distribution functions qm(z') 
by polynomials of the N-th order: , 

N [Z'-b +d]n 
qm(z') = ~ Amn dm m, In = 1,2, ... . M. (28) 

n-O m 

Since ql(O) = 0, the constant term on the first section 
(m = 1) is 

A lo = O. (29) 

In addition to the distributed charge qm(z), there are 
the lumped charges Qm and - Qm-l on the ends of each 
section. These charges are localized on the metal holders 
of the insulators and have the values 

Qm = CVm = C(<I>m -<I>m+ 1) 
Qm-l = CVm- 1 = C(<I>m-l -<I>m)' 

where C is the insulator self-capacitance in farads. 
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(30) 

Since the total charge on each section (m =1= 1) must be 
equal to zero, the charges Q~, - Qm-l and qm(z') satisfy 
the condition 

6m 

J qm(z')dz'+Qm-Qm-l=O, (31) 
"m-dm 

, N .• 
l.e.L Amn dm/(n+1)+C(2<1>m-<I>m+l-<I>m-l) = 0, 

n=O . 

m = 2,3" . . ,M. (32) 

With equations (28) and (25),' equation (24) gives a 
system of M integral equations: ' 

1 
<l>m = tPo(z) + tP;(z) + 4- X 

7t60 

X f f{ 6j Amn{(z'-bm+dm)/dm}ndz' 
m= 1 n=O 6m-dm .jb2 +(z-Z,)2 t Amn{(Z'-bm+dm)/dm}ndZ'} 

- 6m -dm .jb2r+z2+z,2-,-2zz' cos 28 
bm-dm <: Z < bm, ,m = 1,2, .. . ,M. (33) 

If we introduce the normalized co-ordinates, defined by 

u' = (z' - bm + dm)/dm U = zjd, (34) 

the equation (33) can be put in a simpler form: ' 

1 
<l>m = tPo(ud)+tPi(ud) + 4-d x 

n80 

M N [IT U'n du' I U,. dU'] 
x L dm L Amn S --j-- - J ,-

m = I n = 0 0 '\I PI 0 '\I P2 

(bm-dm)Jd < u < bmJd, m = 1,2". "M, (35) 
where 

PI = (b/d)2+{u-u'dm/d-(bm-dm)/dV (36) 

P2 = (b/d)2+ u2+{(u'dm+bm-dm)/dV -

-2u{(u'dm+bm-dm)/d}2 cos 28. (37) 

The integrals of the type 
• I u,n du' 

I n = J ,-, P = a+fJu'+yu,2, (38) 
o '\I P 

appearing in equation (35), can be calculated by the 
following formulae: 

( 
1_ In 2.jyp(i)' + 2y + fJ 

.Jy 2.jyp(O)+fJ 
for n = 0 

1;;(1) -.jP{O) - O' 5 fJ 10 
for n = 1 (39) 1n = y 

.j p(1) -O·5(2n-1)fJ 

l 1n-l-(n-1)a1n-2 
ny 

for n ~ 2 

where 

y>O p(O) = a p(l) = a+fJ+'}'.' 

The following unknown constants will now be deter
mined: 
M -1 potentials <l>m on sections m == 2,3, ...• M (<1>1' = 0); 

M(N + 1) coefficients Amn. ' 

Since the coefficients Amn are subject to M conditions 
defined by equations (29) and (32), the ~emaining 
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Table 1 

The ratio EzlEr for different values of N 

z/h N=2 N=3 N=5 N= 10 N= 15 

0·1 1·368 x 10- 4 3 ·110 x 10- 4 3·992 x 10- 4 6·768 X 10- 5 1'636 X 10- 6 

0·2 5·685 x 10-4 3·566 X 10- 4 1·263 X 10- 4 6·956 X 10- 6 3·151 X 10-7 

0·3 3·387 x 10- 4 6·402 X 10-6 7'996 X 10- 6 1·401 x 10- 6 1'794 X 10- 7 

0·4 5·590 x 10- 5 1·542 X 10-4 2·601 X 10-& 4-431 X 10- 7 2·472 X 10-7 

0·5 3·571 x 10- 4 3,776 X 10- 6 7·123 X 10- 6 1·901 X 10~7 9'197 X 10-8 

0·6 3·460 x 10- 4 2·131 X 10-4 2,743 X 10- 6 8·866 X 10-8 6·664 X 10-8 

0·7 3'266> 10- 4 - 2·261 x 10-4 ' 2·142 x 10- 4 1·812 X 10- 6 8·0311 X 10-7 

0·8 2'551 x 10- 3 1·006 X 10-3 1·848 X 10- 4 1·613 X 10- 6 9·266 X 10-6 

0·9 1·044 X. 10- 2 '7'838 X 10- 3 5·619 X 10- 3 3-465 X 10- 4 1·943 X 10- 4 

M(N+I)-l necessary equations are obtained by satis
fying equations (35) in M(N + i) -1 points along the 
sections. On the first section we select N matching points 
and on all other sections N + 1 points each. These points 
can be chosen arbitrarily, but none at the ends of the 
sections. If the selected points are equidistant on a 
section, their co-ordinates Zi are determined by 

Zl =idd(N+l) i=1,2, ... ,N form=l (40) 

Zi = Jm_ 1 +idm/(N+2) 
i=1,2, ... ,N+l form=2, ... ,M. (41) 

Dividing equations (40) and (41) by d we obtain the 
normalized co-ordinates U i• 

By solving (M-l)+M(N+l) linear equations, the 
un knowns 1>m and Amn can be calculated. The voltages 
Vm are obtained by equation (27). 

4 Numerical Example and Conclusion 

In order to illustrate the theory and to draw some 
practical conclusions, the charge densities and stqtic 
guy-insulator voltages will be calculated for the antenna 
of the main m.f. transmitter of Radio Beograd. This is a 
guyed steel tower with triangular cross-section, having a 
height of 235 m and an equivalent radius a of 0·7 m. The 
tower is guyed by 3 sets of 3 guy wires attached to the 
tower at three different heights and inclined at an angle 
of 450 with respect to the ground plane. In horizontal 
projection the guy-wires are laid out 1200 apart. The 
radius of wires b is 14 mm. The arrangement of the guy 
sections in the vertical plane as well as the necessary 
notation are shown in Fig. 3. The insulator capacitance 
is about 50 pF. 

Applying the method described in Section 2, the 
potential in the tower vicinity was first calculated. For 
checking the convergence and accuracy of results with 
respect to the order of the polynomial used, the fulfilment 
of the boundary condition on the antenna cylinder 
surface was verified. The ratio of the tangential field 
component, Ez , and radial component, E" seems to be 
very suitable criterion for that. That is why the ratio 
EzlEr was c~lculated for different values of N and it is 
presented in Table 1. It is si.Jrprising that even a poly
nomial of the order as low as N = 2 fulfils the boundary 
condition very well. The equipotential lines, relevant to an 
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235 
m 

/ , . 

Fig.3. Arrangement of the guy sections of the antenna tower of the 
main mJ. transmitter of Radio Beograd. 

unperturbed field strength Eo = 100 Vim and N = 5, 
are shown in Fig. 4. 

The charge density per unit length of the tower for 
Eo = 100 Vim and for different values of N is presented 
in Table 2. 

Table 2 

The charge density q(z) along the tower in 10- 9 Cjm 
(Eo = 100 Vim, alh = 0·002978) 

z/h 

N=2 

N=5 

N=20 

0·0 0·1 0·2 0·3 0-4 0·5 0·6 0·7 0·8 0·9 1·0 

o 23 46 71 96 122 149 176 204 234 263 

o 23 47 71 95 120 147 175 209 251 307 

o 23 47 71 95 120 146 174 207 250 407 

The results for zlh = 1 should be disregarded because 
the top of the tower is a point of discontinuity: 

The voltages on guy insulators, for Eo = 100 Vim, 
e = 50 pF and for the second- and fifth-order poly
nomial approximation of the charge density on guy 
sections, are shown in Table 3. (The charge density on 
the tower is approximated by a polynomial of the fifth
order.) 

The Radio and Electronic Engineer, Vol. 43, No. 72 
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50 100 

rem) 

150 

-25·0kV 

-22:kV 

20·0kV 

-17.:V 
-15'OkV 

_ -12·5kV 

-10'OkV 

-7·5kV 

":5'OkV 

-2·5kV 

OkV 
200 

Fig. 4. Equipotential lines in the vicinity of the antenna cylinder; 

Table 3 
Voltages on guy-insulators, Vm, in kV 

\ 
(Eo = 100 Vjm, C = 50 pF) 

V, V2 V3 V4 V5 Va V7 

THE HIGHEST GUY 

N=2 3·225 3·060 2-682 1·790 1·077 5'500 4'181 

N=5 3·223 3·057 2·675 1·768 1-144 5-398 4·181 

THE MIDDLE GUY 
-

N=2 3·092 2'235 0·161 2'994 2·495 

N=5 3·084 2·220 0,120 2-930 2·495 

THE LOWEST GUY 

N=2 1·271 0·636 0,768 1·139 

N=5 1·263 0·619 0,744 1·139 

In order to estimate the effects of the insulator capaci
tance, the same voltages were calculated for C = O. 
These values are given in Table 4. 

Table 4 
Voltages on guy-insulators, Vm , in kV 

(Eo = 100 Vim, C = 0) 

V, 

THE HIGHEST GUY 

h = 235 m, alh = 0·002978 and Eo = 100 VIm. N = 2 3·268 3·108 2·784 2·102 0,385 6·696 4·181 

20 

E 
u 

'f -10 
o 
-;;: - 20 

E 
U 

CJ> 
I 

-30 

-40 

20 

15 

10 

g -5 

0' -1O~ 

E 
U 
0> 
I 

g 

=~~t 
8 

6 

t>' -4

t -6 

-8 

300 

The highest guy 

200 

The middle guy 

100 

The lowest guy 

Fig. 5. Charge density per unit length along the guys from Fig. 3; 
Eo = 100 V/mn, C= 50 pF and N = 5. 
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·N = 5 

approx. 

N =2 
N = 5 

approx. 

N=2 
N=5 
approx. 

3·259 

3·272 

3·245 

3·231 

3·282 

1-409 

1·400 

1·445 

3·106 2·780 2·087 0·443 6·608 4·181 

3·122 2·811 2·184 0'139 7·343 4'181 

THE MIDDLE GUY 

2-435 0·597 3·782 2-495 

2-426 0·562 3·725 2·495 

2-493 0·933 4·213 2·495 

THE LOWEST GUY 

0·956 1·226 1,139 

0·939 1·200 1·139 

1·121 1-427 1'139 

In addition to the values of voltages corresponding to 
N = 2andN = 5, the third approximate value ('approx.') 
of the voltage is given in Table 4. This value is defined as 
the difference between the potentials in the mid~points of 
two adjacent sections in the physical absence of the guys. 
These potentials are those calculated in Section 2, i.e. 
¢o + ¢i' It is interesting to note a very good overall 
agreement between these approximate values and those 
calculated by the present method for C = 0, except for 
the minimum values of the voltages. 

The curves in Fig. 5 represent the charge density 
distribution functions along the three guys from Fig. 3, 
corresponding to Eo = 100 V jm, C = 50 pF and N = 5. 
It is to be noted that the maximum value of the charge 
density on the guys is at least an order of magnitude 
smaller than the average charge density on the tower. 
This justifies the assumption that the guys do not affect 
appreciably. the charge distribution along the,tower. 

In the foregoing examples all the voltages and charge 
de~sities are calculated under the assumption of a rela
tively low field strength Eo = 100 V jm, which is a 
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representative value for calm weather conditions. How
ever, immediately before and during thunderstorms this 
value can be exceeded by ten or even a hundred times. 
According to MiilJer-Hillebrands, maximal'field strength 
of3-5 kV/m is typical, and very rarely exceeds 10 kVjm. 
Similar data can be found in the paper by Simpson and 
Scrase,6 who quote values of 5-10 kVjm. 

In order to point out the significance of the static 
voltages, we shall co~pare these voltages, corresponding 
to a moderate static field strength Eo = 1 kVjm, with the 
measured r.f. voltages for the same antenna. The results 

, are shown in Table 5. The r.f. voltages correspond to an 
u nmodulated r.f. power of 400 kW. 

Table 5 
Static and r.f. voltages on guy insulators, in kV 
(Eo = 1 kVjm, C = 50,pF; r.f. power 400 kW) 

Vl 

Static 32·23 

T.f. 0·5 

Vl 

Static 30'84 

T.f. 1·8 

VI 

Static 12·63 

r.f. 1'8 

V2 Va V. 

lHE HIGHEST GUY 

30·57 26'75 17-68 

1·2 1·3 1·4 

THE MIDDLE GUY 

V2 V3 v.+ VG 
22,20 1·20 54·25 

2·0 1·9 3·3 

THE LOWEST GUY 

V2 V3 + V, 

6'19 18·83 

4-9 11·8 

11·44 

2·0 

95·79 ' 

9·8 

The method explained in this paper can, of course, be 
a pplied to antenna towers consisting of several sections of 
different, but uniform cross-section. 
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7 Appendix 

The cylindrical components of the field strength in the 
vicinity of the tower (the guys are ignored) can be 
calculated by means of the following formulae: 

1 N, 

Ez = Eo + 4--h2 L Bn[nPn-l(U,R)+lIPn-l( -u,R)-
lU:O n= 1 

- {R2+(u _1)2} -t - {R2+(U+ 1)2r t ], (42) 

. 1 N 

Er = -4 h2L Bn{T,,(u,R)-Tn(-u,R)}, (43) 
, neo n=1 

where 
, I utn du' 

Tlu,R) = !{R2+(U-U')2}t 

1-u u 
= + 

,R2JR 2+(u-l/ R 2JR 2+U2 

(R2+U 2 -U) 

R2 JR 2 +(u + 1)2 

{R2 _ u2 +(R2 +u2)u} 

R2JR2+Cu-1)2 

for /I = 0 

for 11 = 1 

+Po(u,R) for 11 = 2 

[{R2 +(u _1)2} -t + u(2n - 3)Tn_ 1(u, R)-
-en -1)(R2 +u2)Tn_2(U, R)) 

n-2 

for n > 3 
(44) 
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SUMMARY OF STANDARD REFERENCE ANTENNAS 

TYPE OF VERTICAL 
WV/M~ MV/M MV/M MV/M 

FOR I WA'fT FOR r KW POWER db TYPE OF VERTICAL FGR r WATT -FOR r KW POWER db 

ANTENNA 
PATTERN AT I MILE AT I MILE GAIN GAIN PATTERN AT I MILE AT"' MILE GAIN GAIN. 

SHAPE ANTENNA 
Eo EO. g G SHAPE E.o EO g G 

UNIFORM 0 UNifORM lW SPHERICAL 3.402 107.6 I 0 HEMISPHERICAL 4,811 152,! 2 3,010 

RAOIATOR RADIATOR 

CURRENT 00 VERTICAL i~ 
ELEMENT 

4,167 131.8 1.5 1.761 CURRENT ", 5.893 186.> 3 . 4.771 

ELEMENT 

HALF ,WAVE co QUARTER WAVE 

~ ANTEIINA 
4.358 137.8 ,1.641 2.151 VERTICAL 6,163 194.9 3.282 .5.161 

i 
ANTENNA ;;. , . 

,. 

0.622 ~ CD 
0.311 ~ 

I~ 
ANTENNA 

4.472 141.4 1.728 2.375 VERTICAL 6.324 . 200 3.456 5 .• 386 

ANTE,NNA 

TWO END ON ct=> HALF WAVE 

~ HALF WAVE 5.283 .167.1 2.411 3.822 VERTICAL 7.471 236.2 4.822 6.832 

IN PHASE ANTENNA ANTENNA 

Standard Reference Antennas* 
by CARL E. SMITH1 

Vice President, In Charge of Engineering, 
United Broadcasting Company 

THE UN I FOR M OMNIDIRECTIONAL 

(spherical) or isotropic radiator, in 
free space, has been adopted as the 
stand{l!rd reference antenna (Figure 1) 
because it has no directivity. This 

Figure 1 

A pattern Qf a uniform radiator which is the 
theoretical standard reference antenna. At left 
appears a cross~sectional view of a spherical 
pattern ,":hich has a field intensity gain of 1, a 
power gam of 1 (g = 1) and a decibel gain of 
G . (q = 0.) At right appears a spherical 
radIation pattern surface of a uniform or isotropic 

radiator. 

LOCATION OF'THEORETlC(lL 

UNifORM RADIATOR 
fiElD INTENSITY AT I MILE 

Characteristics of the Omnidirectional Uniform Spherical 
Radiator, Used as the Standard Theoretical Reference, and 
the Uniform Hemispherical Radiator Used as a Standard 
of Directivity and For Computation of Gain and Efficiency. 

standard, which has come into rather 
common use in recent years, is de
fined as a theoretical antenna which 
radiates waves having the same field 
intensity in all directions. Actually 
such a radiator cali not be realized, 
because all antennas have directional 
properties. In the case of acoustic 
waves, this standard is represented by 
a sphere pulsating radially. 

The figure of merit or efficiency of 
all other antennas can be compared 
with this basic standard, and other 
secondary standards for free space 

"Also president of the Cleveland Insti
tute of Radio Electronics. 

may be selected and used as conven
ience demands; Table 1 (above). 

Uniform Hemispherical Radiator 

If a uniform radiator is placed at 
the surface of a perfectly conducting 
plane, all of the power must be radi
ated in the hemisphere above the sur
face of the earth, as shown in Figure 
2. For a given power source, the 
power flow will have twice the in
tensity of a uniform radiator in free 

(Continued on page 38) 

*From the author's book on Directional An· 
tennas, published by the Cleveland Institute of 
Radio Electronics. The book treats in detail 
several methods of determining directional an· 
tenna efficiency, in addition to a'systematization 
of Over 15,000 directional antenna patterns. 
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Reference Antennas 
(Continued from page 20) 

spaGe, hence the power gain is said 
to be 2. 

This antenna can be considered as 
a standard for determining the direc
tivity of antennas located on the sur
face of the earth, such as broadcasting 
antennas. It is particularly useful in 
the computation of the gain and effi
ciency of directional antenna systems. 

Directivity Definitions 

On the basis of equal powers, the 
directivity or directive gain of a given 
antenna can be defined as the ratio of 
the maximum power flow intensity to 
the power flow intensity of a uniform 
radiator, when the total power output 
of both sources are equal: 

Pm 
g = -- (equal powers) (1) 

p. 

Wher,e: g = directivity or power 
gain, 

Pm = maximum power flow 
intensity from the di-· 
rectional antenna radi
ating 1 kw of power, 

P, = uniform power flow 
intensity fro m . the 
standard reference an
tenna radiating 1 kw 
of power. 

Figure 2 
Pattern of a uniform radiator at the surface of 
a perfect reHecting earth. At left is a cross
sectional view of a hemispherical pattern, which 
has a field intensity gain ·.of. 1.4, a power gain 
of g=2 and a decibel gain of G=3.01, At 
right i; the hemispherical radiation pattern 

surface of a uniform radiato~. 

LOCATION OF THEORET'CAL FIELO INTENSITY AT t 

,~/'-"'.'" 

'" 

Or, in terms of field intensities the 
power gain can be determined by: 

g = [ ;: l~equ<u powers) (2) 

Where: g = directivity or power 
gain, 

Em = maximum fidd intens
ity in mv 1m from the 
directional antenna at 
1 mile, for 1 kw of 
radiated power, 

E, = field intensity (107.6 
mv/m) from a uni
form spherical radiator 
at 1 mile, for 1 kw of 
radiated power. 

On the basis of equal field intensi
ties the directivity can be determined 
by taking the ratio of the power radi
ated, when the maximum field in
tensity of the directional antenna is 
made equal to the field intensity of 
a uniform spherical radiator: 

P a (equal field 
g = -- intensities) (3) 

Pr 

Where: g = directivity or power 
gain, 

P, = power radiated (1 kw) 
from a uniform spheri
cal radiator to produce 
a given field intensity 
of E.(107.6 mv/m) 
at 1 mile, 

P r = power radiated from 
the directional antenna 
to produce the same 
given maximum field 
intensity Em (107.6 
mv 1m) at 1 mile. 

On the basis of decibels, the gain 
can be computed from: 

G = 10 log g ( 4 ) 
Where: G = decibels directive gain, 

g = directivity or power 
gain. 
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A-M / F-M ~Ds~"'l"tioD 
finished with celotex board and the 
ceil ing with acoustical tile. The 
cement floor was covered with cork 
which, in addition to absorbing vibra
tions set up by the transmitter, has a 
hig h coefficient of sound absorption . 

. Openings were provided in the con
crete floor for wiring and ventilating 
the transmitter. Grills were installed 
above the transmitter in conjunction 
with an exhaust fan overhead. A 
housing was provided at the bottom of 
the transmitter containing two fans 
which pull air through spun glass fil
ters, thereby assuring an abundance 
of circulating air. 

Standards of good engineering prac
tice were followed in the installation 
of the ground system, which consists 
of a copper ground mesh screen 48' by 
48', silver soldered to 120 radials 210' 
in length. All radials were silver 
soldered to a. driven ground at their 
ends. 

For our f-m system we used a four
section pylon" with a total overall 
length of 54'. In hoisting the pylon 
a fifty-foot boom was attached, first to 
the 154' a-m tower and guyed. This 
was the main fulcrum for raising the 
pylon. A sling was thrown around the 
pylon ten feet from the center of grav
ity enabling the boom to hoist it above 
the lever of the a-m tower. After 
about two hours of hoisting the pylon 
154', the four-bay unit was in place. 

The distance between the transmit
ter building and the tower base is 190'. 
The transmitter line is supported by 
thirteen 10' towers which in turn sup
port a six-wire a-m transmission line. 
A I~" coaxial f-m transmission line 

Cinder Block Building, Housing Transmitter, Located in 

Pennsylvania Woodland Area, 830 Feet Above Sea Level. 

Four Section F-M Pylon Erected Atop 154 Foot A-M 

Tower. 

by WILLIS N .. WEAVER and N. CARL KITCHEN 
Chief Engineer Continuity Director 

WNOW, York, Penna. 

and 10" cond~it carry tower lighting, 
remote monitoring meter and utility 
lighting circuits. Expansion joints 
are used on the 10" conduit, which is 
broken at 60' intervals for the inser
tion of vapor-proof lights along the 
catwalk. 

At present, we have two studios 
with facilities to run shows from the 
control room either by an announcer 
or engineer. There is also a remote 
control room which was included in 
the event that separate programs for 
f-m are required. The large studio is 
35' by 50' and uses a polycylindrical 
acoustical treatment, while the smaller 
studio, 22' by 30', uses a diagonal 
treatment. 

The audio rack consists of four jack 
strips and enough auxiliary equipment 
to run the control r00111 without the 
consolette. All mixer inputs appear 

'RCA l-kw transmitters. 'RCA. 

on the audio rack to facilitate opera
tion. 

All offices are equipped with speak
ers and can be fed individual programs 
originating in the studios or on turn
tables. Normally they are fed from a 
separate amplifier bridged across the 
program ·ous. 

The patchboard panel in the control room. 

Left: A view of the a-m transmitter. Note vent grills in ceiling. Right: View of studio A and control room. 
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VERTICAL RADIATION PATTERNS 
FOR 

DIFFERENT HEIGHTS OF VERTICAL WIRE ANTE NNAS 

(SINUSOIDAL CURRENT DISTRIBUTION) 

>~//~ 

I Figure 1\ 
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I 
I 

TYPE OF 

ANTENNA 

UNIFORM 

SPHERICAL 

RADIATOR 

CURRENT 

ELEMENT 

HALF WAVE 

ANTENNA 

0.622 ~ 

ANTENNA 

TWO ENO ON 

HALF WAVE 

IN PHASE ANTENNA 

SUMMARY OF 

'"'ViM MVjM 
VERTICAL FOR I wATT FOR 1 P<W 
PATTERN AT I MILE AT I MILE 

SHAPE Eo Eo 

0 3.402 107.6 

co 4.167 131.8 

CD 4.358 137.8 

co 4.472 141,4 

CO 5.283 16 7,1 

[FigUre 3 

TABLE I 

STANDARD REFERENCE ANTENNAS 

VERTICAL 
MV/No MvlM 

POWER db TYPE OF FOR I WAlT FOR I t<W POWER db 
GAIN GAIN PATTERN AT I MILE AT 1 NILE GAIN GAIN 

G 
ANTENNA SHAPE Eo Eo G g g 

UNifORM 10 I 0 HEMISPHERICAL 4.811 152.1 2 3.010 

RAOIATOR 

VERT ICAl ~ 1.5 1.761 CURRENT 5.893 186.3 3 4.771 

ELEMENT 

OUARTER WAVE 

J~ 1.641 2.151 VERTICAL 6.163 194.9 3.282 5.161 

ANTENNA 

0.311 )" 

~ -1.728 2.375 VERTICAL 6.324 200 3.456 5.386 

ANTENNA 

HALF WAVE 

~ 2.411 3.822 VERTICAL 7.471 236.2 4.1I 22 6.832 

ANTENNA 
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Figure 4 
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ADJUSTING 

This two-tower d'rectional array of station KDYL, with the main tower (behind the building) exactly twice the height of the 
tower (at the right), is used as an example to illusirate the two methods developed by the authors for adjusting currents and phases 

to secure a desired nonsymmetrical radiation pattern 

. 
T HE directional antenna array 

which has been in operation at 
radio station KDYL since the sum
mer of 1941 is of somewhat unusual 
design, in that the two towers are of 
unequal height, with a large spacing 
between the towers. At the same 
time, the coupling and phasing net
works were somewhat unorthodox. 
These factors, together with the ra
ther diversified.nature of the terrain, 
made an antenna problem of real in
terest to an antenna engineer. It is 
,the purpose of this paper to relate 
the procedure followed in properly 
adjusting the array to obtain the re
quired radiation pattern. 

