- SR STERE DES COMMUNICATIONS

- l | NTbo icoi, e
.~ I
~ Communications

)

— Research

=7

= Centre =

BEVERAGE ANTENNAS FOR HF COMMUNICATIONS,
BIRECTION FINDING AND OVER-THE-HORIZON RADARS

by

I. Litva and B.J. Rook
-D DC

i AT LEN

NOV © 1976

‘»{ a3
12 . D
Oi OJ ;

\/CRC REPORT NO. 1282

CRRY MYENuR T e

-t».u «-.1'1“‘,,:2

LB
H:ﬁ: Hﬁ iﬁuﬁ.ﬂ 3.%..%.; u..i.. fimﬂugﬁ

DEPARTMENT OF COMMUNICATIONS

5 e '
¥

This work was sponsored by the Department of National Defence, Resssrch and
ODevelopment Branch under Project No. 28:-Gs-24, Task ACN3IS321 and 38C28.

CANADA OTTAWA, AUGUST 1976

L §




R I o A N e TR L e T

I R T T

T B o -, A R B,

COCMMUNICATIONS RESEARCH CEMTHRE

DEPARTMENT OF COMMUNICATIONS
CANADA

o —— .

e T - o Se—
} BEVERAGE ANTENNAS FOR HF COMMUNICATIONS. DIRECTION EINDING AND
z OVER-THE HORIZON RADARS o

) e . et 35

by N

WANRZKED

ISTNNCATION

\/ ﬁ_nv;; B ;R‘o’oi/‘ /:;'--"”/ Mz é\

-

M {Radio and Radar Branch) -

Bl S [ /’ B ifg -
, 07

| SR
ummmu/nmmun QIB

NOY 9 1978

gist, 1VAIL asd a' S!EC!I‘

U{ @Fﬂhﬂﬁm

LOLUY
D

| )

1

Received July 1976
Published August 1976
OTTAWA

| S arRe-12ET,

_.--'—'M
TS HERORT-NO--97 |

This work wes sponsored by the Dapar ot National Def R’a-‘d\amda-v#a;mcmemhum
Project No. 28-03-24, Task ACNIS321 and 35C28.

| CAUTION
The use of this information is permitted subject to recognition of
proprietary and patent sights.

4@ 757

76-104

M
M -

N Y S e T R R LT 7N e ot e

ERREPRIETPUL A TR N

SR RN 1 R VUKV P IS

B e A T S

(g



TABLE OF CONTENTS

g
3
1
S
w
&

o
[
%

i

L
S
28

. ABSTRACT. . . . . . . . . o o v v v v vt e e e e e e e e e e e .1
T 1. INTRODUCTION. . . . . . . e e e e e e e e e C e e e e 2
}g i 1.1 Description of the Beverage Antenna. . . . . . . . . . . . . 2
3 § 1.2 Previous MOTK. . . . . . o v i i e e e e e e e e e e e e 2
,}; %f 1.3 Motivation for CRCWork. . . . . . « v v v v v v v v v 3
e o 1.4 Preview. . . . . e e e e e e e e e e e 3
e 2. SITING OF BEVERAGE ANTENNAS . o o « v o v v v v v ee e e e et o s 5
o 2.1 Siting . . ..o oo L e e e Ce 5
= 2.2 Homogeneity of the Ground. . . . . . . . . ¢ ¢« . o oo ... 6
2.3 Measurement of Ground Constants. . . . . . . .. . . ... R |
2.3.1 Field Intensity Versus Rad1a1 Distance. . . . . . . . .. 9
2.3.2 Beverage Antenna Parameters . . . . . . . . .. 0. . . 11