The Antenna Problem at KDYL 

Prior to the installation of the ar
ray at KDYL, this station operated 
with a single nondirectional tower 
400 feet in height, approximately 
one-half wave at the operating fre
quency. It was decided to use a sec
ond tower 200 feet in height to make 
up the directional array. By using 
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this shorter tower, several thousand 
dollars were saved. The additional 
sky wave which would result by us
ing a quarter-wave tower working in 
conjunction with a half-wave tower 
was desirable since the country sur
rounding Salt Lake City is mountain
ous, and the ground wave is highly 
attenuated. 

It was felt, after three years of ex
perience with the operation .of the 
single half-wave tower, that it did 
not fit the requirements of broad
casting in Utah. High-angle radia
tion is vitally necessal~y in this part 
of the country, where the ground 
wave attenuates rapidly and the 
night sky wave provides a service to 
sections of the state which would 
have no service at all if dependent on 
ground wave transmission alone. 

Figure 1 shows the desired hori
zontal polar diagram. The towers 
are located on a somewhat east~west 
line, with a tower spacing of 0.65 
wave-lengths (233 electrical deg.) 
Tower No.2 lies to the east of tower 

No. 1. If the two antennas were 
identical, desired shape of the hori
zontal pattern would be obtained if 
the current in tower No.2 were 0.6 
of that in No.1, and if the current in 
No.2 lagged the current in No. 1 
by 45 deg. If the horizontal angle 1> 
is measured counter-clockwise from 
the east line of towers as shown on 
Fig. 1, the shape of the horizontal 
field pattern is given by 

F _ 1 + 0.6 L - 45
0 + 2330 

cos q, (1) 
</> - 1.6 

where 

r. = 0.61;" L - 450 (2) 

This horizontal radiation diagram 
is replotted in .Cartesian coordinates 
in .Fig. 2. This was done for greater 
ease of comparison with other sim
ilar patterns in the work about to be 
described. This type of pattern ,-
Cartesian coordinates gives great" 
detail in the null points than when 
plotted in polar coordinates. 

The relation shown in Eq. (2) is 
predicated on the assumption that· 
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By GEORGE H. BROWN and JOHN M. BALDWIN 
RCA. Urbor.ato,'ies 

Princeton, New Jersey 
Chie) Engineer, Sta.tiOlr J(DY L 

8a,:t Lake Cily, u·,"all 

Tower Broadcast Arrays 

When towers of unequal height are used in a broadcast directional array, adjustments are 

, complicated by the fact that magnitudes and phases of base currents may differ from those 

of the radiated fields. Two methods are presented for minimizing cut-and-try adjustments, 

one involving simple field strength measurements and the other using model antennas 

the tO'wers are identical, sO' that the 
fields produced by each tO'wer at a 
PO'int in the hO'rizO'ntal plane lying O'n 
the perpendicular bisectO'r O'f the line 
of towers have the same respective 
phase relatiO'ns with the base cur
rents of the tO'wers and bear the same 
proportionality factO'r. When the 
to'wers are O'f unequal height, equal 

) 

) 

currents at the bases of the two an
tennas may prO'duce greatly unequal 
fields. FurthermO're, with the base 
currents in phase, the twO' fields pro-' 
duced at this point may be distinctly 
O'ut of phase. 

Analysis for Unequal Towers 

An explanation of this effect may 

be found by referring to Fig. 3. This 
picture should be regarded as en
tirely qualitative, but illustrative of 
the phenomena in question. The cur
ren. along an antenna may be re
garded as made up of a main current 
wave traveling up the tower, retard
ing in phase as it travels and decreas
ing eXPO'nentially in value. A secO'nd 

FIG. I-Radiation pattern desired for KDYL in Salt Lake 
City, with nulls on two other 1320·kc stations and on two 
nearby sparsely populated areas, the Great Salt Lake and 

FIG. 2-Upper half of the radiation pattern of Fig. 1. 
replotted in Cartesian coordinates with degrees measured 
counterclockwise from . the horizontal line extendinq to the 

the Utah desert riqht throuqh the towers 
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FIG. 3 (BELOW)-Vector diaqrams illustratinq 
bow the total current'in a tower chanqes in phase 

at different points on the tower 

reflected current wave travels down 
the tower, again retarding in phase 
and decreasing exponentially in 
value. 

At the top of the antenna, whete 
the total current must be zero, the two 
current waves are equal in magni
tude and exactly out of phase so that 
the vector sum of the currents is 
zero. As we travel down the antenna, 
the total current, shown as the vector 
sum in Fig. 3, changes phase very 
little until we reach the region about 
one-half wave from the top of the 
antenna, where the phase shifts about 
90 deg. As we proceed still further, 
the phase shifts ,another 90 deg., so 
that the current in this region is al
most 180 deg. out of phase with the 
current near the top of the antenna. 

Figure 4 shows the current mag
nitude and phase angle as a function 
of the distance from the top of the 
antenna. It is shown that for a tower 
which is only one-quarter wave tall 
(90 deg.) the current all along the 
tower, including the base current, has 
essentially constant phase, so that 
the radiated field bears a simple 
phase relation with the current at 
the b,ase of·:.the tower. However, if 
the tower is close to one~half wave in 
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FIG. 4 (ABOVE)-Variation of maqnitude and phase anqle of total tower current 
with distance from the top of the tower 

FIG. 5 (RIGHT) - Measurinq 
points' (A. B and C) used in the 
field measurement method. with 
each tower in turn beinq ener· 

qized 

height (180 deg.), the current along 
most of the tower is substantially 
constant in phase, but the base cur
rent is very much out of phase with 
most of the current along the tower. 
The phase of the radiated field will 
be essentially determined by the large 
currents in the neighborhood of one
quarter wave from the top of the 
tower, so that the phase relation be
tween base current and the radi
ated field may be a complicated and 
critical relation. 

In the actual installation, one is 
then confronted with the problem of 
deciding just what magnitude and 
phase of base currents to use. This 
decision is important since the cur
rents will be metered by ammeters 
placed in the lead at the base of the 
tower and by a phase monitor whose 
pickup coils are coupled to the same 
lead. 

Choice of< Three Methods 

It seems that three separate means 
of adjusting the' array could be fol
lowed. First one might simply guess 
at the desired networks needed, set 
up the system and examin,e the field 
pattern obtained. Then adjustments 

FIG. 6-Vector diaqrams showinq results 
of the initial calculations made with the 

measured values' of field slrenqth 

FIG. 7-Terminaled transmission'line upon 
which Eq. (16) and (17) are based 
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to correct the pattern could be made, 
'which soon degenerates into a good 
deal of cut-and-try with the coupling 
8'--~phasing networks. This first 
pL"dedare requires a great deal of 
time, much trudging around the 
countryside with a field intensity 
meter, and the patience of Job'. 

As a second means of' adjustment, 
one might consider placing the phase 
monitor pickup coil on the tall tower 
about half-way up the tower, so that 
the correct phase would be monitored. 
This does eliminate the uncertainty 
of phase monitoring, but makes 
necesssary the use of an extra trap 
circuit to bring signal from this coil 
to the phase monitor across the base 

.. insulator. To assist in establishing 
base current pha-se relationships for 

• use in designing phasing networks, 
it is then necessary to place another 
phase monitor pickup coil at the base 
of the tower and measure the phase 
between the base current and the 
current at the middle of the antenna. 
This system was not used because of 
the mechanical difficulties of mount
ing the upper coil on the tower as 
well as the necessity of the trap cir
cuit already mentioned. 

~e third possible means is that 
fOllowed by the authors, in which the 
necessary relations were established 
from field measurements and were 
verified by the use of model antennas. 

Field Measurements 

After the transmission lines to the 
two towers were completed, arrange
ments were made so that a small 
a:mount of power could be fed to 
either tower. Then a clear spot of 
ground on the line of towers and 
about three miles east of the array 
was selected and a field intensity 
meter located there. This is point A 
in Fig. 5. The distance to this point 
is unimportant as long as the dis
tance from the array to p,oint A is of 
the order of 20 times or more than 
the spacing between towers. 

Since td\ver No. 2 is about one
quarter wave in height and therefore 
resonant if grounded, this tower was 
floated on its base insulator so that ,it 
would be distinctly out of tune. Then 
tower No. 1 was fed with a small 

')unt of current. In this case, it was 
vv,{sible to get 3.0 amp into this tower. 
With the current held at this value, 
the field intensity at point A was 
measured, and found t,o be 78.0 mv 