2.3.3 Listing of Soil Types Deduced from Field Intensit) and
Antenna Measuraments. . . . . . . . . -0 0 o e e e 13
2.4 Theoretical Attenuation, Impedance and Phase Velocity. . . . . . 14
2.5 Debert Measurements. . . . . . . . .. e e e e e e e e . 14
3. BEVERAGE ANTENNA PARAMETERS . . . . . . . . . ¢ . v v v v v o ... 18
4 3.1 Design Parameters. . . . . . . . . . < . .. e e e e e e e 18
3 3.2 Efficiency of Beverage Antennras. . . . . . 3
é? : 3.3 Radiation Patterns . . . .. ... ... ... 4
A 3.3.1 Individual Beverage Element . . . . v e e .. 22
f: 3.3.2 Beverage Pair Antenna . . . . . e e e e e e e e . . 24
3.4 Isolation Between Beverage Elements. . . . . . . . . . . . ... 26
3.5 Phase Centre of Beverage Elements. . . . . . . . . . . .. . .. 26
3.6 Low Frequency Beverage Antenna . . . . . . . . .. e e e .. 27
3.7 Surface Wave Gain of Beverage Antennas . . . . . . . . . . . . . 27
3.7.1 Theoretical Expression. . . . . . ¢ v ¢ ¢ v « v« « 4 o« 27
3.7.2 Measured Surface Wave Gain. . . . . . . . . ¢« .« ¢ . . .. 29

3.8 Theoretically Derived Values of Surface Wave Gain. . . . . . . . 31

2180 wond nde L8 1 RIITTERIR N T ‘U—E‘E

RN SN



B T AR TR T
'

4. BEVERAGE ANTENNA SYSTEMS. . . . . . . . . . &« . . v . v v v v v .. 3

4.1 Introduction . . . . . . . . . . . . . . . e e e w31

4.2 Rosette Arrays . . S /4

4.2.1 Cambridge Bay Rosette Array ......... S 7

4.2.2 Rosette Array as a Communications Antenna . . . . . . . . 32

4.2.3 Rosette Array as a DF Antenna . . . . . e e e e . 33

4.3 Canbridge Bay Linear Array . . e e e e e e e e e e e e e 34

4.3.1 Description of the Array e e e e e e e O 1
2 4.4 Linear Phased Beverage Arrays for Communications . . . . . . . . 35 2
5 4.4.1 Initial Cons1derat ons. . . B X
5 4.4.2 Beverage Array as a Point-to-Point Communications &
d Antenna . . . L L L L s e s e e e e e e e e e e 37 2
& 4.4.3 Efficiency of a Lwnear Beverage Array P =
£ 5
5. CONCLUSIONS AND RECOMMENDATIONS . . . . . . . . . . .. e e e .. 42 ﬁ
5.1 Siting of HF Antenna . . . . . . . . . . . . . Y. ¥ Z
5.2 Beverage Antenna Parameters. . . . . . . . . . . o 0 ... . 4#2 %
5.3 Beverage Antenna Systems . . . . . . . . X g
5.8 TREOTY « v v v v i e e e e e e e e e e e e e .. 43 g
6. ACKNOWLEDGEMENTS. . . .« . v v v v v i e e e e e e e i e e e e e e .. 28 5
7. REFERENCES. . . . . . . e e e e e e e e e e e e e e e e e e e e a5 &
APPENDIX 1 - Theoretical Curves for Attenuation, Characteristic %
Impedance and Velocity Ratio . . . . . . . . . ... ... 89 4

APPENDIX Il - Theoretical Curves for Azimuthal Beamwidth, Vertical

Beamwidth, Gain, and Take-Off Angle. . . . . . .. .... 97

APPENDIX TII - Theoretical Curves for Surface Wave Gain . . . . . . . . . 122 %
¢

APPENDIX IV - An Analysis of the Beverage Antenna and Its Appl1cat10ns E
to Linear Phased Arrays. . . . . . . . . . . T ) i

Section 1 - Analysis of the Beverage Fintenna. . . 126 i

Section 2 - The Effects of Ground on the Beverage Antonna . 3

Radiation Pattern . . . 134 i

Section 3 ~ Determination of the Character1st1c Impedance :
(Ze) and the Complex Propagation Constant (y) 137 E

iv




TR e e oS Tt A B K .

. Section 4 - Radiation Pattern of a Linear Array. . . .. . . . 142
Section 5 - 'Primary' Grating Lobes. . . . . . . . . .. ... 149
Section 6 - Beam Steering. . . . . . . . . . . . .. ... .. 181
Section 7 - Amplitude Weighting. . . . . . . . . . 160
Section &8 - Azimuthal Bearing Errors Caused by Linear Array
on Sloping Ground . . . . . . . 1l€6
Section 9 - Radiation Pattern Format1on as a Functwon of the