1 Job', i, 1-22; ii, :1.;13. 

-r:/ 
~~~ 

V m AND n AP.E 
ODD INTEC:aERS 

OSCI LLATOI2. 

FIG. a-Method of feedinq model antennas 

FIG. 9-Relationship of rotatable model 
antennas to measurinq equipment 

per meter. Thus, 1, is 3.0 amp and 
FA, 1 (field at A due to current in No. 
1) is 78.0 mv per meter. Thus'!A' is 
3.0 amp and F,.., (field at A due to 
current in No.1) is 78.0 mv per 
meter. 

The field at A is directly propor
tional to the current in the antenna, 
so that 
FA,I= KA,III,or (3) 

K F A, I 78.0 26 
A, I = T = 3.0 = .0 mv per meter at 

point A for 1 amp in No.1 (4) 
No.1 was then grounded to throw 

it out of action, and No.2 was fed 
with 3.8 amp. The field at A was now 
found to be 65.0 mv per meter. Then 
12 is 3.8 amp, FA" is 65.0 mv per 
meter, and 

Substituting Eq. (3) and (5) in 
(7), we obtain 

KA, 112 = 0.6 K A, 1 II, or (8) 

12 = O'i. KA
, 1 II = 0.912 II (9) 

A, I 

We have thus found that to obtain 
the desired field pattern of the direc
tional array, Eq. (9) must be satis-
fied. ' 

Similar measurements at point B, 
Fig. 5 yield 

K B,I = 24.0 mv per meter at point 
B for 1 amp in No.1 (10) 

KB,2 = 15.78 mv per meter at point 
B for 1 amp in No.2 (11) 

Point B is ,about the same distance 
,from the array as point A, but need 
not be equal to it, and again the'dis
tance need not be measured. These 
values serve as a check on Eq. (9) 
and yield 

12 = 0.6 K 8, I I, = 0.912 II (12) 
K B , • 

The next step in the procedure' is 
that of determining the correct phase 
angle of the base currents. No. 2 
tower was measured and found to 
have a resistance of 69.0 ohms and an 
inductive reactance of 147_0 ohms. A 
capacitor with a reactance of 147.0 
ohms was placed from the bottom of 
the tower to ground, with an am
meter in the lead from the tower to 
the capacitor. Thus tower No.2 was 
tuned to resonance. 

Power was then fed to tower No.1. 
With the current in No.1 equal to 6.5 
amp, it was found that the current in 
No.2 was 2.6 amp. Then the phase 
relation between these two currents 
was measured with an RCA Type 
300-A Phase Monitor*, and it was 
found that the current in No. 2 
lagged the current in No. ,I by 159 
deg. The fields at the measuring 
points were again measured. The 
following data has thus been accum
ulated: 

II = 6.5 amp 
It = 2.6 amp 

FA = 140 mv per meter 
FB = 144 mv per meter 
kd = 233 deg 

KA,I = 26.0 mv per meter per amp 
KA.I = 17.1 mv per meter per amp 
K B.I = 24.0 mv per meter per amp 
K B•1 = 15.78 mv per meter per amp 

When the above values are substi
tuted in Eq. (7a) and (8a) in the 
Appendix, we find sin f1 = - 0.1935, 
and cos f1 = 0.965, so f1 equals - 11.5 

F A,2 = K A,2 I 2. (5) degrees. 

K 
F A ,2 65.0 ' 

A,2 = I. = 3.8 = 17.1 mv per meter 

at point A for 1 amp in No.2 (6) 
To meet the desired conditions im

The results of these calculations 
are shown at (a) in Fig. 6. At the 
time that the current 12 lagged 1, by 

plied by Eq. (2), * Brown, George B., and Swift, Gilbert, A 

(7) 
Rad~o-Frequency Phase Meter' with Many 
Uses, Broadcast News, p. 8, ,July, 1938. 
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159 deg., the field Fo lagged the field 
F1 by 11.5 deg. The results of turn
ing F, clockwise until it lags Fl by 45 
deg. are shown at (b) in Fig. 6. This 

. turning of P, is accompanied by a 
turning of 1, through the same angle, 
so that we see that 12 actually leads 
I, by 167.5 deg. when the fields are in 
the phase relation which will yield 
the desired field pattern. Thus, from 
this relation and Eq. (9), when 

~ = 0.6 F; L - 45° (13) 
the base ·currents in the array must 
be related by 

r; = 0.912 r; L + 167.5° (14) 

.Model Antenna Measurements 

To verify the conclusions reached 
by actual field measurements, models 
of the two KDYL towers were con
structed. In order that the field pat
tern measured in the models might 
be of use in furnishing information, 
it was necessary that the base cur
rent relations be known. A simple 
property of transmission lines made 
this possible. Figure 7 shows a trans
mission line terminated in an arbi
trary impedance, and fed with a gen
erator at the other end. At S0111e 
point (x=O), we designate the cur-
rent and voltage as T. and Eo. Then at 
a point :r units toward the generator 
the voltage is 

E. = Eo cos (~) + jloZ, sin (~X) (15) 

where Zc is the characteristic im
pedance of the line and A is the wave
length. When x = A! 4, 

E. = jI.Z, (16) 

and when x = 3A! 4, 
E. = - ff,z, (17) 

Stated more simply, the voltage at a 
point on a transmission line is equal 
to the product of the characteristic 
impedance and the current at an
other point which is an odd number 
of quarter waves further along the 
line. The voltage and current are in 
time quadrature. The ratio of cur
rent to voltage and the phase relation 
is independent of the value of the 
load impedance or the standing wave 
relationship on the line. 

The model antennas were then fed 
from an oscillator by means of the 
concentric transmission lines shown 
in Fig. 8. In this figure, E. is the 
common voltage at the junction of 
the transmission lines. Thus,.if the 
two lines are each odd multiples of a 
quarter wave in length, and are 
equal in length, the two antenna cur
rents will be forced to be equal 
in magnitude and in phase with 
each other, even though the antennas 
have widely different impedances and 
large mutual impedance exists be-

tween the antennas. If the two lines 
are each odd multipies of a quarter , 
wiwe in length and differ in length 
by one-half wave, the currents in ~ 
antennas will then be equal in m: ) 
nitude, but will be directly out of 
phase with each other (180 deg.). 

The arrangement of Fig. 8 was 
placed on a rotating metal plate or 
turntable. A receiving antenna, field 
intensity meter, and an Esterline
Angus recorder were placed a good . 
many wavelengths away from the 
transmi tting an tenna system, as 
shown in Fig. 9. The field intensity 
was thus recorded as a function of 
angle of rotation of the transmitting 
antenna system. 

With the antennas fed with equal .. 
and in-phase currents, the broken 
curve of Fig. 10 was obtained. A 
number of field intensity ratios and 
phase angles were substituted in the 
field intensity equation to find the 
best fit with the theoretical curve. 
The solid curve on Fig. 10 represents 
the best fit, obtained from the for
mula 

1 - 0.65 L - 30° + 2330 cos q, 
1.65 

When the antennas were fed di
rectly out-of-phase and with eql·· 1 

currents, the broken curve of Fig. ' 
was obtained. The best fit was ob
tained from 

FIG. 100Measured curve obtained when rotatinq model 
antennas were fed with in-phase equal currents. and best 

FIG. ll-Measured curve obtained when rotatinq model 
antennas were fed with out-of-phase equal currents. and 

best possible calculated curve . obtainable calculated curve 
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F1G. IZ-Vector diagrams for model antenna method FIG. 13-Complete phasing and coupling finally used ai KDYL 

1 + 0.65 L - 300 + 2330 cos '" 
1.65 

This gives us the information 
that when 1. = I, L- 180 0

, the effec
tive radiating fields were F2 = .0.65 
F,L-30°. These conditions are shown 
at (a) in Fig. 12. As was done 
earlier in the paper, we turn F2 in a 
clockwise direction until the desired 
45-deg. angle is obtained between the 
fields. For this condition, we find 
tha t 12 leads 1, by 165 deg. 

Since we desire the field ratio to be 
... ~ and we have found that equal 

currents yield a field ratio of 0.65, 
the necessary current ratio is 0.6/0.63 
or 0.923. 

Thus, for operation of the array, 
we find that the base current condi
tion shall be 

Iz = 0.923 II L + 1650 (18) 

Phasing al1d Impedance·Matching 
Circuits 

The data previously obtained was 
sufficient to yield the mutual im
pedance between the antennas. With 
tower No. 2 resonated and grounded, 
and. with tower No.1 fed directly, 

- 1;Z", = hRz,z (19) 

Since I, is 6.5 amp at zero deg. 
phase angle, T. is 2.6 amp at -159 
deg., and R'.2 is the self resistance of 
tower No.2 and is 69.0 ohms, we find 

- . 
that Z"" the mutual impedance be-
tween the antennas, is 27.6 L + 21°. 

Our next step is to determine the 
impedance of each antenna when the 
array is fed with the desired current 
ratio and phase angle. We postulate 

d the currents will be related by 
the relation 

h = 0.912 T" L + 167.5° 

'Then the impedancE;! of tower No. 1 
during operation of the array is 

- VI . h-
ZI = 1= RI,I + )XI,I +.=Z", (20) 

I II 
Here R,.], the self resistance of No.1, 
is 96.5 ohms, and Xl) 1, the self react
ance of No.1, is -165.0 ohms. When 
these values are inserted in Eq. (20) 
we find that 

ZI = 71.7 - j168:8 ohms (21) 
Also, R 2• 2 , the self resistance of No. 
2, is 69.0 ohms, and X 2• 2 , the self re
actance of No.2, is + 147.0 ohms, so 
the impedance of tower No.2 during 
operation of the array is 

.- V. . 1; -
Zz = Iz = R2Z + )Xz,z + I. Zm 

= 44.0+j130.3 ohms (22) 
Since the array is fed with con

centric transmission lines which 
have a characteristic impedance of 
70 ohms, tower No. 1 was matched 
to its transmission line by the simple 
method of inserting a single induc
tance coil in series with the antenna 
to cancel out the capacitive reactance 
of 168.8 ohms. The effective resis
tance of No.1 was so close to 70 ohms 
that a resistance-changing network 
was not considered necessary. A T 
network was placed at tower No.2 to 
convert the impedance Z2 to a pure 
resistance of 70 ohms. This network 

Xc 

R R 

FIG. 14-Simple power.dividing network 
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introduced a phase delay of 65 deg. 
The complete phasing and coupling 
system is shown in Fig. 13. The 90-
deg. lagging network at the input of 

. the transmission line leading to 
tower No. 2 was used simply for 
phase shift, with no impedance con
version. 

The inductance L and capacitance 
C in this diagram form an interest
ing yet simple power-dividing net
work. Its operation may best be de
scribed by referring to the circuit of 
Fig. 14. The two resistors R in this 
case each represent the 70-ohm loads 
furnished by the transmission lines 
and their associated networks. . The 
reactance of the capacitor may be 
selected at random. We will desig
nate the relative value with respect 
to R as M, so that 

Xc = MR (23) 

Our remaining condition is that 
when once the capacitance has been 
set at a selected value, the inductance 
will be set to have the value 

XI. = RIM (24) 

Then 

_ E ~ ME 
h = R + jX L = R + jRIM = MR + jR 

(25) 

Ie = E. = iff. = jE 
R - ) Xc R - )MR MR + jR 

(26) 

Dividing Eq. (25) by Eq. (26), 

hlle = - jM (27) 

Thus we see that the current in the 
inductive arm always lags the cur
rent in the capacitive arm by 90 deg., 
and is M times in magnitude. This 
allows us to vary the power division 
between towers without changing the 
phase of the currents. 

Another useful property of this 
(Continued on page 288) 
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(Continued from )Joge 123) 

" 

J . 
circu it is revealed by adding Eq. (25) 
and :Eq. (26) : 

- -- (M + j) E E 
h + Ie = 7.iu + jR = If (28) 

This equation shows that, as long as 
Eq. (23) and Eq. (24) are satisfied, 
the input impedance of the circuit is 
a pU1'e resistance of value R. 

The power flowing into the induc
tive branch (power into tower No. 
1) is 

PI = I L2R (29) 
while the power into the capacitive 
branch (power into tower No.2) is 

P. = I c2R . (30) 
or, dividing Eq. (29) by Eq. (30), 

IL/I c = M =.y p,/ p, (31) 

. But, from Eq. (21), 
\' PI = 71.7 1,2 (32) 

and from Eq. (22) and the fact that 
12 =, 0.912 I" 

P. = 44.0 12' = 36,6 I,' (33) 

Dividing Eq. (32) by Eq. (33), 
P I / P2 = 1.96 (34) 

so that Eq. (31) yields 1'v! = 1.4, and 
with R equal to the characteristic 
impedance of the transmission lines 
(70 ohms), the series capacitive re
actance is 98.0 ohms, while the series 
inductive reactance is 50.0 ohms. 
When the circuit of Fig. 13 was in
stalled, impedance measurements 
were made at the common feed point 
with the results shown in Fig. 15. 

When these components were in-

.., 
;"-1--

10 
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~ 
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~ 
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0 ---t--
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t300 l3O:' 1310 l~lEr e'ZO B7.!:> t~~ 13",& I~O 

FR.EQUENCY (KILOCYClES) 

'FIG. IS-Results of impedance measure; 
ments at the common feed point in Fig. 13 
for frequencies on each side ,'of the 

assigned frequency of 1320 kc 
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stalled, it was found that the cnrrent 
relations were 

h = 0.88 1; L + 1600 (35) 

While these vaities were not in 
exact agreement with those predicted 
by the two methods described in this 
paper, it was known from calculation 
that the desired pattern could be ob-i tained with this experimental rela

, tion. Accordingly, it was decided to 
measure the field intensity pattern 
before proceeding with fine adjust
ments. It was found that the pattern 
obtained was so close to the desired 
pattern 'that no further adjustments 

.....~ \vere necessary_ 

Measured Field Intensity Pattern 

While the mountains and rocky ter
rain around Salt Lake City are the 
cause of very high attenuation, there 
are also present some of the most 
highly conductive areas to be found 
anywhere. This highly conductive 
area lies to the northwest llf Salt 
Lake City, and is caused by the lake 
itself and the several thousands of 
square miles of dried-up lake bed, 
rich in mineral salts. As a result, any 
particular type of directional pattern 
soon loses its identity, since the high 
attenuation to the east and south and 
the high conductivity, to the north
west and west stretch and constrict 
the pattern all out of its original 
shape. In fact" the extremes of con
ductivity and attenuation are such 
that no directional pattern can re
main looking like a directional pat
tern when measured on a radius of 
around 100 miles. As a practical re-

i suIt, the benefit derived 'from the use 
- of a directional array is that the sky 

wave in the direction of co-channel 
stations has been reduced, thus per
mitting the use of higher transmit
ter power. There is, of course, the 
added consideration that in certain 
strategic directions, the high-angle 
radiation is increased. This helps ' 
provide a service in sections where 
the ground wave dies out rapidly. 

Another point noted in proof-of
performance measurements was that 
measurements made on the east ra
dials at distances up to about one 
and one-half miles from the towers 
showed less signal intensity than was 
indicated by the projection of the 
curve JOllllng intensity measure-

4 ments made further away, and con
versely that measurements on the 
west radials showed just the reverse 
of this effect. These effects are 

FIG. IS-Final mea:;ured polar radiation 
pattern obtained after antennas of KDYL 
were adjusted accordinq to the procedures 
in this article. Compare with the initially 

desired pattern in Fig. 1 

caused by the fact that the towers 
are spaced sufficiently that at dis
tancesof less than one and one-half 
miles the reciprocal distances from 
the measuring set to the two 
towers are unequal. Another con
tributing factor is the fact thafSalt 
Lake City is located in a saucer
shaped valley with the transmitter 
near the lowest point. The differences 
in elevation are such that in a gr:;~ 
many parta of the city it is possi''''-./' 
to get a direct airline signal from the 
transmitter. Since the city lies 
toward, the north and east of the 
transmitter site, where the ground 
level rises continuously, it is not pos
sible to evaluate the true conductiv-
ity in these directions by radial field 
intensity measurements. 

To overcome these effects and to 
obtain a horizontal field intensity 
pattern which was a function of the 
array constants and not of the ter
rain, it was decided to follow a com
parison procedure. The first ste'p 
'was to float tower No.2 and to feed 
tower No.1 with 5 kw of power. Then 
field intensity measurements were 
made at 32 selected locations at vari
ous angles about the alTay. Each lo
cation was approximately two and 
one-half miles from the a rray. It was 
not necessary to measure the dis
tance. It was ol1,ly necessary that the 
point selected be far enough away 
so that the free space ,pattern could 
shape itself. Then the array was fed 
in the desired manner and the fielr,.'.~ 
again measured at these selec!~
points. At each particular point, the 
directional field intensity was then 
divided by the nondirectional field 
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intensity to secure a ratio which Adding Eq. (5a) to Eq. (6a), (.,.': .• . -
',: 

could be plotted to show the direct
ional pattern. The results are shown 

. in Fig. 16. Comparison with Fig. 1 
shows that. thE> dp.qin'd p~tt"'l'n has. 
been obtained. 

C~nduston 

The results obtained at radio sta
tion KDYL show that either the 
method ot' measuring fields of the 
actual' array 01' the model method 
may be used to furnish data for de
signing the phasing and matching 
networks. The model method may ap
peal in some cases because the meas
urements may be made before the 
actual towers are erected. Also, 
where one towel' is between 0.3 and 
0.4 wavelength tall, neither ground
ing nor floating of this tower will 
entirely remove it from· the picture 
when the field intensity per ampere 
factor of the remaining antenna is 
being measured on the actual an
tenna system. 

On the model antenna system, 
either towel' can be removed at will. 
However, the use of models requires 
a large area clear of obstructions, as 
well as a high-frequency oscillator, 
receiver, recorder and turntable. If: 

cos D. cos kd = 
[F B' - (II K B.I)' - (12 K 8.2)21· + 

4Itl2 K 8,2 K B.I 

[F A' - (IIKA.I)' - (I2 K A •2)2 

4Itl2 K ,.2 K A.I 

Subtracting Eq. (5a) from Eq. 
sin tl. sin kd = 

[F B2 - (II K 8.1)2 - (12K B.2)21 _ 

4Itlz K B.2 K B.l 

[F ,z :.... (I,KA.l)2 - (I2 K.(.2)2] 
4II IzK,.zK,.1 (Sa) 

These two equations may be used 
to find the sine and the cosine of the 
angle ~. The two equations are 
needed to determine the correct quad
rant. When the spacing between the 
antennas is an odd multiple of 90 
deg., Eq. (7a) disintegrates, and Eq. 
(8a) alone is usef111. Under this con
dition, we may determine the sine of 
the angle 6., but we need further in
formation to establish the correct 
quadrant. To find the quadrant, we 
must establish' another measuring 
point, C, on a line which is perpen
dicular to the line of towers. At this 
point, the field intensity is given by 
the relation 

(9a) 

Fa' - (IIKe.I)' - (I.K e .• )2 (0·· .. ·· 
cos D. = 2111. K e.2 K e.l 

all of this equipment is not readily or 
available, one may be strongly at
tracted to the method of measuring 
field intensities on the actual array. 

The angle t::.. is then determined by 
Appendix Eq. (8a) and Eq. (lOa). 

. f th Efl'ectl've Another unfortunate case is that Determmation 0 e 
1 A I f Fl'eld In- in which the towers are spaced an Fie d Phase ng e rom 

'tensity Measurements: even multiple of 180 deg. apart. Then 
The field intensity at measuring Eq. (8a) is useless. In this event, 

the measming points A and B should 
poi~t A ~Fig. 5) __ is each be displaced from the line of-

F, = I I K,.1 + I.K A .• ~ + D. -+: kd (1~)' towers by an angle </>. Then Eq. C7a) . 
and the field at measurlllg pomt B IS and Eq. (8a) may be used directly, 

FB = t;'KB.I + hK 8 •• L+ D. -.kd (2a) except that kcl cos </> is first substi- -; 
_ where t::.. is the angle by whiCh the tuted for kd. 

eld"'rrom to,ver 2 leads the field from 
tew;. ;, 1, d is the spacing behveen the! i 
WcWers, A is free space wavelength, 
and kd is 2rrdj). radians 01' 360 dl} 
deg. Then .. 

FA' = (II K A.l)2 + (I. K A .• )' + 
- 2It1.K A •• K A •1 cos (D. + kd) (3a) 

;;Os' = (11 K S •l )' + (10K B •• )' + 
2M2 K st. K 8, 1 cos (.6. - kd) (4a) 

Rewriting these equations, we ob
tain 

cos (tl. + kd) = cos tl. cos kd -
sin tl. sin kd sin = 
FAt - (IIKA.I)' - (I2K A,2)' 

2It12 K A,.K A ,1 

cos (Ll - -kd) = cos t. cos kd + 
sin tl. sin kd = . 

(5a) 

I F.2 - (II K 8.1)' - (12 K 8,2)' 
21,12 K B.2 K B.l (6a) I 

C)-
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DIRECTIONAL. 
ANTENNAS 

A method of measuring resistance and reactance values at 
radio frequencies with an ordinary 3-inch cathode-ray oscil
loscope while full power is ibeing, fed to the broadcast 
antenna. Width and height measurements of an elliptical 
pattern give the required constants 

By WILLIAM S. DUTTERA 
Engineering Department 

National Broadcasting Oompany 
New York Oity 

I N the alignment of directional an
tennas there arise two types of 

problems. The first is that of securing 
-'\e proper phase relations and 
, _.thplitude relations between the var-
ious antenna currents. The second 
is that of tuning each antenna to 
match its transmission line, so no 
standing waves exist on the line. 

The methods of arriving at proper 
phasing and current ratios are as 
varied as the number of engineers 
engaged in tuning directional an
tennas. It is not proposed to discuss 
this subject here, but instead to deal 
with the second part of the problem. 
Specifically, this involves determin
ing the resistance and reactance 
which each transmission line sees at 
its antenna. The engineer wants to 
know if the line is "working" into 
too high or too low resistance, how 
much reactance is present and 

FIG. l--Standard method of measurinq 
the resistance and reactance of a load' at 
power frequencies,' 'usinq ordiil~~y meters 
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whether this reactance is inductive 
or capacitive. 

In some cases, particularly with 
antennas less than about 120 degrees 
high, it is possible to calculate the 
line 'termination networks with 
reasonable accuracy by a combina
tion of ordinary measurements and 
proper application of circuit theory. 
With high antennas having distorted 
current distribution, or with a com
bination of high and low antennas, 
accurate calculations are ,not pos
sible. It has heretofore been neces
sary in these cases to obtain final 
circuit adjustment by what almost 
becomes a trial and error method. 

It must be noted that it is im
possible to measure, by normal 
methods, the impedance of an an
tenna as a working part of a di
rectional system. The measurement 
must necessarily be made without 
disturbing the system, under the 
condition of partial or full power. 
It is in this manner that the cathode
ray tube measurements to be de
scribed are made. 

Method Used in 60·cycle Circuits 

In 60-cycle single-phase power cir
cuits the load impedance can be 
found with meters measuring volts, 
amperes and power factor,connected 
as shown in Fig. 1. In brief, one 

f', . 

This two-tower directional antenna sys
tem of station WEAF in Port Washinqton, 
Lonq Island has been adjusted by the 
cathode-ray method described in this ar· 
ticle. Two oscilloscopes were used, one 

in each under.the.tower tuninq house 

current flowing in the power factor 
meter is proportional to the phase 
and magnitude of the load current, 
and the other current is proportional 
to the phase and magnitude of the 
load voltage. The resultant action of 
the fields of these two currents upon 
a vane produces a displacement of 
the vane. A pointer -attached to the 
vane indicates directly the phase 
angle between load current and vol
tage. 

With E, I and the phase angle </> 

known, the resistance R and X are 
obtained from the following basic 
formulas: 

E , 
R = [cose/> 

, E 
X=Tsine/> 
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FIG. 2-Circuit for measuriIV1 the resistance and reactance of a load at radio 
frequencies under operating· conditions. The cathode-ray tube may be part of an 

ordinat y three-inch cathode-ray oscilloscope 

Cathode-ray .1'ube Method 3 will provide a sufficiently close ap
proximation to actual conditions: 

'\ 
I 

makes the vertical deflecting plate 
voltage E",l lag E,. by 90 deg., antl 
adjusting the coupling between L. 
and L2 makes these voltages equal. 

Analysis of The Cathode-ray Path/''') 

It is well known that if equal vol
tages 90 deg. out of phase are ap
plied to a cathode-ray tube the pat
tern will be a circle. If the voltages 
are unequal but 90 deg. out of phase 
the pattern will be an ellipse with its 
major axis on either the x or y axis, 
depending upon which set of deflec
tion plates has the larger voltage. If 
the phasing is other than 90 deg., the 
major axis of the ellipse will assume 
an intermediate position somewhere 
between 0 and 90 deg. with respect In the r-f version of the procedure 

for determiniIl.g load impedan<,e, a 
cathode-ray tube is substituted for' 
the voltmeter, ammeter, and power 
factor meter, as shown in Fig. 2. In 
this case it is simpler to use voltages 

(1) to the x axis. 

. instead of currents. A cathode-ray 
tube with 'electrostatic deflecting 
plates is chosen. A voltage propor
tional to the amplitude and phase of 
the load voltage is taken from vol
tage divider CoR, and applied to hori-

.,.. zontal deflecting plates C and D. A 
voltage proportional to the ampli
tude and phase of the line current is 
secured from a well-shielded trans
former L1L2 and applied to vertical 
deflecting plates A and B. 

Initially, the voltages applied to 
the two sets of deflecting plates. are 
adjusted so that when the load is a 
pure resistance of known value the 
pattern on the tube is a circle of 
convenient size. Any other load then 
gives an ellipse, the orientation and 
dimensions of which permit calcula
tion of the load constants. 

Condenser· C, permits reducing the 
r-f voltage applied to the horizontal 
deflecting plates, and at the same 
time serves with R, to provide ap
proximately 90-deg. phase shift. The 
voltage due to line current is ad
justed by varying the coupling be
tween the primary and secondary 
of the transformer. It has been 
found in practice that no coil is 
necessary in the primary, since suf
ficient deflection generally can be 
obtained by coupling to the bus feed
ing the terminating equipment. 

Analysis of Circuit Relations 

It can be shown that when second
ary circuit L 2C2 is tuned to resonance, 
the following relation based on the 
simplified equivalent circuit in Fig. 

92 

HereE cI is the voltage on the cath
ode-ray tube due to the load current 
10, This means the cathode-ray tube 
voltage Ed is in phase with the load 
current. .. 

The load voltage part of the cir-· 
cuit is as shown in Fig. 4 . .In this 

where E ,. is the voltage on the cath
ode-ray tube due to the load voltage, 
and 

9 = tan -l(X,IRa) 

In Fig. 5 is a vector representa
tion of the cathode-ray tube voltages 
resulting from the load current and 
load voltage when the load is a pure 
resistance. A circular pattern is ob
tained on the cathode-ray tube 
screen when capacity C2 in Fig. 2 
is adjusted until voltage vector Eel 
takes the position designated as 
E"". This adjustment is necessary 
for calibration because E c" is not 
fully 90 deg. ahead of load voltage 
Eo (R,C, does not provide a full 90-
deg. shift in phase). Adjusting C2 

FIG. 3-Equivalent circuit for the current 
section of the cathode-ray measurinq cir
cuit. The voltaqe drop across the con
denser depends on the load current value 

~. 

An example of a general pattern 
is shown in Fig. 6. It is obtained 
with voltage E'l (that due to the 
current) acting on the vertical de
flecting plates, and voltage E c" (that 
due to the load voltage) acting on 
the horizontal deflecting plates, as is 
shown in Fig. 2. The center of the 
ellipse is at O. The ellipse intercepts 
the x axis at points separated by 
distance A,. The total deflection 
along the x axis is A and the total 
deflection along the y axis is B. T\ 
can be shown that when this patt . 
is obtained from a given load under 
the . operating conditions described 
above, the impedance of the load is 

Here, R is the load resistance 
which gives a circular pattern. The 
first term of this equation is the 
resistance of 'the load under operat
ing conditions, and the second term 
is similarly the reactance of the load. 

It will be noted that the reactive 
term has a pI~s' or minus sign. If 
the cathode-ray tube 'connections are 

FIG. 4-Equivalent circuit for 
section is identical to the actual circuit 
since it is simply an r-f voltaqe divider 

connected across the load 
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so made that with a capacitive load 
the major axis of the ellipse is in the 
first and third quadrants, the sign 
of the reactive term is negative. It 
will be assumed that this is the case 

~~ the following examples. It will 
also be assumed that R is equal to 
75 ohms. Patterns for four differ
ent types of loads, with resulting 
resistance and reactance values based 
on these assumptions, appear in 
Fig. 7. 

The Practical Application 

In a normal application the tuning 
equipment which matches an an
tenna to its transmission line cor
responds to the load shown in Fig. 2. 
The simplest method of adjusting 
L2C. and Co involves starting with 
anyone antenna and tuning its 
matching equipment so that it pre
sents a resistive load R of the cor
rect value for proper termination 
of the transmission line. This an
tenna only is then fed from the 
transmitter with approximately the 
same power it will carry when it is 
a part of the directional system. 
The condenser C3 is now varied until 