Radial Distance R. . . . . . . . ¢ ¢« v ¢ v « « . . 169




BEVERAGE ANVENNAS IO HF COMMUNICAYIONS, CIRECTION FINDING AND

OVER-THE-HORIZON RADARS

by

J. Litva and B,J. Rook

\ ABSTRACT
Elk 4 detailed description is given of the exper-
imerntal and theoretical results cbtained from a
study of the Beverage antenna. The results show
+that this antenna is useful as a receiving
anterna in the high frecuency range because it is
highly directive, largely fregiency independent,
has a low take-off angle and is relatively inex-
pensive tc construct. Since the electrical
rroperties of the ground over which HI' antennas
may be situated wiil affect their performance, a
novel technique is described, which utilizes a
sirgle Reverage element to determine these
properties. Comprerensive Reverage antenna
engineering-design-data have been calculated and
tabulated In a readily accessible format for the
communications engineer. Beverage antennas are
shown tc be effective elements or 'building
blocks" for HP antenna systems, such as rosette
and linear antenna arrays. . These have application
tc HP direction finding, cvB-the-horizor radar
and point-to-point communic
shown that a Beverage linear\akray system has
sufficient gain at high frequendy that it may be
sed in the transmitting as well\as the receiving

mode. A listing of a computer program is included
winich can be aused to calculate all necessary design
parameters of either single Beverage antennas or
arrays of Bever=ge antennas.
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1. INTRODUCTION

1.1 DESCRIPTION OF THE BEVERAGE ANTENNA

A Beverage antenna is 3 non-rescmant broadband aritenna which has beer
used and tested over the frequency range 3 to 30 MHz. It zonsists of a long
wire (Figure 1) stretched horizontally above the ground and is, in essence, a
lossy transmission line with the ground acting as the conductor for the return
current. Its characteristic impedance 1s approximztely 40G0~600 ohms. The
anteona is terminated in its characteristic impedance at cne end, via a
ground screen, and the received signal is taken from the othe: end through a
transforrer, one side of which is connected to ground via aucther ground
screen. The transformer 1is used to match the 400-600 ohm impedance of the
antenna to a standard 50-ohm coaxial cable. The direction of the teaw, or
maximum sensitivity of the antenna to radio signals, is toward the terminated
end., The dimensions of HF Beverage antennas are as follows; their lengths
vary from 50 to 150 m and their heights atove ground vary from 0.3 to 3 m.
Typically though, their length and height are respectively &bout 110 m and
1.5 m.

The behavious of the Beverage antenna can most easily be described in
the role of a receiving antenna. One imagines the antenna subdivided into
elements of equal length, each of which is affected by a direct and indirect
ray exanating from a radio transmitter. The resulting horizontal component
of the electrical field outside each element is the vector sum of the hori-
zontal components associated with the two rays. The resultant electric-field
component for each element will induce an alternating voltage in that element.
The elements can now be thought of as containing RF generators, which cause
RF currents to flow that are attenuated at the receiver terminals in propor-
tion to the distance of the antenna element from the receiver. The energy
arriving at the terminated end is absorbed and dissipated by the terminating
resistor; the magnitude of the current at the receiving end is the vector sum
of the currents generated by each imaginary generator, delayed in phase and
attenusted in amplitude in proportion to the distance of the generator from
the receiving end of the antenna.

1.2 PREVIOUS WORK

The inicial developmental work performed with the Beverage ~ntenna was
carried out by H.H. Beverage prior to 1923. He tested tne antenna on a
transoceanic circult using long waves in the frequency range 12 to 42 KHz and
found tnat with antenna lengths of approximately one wavelength (7 to 25 km)
the antenna was effective in reducing interference and static because of its
directive nature. This work was first reported im a near classical paper by
Bepvarage, etr, al (1971),

Travers et al. did extensive theoretical and experimental research with
the Beverage antenna from 1961 to 1967. Their work is documented in a series
of reports, with limited distribution, submitted to the U.S. Navy. A brief
unclassified summary of their work appeared in Martin et al. (1965).
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of the antenna for reception at BF frequencies. In the course of their work
they concluded that the antenna was an effective low cost element with high
. directivity that worked over good as well as poor soil throughout the complete
band from 1 to 30 MHz. They found it to bLe non-resonant over at least a five
octave frequency range when its length was greater than one-half wavelength,
¢ and impedance to be primarily resistive and flat over the HF band. Numerous
theoretical antenna radiation patterns were calculated for various antenna
lengths, heights, soil conditions, radio wave polarfzations and elevation
angles-of-arrival. They also concluded that due to its directive nature, the
antenna was not only useful for reception but also for transmission either
singly or arrayed.