·about half of full-scale deflection is 
obtained on the screen of the 
{!athode-ray tube. Next, C2 is ad
justed so that the major axis of the 
ellipse is along either the x or y 
axis, depending upon the relative 
voltages. Finally, the coupling be
tween L, and L2 is adjusted so that 
a circular pattern is obtained. This 
constitutes the calibration of the 
equipment. If similar equipment is 
used at all the radiators, the same 
procedure is followed at each. 

All radiators are now fed together, 
and the three measurements indi
cated in Fig. 6 are made on the 
elliptical pattern of each antenna. 
From this data, the resistance and 
reactance of each antenna are cal
culated as vreviously explained. 

.. lIG. 5-The circular pattern required for 
calibration is obtained by detuninq L .. C, 
until 1he dellectinq plate voltaqes are 

equal and 90 deqrees out of phase 
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Coil L2 should be well shielded 
electrostatically, so it is excited only 
by the intended field due to line cur
rent. Likewise, C. and its associ
ated connections should not be sub
ject to extraneous electrostatic fields. 
In order to assure this result, it is 
preferable' to use coaxial leads for 
all connections shown with shielding 

. in Fig. 2. 
Resistors R. and R. in Fig. 2 are 

of arbitrary value. When these re
sistors are 200 ohms each, the power 
consumed by the measuring equip
ment is of the order of 25 watts. 
This is ordinarily low enough so 
that the equipment may be removed 
without any noticeable effect on the 
directional system. The values of 
R. and R. may be increased con
siderably in order to reduce power 
consumption. 

Some types of cathode-ray oscillo
scopes may have to be modified by 
the installation of r-f jacks on the 
sides of the unit, to permit short 
leads directly to the deflecting plates 
(internal ampli~ers in the oscillo
scope are not used.) Special pro
visions may also have to be made 
for the spot-centering voltages. 

Where a cross-ruled scale is not 
provided with the oscilloscope, trans
parent graph paper will prove satis
factory and may be fastened to the 
face of the tube. This permits read
ing dimensional values directly with
out a ruler; units of measurement 
are unimportant so long as all three 
values are in the same units. 

The true r-f power being fed to 
the antenna or load may readily be 
determined in this cathode-ray 
method if an r-f ammeter is inserted 
in the circuit, as shown in Fig. 2. 
Multiplying the resistive component 
of the load impedance by the square· 
of the current reading gives the 
power. 

In this application the degree of 

FIG. 6-Typical pattern. Resistance and 
reactance values are found by· measurinq 
lenqths A, A, and Band substitutinq the 

results in equation 3 

accuracy required is not very great. 
Consequently, such sources of inac
curacy as non-linear deflection or 
observational errors in reading the 
values of A, A, and B are not of a 
serious magnitude. A three-inch 
tube has been found to be satisfac
tory, but it is entirely feasible to 
obtain greater accuracy if needed. 

! 
, 
+0 

FIG. 7-Examples of cathode.ray patterns 
alld correspondinq r·f impedance values 
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LOCATION OF NULLs FOR 
A TWO-ELEMENT ARRAY 

cos (<1>/2 + ljJ/2 cos e) = 0·. 

e = 00 at leading radiator 

Location of nulls 

Spacing· (ljJ) 

100 
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Retuning The 
Directional 

Antenna 
Don't lose sleep or get grey hairs over DA 
arrays that go astray. Retune and reme 
as outlined here. 

By Barry Atwood 

THERE COMES A TIME in the life of many direc
tional antenna arrays when, despite careful main
tenance, the system no longer does what it was 
designed to do. The array simply fails to provide 
specified values of field intensity at one or more 
monitoring points. 

The problem results from a change in the 
environment of the system, which encompasses 
not only the immediate vicinity of the array, but 
the entire coverage area. When excessive fields 
are noted, the station engineer usually tries to 
restore the monitoring point field intensity to 
normal by adjusting the antenna parameters, as 
close as possible, to the values specified on the 
station license. This usually does not work, since 
the conditions that existed when the array was 
first installed are no longer present. It thus be
comes necessary to retune the antenna system. 

The many articles covering the design of di
rectional antenna systems prove to be of little 
value in the readjustment of an existing array. 
However, the method outlined, sometimes with 
slight variations, has been' used by many consult
ing engineers in the final adjustment of an array 
after the design values have been established. 
Rare, indeed, is the directional antenna system 
that works exactly as designed with the original 
computed values. The refined "cut-and-try" 
procedure set forth in this article has no connec
tion with any existing array, or any type of array, 
but rather serves to illustrate the principles in
volved. 

First, Check The Monitoring System 

Before proceeding with any actual retuning, 

Barry Atwood is chief engineer, WBKY-FM, Uni
versity of Kentucky at. Lexington. 
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test carefully to make sure that the monitoring 
system is functioning properly. The first thing is 
to be certain that you are in the exact location 
specified for the monitoring point. Most descrip
tions of monitor point locations pinpoint the loca
tion as an exact, specific number of feet from 
some fixed object, such as a road marker or tele
phone pole. Measure off the distance exactly, 
since an error of only 10 feet or so can cause an 
erroneous reading, particularly in deep null 
locations. 

The second step is to check for correct an
tenna parameters. Check the station license, and 
make sure that the values of common point cur
rent, antenna phasing, and antenna base current 
ratios are as specified by the license. After you 
have verified that all of the antenna system 
parameters are correct, you should establish that 
the common point impedance is of the correct 
value. Actual measurements are best, but an 
approximate check can be made by computing the 
operating power by the indirect method. 

Next, check the accuracy of the antenna base 
and common point ammeters. A meter of known 
accuracy should be inserted in series with each 
meter and a comparison of the two readings 
made. 

The antenna phase monitor should also be 
checked. To do this, first remove all of the an
tenna sampling lines except for the line connected 
to the reference tower. Then, connect a capacitor 
(.01 fLF or so) from the reference tower input 
jack of the monitor to the next input jack. Set up 
the phase monitor to read the phase angle be
tween the two inputs. You should read a 90° 
phase difference. 

Now check the field intensity meter. This can 
be accomplished by direct comparison with an
other meter, preferably one that has been recently 
calibrated by the factory. 

The last thing to be checked is to make sure 
that the monitoring points which yield high values 
of field intensity have not gone "bad." This is 
done by making field intensity measurements 
at other points on the radial to see how they com
pare with the readings obtained in the same loca
tions during the original proof. 

A very careful check should also be made of 
the antenna ground system. Usually, a fault in 
the ground system will cause the field intensity to 
drop at all monitoring locations since this type of 
fault reduces the ·antenna efficiency. However, a 
break in the main ground buss to one tower, or 
faults in the radials around one tower, may upset 
the pattern. If all of these checks prove positive, 
the only way to reduce the monitoring point field 
intensity is to retune the antenna system. 

Next, Get FCC Clearance, Prepare Work Sheets 

Before proceeding with any actual tuning, it 
will be necessary to obtain the authority of the 
FCC. A telegram should be sent to the FCC in 
Washington, D.C., requesting authority to operate 
the antenna system at variance from licensed 
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parameters to facilitate retuning. Once this author
ity is granted, the telegram from the FCC is 
posted alongside the station license and you are 
ready to proceed with actual retuning. 

First, prepare a work sheet such as shown in 
Fig. 1. The work sheet illustrated is for a three 
tower array with four monitoring points. Any 
array configuration and number of monitoring 
points can be accommodated. The first six vertical 
columns list the phasor control settings. The first 
three relate to the phasor current controls, and 
the next three relate to the phasing controls. For 
example, "IA" refers to the tower number one 
current control on the phasor, "2A" is for the 
tower number two current control, and so on. A 
two tower array would have only four columns 
for phasor controls, an array with four towers 
would have eight, and so forth. 

The horizontal row, fourth from the top, lists 
the present dial settings of the phasor controls, 
since most phasors have some form of counter dial 
on the controls. After the entries for phasor 
controls, entries are made for monitoring points. 
Be sure to list all of the monitoring points spe
cified by the station license. Under the location of 
each monitor point, list the maximum permissible 
field intensity in mV 1m for that point. In the 
fourth horizontal row, list the readings obtained 
at these points. In this example, the reading 
obtained at the first monitoring point is above 
limits. The reading is 27 mV 1m, and the maxi
mum permitted is 18 mV 1m. The object in this 
example is to reduce the field intensity at monitor
ing point number one to below 18 m V 1m. 

Under each column entry for ph as or controls, 
is an entry of "cw" and "cow." These describe 
the movements that will be made of each control, 
first in a clockwise direction, then in a counter
clockwise directon. The object of the game is to 
move each phasor control first one way and then 
the other, and observe the changes that occur in 
field intensity at each monitoring point location. 
Under each monitor point entry, there is a space 
to record the change in field intensity that occurs 
as the number one tower current control is 
varied in a clockwise direction. Just below that 
entry, there is a space to record the change as 
the tower number one current control is varied 
in a counterclockwise direction, and so on for 
each phasor control and monitor point. The 
exact procedure to be used will be detailed later. 
Some phasors do not have any controls for the 
reference tower in the system, since the other 
controls can be varied with reference to this 
tower. If this is the case with your phasor, simply 
omit the entries for this tower. 

Obtain Needed Equipment 

Before you start to turn the phasor controls, 
make sure you have the necessary equipment. 
You already have a field intensity meter and have 
tested it to assure yourself it is accurate. Do ob
tain fresh batteries for the instrument, since it 
will be in use quite a bit. 

An accurate impedance bridge of some sort 
is also necessary, since readjustment of the array 
will change the common point impedance. The 
handiest type of bridge to have is the inline, op
erating impedance bridge. It is best to try to 
gain access to a standard rf impedance bridge, 
signal generator, and detector combination. It 
may be impossible to return to the original value 
of common point impedance, and it will be neces
sary to run new impedance curves in this case. 

You should have some form of two-way radio 
system for communication between the transmitter 
phasor site and the various monitor points. For 
this type of operation, two engineers are required, 
one at the phasor controls, the other at the monitor 
points. One man can do the job without a two
way radio, but it takes a lot more time, particu
larly with a large array and many monitor points. 
If you obtain a two-way radio system, one unit 
should· be set up at the transmitter site in some 
convenient location so that the transmitter engi
neer can converse by radio and manipulate the 
phasor controls. The second unit should be 
installed in a car. The mobile unit is then driven 
to the various monitoring point locations. Don't 
forget to keep a log of the transmissions made 
over the two way radio as required! 

Some Initial Considerations 

Before taking off in the car for the first moni
tor point, a few facts should be kept in mind. The 
first thing to consider is the change that will 
occur in the common point impedance as the 
phasor controls are varied. It will be necessary, 
therefore, to determine the operating power by 
the indirect method for the time being, and the 
transmitter engineer must keep a close watch over 
the power output. He should determine the plate 
current required for the normal power output 
of the transmitter, and disregard the reading of 
the common point meter. 

Another factor to consider is the weather. 
Rain has an adverse effect on many directional 
antenna systems. Even after a rain, the array 
may exhibit some instability until the area has 
thoroughly dried out. It is best to start actual 
retuning only after you have some insurance of 
favorable weather conditions. 

The last factor to consider is the time of day 
that field intensity measurements are made. Meas
urements should be made only within the period 
of from two hours after sunrise to two hours 
before sunset. Skywave interference may pre
clude valid readings at other than these times, 
particularly when dealing with very low values 
of field intensity. This type of interference in
creases very rapidly after sunset. If the station 
is licensed for operation with a nighttime power 
less than that of the daytime power, adjustment 
should be made on high power. (This assumes 
that the actual phasor configuration is the same 
for both day and night operation, and only the 
transmitter power is changed, since both day and 
night patterns are dependent on the same phasor 
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Fig 1 (left). Sample worksheet with initial condi· 
tions filled in. 
Fig 2 (left below). Examples of data entered. No 
2 phase control ccw one turn brings field intensity 
to within required readings. 
Fig 3 (below). Log listing all new parameters. 
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settings.) In the event the station uses a different 
pattern shape (not to be confused with pattern 
size) for day and night operation, this procedure 
will have to be performed twice, once for each 
pattern. Such a system would have two separate 
phasors, or a switching system to change phasor 
components. For stations that are nondirectional 
during the day, and directional at night, adjust
ments will have to be made on the directional an
tenna system at the nighttime power, but during 
the day. 

The Actual Tuning Procedure 

With the transmitter engineer at the phasor 
controls and two-way radio, the field operator 
should proceed to the first monitor point. The 
car should be driven as close as possible to the 
actual point of measurement and a reading taken. 
Now, set the field intensity meter on the roof, or 
hood of the car, and rotate the meter for maximum 
pickup, as in making normal field measurements. 
(The meter should be placed somewhere on the 
car that will permit the operator to watch the 
meter and converse with the transmitter engineer 
over the two-way radio.) Adjust the gain control 
of the meter to give the same reading as was 
obtained on foot at the exact monitor position. 

The field operator now instructs the trans
mitter engineer to vary the first phasor current 
control one turn in the clockwise direction. When 
the control has been moved to this position, the 
transmitter engineer informs the field operator 
that the move has been made. The field operator 
now enters the field intensity reading in the ap
propriate place on the work sheet. 

For example, let us assume that the field 
operator has gone to the first monitor point 
and measured 27 m V / m. This reading is entered 
under monitor point number one on the work 
sheet as shown in Fig. 2. The field operator 
then instructs the transmitter engineer to move 
the tower number one phasor current control 
one turn in the clockwise direction. Now, let 
us assume that after the transmitter engineer has 
made this move, that the field operator now reads 
25.8 mV/m. He would then enter this reading 
directly below the original reading of 27 mV /m 
as shown in Fig. 2. 

After the reading has been logged for the 
first move, the field operator instructs the trans
mitter engineer to move the first current control 
one turn in the counterclockwise direction from 
the original position. (This actually requires him 
to move the control two turns in the counterclock
wise direction, since the object is to get one turn 
counterclockwise past the original setting of the 
control.) 

After recording the ccw readings, the field 
operator now instructs the transmitter engineer 
to return the control to the original setting. (This 
would be one turn in the clockwise direction.) 
The field operator should now verify that the field 
intensity is the same value as originally read. 
For the example given in Fig. 2, the reading 

should return to 27 mV/m. The reason for this 
check, is that some phasor controls may exhibit 
some backlash and may not return to the exact 
same spot on the coil, even though the counter 
dials indicate the same reading. If this occurs, 

Fig. 4. Work sheet for antenna proof of performance 
measu rements. 
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V day day day nite nite nite 

loe 4, orig 1966 ratio orig 1966 ratio 

"~ .. 

1102 125 118 .944 56 42.5 • 759 

1103 73 73 1.0 32 42.8 1.34 

1104 82 73 .89 35 30.9 .883 

1105 55 51 .928 23 22.8 .992 

1106 69 69 1.0 30 28.5 .861 
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nightime measurements made 9/23/66 
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the transmitter engineer will have to juggle the 
control slightly while the field operator watches 
the meter, until the reading returns to the original 
value. 

This procedure is now repeated for the rest 
of the current controls, and then again for the 
phase controls, and the results of each move en
tered on the work sheet. It will probably be found 
that the phase controls have a more pronounced 
effect on the readings than the current controls. 

After readings are obtained at the first moni
toring point for all variations of the phasor con
trols, the field operator should proceed to the 
next monitor point and repeat the procedure 
followed at the first point. The transmitter engi
neer should keep tab,s on the transmitter power 
using the indirect method of measurement. The 
field operator should establish that the field in
~ensity at each monitor point has returned to the 
original value before proceeding to the next point. 

After the readings for all of the monitor points 
have been taken, the field operator can look at the 
completed work sheet and decide which move of 
the phasor controls yields the best results. Re
ferring to Fig. 2, at first glance, it would appear 
that moving the number one phase control one 
tum in the clockwise direction will bring the 
reading at the troublesome point, number one, 
to within limits. However, closer inspection re
veals that this move also puts the reading at moni
tor point number two out of limits. 

Moving the number two phase control one 
turn in the counterclockwise direction, as shown 
in Fig. 2, will bring all of the readings to within 
limits. This move is, therefore, the move that 
would be made, and this would complete the 
tuning procedure. 

It will probably be found that the array will 
not be quite so cooperative, and it will be neces
sary to repeat the entire procedure several times 
before the desired results are obtained. For ex
ample, referring again to Fig. 2, if the move of 
the number two phase control one turn in the 
counterclockwise direction reduced the reading 
at the first monitor point to say, 19 mV/m, and 
left the other readings the same as indicated for 
this move, this would be the best initial move to 
make. The procedure would then be repeated 
with a fresh work sheet. It should be noted that 
it is best not to rotate the controls more than one 
turn at a time, for it may be noted that further 
rotation of the control will cause the reading at 
one point to go one way, and then reverse and go 
the other. In fact, if this condition is observed 
in the tuning process, the controls will have to be 
moved in increments of less than one complete 
turn, otherwise results will be invalid. 

Check, and Adjust Common Point Impedance 

With the array adjusted to yield the desired 
intensity at all monitor points, it is now necessary 
to check the common point impedance with the 
bridge. If the impedance has changed from the 
original value, an attempt should be made to 
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return to this value. 
If it is not possible to return to the original 

value, try to choose some value that will give 
some leeway for future adjustment in the position 
of the coil taps. Also, try to choose some value 
that you can live with, that is to say, a value that 
yields a convenient figure of common point cur
rent. Be sure that this new value of common 
point current will fall within the range of the 
common point ammeter as required by FCC rules. 
If a new value of common point impedance is 
established, it will be necessary to obtain authori
zation from the FCC to determine operating power 
by the indirect method, pending approval of the 
new common point impedance measurement re
port. 

Determine New Parameters 

With the common point impedance adjusted, 
and the antenna tuned to the new values, it would 
be wise to make up some type of table listing all 
of the new parameters. This list should include 
the measured common point impedance, common 
point current for direct method of power meas
urement, transmitter plate voltage arid current, 
antenna phase monitor readings, remote meter 

. readings, and antenna base current readings. 
It is best to take an average of several base 

current readings for each tower, taken every hour 
or so over a period of several days, and establish 
this average of each tower as the base current. 

COMMON POINT IMPEDANCE 

STATI<~ CAIJ. & LOCATION: 
pOWER, HODE OF OPERATION AND FREQUENCY: 
DATE OF MEASUREMENT: 

, '.i 

Fig. 5 Impedance characteristic plot. 
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This chart should also list the limits for all parame
ters. It will also be found helpful to maintain a 
running log of any future phasor adjustments. A 
stenographer's note pad is quite handy for this 
purpose. Readings of phasor control settings 
should be entered in this book before any ad
justments are made. The phasor dial readings 
after adjustment should also be entered, along 
with the date, explanation· of why the phasor was 
adjusted, and the initials of the engineer who made 
the adjustments. This log will provide the station 
engineer with some means of accurately return
ing to original phasor settings, should anything go 
wrong. It is a good idea to log any adjustments 
that are made of the common point impedance, 
or of antenna tuning units. Fig. 3 illustrates one 
format for such a log. 

Running the Proof 

With the array in final adjustment, it will now 
be necessary to run a "skeleton" proof of perform
ance of the antenna system to prove that the 
pattern is basically unchanged. Field intensity 
measurements will have to be made on at least 
five consecutive points on each radial. These 
measurements will have to be made in the same 
locations as measured in the original antenna proof 
of performance. It is best to make at least seven 
measurements, since some readings may prove to 
be invalid and have to be discarded. 

A work sheet such as shown in Fig. 4 should 
be prepared. Graph paper with one-quarter-inch 
squares is ideal for this form. In the left hand 
column, list the radial bearing, and the location 
numbers obtained from the original proof. Verti
cal columns should be established to list readings 
obtained in the original proof, and the present 
readings for each pattern. The average of the 
original and the present readings should be noted 
for each location, and the overall average for 
the entire radial should also be tabulated. Some 
locations may yield an average which is abnorm
ally high or low, but these readings may be dis
carded, so long as you end up with readings for 
at least five consecutive points. After all of the ra
dials are measured, the average of each radial 
should be checked. If the average of two or more 
radials falls outside the limits of 0.8 to 1.2, further 
retuning will be necessary. This is rather unlikely, 
however. As illustrated in Fig. 4, the reading 
obtained at location number 1108 on the 215 0 

radial was discarded, since it would upset the 
average. 

The dates that the readings are made should 
also be entered on the work sheet. Remember to 
make all field intensity measurements within the 
period of from two hours 'after sunrise to two 
hours before sunset. Before starting out each day, 
make measurements at the monitoring point loca
tions to insure that the adjustment of the array 
has not shifted. 

After all of the radials have been run, tabulate 
the overall average of all the radials. This is 
the average of all the radial averages. After the 

skeleton proof is completed, the common point 
impedance curves shOUld be run. This step can 
be omitted if it was found possible to return to 
the orighlal value of common point impedance. 
The impedance should be measured at the station 
frequency in steps of 5 kHz out to 30 kHz, 
either side of the station frequency. These meas
urements should be compiled in columnar form, 
and curves of the impedance characteristic plotted 
as shown in Fig. 5. 

Compiling the Proof 

After all of the necessary data has been taken, 
it should be assembled into neat order. The 
skeleton proof of performance should be sub
mitted as one report, and the common point im
pedance as a separate report. These reports may 
be submitted in the form of three-ring notebook. 
The skeleton proof, and the common point im
pedance report should contain a signed and no
tarized affidavit, signed by the engineer who made 
the measurements. This affidavit should contain 
the qualifications of the engineer who made the 
measurements, a statement that he made the 
measurements, and his relationship to the station. 

The next page of each report should contain 
a description of the method used in making the 
measurements, the name of the manufacturers of 
the instruments used, and the rated accuracy. The 
date, accuracy, and by whom each instrument 
was last calibrated, along with the serial number 
of each instrument should also be included. 

The next page of the skeleton proof should 
contain a tabulation of all the antenna and trans
mitter final stage parameters. The skeleton proof 
is then completed with a separate page for the 
readings of each radial, including all of the in
formation shown in Fig. 4. Readings of abnormal 
averages should be omitted from the report. 

The final page of the antenna skeleton proof 
of performance is a tabulation of the field intensity 
at all of the monitoring point locations. The 
common point impedance report is then completed 
with a tabulation of the measured impedance at 
each frequency, and a graph of the tabulated data 
as shown in Fig. 5. 

File for Modified License 

After all of the reports are completed, the 
station should file for a modified station license. 
This is done on FCC Form 302. This form and 
all reports must be filed in triplicate .• 

Before you can retune you may have to detune 
powerline poles and other structures. An 
article on the subject will appear in a forth
coming issue. 
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ELECTRONICS REFERENCE SHE.ET 

Design Charts for 

Low-Frequency 

Antenna Efficiency 
Nomograms help estimate conversion 

e jficiency from transmitter to radiated power 

By GEORGE J. MONSER, 

American Electronic Labs, 
Lansdale, Pennsylvania 

IN LOW-FREQUENCY SY.STEM DE

SIGN, a knowledge of the radia
tion capability of the antenna is 
necessary. The designer must be 
able to predict the conversion 
efficiency from transmitter out
put power to useful radiated 
power, compatible with, the in
formation bandwidth. The nomo
grams in Fig. 2 and 3 help esti
mate this conversion efficiency. 
They should be regarded as an 
extension of an earlier reference 
sheet! 

Figure lA illustrates a tech
nique' for coupling the electri
cally short antenna to the final 
output stage of the transmitter. 

Given a certain antenna size, 
operating frequency and band
width requirement, the tech
nique finds attainable conversion 
efficiency. Conversely, for a 
given transmitter capability, 
radiated power and information 
bandwidth, the technique finds 
conversion efficiency and antenna 
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size in a given case. 
Under the tuned condition in 

Fig. 1B, the reactance of the 
tuner is adjusted to equal the an
tenna reactance, and Q = I,IBW 
= X.IR, where I. is the operat
ing frequency, BW the circuit 
bandwidth, X. the antenna react
ance at frequency I., R = Ra + 
R" the total circuit resistance, R. 
the radiation resistance and R. 
the added dissipative resistance. 

To use the equation, antenna 
reactance is expressed as X a = 
31.9 (Alk) where (Alh) is the 
reciprocal of the antenna electri
cal length. This was derived and 
presented in Fig. 4 of Reference 
1. It is valid for short, thin 
vertical monopoles, that is, when 
electrical length is less than ,,/16 
and for height-to-radius ratios 
60 to 90. 

Normalized bandwidth (3 = 
BW II. = (Rd /31.9) (hi") + 
12.6 (hi") s. Normalized effi
ciency of conversion 1) = Ral (R. 
+ R.) = 12.6 (hl,,)SI(3. 

The nomograms relating the 
variables of these equations are 
given in Fig. 2 and 3. On each 
nomogram is a reference con
struction line. 

As an example of a problem 
solution, suppose that 4 watts of 
radiated power are required, and 
a bandwidth of 3 Kc is required. 
Assume the transmitter output 
at 100 Kc is 1,000 watts. Size 
of the vertical stub antenna is 
to be determined, assuming no 
antenna top loading. 

First compute normalized 
bandwidth, f3 = 0.03, or 3 per
cent. 

N ext compute efficiency 1) = 
P.r.dlatedIP.lnput = 0.004, or 0.4 
percent. 

Enter Fig. 2 with these values 
and read hi" = 0.02, and Ra = 
0.16 ohms. 
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FIG. 3-Nomogram f01' determining efficiency in percent nf short monopole 
antenna, valid f01' lengths up to 0.1 wavelength 

Enter Fig. 3 with this value 
and the operating frequency, 
100 Kc, and read the antenna 
height as 140 feet. The total cir
cuit resistance can be estimated 
from Fig. 2 as R = 40 ohms. 

Entries into the nomograms 
can be made in different order, 
depending on the known and 
desired information. Approxima
tions were made in the deriva-

tion, restricting usage to electri
cal' lengths less than Al16 and 
thin vertical antennas. Accept
ing a small loss in accuracy, elec
trical lengths up to 0.1 " can be 
considered. 
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f"') Effect of Feed on 

) 

Pattern of Wire Antennas 
Measured radiation patterns for straight Wire antennas of varIOUS lengths from a half 

wavelength to three wavelengths and fed at various points are presented herewith. 
They show that feed point affects the number, orientation, and magnitude of the lobes 

By 

D. C. CLECKNER 
Antenna Laboratory 

The Ohio State University Research 
Foundation 

Columbus, Ohio 

FIG. I-Radiation from a half-wavelength antenna. Antenna outline with each pat· 
tern shows feed point: outline marked off in half wavelengths 

FIG. 2-Shape of field strength pattern of an antenna one.wavelength long depends on the location of the feed point 

R ADIATION PATTERNS of wire 
antennas one-half wavelength 

or longer are dependent on the posi
tion of feed used to excite the an
tenna. There has been considerable 
confusion in published handbooks 

ELECTRONICS - Augusf, 1947 

as to just how a certain length an
tenna is fed to get the desired pat
tern. This investigation was made 
to determine the effects of the posi
tion of feed upon the pattern of 
wire antennas. 

No attempt will be made to ex
plain the results except to state that 
the current distribution differs ap
preciably from a sinusoidal distri
bution for certain off-center feeds. 

Because the pattern of a single 
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FIG. 3-Filed strength patterns of a one and one-half wavelength antenna for four different feed positions 

fIG. 4-Radialion patterns of a two-wavelength antenna sl: oWing effect of moving feed position from center to one end 

FIG. 5-Radialion from long wire antennas 

fed wire antenna is independent of 
the impedance match between it and 
the receiver or transmitter, it was 
not necessary to have a perfect im
pedance match between the antenna 
and the detector. However, the re
ceiver had a coaxial feed and, there
fore, a balance to unbalance trans-

104 

former had to be used. In order to 
preserve the balance, it was neces
sary to have a partial impedance 
match. In the case of high imped
ance feeds (end feeds or feeds an 
even number of half wavelengths 
from the end) a quarter wave sec
tion of parallel wire transmission 

line was inserted between the an
tenna and the balancing unit. 

The field strength patterns that 
are shown in the accompanying fig
ures were measured by using scale 
models of the antennas at 10 and 
20 cm. This method of measuring 
field strength patterns was used by 
the Antenna Laboratory of the 
Ohio State University Research 
Foundation during World War II 
for the determination of aircraft 
antertna characteristics (see ELEC

TRONICS cover, May 1947). 
The equipment used to measure 

these patterns consisted of an elec
tro-magnetic transmitting horn, a 
rotating table upon which a hollow 
vertical plywood shaft was fas
tened, the antenna to be measured 
being mounted on top of the shaft 
and supported by polystyrene rods 
when necessary. The antenna to 
be measured was then a receiving 
antenna. A Littelfuse bolometer 
was tlsed as the detector. The pat-
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The full wavelength antenna was 
measured using a balanced voltage 
feed at the center of the antenna. 
The two half-wavelength portions 
of the antenna then have in-phase 
antenna currents flowing on them. 
The pattern obtained using this 
feed point is shown in Fig. 2A. The 
feed point was moved one-quarter 
wavelength off center and fed with 
a balanced current feed. The pat
tern (Fig. 2B) was nearly that 
which is usually published for a 
full wavelength antenna. However, 
the two lobes of energy on the same 

L ________ =-~~ ______________ ~~~~ ____ ~ 

terns were continuously recorded by 
means of a selsyn system between 
the rotating table and shaft and 
the recording table. A concentric 
line lighthouse tube oscillator and 
a 10 cm two-cavity klystron were 
used as transmitting sources. 

Measurements 

. The patterns of the half wave
length antenna shown in Figure 1 
were taken using first a balanced 
current feed at the center of the 
half wavelength and then a voltage 
feed at the end of the half wave
length wire. (Each diagram has 
an illustration of its antenna, 
marked in half wavelengths.) It 
was apparent that the current dis
tribution on the half wavelength 
antenna is not sinusoidal when it 
was end fed. With end feeding 
the lobes are displaced 15 to 20 
degrees from their position when 
the half wavelength wire was cen-

. tel' fed. 
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side of the wire are not equal in 
amplitude, but were present at 
about the published angle of 54 de
grees. The minimum differed in 
amplitude from those obtained 
when the same length was end fed. 
When the full wavelength wire was 
end fed with a voltage feed, the 
lobes on both sides of the wire 
closest to the fed end of the an
tenna were reduced in amplitude 
even more than when the feed point 
was a quarter wavelength from the 
end of the wire, as seen in Fig. 2C. 

A one and one-half wavelength 
'" wire was measured for center feed, 

Fig. 3A, one-quarter wavelength 
off center, Fig. 3B, one-half wave
length off center, Fig. 3C, and end 
fed, Fig. 3D. It is interesting to 
note the differences in amplitude 
of the broadside lobes and that the 
position of the large lobes off the 
free end of the end fed wire are 
slightly closer than the correspond
ing lobes for other feed points. 

A two wavelength wire was meas
ured using a balanced voltage feed 
at the center, (Fig. 4A), a current 
feed one-quarter wavelength off 
center (Fig. 4B), a voltage feed 
a half wavelength off center (Fig. 
4C), a current feed three-quarters 
wavelength off center (Fig. 4D). 
and end fed with a voltage type 
feed (Fig. 4E). Different distribu
tions must be present on the an
tenna for different feeds and the 
current distributions apparently 
are not sinusoidal even for the bal
anced center feed since the broad
side minima are not complete. The 
pattern with the feed one-quarter 
wavelength off center (Fig. 4B), 
indicates that current distributions 
on each half of the wire were not 
identical let alone sinusoidal. When 
the wire was fed one-half wave
length off center (Fig. 4C), the 
minima were not complete and of 
different values due to the unbal
anced current distribution along the 
antenna. 

When the wire was fed three
quarters wavelength off center 
(Fig. 4D), the current distribution 
was again different from that when 
the antenna was end fed (Fig. 4E), 
as it was for the same types of 
feeds using the three-half wave
lengths antenna (Fig. 3). The large 
lobes off the free end of the wire 
were again closer to the wire when 
the two-wavelength antenna was fed 
three-quarter wavelength off cen
ter, (Fig. 4D), than when the wire 
was fed one-quarter wavelength 
from the end (Fig. 4E). 

Also shown in Figure 5 are the 
patterns of longer wires, namely, 
two and one-half wavelengths and 
three wavelengths long. Time did 
not permit further measurements. 
The minima were not complete as 
was shown before for similar type 
feeds used on shorter lengths of 
wire. Similar effects of non-sinu
soidal current distributions were 
present when unterminated rhom
bic and V antennas were measured. 

This investigation was prompted 
by discussion between C. H. Page 
and G. H. Brown at the LR.E. 1947 
Winter Convention in New York 
City, of the effect of the diameter 
of the antenna on the pattern when 
various positions of feeds are used. 
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Phasing Networks' 
, . ~ 

-
Graphical methods are applied to the design of phase-shifting and impedance-matching 
networks required to distribute power properly in directional antennas. Compared to 
conventional network analysis the vector method results in economy of circuit compo-

nents and simplified design procedure 

By C. RUSSELL COX 
Chief Engineer, Andrew Compan1l 

Chicago, Illinois 

FIG. I-Desired radiation pattern. which 
can be produced by the antenna' array 

of Fiq. 2 

-'-I:$}--"!"= of' 
fowe"r;--

r-----d.Q;OIA Heigh! h·025;>' 
ror "II towers 

1"1= 0.783110 ;1 ~Amp. 

I"2~ 0.334 1 Ia31~ Amp. 

1,,3= IIa31 & Amp. 

FIG. 2-Antenna array required to pro
duce the radiation pattern of Fiq. 1 

V ECTOR synthesis is a convenient 
mathematical tool which is 

very helpful to the designer of. r-f 
phase-shifting and impedance
matching networks for the di
rectional arrays used by many 
broadcast stations. Not only does 
this combination graphical and me
chanical technique afford a clear 
understanding of the operation of 
a-c circuits, but it can also be used 
to "synthesize" network designs 
which display great simplicity 
when compared to circuits deter
mined by ordinary methods. Prob
lems in the design of phasing net-

Transmission line I 
From fransmifler 10 I 
power cliv;cling I 

I I I 
Impedonce- IPower-dividing andl Transl77ission Ilmpedance-! 

, lilO 

nefwork5 I 

ZoO 70+) 0 

1 
1 

I 
I 

matcl1lng Iphase-shirfnel- I I/nes I mafching I Anfennas 
network I works I I nefworks I 

I +---~--~r-----~ 

FIG. 3-Block diaqram of system of nl?tworks and transmission lines for feed
inq antennas with the currents and voltaqes necessary to produce directional 

radiation pattern . 

works for directional antenna ar
rays are particularly susceptible to 
solution by vector methods. 

Principles of Vector Synthesis 

In general, the synthesis of a net
work by vector manipulation usu
ally reduces to the following prob
lem: Given a pair of vectors I. anf;l 
E" representing the current throu!} 
and the voltage across an imped-.' 
ance, it is required to establish a 
circuit which will transform I. and 
E. into another pair of vectors, I. 
and E •. The latter pair of vectors is 
usually specified by the conditions 
of the problem. t 

When the input and output im
pedances R, and R. between which 
the network must operate are 
known, the two currents are re
lated by a simple law which equates 
input and output powers: 

1.'R. = I:R. 
The method. of designing a net

work by vector synthesis may be 
most easily outlined by means of a 
specific example. To illustrate the 
general method, let it be required 
to design phasing networks suitable 
for providing currents of the de
sired magnitude and phase to three 
vertical radiators, in order to pro
duce the radiation pattern shown 
in Fig. 1. 

t If the clrcuit is free from disslpatior 
the second pair of vectors is subject to t 
restriction. 

¥.! (E.h*+Eu.)=¥.! (E.J.*+E.*I.) 
in which the asterisk (*) denotes the con
jugate function. This equation states that 
the network must neither create nor destroy 
power. 
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for Broadcast Arrays 
) 

Volts 

P, cr.. Ipa 290 3PO 4PO 5pO 

o I Z 3 4 5 
Amp 

FIG. 4-L·type netw:ork for matchinq impedance of transmission 
line to impedance of antenna 2. with vector diagram from 

which desiqn of the network is derived 

FIG. 5 (RIGHT)-Impedance-matchinq network of the L-type 
for matching antenna 3 to a 70-ohm transmission line. Vector 

diagram illustrates method of desiqninq this, circuit 

An analysis of this radiation pat
tern reveals that the towers must 
be 0.25 A high, separated by a dis
tance 0.301 A, and fed with currents 
whose magnitudes and relative 
phases are as given in Fig. 2. A 
block diagram showing the elements 

la3 
O?------+--~~~----------~ 

Ie> ~J 
"==:(\p }Ea3 

Volts 0 EL.3\ i Ip 

Scale °LI __ .L'p_O_2....l?_O_3PL.° __ 40'-1°---JS9° ~ 
o I 3 4 5 

.~. 

,~ of a suitable system of networks to 
produce the desired radiation pat
tern is shown in Fig. 3. 

The problem at hand is now to 
design, by methods of vector syn
thesis, impedance-matching net
works between the transmission 
lines and the antennas, power-divid
ing and phase-shift networks, and 
the impedance-matching circuit 
which connects the transmission 
line from the transmitter to the 
three power-dividing and phase
shift networks. (It should be noted 
from Fig. 2 that antenna 1 is lo
cated at the transmitter and conse
quently does not require a trans
mission line, as do the other two 
antennas.) 

Example of Vector Synth'esis 

To design a feed system for the 
array of Fig. 3, it is necessary to 
'start at the antennas and work 
back through each network and 
transmission line toward the trans
mitter. The conditions of the prob
lem yield the following information 
regarding antenna currents, imped
ances, and powers: 

[01 = 6.7/17.6° amperes 
[.-2 = 2.86/8.8° amperes 

ELECTRONICS - June 1944 

To transffJifter 

No.3 

, Ia!>=8,56~ 

FIG. 6-Block desiqn illustratinq the summary of phase shifl!; occurring between 
the power-dividinq networks and the antenna 

103 = 8.56/0° amperes 
ZOI = 28.i+j39 = 48.4/53.67° ohms 
Zo2 = 108 - j45 = 117/-=22:630 

Zo3 = 38.5 +j37 = 53.5/43.83° 
Pol = 1290 watts ----
P02 = 890,watts 
Po3 = 2820 watts 

where 1.1, I .. , and I .. are currents in 
antennas 1, 2, and' 3 respectively, 
and the angles represent phases rel
ative to that of 1.3, The quantities 
ZOl' Z .. , and Z"" are the impedances 
of antennas 1,2, and 3, respectively, 
and POl' P .. , and P ell are the powers 
in antennas 1, 2, and 3, respectively. 

From this data the voltage ap
plied to the antennas and the cur
rents in the transmission lines 
(whose impedance is Zo = 70 + jO) 
can be determined as follows: 

Eol = 11011 Z"l = 6.7 X 48.4/53.67° = 
324/53.67° volts 

E02 = 11021 Z02 = 2.86 'X 117/-22.63° = 
335/-22.63° volts 

Eoa = 1103/ Zo3 = 8.56 X 53.5/43.83° = 
458/43.83° volts 

h2 = -VP02/Z. = -v890/70 = 3.56amp. 

ha = -V P o3/Z. = -v2820/70 = 6.35 amp. 
EL2 = Z. I L2 = 70 X 3.56 = 250 volts 
ELa = Z.IL3 = 70 X 6.35 = 444 volts 

where Eo" E .. , and E ... are the volt
ages applied to antennas 1, 2, and 3 
respectively and the phase angle of 
each voltage is referred to the cor
responding antenna current as a 
reference, :lL2and I Ls are the magni
tudes of the currents in the trans
'mission lines feeding antennas 2 
and 3, andE L2 and E La are the mag-
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FIG. 7-Vector diagram of voltages and currents which must 
be produced by phase·shifting and power·dividing networks 

FIG. 9-Vector diagram for input circuits ~ 
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FIG. 8-Synthesis of phasing and power·dividing networks 
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FIG. IO-Alternative design of phasinq networks ~ 

nitudes of the voltages across these 
transmission lines. With this data, 
the impedance-Il),atching networks 
between the transmission lines and 
the antennas can now be designed. 

Design of Network for Matc:hing 
Impedanc:es 

The sketch in Fig. 4 illustrates 
the synthesis of a network for 
matching the line impedance of 
Z •. = 70LO° ohms to the center an
tenna impedance·of 117 L-22.63° 
ohms. We begin by drawing a vec
tOJ:' of length 2.86 units to repre
sent the antenna>current I a,. This 
vector can be drawn in any conyen-

122 

ient direction but since it is used 
as the reference vector, it will be 
drawn along the x-axis. To some 
suitable voltage scale, the vector for 
the antenna voltage E a" at an angle 
of -22.63° with respect to I a2, can 
also be drawn. 

An L network of the type shown 
will give the impedance transfor
mation. For such a network, Kirch
hoff's law for branching currents 
must be satisfied, i.e., h, = la2 + 
Ie, where Ie is the current through 
the capaci~Qr. Therefore the tips of 
11.2 and I. must coincide at some 
point P which lies on a circle of 
radius IL2 -:::;: 3,56, drawn from 0 

-f-

Volts 
200 300 400 

I I I 
4 6 8 

Amp. 

If !n.. 

19 . 
Ih 

Volts 
100 200 300 

( , , 
2 3 

Amp . 

500 
I 
10 

lLt 

lELZ 

(zero) as a center. Since the cur
rent through a reactance forms a 
90-deg angle with the voltage 
across it, we may layout Ie at 
right angles to E." and the inter
section of Ie with the circle locates 
the point P. 

The potential EL2 must equal thE' 
sum of Em and E a2• Therefore, the 
tail of Em must lie on the tip of 
E .2, and the direction of Em is nor
mal to the current IL2 through the 
inductance. The magnitude of E. 
is determined by the point of inter
section with I L2, and the voltage tri
angle is completed by drawing E L2 

from 0 (zero) to the point of in-
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1 
tersection of E. with current I L ,. 

Because Ie leads Ea, by 90 deg, 
the parallel reactance must be that 

~ue -to a capacitance. Similarly, 
- ~ince Ex leads IL2 by 90 deg, the 

series reactance must be that due 
to an inductance. The magnitudes 
of the required reactances are ob
tained by dividing the length of a 
vector representing voltage across 
a reactance by the length of the 
corresponding current vector, i.e., 
XL = Ex/IL2' and Xe == Ea';Ie. 

The network of Fig. 4 is a delay 
netw'ol'k because Ia2 lags behind LL2. 
Had vve chosen to extend Ie in the 
opposite direction, intersecting the 
circle at P

" 
a phase-advance net

work would have been obtained. 

Choice of Configuration 

The choice between the phase-ad
vance and the phase-delay config
uration is purely a matter of con
venience. Any impedance trans
formation problem may be solved 
by either network. However, in de
signing the matching circuit for 
antenna 3 we choose the phase-ad
vance network because this choice 
happens to simplify design of 'tHe 

')phasing networks",~~e be~in~~e 
"construction of the' vector' diagram 
for antenna 3 Wig. 5fhy drawing 
vectors Ia3 and' E~;. The series 
capacitor introduces a voltage Ee 
which adds to E~.; but in a direction 
normal to I a3. Then, a circle of 
radius EL• locates the tip of E e , 

ind the vector' 1£3, whose length is 
known, is drawn through the point 
of intersection. The vector I PI 

drawn normal to and lagging I", 
completes the construction. 

Phasing Netwo,rks 

A summary of the phase shifts in 
the lines and antenna tuning units 
is given in Fig. 6. Each of the two 
transmission lines introduces a de
lay (in degrees) of () == 360 l/A, 
where l is the length of the line and 
A is the wavelength. For A == 0.301 
the delay is 109 deg, and for A == 
0.602 the delay is 217 deg. The ap
paratus to the left of the dotted 
line in Fig. 6 is required to 
divide the transmitter power into 
three partll and distribute it among 
the three, antennas with the re
quired phase angles and ampli
tudes. Figure 7 represents the 
three voltages and currents leaving 
the phasing apparatus at the dotted 
lines of Fig. 6. 

The remaining problem is that 
of selecting a voltage vector E 
which can be rotated and trans
formed by means of three separate 
reictance networks to produc{E." 
E L ,; and E D3• An important point is 
that the vector E may be of any 
magnitude and of any phas~,"~nd 
we may therefore select E to duit 
our own convenience. Referring to 
Fig. 8 we see that reactances in 
series with transmission lines 2 
and 3 produce voltage vectl'irs Ex, 
and EX3 which intersect at P. The 
vector E, drawn from 0 (zero) to 
P, is then a convenient vector to 
represent the input voltage. 

Since the antenna current Ial is 
far removed in direction from E, 

it is necessary to obtain somehow 
a new current I, that is at least 
within 90 deg. of E. This is ac
complished by introducing a paral
lel capllcitance across antenna I" 
producing the current Ie leading 
Eal by 90 deg. An inductance in 
series with I, introduces a voltage 
vector E xl, drawn from the tip of 
Eal by 90 deg. An inductance in 
I, perpendicular to E" we have sat
isfied all the conditions of the prob
lem. 

Input Circuit 

An input circuit, to provide a 
load impedance of 70 + jO ohms 
for the transmitter, is illustrated in 
Fig. 9. The total current I is ob
tained by adding vectorially the 
three branch currents I" IL2 and 
h3' By adding a series inductance 
to produce Ex, and a parallel capaci
tance to produce Ie, the voltage and 
current triangles are all, properly 
completed. 

r '~. 

Alternative Solution 

In an earlier paragraph, it was 
stil:tedthat any voltag~e vectorE 
(Fig. 8) 'COUld be selected when de
signing the_ph~sing networks. slip
pose, for instance, that antenna 3 
is tho'ught to be the dominant ele
ment in the array and that we wish 
to do all the tuning in the networks 
feeding antennas 1 and 2. Then, 
E L3 is the input voltage, as shown 
in Fig. 10. The design in this case 
follows the same principles estab
lished in previous examples. 

Completed simplified system of networks desiqned by vector synthesis, 
and equivalent system of networks desiqned by conventional methods 

No, , 

·No.2 

:I 
• No.3 

~ 
) Simpllf"ecf Phasil'lg System Convention.'" 

Phasing System L-roWO"'I~~-rtC===::>T'WC~~ 

.. ; ~ ". 
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Design Charts for 
Low-Frequency Antennas 
By GEORGE J. MONSER, Staff Engineer,Military E.Jectronics Di"., MotoFola Inc., Scottsdale. Ar1zona 

PROPAGATION of radio waves at 
If and vlf is characterized by 
a high degree of stability and by 
the long range of useful signal 
transmission. One limitation 
that deters greater usage is the 
antenna size necessary to effi
ciently radiate power. 

This article presents nomo
grams helpful in estimating the 
radiation capability of electric
ally-short antennas once the an
tenna current is specified. 

For an electrically short base
driven antenna as shown in Fig. 
lA, the radiation resistance is 

R. == 10 Go2 (1) 
(valid when Go < 0.785 radians) 

where Go is the electrical height 
in radians. 

Since Go = 271'h/A., in which h 
is the antenna height and A. is 
the wavelength in the same units 
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FIG. I-Stub antenna (A) and stub antenna 
with top loading (8) 

as h, 

Ra = 4.06 X 10-10 112 f2 (2) 

Equation (2) is shown graph
ically in Fig. 2. 

when h is the antenna height in 
feet and f is the frequency in Kc. 

For an electrically short base
driven antenna, top loaded with 
a flat horizontal disk as shown 
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in Fig. 1B, the radiation resist
ance is 

R. = 1,578 (h/ X)2 
{l-[h/(hH)l+t [h/(h+b)F} (3) 

valid fbI' (h + b) < 0.1 A where 
b is the increase in height due to 
the top-loading disk and A is the 
wavelength; h, b and A are ex
pressed in the same units. 

To use equation (3) in this 
form requires considerable com
putation. A more useful rela
tionship would be 

Ra = g (f, h, d) (4) 

where f is the frequency, h is the 
height of the stub and d is the 
diameter of the disk. 

An approximate functiop.al 
relationship for equation (4) is 
found by X" = Zo cot (27Th/A) 
which is the stub reaetance at 
I,; XU = 1/271/, C, which is the 
top loading disk reactance at f,; 
and Zo = 60 [In (h/a) - 1J is 
the characteristic impedance for 
the stub transmission line; 
where C2 is the capacitance (0.35 
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pF) of the disk (remote from 
earth), d" is the diameter of the 
disk in centimeters, h is the 
height of the stub and a is the 
effective radius of the stub in 
the same units as h. 

From the e.quation for the 
characteristic impedance of a 
stub transmission line, note that 
Z" . 200 ohms for the restricted 
range 60 < (h/a) < 90. From 
the equation for stub reactance 
at f" 

Xa = Zo (A/27f'h) = 300 X W/hf = Ka/hf (5) 

where h is the stub height in feet 
and / is the frequency in Kc. 

From the equation for the top 
loading disk reactance at /" 

Xb = 150 X W/((f = Kb/df (6) 

where d is the diameter of the 
disk in feet and / is the fre
quency in Kc. 

For the short line, 

h/(h + b) = Xc/Xa (7) 

where X" is the stub reactance 
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and Xc = X" Xu/ (X" + Xu) is 
the stub input reaetance with 
top loading. 

Using equations (5) through 
(7), 

l;!(h + b) = Xc/Xa = 1/(1 + a) (8) 

where 

a = Kad/Kbh = 2 (d/h). 

With the aid of the above de
velopment, Eq. (3) is reformed 
yielding 

Ra = 4.06 X 10-10 h2 f2 </>2 (9) 
where </>=(h/h+b)-2=(1/1+a)-2, 

h is the stub height in feet and 
f is the frequency in Ke. 

Figure 3 relates the variables 
in Eq. (9) for two different d/h 
ratios. The percentage increase 
in length for the two dih ratios 
has also been indicated. 

Figure 4 relates the variables 
in Eq. (5). 
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Low frequency antennas with umbrella 
top hat: a1'rangement (A) shows apex 
angle 63 degrees 

Arrangement (B) has angle apex of 
44 degrees 

By GEORGE J, MONSER 
and WALLACE D, SABIN, 
Motorola Inc., 
Military Electronics Division, 
Scottsdale, Arizona. 

A SIMPLIFIED analysis is developed, 
in which it is shown that for maxi
mum radiation efficiency for speci
fied bandwidth, the ratio of the 
radiation resistance to antenna re
actance slope at the operating fre
quency should be maximized, 
Test data supporting the theory is 
given for two base-feed radiators: 
a To scale model evaluated at 1.5 Mc, 
and a 150-foot unit evaluated at 150 
Rc. While the test data is restricted 
to these two units, the basic pre
cepts are general and can be applied 
to the design of any electrically 
short vertical radiator. 

Radiation efficiency provides a 
convenient means for measuring the 
radiation capability of the antenna, 
since it relates the radiated power 
to the antenna input power. The 

84 

~ 
MITT£R 

r--, 
I I R 
I 
I 
I 

L_...I 
TUNING 

COIL (AI 

r-------l 
I RI Ro I 

I 
I 

I 
I 
I 
I 
I 
I L _______ ..l 

ANTENNA EOUlvALENT 

":':1" 
//"~ 

I. 

UMBREL~A 

(8) 

.' 
GUY-WIRE 
INsuLATORS 

FIG. l-Antenna equivalent circuit, ulJon which analysis is based (A), and 
simplified layout of scale-model antenna (B) 

Antenna Design for 

Half-wave antennas, although efficient radiators, may be 

several miles long for very low frequency operation. 

Here are design criteria for 

electrically short antenn~s with 
high radiation efficiency, 

plus data from test antennas 

antenna must of course be suitably 
coupled to the transmitter, and 
coupler loss should be included in 
the definition. 

For the arrangement illustrated 
in Fig. 1B, percentage radiation 
efficiency is given by 

'r/R = ~ X 100 (1) 
Rzoo • 

Where: Ro = antenna radiation re
sistance referred to the base (or 
driving point), R,ool' == Ra+Ru+ 
R,+R,+R, R" = equivalent ground 
loss resistance, R, = equivalent 
base insulator loss resistance, R, = 
base tuning coil resistance, and R 
= broadbanding dissipative resist
ance. 

Maximum efficiency occurs when 
Ro is maximum and R,oO' minimum. 
A limit on the reduction of R loop is 
set by the required radiation band
width. Thus 

Q = _f_o I dX I -~ I dX. If 
2Rzoop df fo - Rzoop df • 

where dXldll/o = net reactance 
slope evaluated at r" dX"ld/lfo = 
antenna reactance slope evaluated 
at to, and to = frequency for which 
net reactance X = Q. 

Substituting into Eq. 1 

Ro ]x 100 (2) 

(BW) I dX-"-l
i 

df fo 

Either quantity within the brack
ets may be used to calculate radia
tion efficiency. Equation 2 shows 
that for a particular bandwidth 
CBW) , a maximization of the 

Roll d~ol 
fo 

ratio is required. 

Radiation resistance provides a 
convenient concept for relating 
radiated power to the antenna driv
ing current. For an electrically 
short monopole, the radiation re-
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Maximum L-F Radiation 

sistance (referred to the base) is 
Eo = 4071" (hIA)" (3) 
Where h = height of vertical radi
ator and A = wavelength expressed 
in same units as h. 

Equation 3 can be extended to in
clude the effect of top-loading. 

Fora short monopole, top-loaded 
with a nonradiating capacitive top
hat', the radiation resistance be
comes 

R. = 1,578 ( ~ y 