2}
4? The work of Travers et al. consisted of the first extensive application
1

Extensive developmental work was also performed by Travers et al. in HF
girection finding using large numbers of Beverage antenna configured in rosette
arravs of various dimensions. In one 360° rosette array, for example, the

3 elements were 120 m in length and sepavated by 10°. The standard deviation
> in angle-of-arrival of 402 bearings tiken on sky-wave signals ''of chance” was
» reported to be 3.8°, In another instillation, a 72° rosette array with

g elements 300 m in length separated be 2° yielded a standard deviation for 408

bearings of 1.04°.

= “oz 2 developmental work has been performed by the stafif of Rome Air

s : ) Development Center (RADC) at their Dexter, N.Y. antenna site. This has been
directed towards developing sn effective over-the-horizon (OTH) radar antenna.
A number of linear phased arrays have been counstructed and tested in both the
radar receive and transmit modes. A two-dimens3onal array is currestly being
evaluated and 1s being used to develop and tes: adaptive array techrniques.
Their initial work pre-dates that performed by CKC. Discussions between CRC
and RADC personnel were held prior to CRC's embariiing on the HF antenna
program described in thi{s report.

1.3 MOTIVATION FOR CRC WORK

Originally, the motivation for conducting developmental work on
Beverage antennas came from a CRC requirement for a highly directional OTH
radar receive antenna with a 360° azimuthal capability. This antenna was to
be sited at Cambridge Bay, N.W.T. and wss therefore required to withstand
extreme climatic conditions. A thorough search of commercially available HF
antennas revealed the following gereral shortcomings:

- they were prohibitivelv expensive;

- their installation was expensive because it required speciulized
personnel and equipment;

~ they had large moving structures which could prove to be troublesome
in low Arctic temperatures;

~ their directivity gains were limited to about 10 dB aud theilr azimuthal
beamwidths were at least 60 degrees;

- they required extensive ground screens;

- their maintenance requirements were auit~ cubstantial and therefore
expensgive.
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It was decidad, on the basis of the encouraging results of early
radiation pattern measurements of Beverage antennas, that a rosette array ri
24 Deverage antennas (elements) be installed at Cambridge Bay, N.W.T. The
¢lements of the rosette array were phased in pairs, giving 12 fixed beams,
which could be selected with a remctely operated electrical switch located at
the centre of the array. This configuration of Beverage elements resulted in
an inexpensive highly directional HF antenna which had a low physiezl profile,
and in addition, contained no moving parts. The Camiridge Ray rosette array
was, needless to say, found to be an effective OTH radar receiving antenna.
The success realized in this applicatrion poinred to the use of Beverage
antennas as “building blocks" for wide-aperture inexpensive HF sntennas. These
would find use in HF communications, OTH radars and HF direction finding
systems. The Beverage antenna's attractiveness stems from its high direct-
ivity and wide bandwidth characteristics, and of utmost importance, its
simplicity and low cost.

It was decided that a thorough knowledge of its parameters was required
to allow for optimization of its performance in various configurations. The
motivation then for the antenna work that has taken place at CRC since 1971
has been, simply, to derive a complete description of the technical parameters
of the antenna and to determine, by testing, its potentisl as an HF antenna.
With this in mind tests and evaluations have been performed in three distinct
areas: namely, communications, direction finding and radar. Extensive
measurewents have been performesd on individual Beverage elements and compared
with results derived by using theoretical developments that have been publish-
ed elsewhere. Comprehensive engineering data have been calculated and
tabulated in a readily accessible and usable format. These can be ysed by
the communications engineer to effectively design HF Beverage antenna systems.
Techniques have been developed which permit comprehensive assessments of
antenna sites. Finally, a computer program was developed, based in large
measure on the theoretical work performed at the South West Research Tmstitute
(SWRI). This gives CRC a capability for calculating parameters for either
single Beverage elements or arrays cf Beverage elements.

1.4 PREVIEW

Thia report gives a summary of the experimental and theoretical data
that have been accumulated and developed, respectively, at the Communications
Research Centre since JSuly 1971 ar which time some exploratory measurements
were performed on 2 Beverage antenna erected at Hall Beach, N.W.T.