[ 1 - h ! b + (1/4) ( h ! b ),J (4) 

Provided (h+b) < 0.1>.., where 
h = length of vertical radiator, b= 
equivalent additional vertical length 
resulting from the top-loading, A = 
wavelength expressed in same units 
as h. 

For a short monopole, with a com
bined top-load consisting of a coil 
in series with the hat, no known 
simple expression exists for calcu
lating radiation resistance. How
ever, when the reactance of the top
loading coil is much less than the 
reactance of the top-hat, the effect 
is analogous to increasing b slightly 
in Eq. 4. 

The reactance of the monopole 
(stub) is X. = -Zo cot 
(21ThIA) (5) 
where Zo = 60 [In (hlp) 1] = 
characteristics impedance of the 
stub considered to be a transmis
sion line, h = antenna height, A = 
clf = wavelength in the same units 

electronics' JUNE 3, 1960 

as h, p = equivalent radIUS of stub 
in the same units as h, c = speed of 
light, t = frequency. 

Under the following restrictions 
of hlA < 0.1 and 60 < hlp < 90 
the reactance equation becomes Xo 
= K.;ht where KA = - Z oc/21T = 
a constant. The antenna slope re
actance is therefore 

dX. K. 
-df = hf2 (6) 

In similar fashion for the top-
loaded antenna 

X' = _pK A_ 
a hfo (7) 

Where K A , h, and t are as defined 
for equation (5), f3 = coefficient due 
to top-loading, a = exponent for the 
frequency term and dX.' It = aK.; 
hr+' 

The exponent a is close to unity 
for the capacitive top-hat. For com
bined top-loading, the exponent may 
approach 10. 

Several methods are available for 
controlling or modifying the per
formance of base-driven vertical 
antennas. 

The following techniques are ex
amples: (a) guy-wire capacitive 
top-loading, (b) flat-disk capacitive 
top-loading, (c) combined top-load
ing, where a coil is inserted between 
the top of the tower and the top-hat. 

Figure lB shows a sketch of the 
scale model antenna. In this figure, 
the umbrella or guy-wire top-hat 
length is specified for maximum 
radiation resistance. To establish 

this length, tests similar to those 
performed by Smith and Johnson' 
were conducted. The improvement 
in radiation capability was refer
enced to this configuration. 

Observe in Fig. lB, that if the 
apex angle approaches 90 degrees, 
the umbrella top-hat becomes elec
trically equivalent to a flat-top. The 
effect of increasing the apex angle 
has recently been reviewed in the 
literature'. To verify published 
data, two apex angles (44 and 63 
degrees) were checked. Smeby' 
showed in an earlier paper that the 
effect of top-hat current on useful 
radiation becomes less pronounced 
with larger apex angles and that a 
further reduction in the effect of 
top-hat current would be obtained 
by folding back the top-hat. For the 
Smith and Johnson antenna, he in
dicated that theoretically about 1 
db improvement in radiation capa
bility would result, if the top-hat 
was folded back. 

Table I summarizes the results 
for the different arrangements in
vestigated using the scale model an
tenna. 

Additional insight into the per
formance characteristics listed in 
Table I may be had by observing 
Fig. 2A and Table II. Figure 2A 
shows the antenna input impedance 
components for the scale model plot
ted as a function of frequency. 
Three different· top-loading coil im
pedances (Zn) are indicated. For Z" 
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TABLE I-Efficiency Varies Widely With Antenna Configuration 

Type 

1.. 

2 

3 

5 

6 

7 

8 

9 

Arrangement 

Stub Antenna 
(No-Top Loading) 

Type I-With Umbrella 
(Capacitive Top-Loading) 

Apex Angle = 440 

Type 2-With Coil 
Inserted Between 

Stub and Top-Hat 

Stub Antenna With 
3 Outriggers 

S tub Antenna With 
6 Outriggers 

Stub Antenna With 
6 Outriggers And 

Umbrella Top-Loading 
Apex Angle = 440 

Stub Antenna With 
6 Outriggers And 

Umbrella Top-Loading 
Apex Angle = 630 

Stub Antenna With 
6 Outriggers And 

Folded Back Umbrella 
Top-Hat Apex Angle = 630 

Same Unit As 
Type 8-With Top-Hat 
Extended For '1R (Max.) 

Configuration 

1 
1 
1 

! 
1: 

Efficiency (Percent) 

15 

53 

72 

14 

24 

51 

75 

78 

92 

TABLE II-Reactance Equations For Different Antenna Arrangements 

Antenna 
Identifica tion 

Type 2 
Type 7 
Type 7 

Top hat extended one section
Apex angle 63 0 

Type 7 
Top hat extended two sections-

Apex angle 63 0 

Type 8 
Type 3a 

Type 3a 

Type 3a 

1/10 scale model antenna-
5 foot radius disk top hat 

Reactance 
Equation· 

855 !mc-1 •06 

700!mc-1•06 

595 !mc-1•06 

a X .. = 363 ohms at 1.5 Mc (top loading coil) 

86 

Equation Valid For 
Frequencies Between 

1-2 Mc 
1-2 Mc 
1-2 Mc 

1-2 Mc 

1-2 Mc 
1-l.5 Mc 

l.4-l.6 Mc 
l.6-l.8 Mc 

1-2 Mc 

= 0, the unit is simply an umbrella 
top-loaded unit. Observe that with 
increased top-loading-coil reactance 
X .. , the input reactance decreases 
and the reactance slope at the oper
ating frequency increases. 

Table II summarizes the react
ance data for a number of different 
top-loading conditions considered in 
Table I. In Table II, reactance 
curves similar to those shown in 
Fig. 2A were reduced to equation 
form over the range of interest. Ob
serve that with the exception of. the 
combined top-loading case, the re
actance exponent is dose to unity, 
so that the effect on radiation effi
ciency indicated by Eq. 2 is small. 
However, for combined top-loading, 
this is not the case. It was found 
that only about 1 db improvement 
in radiation efficiency over the type 
2 unit· could be obtained with this 
type of loading, even though the 
driving point antenna reactance 
could be greatly reduced. 

The greatest improvement noted 
during the scale model tests was be
tween the type 2 unit and the type 
9 unit (see Table I) , where a 
2.4-db improvement in radiation 
was measured. Accordingly, the 
150-foot antenna performance was 
first measured asa type 2 unit; and 
then as a type 9 unit. The data was 
treated similarly to that outlined 
for the model, and the improvement 
in radiation efficiency was found to 
be about 2.8-db. This value was 
then checked by computing effi
ciency using Eq. 2. Figure 2B 
shows the results of this effort. 

Figure 2C shows the final antenna 
design values. In this figure, driv
ing-point impedance components, 
radiation resistance, and Q-static 
(XDP/RDP ) 'are sketched as a func
tion of frequency. 

Field test data presented in this 
article were obtained while per
forming work on Contract DA 36-
039-SC-78020. 
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LOW IMPEDANCE 
FOR BROADCAST RECEIVERS 

Using a large low-impedance loop antenna improves pickup over that of a smaller high
impedance loop. Design of transformer for 0 ptimum coupling of low-impedance loop to 

grid of first stage is described. Curves give conditions for maximum gain 

UW-IMPEDANCE LOOP antennas have 
been used for some time in direc

tion finders, and just prior to the war 
were beginning to find favor in home 
receivers. They are of particular 
value in large console models where 
advantage can be taken of available 
area to install efficient antennas. 

In addition, low-impedance loop 
antennas are stable. That is, their 
inductance will ordinarily not change 
with age and humidity as much as 
will that of high-impedance loops. 
Placement of leads from loop to re
ceiver is not as critical for low-im
pedance loops as for high-impedance 
loops. Also, the low-impedance loop 
is easier to manufacture than the 
high-impedance loop because its in
ductance need not be adjusted to 
within such narrow limits; normal 
manufacturing variations can be 
compensated with the antenna trim
mer. Of course the coupling trans
former must be closely adjusted, but 

FIG. I-Low.impedance loop anlenna is 
coupled by slep·up transformer 10 input of 

first stage 

100 

By L. o. VLADIMIR 
Receiver n,vision 

General Electric 00. 
Bridgeport, Oonn. 

this is standard procedure in coil 
manufacture. 

Coupling Transformer 

The heart of the low-impedance 
loop antenna is the step-up trans
former that couples the loop to the 
grid of the r-f or mixer tube. The 
characteristic of this Circuit is given 
by the expression, derived in Ap-
pendix I . 
Gain = kQs(LEQ/LL)1/2 X 

[m(l + m - mk2)/(1 + m)]1/2 X 
(1 + m + 2mk2)-1 (1) 

FIG. 2-Curve (A): Inductance ratio as a 
function of couplinq coefficient for maxi· 
mum qain. Curve (D): Gain factor as a 
function of c;oupIinq coefficient for opti· 
mum inductance ratio. Curve (Cl: Ratio of 
Q's for optimum inductance ratio varies 

with couplinq coefficient 

in which the significance of the 
terms is shown in Fig. 1 and Table 1. 

In the schematic diagram of Fig. 1, 
the inductance LL is the loop, which 
can or cannot be center-tapped. 
N either case will affect the results 
because capacitance coupling be
tween primary and secondary wind
ings is very small compared to in
ductive coupling. 

Equation 1 will be analysed to de
termine the optimum design of the 
coupling transformer and to compare 
merits of the low-impedance loop to 
those of the high-impedance loop. 

Optimum Gain 

Of primary interest in determin
ing maximum gain of the coupling 
transformer is the magnitude of the 
quantity m in Eq. 1. Because the 
values L EQ , LL and Qs are roughly 
fixed by other design considerations, 
we specifically wish to substitute var
ious values of k in Eq. 1 to find what 
value m must be for maximum gain. 
While the maximum point could be 
found by differentiating this equa
tion, the resultant derivative is a 
sixth order equation and extremely 
difficult to handle. Accordingly the 
information was obtained' graphi
cally and is shown by curve (A) in 
Fig. 2. 

Knowing the realizable coefficient 
of coupling which we can obtain in 
our transformer desigri, we can find 
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LOOP ANTENNA 

FIG. 3-Gain factor as a function of inductance ratio for constant couplinq 
coefficient shows a broad maximum 

m directly. From this value of 111, 

and the loop inductance LL we can 
find the required primary inductance 
L p • Inasmuch as the quantity Lb'Q 

is fixed by tuning considerations, 
) only the quantity 

k[m(l + m - mk2)/(1 + m)]1/2 X 
, (1 + m + 2mk2)-1 

of Eq. 1 can be varied freely. Call 
this quantity the gain factor and 
plot it against k as shown by curve 
CB) in Fig. 2. 

Obviously k should be as large as 
possible for maximum gain, but the 
difference in performance between 
a coil having a kof 85 percent and 
one having a lc of, 95 percent hardly 
justifies extraordinary or costly pre
cautions to obtain the higher coup
ling coefficient. Small powdered-iron 
core coils normally can be made with 
a k of 85 percent. Such a design is 
usually satisfactory from both cost 
and performance standpoints. The 
addition of powdered-iron cups sur-

, rounding the coils may bring k to 
over 90 percent, but the 'additional 
cost is considerable. If a coil is de
signed witheut powdered-iron, the 
coupling coefficient usually obtainable 
hardly justifies the degradation in 
performance. 

The curve of gain factor as a func
tion of m, allowing k to remain con
stant, shows the maximum to be ra
ther broad as illustrated in Fig. 3. 
Thus with k fixed at unity, m can 
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have apy value from 0.17 to 0.3 with
out noticeable loss in gain. Curves 
for other values of k can be plotted. 

Condllctor Size 

It is usua1ly of interest to estimate 
the overall total Q of the coil in the 
circuit. The ratio of this value QEQ 
to Qs is plotted as curve (C) in 
Fig. 2 against coupling coefficient. 
This ratio holds for values of m to 
give maximum gain as shown in 
curve (A) iIi Fig. 2, and the assump
tions are the same as were made in 
the calculations for that curve, 
namely that QL equals Qp and the 
total primary quality (i.e., of LL and 
Lp combined) equals one-half Qs. 

The choice of conductor size forLL, 
Lp , and L8 is the determining factor 
in fixing selectivity and must there
fore be carefully considered by the 
designer. When an iron core is used, 
the secondary can be properly wound 
with 5/41, 7/41, or 10/44 sse litz 
wire, and excellent secondary quality 
thus obtained. Either the loop an
tenna is constructed of heavy copper 
wire (No. 10 B&S gage or larger) or 
it may be made of flat copper ribbon. 
Such copper ribbon should usually 
be at least O.Ol-inch thick to give 
satisfactory loop quality. A fairly 
typical large console loop constructed 
of @-inch wide flat copper ribbon 
O.OI-inch thick showed Q measure
ments of 100 at 600 kc and 175 at 

Table I-Symbols Used in Text 

A : Area in square meters of loop 
antenna (Eq. 2) 

01 : Algebraic factor, introduced in 
Appendix II, 01 = (1 + m)/m, 
see m 

E : Potential; E L induced into loop 
antenna, E G developed across grid 
of first tube 

k : Coefficient of coupling between 
transformer windings, see M 

L : Inductance; LL of loop antenna, 
Lp of transformer primary, Ls of 
transformer secondary, LBq as 
given in Eq. 5 

A : Wavelength in meters (Eq. 2) 
M: Mutual inductance between trans

former windings: M = k(LpLs)1/2 

m : Ratio of transformer primary in
ductance to loop antenna induct
ance, m = Lp/LL, introduced in 
Appendix I, value for maximum 
gain given in Fig. 2 

N: Number of turns in loop antenna 
(Eq.2) 

Q : Quality; QL of loop antenna, Qp of 
transformer primary, Qs of trans
former secondary, Q B Q as given in 
Eq.4 

R. : Resistance; RL of loop antenna, 
Rp of transformer primary, Rs of 
transformer secondary, R Bq as 
given in Eq. 6 

V : Voltage picked up by loop in a field 
of one volt per meter (Eq. 2) 

For quantities not listed here, see 
Fig. 1, 4, and 5. 
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1,400 :kc, before the chassis was 
mounted in the cabinet. 

The choice of conductor for the 
primarY winding of the transformer 
is more difficult. A tabulation of 
quality obtained in a nine-turn sole
noid such as would be used for the 
primary winding, wound on a 0.43-
inch outside diameter Bakelite form 
through which was placed a ~-inch 
diameter iron core, is given in Ta
ble II. 

From this table it would appear 
that No. 28 F. (single coat of vinyl
acetal insulation) solid wire is a 
good conductor to use. However, 
there are other factors which must 
be taken into account. The primary 
winding being closely associated with 
the secondary, in order to obtain 
close coupling, causes a pronounced 
loss in quality due to eddy currents 
induced in the primary conductor. 

Due to the high cost of 20/44 or 
30/44 litz wire, a suitable compro
mise may often be found in some 
such size as 10/41 litz. It should be 
noted that conductor cross-sectional 
area is of importance in determin
ing inductor quality as well as the 
multistranding. Thus 10/41 litz will 
give better quality than 10/44, and 
7/41 litz is usually preferable to 
10/44 litz for the same reason, at 
least as far as the primary winding 
is concerned. 

Comparison of Loops 

We now have sufficient informa
tion to compare mathematically the 
performance of a low-impedance loop 
with that of a high-impedance loop. 
In designing a receiver it was de
cided to change from an average
sized high-impedance loop mounted 
undernea th the shelf of a console to 
a low-impedance loop mounted on a 
frame within the console cabinet. 
The frame w.as swiveled to allow 
some adjustment of position, but was 
only slightly smaller in area than the 
inside of the console. 

Voltage pickup of a high-imped
ance loop in a field of one volt per 
meter is gi ven by' h 

1'=271" NA/A (2) 
The figure of merit of the loop is 
equal to Eq. 2 multiplied by the loop 
quality QL. 

The high-impedance loop which 
had been used had an inductance of 
200 ""h (as determined by tracking 
considerations) . Dimensions were 

402 

Table II-Quality of Coil Ob· 
tained With Different Wires 

Wire Type 

7/411itz 
10/411itz 
20/441itz 
30/441itz 
No. 34. F. 
No. 28 F. 

Frequency in kc 
1,400 1,000 600 

65 45 35 
73 52 40 
80 53 42 

100 73 57 
45 32 25 
67 52 45 

10.5 by 8.5 inches, and there were 19 
turns. At 1,000 kc, 300 meters, the 
figure of merit, Eq. 2 times QL' equals 
2.77. 

In the case of the low-impedance 
loop, the voltage pickup is obtained 
by Eq. 2 as before, but the figure of 
merit is this expression multiplied 
by the gain of the coupling trans
former given by Eq. 1. This gain is 
derived from known constants of the 
coupling transformer and the loop 
inductance. For this case where the 
equivalent inductance must remain 
200 ""h because we will use the same 
tuning gang, and the antenna in
ductance will equal 8.4 ""h (the in
ductance of a two-turn' loop whose 
dimensions are 21 by 30 inches), the 
gain is given by Qs (LBQ/LL)' times 
the gain factor. For a k of ,85 percent 
from curve (B) in Fig. 2 the gain 
factor is 0.246, and because Qs of the 
coil under consideration is 140 at 
1,000 kc, the gain is 168. The figure 
of merit, E,q. 2 times this gain, equals 
2.87. 

Thus we have improved the figure 
of merit of the pickup system al
though we had to increase the area 
from 0.058 square meters to 0.408 
square meters to do so. It is to be 
noted that a number of refinements 
such as spacing between turns of 
the loop and space factor' have been 
neglected, but results check reason
ably well with measurement. 

DERIVATION of Eq. 1, upon which the 
transformer design depends, is based 
on simple circuit theory. However, 
because the steps of the derivation 
indicate the function of the circuit 
and the limitations of the final design 
equation, the derivation is given. As 
will be recognized, the results are 
applicable to transformer couplings 
used hi other applications than that 
considered here. 

Appendix I 

The equivalent circuit of Fig. 1 is 
as shown in Fig. 4A. • We are to find 
the ratio of Eo to E L , the gain of the 
network. Let us lump RL plus Rp 
and Rs into one equivalent resistance 
RHO which we shall place in the sec
ondary circuit as in Fig. 4B. 

By Thevenin's theorem we can 
write 

EAB = wMEL 

w(LL + Lp - M + M) 
MEL 

= LL + Lp 
At resonance 

And 

Ie = MEL/(LL + Lp) 
REg 

MEL 

Eo=L x MIlL 
w C (LL + Lp)REg 

Because at resonance the total in
ductive reactance as seen at the grid 
of the tube is equal to the capacitive 
reactance, we can replace 1/ roC with 
roLEQ, which is the combined react
ances of L s, L p, and LL when con
nected as shown. Thus 

MEL 
Eo = W L Bg X (LL + Lp)R BQ 

But <.t) LBQ/RHQ = QBQ, and because M 
k(LpLs)l we can write 

Eo MQBQ 

E-;: = LL + Ll' 
or 

G
' _ k(LpLs)ll2 Q BQ 

aw - LL + Lp 

Although this expression gives the 
gain of the coupling transformer, it 
does not clearly indicate the manner 
in which the transformer constants 
affect its gain. To convert this equa
tion into a more informative form 
we proceed as follows: 

FIG. 4-(A) Equivalent circuit of Fiq. 1 can 
be further simplified to that at (B) 
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The primary inductance will al
w~ys be dependent on the inductance 
of the antenna loop, so let us choose 
soxue arbitrary constant which will 
be the ratio of these inductances. In 
fact, it is the value of this ratio 
which gives maximum gain which we 
wish to find. Therefore, define Lp = 
mLL' then 

Gain = kQlIo",1 LB X '" m (3) 
"LL 1 + m 

This equation is quite valid, but 
the equivalent quality is not directly 
kn own, although it can be measured 
by connecting a Q-meter across the 
secondary winding with the primary 
winding connected to the antenna 
loop. Also it will not be the value of 
the secondary inductance which will 
be known when a design is calculated, 
bu t the value of the equivalent in
ductance, because that is fixed·by the 
value of the tuning capacitance and 
the required tuning range. There
fore this equation will be modified 
to an expression in terms of the 
equivalent inductance and the qual
ity of the secondary coil alone, for 
these are the quantities which are 
us ually known. 

In Appendix II the equivalent in
) ductance is found to be 

1 + m - mk2 

LBO = LB. 1 + m 

In Appendix III the equivalent re
sistance is found to be 

R - R 1 +m+2mk2 

BQ - 8 1 + m 

From these results, and because 
QEq = WLEQ/RBQ and Qs = wLs/Rs the 
equivalent quality is 

1 +m - mk' 
QBQ=QB 1 + m + 2mk, (4) 

Substituting into Eq. 3 this ex
pression for the equivalent quality 
and writing La in' terms of L EQ , we 
obtain the design equation 

Gain = kQs(LBQ/LL)1/2 X 
[mel + m - mk2)/(1 + m)]1/2 X 
(1 + m + 2mk2)-1 

Appendix II 

To determine the equivalent in
ductance of the coupling transformer 
and loop antenria we write from Fig. 
4B the inductance to the left of 
points A-B as 

(LL + Lp - M)M 
LL+Lp - M+M 

This quantity can be simplified using 
the previously defined relation that 
Lp = mL£, and by defining (1 + 
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m) jm = oc, and using the relation 
M = k(LpLs)l to the expression 

a k(LpLB)l 12 - k'Ls 

The inductance to the right of 
points A-B in Fig. 4B is likewise 
simplified to the expression 

Ls - k(LpLB)' 
Note that the mutual inductance be
tween points A and B has been con
sidered as a parallel branch of the 
inductance to the left of A-B; The 
total equivalent inductance across 
the tuning capacitance is the sum of 
these two inductances, .thus 

ak(LpLB)lI' - k'Ls 
L Bg = a + 

Ls ..,.. k(LpLB)1/2 = LB(a - k
2

) 

a 

Substituting the expression in m 
for whicb oc stands gives 

l+m-mk' 
LBQ = L8 1 + m (5) 

Appendix III 

Likewise, to determine the equiv
alent resistance of the coupling 
transformer and loop antenna we 
simplify the circuit of Fig. 4A to 
that of Fig. 5A. This simplification 
is done by considering such a circuit 
as that at Fig. 5B which we wish to 
replace with an equivalent series 
circuit. The impedance seen to the 
left of terminals C-D is 

jwLn(Re + jwLe) 
Re + jwLe + jwLn 

The real terms are the only ones of 
interest at present because we wish 
to find an equivalent resistance for 
RL • Call this equivalent resistance 
R/, then 
Rei = (Rew2Ln')j(Rc' + w'Lc' + 

2w'L eLn + w'Ln') 

In the denominator, the Re' term is 
small compared with the other terms, 
therefore the expression can be sim
plified to 

( 
Ln )' Rei = Re Le + Ln 

Because the circuits under discus
sion have reasonably high quality 
(Q>40), the inductances can be 
combined without regard to their 
resistances. Therefore we can re
place the circuit shown in Fig. 5B 
with the equivalent series circuit 
shown in Fig. 5C. In this manner we 
obtain the circuit of Fig. 5A. 

Assume that QL equals Qp, then 
RL = Rp/m and total primary resist
ance is Rp + Rp/m or Rp(l + m)/m, 
which is the primary resistance 
of the circuit shown in Fig. 4A. The 

equivalent primary resistance for 
the circuit of Fig. 5A is 

R 1 +m ( M )' P-m LL+Lp 
Let us call this expression RP', and 
use the previously given relations 
(l+m)m=oc, mLL=Lp, and M 
k (LpLs)' to simplify it to 

Rp' = Rp(k'LB/ocLp) 
Let us also assume that the' com

bined quality of the loop and primary 
inductances is one half the quality of 
the secondary inductance. On the 
average this condition usually exists. 
The combined quality of loop and 
primary inductance will be desig
nated by Qp'; then 2Qp' = Qs, or 
2wLp/Rp = wLB/RB, so that we have 
Rp =2LpRB/Ls, which when substi
tuted into the foregoing gives 

FIG. 5-Equivalent resistance is found 
from circuit at (A), which is derived from 
that at Fig. 4A by steps shown here at 

(B) and (e) 

RP' = 2 LpRB X k
2
Ls 

LB aLp 

If we add Rs to this value we obtain 
the total equivalent resistance which 
we were seeking, thus 

RSQ = R/ + Rs 
RB(2k' + a) 

Substituting the expression in m for 
which oc stands gives 

R -R 1+m+2mk2 (6) 
BQ - s 1 + m 
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Radio Frankfort loop·fed antenna under 
construction 

By HELMUT BRUECKMANN 
Oonsultant 

Signal Corps Engineering Laboratories 
Fort Monmouth, N. J. 

T HE RECEPTION of a broadcast 
station in the frequency 

range 0.5 to 1.6 mc is frequently 
affected by . fading at relatively 
short distances, especially at night. 
This kind of fading, which results 
from interference of ground and 
sky wave, is observed at distances 
of about 50 to 100 miles or more. 
It causes linear and nonlinear dis
tortion at the receiver, sometimes 
to an extent which completely spoils 
a high-quality radio program, even 
with ave in the receiver. This 
effect is true also for a high-power 
station, the signal from which is 
strong enough to overcome r-f 
noise. As a result, a considerable 
part of the potential coverage area 
of many radio stations suffers from 
poor reception. In order to achieve 
an undisturbed primary coverage 
as large as possible, especially at 
night time, many high-power radio 
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Antifading 

Broadcast Antenna 

--------...:...----------------- .-

The servIce area of a broadcast transmitter within which 

interference between ground and sky-wav,e components 

does not occur can be extended by reduction of high-angle 

radiation from the antenna. Use of a sectional mast with 

an insulator cancels the progressive wave usually found on 

fabricated towers 

stations have been equipped with 
antifading antennas. However, 
not all of them have been success
ful. 

were disappointing in respect to re-
duction of fading. . 

, 

In 1930, German broadcast sta
tions started to use a single vertical 
wire or metal rope hung in the axis 
of a self-supporting wooden tower 
with a height in the order of half 
a wavelength and excited elec
trically at the base. Experience 
with this kind of antenna in respect 
to reduction of fading was good. 
In some cases, the undisturbed 
night-time primary coverage was 
increased by 100 percent in area, 
compared to an antenna with a 
height of one-quarter .wavelength 
or less. However, the maintenance 
of the wooden tower proved to be 
expensive and difficult, and many 
towers were destroyed by fire or 
storm. In time they were replaced 
by self-radiating steel towers which 
were fed at the base in the same 
manner as the one-wire antennas. 
These steel towers were much 
cheaper, easier to maintain and less 
subject to·hl),za;rds. IJowever, they 

Beginning in 1936, several~nves
tigators showed that this effect was 
due to the progressive vDltage-cur
rent wave along the tower which is 
superimposed on the standing volt
age-current wave as shown in Fig. 
1A. This progressive wave carries 
the energy which is radiated by 
each element of the antenna or dis
sipated by losses. In a thin con
ductor like the one-wire antenna, 
the progressive wave is small com
pared to the standing wave and, 
therefore, the radiation of the pro
gressive wave is almost negligible. 
In a thick conductor like a steel 
tower, this is no longer true. The 
vertical radiation pattern of a 
simple vertical antenna with height /IJO

o 

H = 0.585 A is shown in Fig. 1B, 0 ' 
curves 1, 2 and 3" for different 
values of K. 

The· distance for which ground 
and sky wave are equal and, there
fore, fading is worst is strongly 
affected by such modification of the 
radiation· pattern, as illustrated in 
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Table I-Characteristics of Antenna Operating at 1,195 kc 

Loop-fed Base-fed 

Length of stub in feet between grounded 58. 7 55. 1 52.0 * 
tap and base of mast 

Height in feet of the current node above - 0.8 8.8 16.8 11 
ground 

Elevation angle in degrees of null of 90 62 54 65. 
vertical radiation pattern 

Gain in db in the horizontal direction due 2. 15 2 . 40 2.61 

27+j35 

62 

to pattern (calculated) 
Input impedance in ohms of the coaxiall00-j51 84+j37 

transmission line 
* 

Antenna efficiency in percent. including 73 67 73 
matching network 

Losses in stub in percent of the input 3 Ip 12 * 
power 

Heat losses in percent along the mast 0.7 0.6 0.7 0.7 
(calculated) 

Losses in percent in coaxial transmission 1. 4 1. 4 4.2 * 
line inside mast 

Ratio of current in percent at current 2.9 2.7 26 

9.5 
node and at current loop 

Voltage in kv across base insulator .. 5.9 8.3 10.2 
6.9 Voltage in kv across sectional-mast 5.7 4.4 ** 

insulator 
Maximum voltage in kv across coaxial 6. 8 8. 0 13.0 * 

transmission line inside mast 
Standing-wave ratio in coaxial trans- 2.2 2.5 7.9 

mission line inside mast 

*' Disconnected 

** Shorted 
Vol tages are for 100 kw rntS unmodulated power input. 

Fig. Ie. The ground-wave inten
sity is based on measurements with 
a certain station as an example. 
The sky-wave intensity is calcu
lated for perfect reflection from the 
E-layer as an arbitrary basis of 
comparison. It is apparent that 
the distance for which ground and 
sky wave are equal is reduced con
siderably with a base-fed mast an
tenna, compared to a thin vertical 
radiator, namely from about ·135 
miles to about 105 miles. This re
duction corresponds to a decrease 
in undisturbed area of 40 percent. 

Principle of New Antenna 
Around 1940, the author sug

gested that the shaft of the mast 
be broken up by an insulator some
where in its upper part, and that it 
be excited· electrically at this sec
tional-mast insulator. Although 
this idea was not in itself new, no
body up to that time had mentioned 
the advantages of this idea in re
spect to a:ntifadingaction. , 

Disregarding the physical proq
lem of transmitting power tn the 
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sectional-mast insulator, by tenta
tively locating the current source 
at this point, the basic idea can be 
illustrated as shown in Fig. lD. In 
respect to current distribution, the 
upper part of the mast works as an 
open one-wire line and the lower 
part as a one-wire line terminated 
by an inductance. According to 
the flow of energy there is a pro
gressive wave superimposed on the 
standing wave in each part of the 
mast, traveling upward in the 
upper part and downward in the 
lower part. Each of the twtJ pro
gressive waves is, near the current 
source, about half as strong as in 
the case of excitation at the base. 
The radiation components originat
ing from them cancel each other at 
least partially because of the op
posite direction of the progressive 
waves. For the sake of brevity, 
this kind of antenna may be called 
the loop-fed antenna, in contrast to 
the base-fed antenna. 

As shown in Fig. 2, the current 
distribution in the lower part of 
the mast depends upon the iiJ.du'ct-
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ance which is connected between mast. No radiation originates 
the base of the mast and ground. therefrom. At the sectional-mast 
This means that the vertical radia- insulator, this current goes around 
tion pattern can be controlled by the rim of the mast shaft and con
varying this inductance. In order tinues on the outside surface. 
to have a pattern suitable for re- Normally, a tuning and matching 
duction of fading, it is not neces- network would be introduced at the 
sary to have a current loop at the sectional-mast insulation between 
sectional-mast insulator. Actually the antenna terminals and the 
a current distribution similar to coaxial cable. However, in this 
that in Fig. 2B is more favorable case it is not necessary. On that 
because it allows reduction of the part of the coaxial transmission 
total height of the mast, which can line which is formed by the mast 
be as low as 0.4 wavelength. Since itself and the inner conductor, even 

respect to the sky-wave suppression. 
The calculated field strength of 

the reflected sky wave as a function 
of the distance, when based on the 
measured pattern, is shown in Fig. 
1 C. According to this diagram, the 
undisturbed primary coverage at 
night time is increased consider
ably; namely, by about 30 percent 
in radius or 68 percent in area, 
compared to a base-fed mast. 

Radio Frankfort Antenna 

the inductance at the base can be a high standing-wave ratio does not The first broadcast transmitter 
adjusted conveniently, it is possible matter, both from the standpoints which was to have obtained a per
to adapt the antenna ~uring opera- of power losses and break-down manent version of the loop-fed an
tion to a change in ionospheric con- voltage of the insulators, because of tenna was the 100-kwstation in 
ditions, as it happens, for example, the great dimensions available. Berlin, Germany. The war pre
during spring and fall. Therefore, it is sufficient to have a vented this and, instead, suchan 

A simple way to feed the antenna matching and tuning network at antenna was erected in 19'46 for 
at the sectional-mast insulator is the 'lower end of the lower part of the 100-kw station in Frankfort-on
shown in Fig. 3A. A coaxial r-f the mast shaft where it can be ,Main. Meanwhile, the antenna 
cable is wound as a big coil. Its operated conveniently. Even more ( originally planned for Berlin is 
outer conductor is connected be- convenient, the matching networkr\ thought to have been erected also. 
tween the base -of the mast and can be installed at the grounded end" The antenna for Radio Frankfort 
ground, representing the induct- of the coil of coaxial cable. is a 402-foot steel tower with un i
ance mentioned above. The inner In order to determine how much form square cross section. The sec
conductor of this cable is continued the loop-fed antenna actually im- tional-mast insulator is at a height 
through the inside of the lower ~ proves sky-wave suppression, field of 269 feet so that the upper part 

, part of the mast and insulated from :\,ftrength measurements by airplane of the tower is 133 feet long. The 
it up to the lower end of the upper~were made with a 330-foot high construction of this sectional-mast 
part of the mast. This continua- '!j antenna model operated at 1,640 kc. insulator is similar to that used for 
tion of the inner conductor and the For an elevation angle of 43 de- station WMAQ. 
mast itself form a coaxial trans mis- grees, the field strength was re- At the time of the erection in 
sion line, with the mast as the outer duced by about 14 ,db compared to 1947, it was a problem to provide 
conductor. A current equal in the base~fed antenria, and by 23 db for the necessary inductance be
phase and magnitude and opposite compared to a simple short an- tween the lower end of the mast 
in direction to the current in the tenna. In-effect, the loop-fed mast shaft and the ground system. This 
inner conductor flows on the inner is about equal to, if not better than, inductance could not be established 
surface of the lower part of the the base-fed one-wire antenna in by a coaxial cable wound into a coil, 

as indicated in Fig. 3A, because 
there was no 100-kw cable avail
able. Instead, sections of another 

: L 1', : Lv 
,---k--~\!:_-'--'-- ,--,--~,--

:---:r-' - ~ - - ---r ----;r---
, \ i; 

(A) 

O<Xs<+cO 

TAN(/3HN)= ~ 
s 

(B) 

, 0: 

I' I 

(e) 

A 
4' 

FIG. 2-Effect of variation of series impedance XB at base of loop-fed antenna on 
current distribution 
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mast of identical construction were 
used to build a kind of short-cir
cuited stub. They are hung up hori
zontally by strain insulators at a 
distance of 20 inches above the 
ground in such a way that they 
form one big loop with a diameter 
of 64 feet, as shown in Fig. 8B. 
One end of this stub is connected 
to the base of the antenna, the 
other end is grounded. By moving 
the tap for the ground connection 
along the stub, the reactance that is 
effective between the base of the 
antenna and ground can be varied 
conveniently, providing a simple 
means of adjusting the current dis
tribution along the antenna and, 
consequently, the vertical radiation 
pattern. 
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. In the axis of this stub, the same 
kInd of copper rope as used in the 
axis of the mast is hung up by 
strain insulators. At the base of 
the antenna, it is connected directly 
to the copper rope in the axis of 
the antenna. At the other end it is 
connected to a matching and tuning 
network. In this way the coaxial' 
transmission line represented by 
the copper rope inside the antenna 
and the mast shaft is continued to 
th~ point where the outer conductor 
is grounded. In view of the high 
voltage-rating of this coaxial trans
mission line inside the stub, there 
is no danger of flashing over, even 
with a high standing-wave-ratio. 
Therefore, the matching and tun
ing network could be installed out
side the mast shaft in a small tun
ing house. 

The actual performance of this 
antenna was measured for three 
different settings of the tap for the 
ground connection on the stub cor
responding to three different radia-' 
tion ·patterns. Some of the results 
are listed in Table 1. A total an
tenna efficiency of 73, 67 and 62 
percent was obtained correspond
ing to a total loss of 1.4, 1.7, and 2.1 
db respectively, a relatively high 
efficiency considering the inex
pensive ground system used and 
the high frequency of 1.2 mc. Even 
with these losses, the ground-wave 
field strength is greater than that 
of a quarter-wave antenna with an 
efficiency of 100 percent. 

Power Losses 

About 1.4 to 4.2 percent of the 
input power was found to be dis~ 
sipated in the coaxial transmis
·sion line inside the tower. This 
is not too much considering that 
this coaxial line has a high stand
ing-wave ratio. Another 3 to 12 
percent of the input power is lost 
in the stub. This is due to the 
low characteristic impedance of the 
stub, only 62 ohms, which is unfa
vorable but could not be avoided be
cause of lack of material. Without 
restriction in material, the losses 
could have been made much smaller. 
The balance of about 10 percent 
loss probably is due chiefly to 
ground losses. Equally satisfactory 
are the voltage ratings of the 
antenna. 

Preliminary field strength re-
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FIG. 3-(A) current flow in loop-fed antenna. (B) loop-fed antenna. with matching 
network outside mast. and (e) equivalent circuit of loop-fed antenna operated 

as base-fed type 

cordings 'at night time, at a dis
tance where the fading with a 
simple quarter-wavelength antenna 
at the transmitter previously had 
been serious, showed that the fad
ing at Radio Frankfort is much 
smaller than the signal of another 
station equipped with a quarter
wave antenna located at the same 
place and with almost the same fre
quency. Final tests have not yet 
been made in respect to the area 
undisturbed by fading. 

The new antenna also has ad
vantages in respect to its usable 
frequency range. Full benefit of 
its anti fading action can be ob
tained in a frequency range of 
about -+-20 percent of the fre
quency for which it is designed, 
without any alteration of the 
antenna itself, just by properly ad
justing the tap for the ground con
nection on the stub. If the antenna 
is required to operate at a fre
quency outside of this range, it can 
be used as a base-fed antenna with 
the coaxial cable inside the mast 
working as a stub, shown in Fig. 
3C. With this mode of excitation, 
and with a suitable reactance X T 

between the inner conductor and 
the lower end of the mast, the radi
ation efficiency at low frequencies 
is higher than with a simple steel 
tower because its effective height 
can be increased by making the in
put impedance of the coaxial cable 

inside the mast at the sectional
mast insulator inductive. At higher 
frequencies the sectional-mast in
sulator can be used to decrease the 
electrical height of the antenna in 
order to obtain a more suitable ver
tical radiation pattern by making 
the input impedance of the coaxial 
cable capacitive. It is also possible 
to operate the antenna as a simple 
base-fed mast by short-circuiting 
the sectional-mast insulator. This 
possibility may be usHul in case of 
trouble with this insulator. 
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help furnished by Messrs. Gerwig 
and Graziadei and others involved 
in the development of the antenna 
which was carried out under the 
supervision of the author in the 
Forschungsantalt der Deutschen 
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Resistance-C apacitance 

FILTER CHART 
Values of Rand C for both low-pass and high-pass filters are given in te~ms of the amount 

of rejection desired at any given frequency from 1 millicycle to 1,000 megacycles. 

Chart also gives the reactance of a capacitor. at any frequency 

R ESISTANCE-CAPACITANCE filters 
are frequently used when a 

sharp cutoff characteristic is not 
required and, in the low-pass case, 
when the voltage drop across the 
series resistor can be tolerated. Ap
plications of the low~pass R-C filter 
include decoupling from a common 
power supply for a multistage vac
uum-tube amplifier, smoothing fil
ters for power supplies when a 
large voltage drop across the filter 
is not objectionable, and inexpen
sive hash filters to attenuate high
frequency disturbances on electri
cal leads. High-pass R-C filters are 
often used as interstage coupling 
networks. 

The circuits of Fig. 1 show the 
R-C low-pass and high-pass filter 
connected to an a-c generator. The 
generator resistance is assumed to 
be negligible compared with R, and 
doc voltages are omitted for the pur
poses of im a-c an·alysis. Rand C 
form a voltage divider, and the 
complex output voltage is given by 

Low-pass; Eo = -;; ~ ~c~: (la) 

H · h E REi Ig -pass: 0 = R _ j Xc (lb) 

By ERNEST FRANK 
Sperry Gyroscope Co. 

Garden City, N. 1'. 

The magnitude of the ratio of E, to 
Eo is 

Low-pass: I ~: I = ~1 + (f. y (2a) 

High-pass: I ~: I = ~1 + ( ~c r (2b) 

Solving the above equations for the 
generator frequency f gives 

Low-pass: f = _1_ ... /1 Ei I' - 1 (3a) 
211-RC" Eo 

. f 1 1 
HIgh-pass: = 27rRC ~ I ~: I' _ 1 (3b) 

When the reactance of C is equal 
to R, the ratio IEdEol is equal to 
v2. This condition occurs at a 
frequency f3 that is equal to 1/2",RC 
and corresponds to the frequency 
at whiGh the output voltage is 3 db 
down from the input voltage, ig
noring impedance levels (db = 20 
log,o lEo/Ed). Therefore 

Low-pass: f = fa ~ I ~: I' - 1 (4a) 

High-pass: f = fa ~ 1~12 _ 1 (4b) 

... 
FIG. I-Low- and hiqh-pass R-C filters shown connected to a-c qenerator 
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In low-pass applications the ratio 
IEi/Eol is often selected to be 10 or 
greater. Therefore, Eq. (4a) be
comes 

f;::; f31 ~: I ; I ~: I > 10 (5) 

because IEi/Eol'»1. The value of f 
is given to.an accuracy of about 1 
percent by Eq. (5) when IEdEol = 
10. When IEdEol = 100, f is given 
to an accuracy of about 0.1 percent. 
The error resulting from the use of 
Eq. (5) is in the pessimistic direc
tion since the true value of f, ob
tained from Eq. (4a), is always 
smaller than the value of f given 
by Eq. (5). 

Use of Chart 

In high-pass applications, the 
value of f3 is usually of primary in
terest, and is given by f3 = 1/2",RC. 
The chart in Fig. 2 enables f3 to be 
read directly in one operation for a 
given value of Rand C in either the 
low-pass or high-pass case. When a 
value of IEi/Eol equal to or greater 
than ·10 is desired in the low-pass 
case, the value of f3 determined 
from the chart can be multiplied by 
IEi/Eol. The chart can also be used 
to determine the reactance of a ca
pacitor at any frequency. The fol
lowing examples illustrate the use 
of the chart. 

Example 1 

A plate decouplingR-C filter 
must attenuate frequencies above 
50 cps by a voltage ratio of 10: 1. 
The value of R cannot exceed 4,000 
ohms to avoid an excessive loss in 
d-c voltage. What value of C is re
quired? From Eq. (5), f3 = 50/10 . 
= '5 cps. From the chart, draw a 
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A and G. 
To get reliable indications of an

tenna current, the stray capacitance 
of the input terminal and of C, to 
gro'und must be reduced to as Iowa 
value as possible. Careful arrange
ment of the elements of the net
work, together with a short input 
lead,will increase the accuracy of 
power output measurements. 

There are several precautions to 
be taken in connection with the de
sign, construction, and use of the 
artificial antenna described here. 

FIG. 5-Assumed circuit from which re
active network is developed 

Appendix I Simulation of Reactance 
Curve 

Neglect the resistance in the cir
cuit. The reactive portion of the 
simulated antenna can be repre
sented by Fig. 5. The total circuit 
reactance is 

X T = 
X t X 2 X 8 + X3X, (X, + X 2) (5) 

X1X2 + X.(XI + :'(2)+ Xa(Xt + X 2) . 

let Xl = + W~ 
X 2 = - 1/", C6 

Xa = -1/", C3 
X. = -l/",C. 

Substituting these values into Eq. 
(5) gives 

X T = w
2 

L2 (C, + C,) - 1 
wC8 [1 - w' L2 (C, + C,)] 

- wC, (w2 L2 C, - 1) (6) 
when <.tl = W 2, X T = 0 

w~'Lz (C, + C,) - 1 = 0 (7) 
when <.tl = W 3, X T = infinity 

C3 [1 - w,2Lz (C, + C5)] -
C, (W32~ C5 - 1) = 0 (8) 

when <.tl = Wl, X T = Xl 
Xl = wI'L2 (C, + C 5) - 1 

WI C3 [1 - wI'L2 (C. + C6)] 

- WI C. (w,2 Lz C6 - 1 (9) 

Equations (7), (8), and (9) are 
now solved simultaneously for un
knowns C"C., and L., giving the 
equations of Table II. 
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The various components of the net
work must be carefully chosen to 
give satisfactory service. This cau
tion is particularly applicable to ca
pacitor C1 which may be subjected 
to extremely high r-f potential, even 
with low-power transmitters. For 
example, at two megacycles, a trans
mitter which produces 20 watts in 
an antenna resistance of three ohms 
causes a current of 2.57 amperes 
rms to flow. Using the value of C1 

in our typical case, 69.9 ppof, the 
current in C1 would be 2.25 am-

Appendix II 
Simulation of Resistance Curve 

In the network of Fig. 6A the 
equivalent series resistance, Rs, as 
shown at Fig .. 6B is a function of 
the branch reactance Xl which in 
turn is some function of frequency; 
thus 

peres. The peak voltage across C, /~ 
with 100-percent modulation is 2 X J 
1.4 X 1140 X 2.25 = 7,160 volts. 

In conclusion, while the antenna 
network presented here falls con
siderably short of perfection, it 
does have a substantial field of use
fulness from an engineering point 
of view. The effort consumed by its 3 
design and construction is small 
indeed when one considers the 
amount of time which can be saved 
in the development and testing of 
multi-frequency transmitters. 

Rz' [Ro - R.] J1 
Ilt-Ro R.-R2 

(13 

If W, is the angular frequency at 
which the L,C2 loop is . in 'parallel 
resonance, that is: L 1C, = l/w:, aI).d 
similarily, if w, is the angular fre
quency at which the circuit of Fig. 
6C is in series resonance so that 
L1 (C1 + C,) = l/w,', Eq. (13) can 
be written in terms of resonant and 
antiresonant angular velocities. . 

This circuit is satisfactory for' There are three unknowns in this 
our purpose because the equivalent 
series reactance Xs can at all times 
be made small compared to either 
the total series resistance or the 
total series reactance. Thif! total 
series reactance includes the re
actance developed in Appendix I. 
We are primarily concerned with 
the duplication of a resistance vari
ation. The magnitude and impor
tance of Xs is considered elsewhere. 

The minimum value of Rs in Eq. 
(10) occurs when Xl = 0 and Rs = 
Ro = R1R2/ (R1 + R2)' If Eq. (10) 
is solved for Xl we obtain 
XI = ± 

[
(R. R2) (R. + R2) - Rs (Rl + Rz)'] ~ (11) 

Rs - R, 

From the condition for a minimum 
value of Rs, R, = RoR2/ (R, - Ro) , 
which, substituted into Eq. (11), 
gives 

Xl = (~) [Ro - Rs]~ 
R, - Ro Rs - Rz 

(12) 

Now if in Fig. 6A, Xl assumes the 
configuration of Fig. 6C. 

XI = 1 - w'L. (CI + C2) 

wCI (wzLt C2 - 1) 

Substituting this value of Xl into' 
Eq. (12) yields 

1 - w2 LI (C. + C2) _ 

wCI (w2Lt C2 - 1) -

resultant equation, namely, R" w" 
and C1 • If three conditions are 
known, a corresponding number of 
simultaneous equations can be set 
up. The most convenient boundary 
conditions are the two limit fre-
quencies and one intermediate fre
quency, and the corresponding an
tenna resistances. Using these 
values to solve this equation gives 
the design equations of Table III. 

FIG. 6-Circuit from which resistive net
work is developed: (Al the assumed 
circuit. (Bl the equivalent series circuit. 

and (Cl the final desiqn 
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particular example, the reactance 
/-~ . 
. "?rror at any frequency is less than 

two percent. 
To complete the sample calcula

tions, the ,significant resistance 
'values of the given antenna with 
reference to Fig. 3B are: RS1 = 
3.2 ohms, 1, = 2 mc or 00, = 27t 
(2 X 10'), Ro = 2.7 ohms, 12 = 4 
mc or 002 = 27t (4 X 106

), Rsr. = .6 
ohms, I. = 7.5 mc or 00 5 = 27t (7.5 X 

106
), R s, = 11.5 ohms, and 10 = 9 mc 

or Wa = 27t (9 X 106
). 

Substitution of the preceding 
constants into the equations of 
Table III gives R2= 11.8 ohms, 
14 = 9.275 me, C, = 0.0135 p.f, L, = 
0.1197 p.h, C. = .00247 p.f, and R, = 
3.42 ohms. 

If these values are substituted 
in the equation for Rs and the re
sultant values plotted against fre
quency, the lower curve of Fig. 4 
is obtained. 

The actual artificial antenna is 
the series combination of the re
sistive and reactive networks. 

Reactance Error due to Resistance 
Network 

Lumping the reactive elep1ents of 
the resistance network of Fig. 2C 
into a single reactance X" we find 
that the reactance of the resistance 
network is 

XS = XIR,zj[(RI + R2)2 + X I2J (1) 

To find the greatest value that X, 
can ever reach, differentiate Eq. 
(1) with respect to X, 

[(HI + R2)2 + X12] R,2 -

d(Xs) (XIR22)2XI 
dXl = [(HI + R2)2 + XI']' 

Setting the numerator equal to zero, 
and solving for X, 

XI = HI + H2 , (2) 
Substituting Eq. (2) into Eq. (1) 

X"m." = R22/2 (RI + R2) (3) 
In a typical case where R. =; 11.8 

ohms and R, = 3.42 ohms, the maxi
mum value of Xs is 4.56 ohms in
ductive. Substituting Eq. (2) in 
Eq. (10) from Appendix II gives 

RB == Hz (R2 + 2RI ) 

2 (RI +H2) 
(4) 

Using the same numerical values 
for R, and R 2 , Rs = 7.2 ohms. 

Referring to the antenna res is-
. tance curve of Fig. 4B, we see that 
Rs = 7.2 ohms at a frequency of 
7.9 mc. At this frequency the an
tenna reactance is -jl00 ohms. 
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Thus, in the given example, the 
maximum error introduced by the 
reactance of the resistance varia
tion circuit occurs at 7.9 mc and 
has a value of XSm,,/XA = 4.56/100 

4.56 percent. 

Antenna Operati~n 

The simulative network discussed 
in this paper is, strictly speaking, 
only an approximation of the an
tenna which it is intended to re
place .. At any frequency . the simu~ 
lated reactance and resistance will 
differ from the actual values by a 
finite amount. The magnilude of 
these discrepancies will vary de
pending on the antenna, but iIi gen
eral it will be found that the re
actance curve can be made to match 
within two percent, while the resis
tance may deviate as much as ten 

percent from the true value. 
Effect of mismatch on the tun

ing of the transmitter output cir
cuits may for all practical purposes 
be neglected. However, the setting 
of the coupling control, being sensi
tive to the resistive component of 
the antenna impedance, will differ 
slightly at some points from its 
position when working into' an 
actual antenna . 
. The network may be used for 

measuring power output if a radio
frequency ammeter is connected in 
series with the circuit. The power 
output is P = fA2RS where P is 
power output in watts, fA is am
peres rms, and Rs is equivalent ser
ies resistance of entire network. 
The value of R.g at each frequency 
should be determined by measure
ment on either a Q meter or a suit
able r-f bridge, between terminals 

. TABLE III-RESISTANCE NETWORK DESIGN E9UATIONS 

Units in farads, henrys, cycles, and ohms. 
(1) Solve for R2 from the. following equation, using given values from the antenna 
to be duplicated 

± N [A (R2 - Rs,)]l!2 =t= M [F (R2 - R BI)JI!2 = (N - M) [R2 - RBSJlf2 

where A 
(RB3 - Ro)/(Rs, - Ro) 

F 

(2) Having found R 2 , solve for w, from 

w, = [( ± w,2B - ws2)/(B - I)JII2 

[
-Hz - Rss J1I2 

where B = A (R
2 

- R s,) 

(3) C ' , , 
( 

W 2 - w 2) (. w' ) 
1 = W52 - W42 W22 W5R 

R,' [Rs, - ROJI!2 where R = =---'-..,,-
R2 - Ro R2 - RS5 

(4.) LI = (w,2 - W22)/w,2w22CI 

(5) C2 = II w,2LI 

(6) RI = RoR,j(R2 - Ro) 

(7) To check accuracy of the calculated components, plot RB vs angular velocity 
from the following equation and compare this curve with the given antenna 
resistance curve 

IR _ (RI R2) (RI + R2) + R2 X 8
2 

S - (RI + R2)2 + X 82 

21rjLJ 
where X B = ( - 1/2 1r JC I ) + 1 +(4 1r2f'L1C2) 
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TABLE II-REACTANCE NETWORK DESIGN E9UATIO'NS 

Units are in farads, henrys, cycles, and ohms. 

) 
1) Assume a value for C. 

where C8 = C 4C5/(C4 + C6) 

Wl - angular velocity at lower limit 
WI - quarter-wavelength angular velocity 
Wa - half-wavelength angular velocity 
Xl - antenna reactance at Wl (proper sign must he used for Xl when 

substituting into equation) 

(3) G4 = CS (W3/W2)2 - C. ( W2 L W.)2/ W22 

(4) G6 = C8C4/(C4 - C8) 

5), L. = 1/w.2 (C4 + C6) 

Note: (A) If wa is unspecified it can be assumed to be 1.67 W2, as stated in Table 
1 (5); (B) The Q of L2 should be as high as possible, at least 300; (C) Distributed 
capacitance of 14 should be subtracted from the calculated value of C6 to deter
mine the physical value for C5• 

(6) To check accuracy of computed components, plot Xs vs angular velocity 
from the following equation, and compare this curve with the given antenna 
reactance curve 

X B 

responding frequency character
istic is shown in Fig. 3A. 

The problem is to select values of 
Ca, C., eG• and L2 to yield a reactance 
variation which duplicates that of 
any given antenna. While C. is 
theoretically unnecessary to obtain 
the simulated curve, in practice it 
was found that the stray capaci
tance from the antenna terminal to 
ground introduced a large error in 
reactance at the low-frequency end 
of the band. Using a controlled 
value of Ca eliminates the effect of 
this unavoidable capacitance. Thus 
some value is selected for Ca greater 
than the supposed stray capacitance 
to ground and if the final capaci
tance to ground is smaller than the 
assumed value, a trimmer capaci
tor can be inserted to make up the 
difference. A practical value for C. 
is about 10 {Jp"f. 

Design equations for this re
actance network are derived in Ap
pendix I and summarized in Table 
II. 

In a similar manner, the network 
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of Fig. 2C provides the required 
resistance variation. Design equa
tions for this network are derived 
in Appendix II and summarized in 
Table III. The quantities referred 
to in this table are made clear by 
Table I and Fig. 3B. 

Example of Network Design 

Pertinent data concerning the 
reactive characteristics of an an
tenna is: Lower limit frequency = 
2 mc, reactance at lower limit fre
quency = -j 930, quarter-wave 
frequency = 9.3 mc, and half-wave 
frequency = 15.5 mc. 

From this data, values for sub
stitution into Table II are: W, = 
2" (2 X 10"), W2 = 2" (9.3 X 106

), 

W. = 2" (15.5 X 106
), X, = -930, 

and let C3 = 10 X 10-12
• Solving for 

the reactive network components, 
we obtain Cs = 20.3 """"f, C. = 69.9 
"",,,,,f, C. = 28.7 """"f, and L2 = 2.96 
,uh. 

If these values are substituted 
into the equation for Xs and react-

ance plotted against frequency, the 
upper curve of Fig. 4 is obtained. 
Checking the value of 'X. againstc, 
actual antenna reactance at any } 
frequency shows that the error at . 
any point is well within the limits 
of engineering accuracy. In this 

FIG. 3-Critical frequencies and their 
associated reactances (A) and resist
ances (B) of the antenna to be simu. 
lated are used to obtain values for the 

artificial antenna elements 

FIG. 4-An artificial antenna built from 
the design equations was tested and 
had these reactive and resistive charac-

acteristics; compare with Fig. 1 
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ANTE-NNA 
~~-)~--------------------

Design of a two-terminal, lumped-constant network that simulates, within a specified 

frequency hand, the impedance variations of a single-wire antenna. The resulting artificial 

antenna can be used for tuning transmitters and for power measurements 

per values of resistance and either 
inductive or capacitive reactance in 
series. 

If IA is the current flowing in the 
artificial antenna circuit, the power 
vutput of the transmitter would be 
P = I A

2Rs• If the values of Xs and 
Rs are correctly chosen, P will be 
true power output of the transmit
ter into the actual antenna at the 
same frequency, 

Single Series Circuits 

Using fixed R-C and L-C combin
ations to simulate the antenna is 

) accurate and simple, but lacks flex
ibility where a continuous fre
quency band must be covered. The 
circuit consists of either a fixed ca
pacitor or coil in series with a non
reactive resistor. The constants of 
the inductor or capacitor and re
sistor are calculated from the given 
antenna reactance, radiation resis
tance, and frequency. 

The fixed resistance is made 
equal to the antenna resistance. The 
series capacitance is C, = 1/21';fXA 
where X A is negative. For positive 
values of X A the antenna is induc
tive and L. = X A /21C/. 

To provide an arrangement that 
is easier to work with when the fre
quency is frequently changed, the 
reactive and resistive components 
are made adjustable as, for exam
ple, a variable capacitor in series 
with a carbon compression resistor: 
When the antenna is inductive, a 
variable inductor is substituted 
for the capacitor. To further in
crease the versatility of the artifi
cal antenna, both an inductor and 

-a capacitor can be included in the 
series circuit, and a switch pro
vided to short the unwanted ele
ment. 

ELECTRONICS - Novembe; 1945 

Although these adjustable cir
cuits are theoretically sound, they 
seldom are satisfactory over a wide 
frequency range. In addition to 
their stray capacitance to ground, 
adjustable inductors have a high 
distributed capacitance. This may 
give- rise to spurious resonances. 
Variable capacitors of high maxi
mum capacitance must be extremely 
large to withstand the high r-f 
potentials. 

Not only are there practical elec
trical difficulties, but there are the 
operational disadvantages which re- -
quire the manipulation of two con
trois for each change in output fre
quency. An error in setting of 
either the reactor or resistor re
sults in unreliable measurements 
and a loss of time in rechecking re
sults. 

Composite Series Circuits 

In contrast to the foregoing cir
cuits that utilize variable compon
ents, the proposed artificial antenna 
is composed of fixed elements. When 
these elements are properly chosen, 
the reactance and resistance seen 

TRANSMITTER 

a t the terminals of the network 
(Fig. 2A) will match those of the 
actual antenna at every frequency 
within the assumed limits. 

It is the plan of this paper to 
treat each portion separately and 
finally to show how they are con
nected in series to form the desired 
circuit. The portion marked Xs will 
automatically duplicate the series 
reactance of the given antenna, 
while Rs will produce the resistance 
variation with frequency. Although 
in practice it is not possible to iso
late resistance and reactance com
pletely, it is assumed that the equiv
alent series- resistance of the re
actance section is low enough to be 
negligible and the equivalent series 
reactance of the resistance section 
can be disregarded in comparison 
with that contributed by the re
active circuit. 

Network Equations 

A combination of reactances 
which can have an equivalent series 
reactance variation with frequency 
similar to that shown in Fig. 1 is 
represented in Fig, 2B. The cor-

An r·f ammeter can be included in the artificial antenna for power measure· 
ments. Stray capacitances must _be held to a minimum 
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J(RTIFICIAL ANTENNAS are neces
.t'1 sary for testing variable-fre
quency radio equipment under con
ditions closely approximating those 
encountered in service. It is im
practical to use an actual antenna 
in laboratory tests because radiated 
energy must bekept at a minimum, 
and it is usually inconvenient to 
precisely duplicate an antenna 
which is used in a special applica
tion such as on aircraft. 

Although artificial antennas are 
used for both transmitters and re
ceivers, the complexity of the an
tenna matching problem is not the 
same for both classes of equipment. 
This difference arises mainly be
ca'use most receiver antenna cir
cuits are untuned while transmit
ter output circuits, to deliver 
maximum power to the radiator, 
must be closely adjusted at each 
frequency. Because of the greater 
relative importance of the latter 
problem, this paper will concern it
self with transmitting rather than 
receiving antennas. 

Need for a greatly improved 
artificial antenna for transmitters 
became apparent during the au
thor's experience in the design and 
testing of aircraft communication 
transmitters in the medium to high
frequency band. Types of dummy 
load in wide use for this purpose, 

TABLE I~MINIMUM REQUIRED DATA 
FOR ARTIFICIAL ANTENNA DESIGN 

(1) Reactance and resistance at the 
lower frequency limit. 

(2) Quarter-wavelength frequency 
and resistance. 

(3) Resistance at some critical fre
quency between upper frequency limit 
and quarter-wavelength frequency. 

(4) Resistance at the upper fre
quency limit. 

(5) Half-wavelength frequency. (If 
this frequency is not known, it can be 
assumed to be approximately 1.67 
times the quarter-wavelength fre
quency. This constant is empirical 
and was selected as an average during 
a study of many fixed, single-wire 
antennas,) 
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FIG. I-Typical impedance variation 
of an antenna of fixed length when the 
frequency is varied. showing reactance 
variation as a tangent function of fre-

quency 

while perfectly satisfactory for use 
at a single frequency, resulted in 
much loss of time and were exces
sively bulky when applied to equip
mimt having a frequency range of 
one to ten megacycles. To speed up 
variable-frequency tests, which at 
times had to be performed under 
reduced atmospheric pressure to 
simulate high~altitude flight condi
tions,a fixed network was designed 
which matched the actual antenna 
both for resistance and reactance 
at all frequencies. 

Basis fol" Design 

While theoretical considerations 
in this paper are general, this dis
cussion is limited to a band from 
approximately one to twenty mc. 
The antenna for which an equiva
lent circuit is desired is the single
conductor type operating against a 
ground. The configuration of the 
wire may be horizontal, vertical, 

FIG. 2-{A) Antenna impedance can I 
represented by variable series reactanc'e 
and resistance. (B) The reactance com. 
ponent and (e) the resistance component 
can be simulated by lumped constants 

straight, or folded V. The,quarter
wave resonant frequency of such a 
radiator usually lies between 5'and 
10 mc. The characteristics of the 
antenna which must be known are 
given in Table I. A typical imped
ance characteristic is shown in 
Fig. I. 

To properly evaluate various re
quirements of a good dummy an
tenna, it is necessary to understand 
the way in which the impedance of 
an actual antenna varies with fre
quency. The equivalent circuit of 
an antenna is that of a series re
actance Xs and series resistance R,; 
as shown in Fig. 2A. These two 
components of impedance change 
with frequency. The variations of 
Xs and Rs with frequency given in 
Fig. 1 apply to all types of antennas 
where size· and geometry remain 
fixed, while the frequency _ 
changed. To simulate such an an~ 
tenna at a given frequency it is 
only necessary to connect th~ pro-
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tions :for military equipment in
volve much more difficult operat
ing conditions, namely, tempera
tures ranging from _50 0 to 

/-) 185 0 F and humidities up to 100 
percent prevailing in many cases 
over most of the year. Yet the de
signers of airborne and ground 
communication and electronic 
eq uipment demand the same high 
degree of performance over this 
greater temperature range and un
der these more damaging humidity 
conditions. 

New capacitor designs for 
ground signal equipment, which 
normally uses low frequencies and 
relatively large capacitance units, 
required potting in hermetically
sealed containers. New designs for 
radio equipment, which uses the 
. smaller molded units, required the 
introduction of new processes for 
stabilization over the wide tem
perature range and new materials 
for sealing the terminals in order 
to protect units from humidity. 

A typical manufacturing and de
sign problem was the change re
quired to assure conformance with 
a severe humidity requirement 
1;)laced on molded capacitors which 
)ere used on special military 

equipment. It was necessary at the 
start to check 100 percent. of the 
molded mica capacitors. Subse
quently, experiments proved that 
Neoprene cement applied to the 
leads greatly improved the yield 

of capacitors and reduced the in
spection costs. Further investiga
tion showed that solutions of Viny
lite VMCH and XYNC were even 
more effective in sealing the units 
against humidity and were easy to 
apply. 

Manufacturing -experience has 
shown that relatively poor stabil
ity and high values of tempera
ture coefficient will result with the 
best quality of mica unless proper 
precautions are taken in the assem
bly, processing and molding of the 
units. Manufacturing methods 
were worked out to assure high 
stability with ·temperature and 
time for molded mica capacitors 
covering capacitances up to 20,000 
p..p..f. Some of these are made to a 
capacitance tolerance of ± (0.5 
percent + 1p..p..f), have a tempera
ture coefficient of less than 15 
parts per million per degree 
Fahrenheit over the temperature 
range of _50 0 to +185°F, and re
trace to within 0.05 percent of the 
initial capacitance after repeated 
thermal cycling over this range. 
Such capacitors are being made 
because critical electronic equip
ment will not operate precisely 
without them: 

Use of Mica Substitutes 

In view of some of the .prob
lems and processes dis<cussed 
above, a brief statement concern
ing the use of paper and other 

types of capacitors as alternates 
may be in order. The development 
and application of small molded, 
mineral-oil filled capacitors has 
been accomplished to a consider
able extent. Designs have been de
vised and are in production that 
are both mechanically and electric
ally interchangeable with the mica 
types. 

As has been well publicized, 
many synthetic micas have been 
developed and have helped insofar 
as they could- replace mica in 
capacitors for special applications. 
However, to date none of the avail
able alternative dielectric mate
rials compare favorably in an· 
characteristics with mica--even 
with the lower grades of mica that 
remain practically untouched. 

Continued effort to make certain 
that the lower grades of mica are 
used wherever the requirements 
permit, and that the available 
stocks are processed with the great 
care this precious material de
serves, will go far toward assuring 
an adequate supply of mica capaci
tors. 

The improvements in the pro
cesses and facilities for manufac
turing mica capacitors reported 
above are to a large extent based 
upon the unified efforts of the 
engineering staffs of the Western 
Electric Company and Bell Tele
phone Laboratories, which the au
thor gratefully acknowledges. 

Representative examples of the nine types of molded and 
potted. mica capacitors now being made by Westerp. Electric 

Adjusting finished silvered mica capacitors to exact capaci. 
tance value by scraping silver from the top lamination 
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FUNDAMENTALS OF STANDARD BROADCAST ANTENNAS.,·/ 

Barnett F. Goldberg, P. E. 
Broadcast Engineering Consultant 

Columbia, S. C. 

Introduction 

Antennas are the basic components of any electronic system which de
pends upon free space as the propagatioh medium. The antenna is the 
connecting link between free space and the transmitter-receiver units 
of radio communications system. As such, it plays an essential role 
in determining the characteristics of the system in which it is used. 

In many radio communication systems, such as those designed for navi
gational or direction-finding purposes, the operational characteristics 
of the system are designed a.round the directive properties of the an
tenna itself, while in other systems, such as that of the typical omni
directional one-tower broadcast stati8n, the antenna serves simply to 
efficiently radiate energy in all directions in order to provide a 
reasonably uniform groundwave coverage pattern. 

In other broadcast systems, the antenna may be required to h~ve addi
tional properties such as highly directional horizontal pattern, while 
in still other cases both the vertical and horizontal patterns must be 
shaped to achieve certain types of coverage requirements and/or to elim
inate interference to other broadcast stations on the same and adja
cent channels. 

Regardless of the particular system application, all antennas have 
certain basic properties in common and it is the purpose of this paper 
to discuss these "fundamentals" which are most often of particular 
interest to the fulltime Broadcast Engineer. 
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Pertinent Antenna System Properties 

The properties of standard broadcast antennas which are of max
imum interest to the Broadcast Engineer are an antenna's (1) 
Horizontal and Vertica1:~EJ~:diation Pattern (2) its Circuital Effi
ciency (3) its PeaK'-.ahd RMSGain and (4) its Base and Common 
Point impedance. For i~ssive linear antennas, which embraces all 
broadcast antenna systE:'~c~, these properties are iden";ic.c"l for 
either tnnsmit~~ing or receiving use, and E'S a direct consequence 
c f the reciprocL ty theorem, we can expect any of these antenne. 
systems to exhibit the same properties in the receiving mode as 
it does when used as a transmitting antenna. To those of you in 
the audience who have ever undertaken an antenna resistance mea
surement employing the RF Bridge Method, using a receiver and 
associated oscillator, this reciprocity action will be readily 
recognized! 

Horizontal Radiation Pattern 

The horizontal radiation pattern of a standard broadcast antenna 
is probably one of its most basic properties in that it determines 
in concert with the station's output power what coverage will ob
tain for the station. For this reason it is the property that is 
usually specified first in a discussion of selecting among avail
able broadcast antenna systems, especially in the Daytime or as we 
Consultants say, the Groundwave Case. 

The basic radiation pattern of a Single Tower Broadcast Antenna 
System is omnidirectional in the Horizontal Plane, subject to only 
minor variations in circularity which arise from ground system con
siderations, method of feed, such as the shunt slant-wire feed, etc. 
The omnidirectional characteristic obtains from the fact that the 
radio frequency current flowing in the vertical tower element induces 
an equal radiation and induction field in all azimuths about the 
tower's periphery. By equal I do not mean equal in the sense of 
electric field intensity magnitude but rather equal in relative 
radiation strengths, as regard the respective azimuthal components. 

Broadcast Antenna systems employing more than one active tower 
usually display horizontal directivity determined by the spaCing, 
current ratios and relative phase magnitude of the currents supplied 
to the various tower elements. 

Directional, multi-element antennas are used in two principal ap
plications at Standard Broadcast Stations. They serve in the Daytime 
case to orient coverage towards desirable areas of population and 
to eliminate groundwave interference between and among etations on co 
and adjacent channels. 
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During the Night-time Broadcast hours such arrays are employed to 
suppress undersirable skywave interference among stations on a com
mon channel and to some extent also to direct coverage contours 
into certain land areas where specified grades of Broadcast Service, 
i.e. Field Intensities, are required to meet particular Commission 
Technical Standards. 

Directional Antennas also find application in certain "Transitional 
Time" or "Critical Hours" cases, time periods during which Class II 
Stations must protect their Class I co-channel occupants against 
undesirable Daytime Skywave Interference. 

It is pertinent at this point to cite a fact not generally appreciated 
among some Broadcast Technicians to the effect that any antenna system 
which is horizontally directive will be directive also in the zenith 
or vertical plane. Please note the distinction "directive in the ver
tical plane" with the degree of vertical directivity different in the 
various azimuths about the array's center but related to the horizon
tal or azimuthal directivity. 

We shall discuss this vertical directivity in more detail later on but 
it is important to introduce its concept at this point in asmuch as 
it is a factor in the design of Night-time directional antenna systems, 
where often the vertical radiation patterns with azimuth are of more 
singular importance than are the resultant groundwave horizontal pat
terns which are obtained in these designs. In fact, it is safe to say 
that the groundwave pattern is more the consequence of a required ver
tical directivity pattern vs specified azimuth than is any usual Night
time requirement on groundwave horizontal directivity alone! 

Summing up our observations on antenna horizontal directivity then we 
should note that during the Daytime Case the principal use of a hori
zontally directive antenna obtains usually for the purpose of control
ling groundwave interference and/or coverage criteria while for the 
Night-time case the use of a directive antenna lies in the Antenna's 
ability to produce certain required vertical patterns which are necessary 
to suppress radiation via the skywave towards co and adjacent channel 
at at ions • 

Vertical Radiation Pattern 

Let us now turn our attention to an antenna system's vertical direct
ivity. Figure I of this Paper shows the Vertical Radiation patterns 
produced by a number of popular antenna systems. Referring to this 
Figure we can compare a Quarter, Half-wave and other popularly sized 
vertical radiators with respect to their respective Vertical Radiation 
patterns. 
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We should note that for the sake of rendering this comparison most 
effective we have assumed that all systems radiate the same inverse 
field in the horizontal plane, that is 100 mv/m at One Mile. In 
this respect it is particularly pertinent to cite the fact that 
these antennas have different basic groundwave radiation efficien
cies, as we will discuss later, but for the sake of our present 
discussion, let us assume that we have fed each antenna that amount 
of power which is required to make it radiate an inverse field of 
100 mv/m at One Mile unattenuated (in the Horizontal Plane). 

Our immediate attention is called to the fact that comparing all 
antennas on a common groundwave Inverse Field Basis, the taller 
antennas radiate a proportionately smaller amount of radiation 
above the horizontal plane. From this we can deduce that all things 
being equal, with a constant amount of power flowing into a parti
cular antenna system, the taller structures should be more efficient 
in the production of a -gr:oundW'a:;esign:a:L~fora- -g-ivenradi6 . frequ.ency 
power input, which indeed they are! ~ 

A second conclusion which obtains from a comparison of the various 
antennas is the vertical null and secondary lobe effects present 
in antennas above one-half a wavelength in height. While the ex
planation of this phenomena requires some mathematics and a know
ledge of the current distribution in the taller structures, suffice 
to say here that structures taller than one-half a wavelength exhibit 
~--verti~cal-directi ve_ef'fect_s~ch ___ ~s __ wg1J..JCl_J?_e_p~od}J,~_~_d __ b_y __ a_s~rJ~Lof __ _ 
CLll:§I_i;,_~:r:::.'iVt:tY~ ____ :r:~dl£1!-9Es stacked one on top of another, somewhat in the 
fashion that Mobile Cormmmications-and -'FM-An"fenna-s obtain greater 
Horizontal Gain over conventional dipole systems through vertical 
stacking, or what might be more properly called increased vertical 
aperture. 

The singular importance of Figure 1 is to show how antenna vertical 
dimenSions, measured in fractions of a wavelength, affect the dis
tribution of radiated energy in the vertical plane, with ~he t~ler 
s_i;,ructures c09_~~E:!r8::t::bp':~ __ g:re~~~I- amo~t of_!h"~_.?~_~~_~tr.l..j:;JJELP.l!;\'Q~f3 
i~~9:J1l-_i;,~y~q tac~nt~~ th~_~:r::?un~_E~~rl:~' 

While the majority of us deal with the conventional quarter-wave 
omnidirectional antenna there are certain Situations, especially 
Class I stations, where the taller structures are used to obtain 
a desirable "Anti-Fading Characteristic", wherein cancellation of 
the groundwave signal via outer extremity transitional skywave re
flection is avoided by proper design of the station's vertical radia
tion pattern, even where only a single radiating element is employed 
as the station's Daytime antenna. 
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Our previous discussion should sensitize you to the effect of anten
na height on antenna vertical directivity and to the use of this 
vertical directivity to achieve certain desirable coverage character
istics during the transitional times of the Daytime Broadcast day. 

We are now ready to look into the question of Antenna efficiency. 

Antenna Efficiency 

The question is often raised as to what is meant by the term Anten
na Root Mean Square (RMS) Field Intensity, especially as the term 
is used in ordinary Broadcast consulting work where it is usually 
expressed in Millivolts per Meter Unattenuated at One Mile for a 
specified Antenna Input Power, usually One Kilowatt. 

All antenna systems are referenced to some common rating base for 
the purpose of evaluating their respective performance. We of the 
Broadcast fraternity often speak of a particular antenna system as 
radiating so many Millivolts per Meter Unattenuated at One Mile for 
a certain, usually specified Antenna Power input. 

Probably such jargon obtains from the constant use of the Commis
sion's Graph of practical Antenna Efficiency, Section 73.190 of the 
Rules, Graphical figure 8, wherein a presentation is made of typical 
antenna efficiency vs tower height assuming a standard 120 radial 
quarter-wave ground system with the various radials distributed uni
formly about the single antenna structure's base. 

This Commission figure is appended here as Exhibit Figure 2 and if 
we consult it we stall note that for the typical range of antenna 
heights, usually from 0.15 to 0.60 wavelength, this efficiency ranges 
from about a low of 175 mv/m to a high of 274 mv/m unattenuated at 
One Mile for One Kilowatt of Antenna input. 

Most of us familiar with the standard 88 degree tower recognize the 
figure of 189 mv/m, as taken from thi~ curve, as the average efficien
cy for the most commonly used single tower AM Radiator. 

The mathematical derivation of this curve is quite complex and beyond 
the scope of this paper; however, suffice to say that understanding how 
to use this curve is of more practical importance than is an under
standing of its derivation for our present purpose. 

Returning to Antenna Efficiency, let us turn our attention to a third 
Graph appended to this Paper, Graph 3 which shows an efficiency C(l)ffi

parison among several of the more standard reference and pratical an
tenna systems. Your especial attention is called to the "Uniform 
Spherical Radiator" which the theorist refers to as an Isotropic or a 
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Point Source radiator. Such a radiator does not exist in any prac
tical form but you should recognize it as the familiar "light bulb It 
concept. This is Ita reference antenna lt which would radiate RF just 
as a conventional light bulb radiates light spherically in all dir
ections without either vertical or horizontal directivity. 

This antenna is seen to produce 107.6 mv/m at One Mile unattenuated 
in all directions and its Significance is that all antenna systems 
directive in ejther or both planes can be directly compared with it. 
Let us make such a comparison by looking at several of the other re
ference antennas shown in Figure 3. Look for instance at the Half
wave antenna. Here we have an antenna efficiency of 137.8 mv/m and 
it is important to note that the increase in horizontal gain (not 
efficiency) obtains from the Half-wave antenna's horizontal and ver
tical directivity! 

Let us now go to a Quarter-wave Vertical Antenna, the third Figure 
Block on the right-hand side of Figure 3. Here we see for this 900 

radiator a theoretical efficiency of 194.9 mv/m for One Kilowatt at 
One Mile Unattenuated. 

How do we compare this with the Commission's 195 mv/m figure? Re
turn to Figure 2, the Commission's Chart and notice that the theo
retical efficiency of a Quarter-wave antenna is 195mv/m but a prac
tical antenna system employing 120 Quarterwave ground radials varies 
downward from this theoretical efficiency by some 6 mv/m, or about 
189 mv/m for One Kilowatt of Antenna Input! 

It is interesting to note from the comparison of these two Charts 
just how good modern antenna systems are efficiency-wise. A con
ventional Quarter-wave antenna system is just short of 91% efficient! 
The loss in the practical antenna system obtains from the real ground 
system and other IR losses inherent in it. 

Our discussion of the foregoing parameter ohOIUd demonstrate how 
antenna systems are compared one to another and to what degree the 
present state of the art is with respect to overall antenna effi
ciency. 

We are now ready to discuss the phenomena of Antenna Gain external 
and separate from antenna efficiency in the sense of power input vs 
power output from a given antenna system. 

Antenna Gain 

The gain of an antenna is a basic property which is frequently used 
as a figure of merit; however, as we have discussed previously, one 
must not be misled into believing that Antenna Gain alone is the sole 
determining factor in an overall antenna system performance. 
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Antenna gain is commonly defined as the ratio of the maximum ratlia
tion intensity in a given direction to the maximum radiation inten
sity produced in the same direction by a reference antenna with the 
same power input. 

The reference radiator most commonly used is the Isotropic Radiator 
which we discussed previously; however, it need not be that parti
cular antenna and antenna gain may be given in terms of any conven
iently selected reference antenna so long as the reference antenna 
is clearly stated. 

In Broadcast work, the reference most commonly used is the range of 
vertical antenna efficiency - height characteristcs summarized in 
Section 73.189 (2) (i) through 73.189 (2) (iii) respectively of the 
Rules. Briefly stated, these allow for Antenna Efficiencies from 
150 mv/m minimum for a Class IV station to a minimum of 225 mv/m 
for a Class I station, based on One Kilowatt of Antenna Power Input 
to the system. 

Since gain is associated with a concentration of radiated energy, 
high values of gain are correspondingly associated with narrow beam
widths; For antennas with no internal losses, the Gain rating is 
the same as the antennas' Directivity Factor. However, while Dir
ectivity can be computed from either theoretical considerations or 
from measured radiation patterns, the gain of an antenna is almost 
always determined by a direct comparison measurement made against 
some form of a standard reference antenna. 

In the directional broadcast array, usually one tower in the array 
is selected as this standard and the familiar Non-Directional Day
time Antenna Proof of Performance is run from it, as a prerequisite 
to the later Night-time Directional Proof. 

It may be well to insert here the concept of "Effective Antenna Area 
or Antenna Aperture" as this factor relates to antenna gain. The 
effective area is of interest when it is desired to compute the en
ergy collected by a particular antenna as this collection would be 
related to the energy picked up by a reference antenna exposed to the 
same field intensity level. A little thought here will reveal that 
antenna aperture is really a measure of antenna gain or the ability 
of the antenna to intercept a given amount of energy passing through 
its intercept area. 

The above concepts together with our prior discussions of Vertical 
and Horizontal Patterns, Antenna Efficiency (losses) and Antenna Gain 
lead us to our final consideration, that of delivering power into and 
out of an antenna system. Since we are principally Broadcast Engineers, 
let us confine our discussion to the principle of getting energy into 
our antenna systems and effiCiently radiating it into the areas of prin
cipal concern, i.e. along the ground. 
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Antenna Impedance 

The input impedance of any antenna system is of considerable impor
tance to the Antenna Systems Engineer since it directly affects the 
efficiency of energy transfer from the transmitter to the antenna 
proper. 

The overall input impedance of an antenna system depends not only 
on the impedance of the individual antenna elements comprising the 
system but on the mutual impedance existing between the elements 
themselves and the transmission lines and coupling components inter
connecting the various system elements. 

The overall design of a complex antenna system will therefore be 
governed as much by these details as by the antenna elements them
selves! 

If the system is complicated, adequate bandwidth becomes a prime 
consideration and it is essential that all of the antenna system's 
components be chosen so that favorable impedance properties exist 
amongst the various inter-related components. This is sometimes a 
very difficult problem in which only the experience and ingenuity 
of an experienced Broadcast Consultant can spell the difference be
tween a successful array and one which is never quite up to par. 

j\j: ! l 

While the tune-up of a non-directional antenna system looks deceiv
ingly simple, even here, tune-ups attempted with inadequate attention 
to coupling network details lead invariably to high harmonic emissions, 
unncessary losses and unfavorable operating tank circuit constants. 

While time does not permit us to go into the subject of antenna im
pedance matching, let us briefly look at a typical set of antenna 
base impedance constants as is shown in Figure 4 of this Paper. 

Note how the resistance of a short antenna compares with that of a 
longer antenna. Note too the large capacitive reactance of a short 
antenna and how as an antenna is lengthened towards One Quarter wave
length, it goes through electrical resonance (pure resistive input) 
at 88 degrees physical height and then becomes inductively reactive 
as it is increased beyond 88 physical degrees. 

The significance of these Single-tower impedance properties sheds 
some light on why physically short antennas do not enjoy wide accept
ance in the Broadcast Industry, not because they are inefficient as 
radiators but rather because their bandwidths are severely limited 
by the high reactance values present, coupled with the natural IR 
losses which obtain in view of the high currents which must of ne
cessity be passed into the antenna to produce the requisite power 
output from it. 

j' I' 
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Conclusions and Summary 

This paper has attempted to describe and discuss some of the more 
pertinent properties of Standard Broadcast Antenna systems. While 
emphasis has been placed on antenna systems specifically designed 
for the Standard Broadcast Band, much of the technical information 
given h~re applies to all types of antenna systems, regardless of 
the respective antenna's end application. 

It is hoped that some of the information and observations presented 
here have been stimulating and thought provoking to you and that as 
an end result of this presentation you might be motivated to enlarge 
your individual understanding of this subject. 

xxx 

f~---'--~------:--'~'-c·' '---'--. ---c----~.=_-.. '--.---.. -.- ---.-... ----.-.--.-- -.-.. ---.... -.. ;.------- .--- -.. ---~'-,----:·-----c·~--·--.. -· .... · 