Because of the large wavelengths exhibited by HF radic waves, the
grcund on which HF antennas are erected must be considered an integral part
of these antennas. Therefore, properties of the ground musi be taken into
consideration when attempting to determine the performance of HF antennas.
With this in mind techniques are outlined in Section 2 for measuring ground
parameters for siting of Beverage or other HF anteunas, by the erection of a
single Beverage element and measurement of its electrical parameters. The
effect of the electrical properties of the ground on the antenna's impedance,
gain, current-wave velocity, current-wave attenuation, take-ofr angle, etc.,
is discussed in considerable detail. It is shown that anv one of these
readily~measured parameters can be used to derive the electrical parameters
of the ground.
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Once the electrical psramerers of the ground to be used are known,
precise engineering of Beverage antennas can be accomplished by referving to
data given in Appendix 11. It consists of theorztical curves which give the
following Beverage antenna parameters; azimuthal beamwidth, wvertical beaw-
width, power gain and vertical take-ofl amgle. These are given for a wide
range of antenna geometries (length and heigh:) and ground parameters. An
extensive comparison 1s alsc made of rheoretically derived and measured
antenna parameters to define the precision and confidence levels that can be
assigned to the theoretical carves.

It is shown that the performance ¢f a single Beverage element, as a
recelve antenna in the HF band, is not degraded by its low efficiency {(~2%).
This is due to the presence of atmospheric and galactic noise at HF frequencies
making the HF environment inherently noisy.

Section & deals with rosette and linear phased arrays using Beverage
antennas as basic building blocks. Results are given of evaluations performed
on a number of prototype Beverage arrays used as direction finding and
communications antennas. These have been developed and constructed by CRC
during the course of the work described in this reporr. Both their theoret-
ical and measured electrical parameters are giveo in this section.

It is also shown in Section 4 that a linear phased array of Beverage
antennas can be effectively used no* only as a point-ro-point communicatiouns
receive antenma, but also as a transmit antemna. Although the efficiency of
a single element is only about 1.35Z, resulting in an antenna with a power gain
of 0 dBi, an ifucrease in efficiency due to a reduction in ground losses can
be realized by phasing a number of antenna elements together. It is expected
that an efficiency of 25% can be realized in practice, which then permits
fabrication of communications antennas with power gains of about 15-18 dBi.
The performance of these antennas surpasses in many instances, that of
classical antennas. Furthermore thev can be installed and maintained at an
antenna site at a fraction of the -«::. of classicel anteamnas.

The majority of the theoretical development used In this report is given
in Appendix IV. Equations are derived which permit the calculation of ail
pertinent electrical parameters {cr Beverage elements. A later section of
Appendix IV gives equationms which can be used to calculate radiation patterns
of linear phased arrays. Finally, a listing is given of the computer program
used to calculate the zlectrical paramerers of both single Beverage elements
and also linear phased arrays of Beverage antennas.

2. SITING OF BEVERAGE ANTENNAS

2.1 SITING

The electrical properties of the ground over which a Beverage antenna
or any HF entenna is erected afiecct its electrical parameters and thereby its
performance. It is of particular importance that the ground surrounding
Beverage antenna arrays be chosen to be as isotropic and homogeneous as
possible to ensure that the radiation patterns of the individual anteanas are
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syumetrical, similar and not skewed in azimurh. Variastions in the electrical
properties of the ground will tend to degrade the radiation patterns of
antenna arrays and in particular Beverage arrays.

The electrical parameters of the ground at Cambridge Bay, N.W.T., are
deduced from a number of independent Beverage antenna parameter measurements.
These are described in detail in Section 2.3. A topographical map of the site
showing the location of both the resette and linear Beverage antenna arrays
is given in Figures 2 and 3. The numercus lakes in the vicinity of these
antennas suggests that the ground at this site 1s not likely to be either
isotropic or homogeneous. In general, the terrain, although relatively flat,
is interspersed with hills., The elevation of the rosette and linear Beverage
antenna arrays above sea level respectively was approximately 100 and 50 ft.
The rosette antenna arrsy was sited near the crest of a hill whereas the
linear antenna array was sited in an adjacent low-lying area.

2.2 HOMOGENEITY GF THE GROUND

Two types of measurements were performed at Cambridge Bay to detect any
heterogeneity in the ground surrounding the Beverage rosette antenna array.
The posicvion of the rosetrte arrsy is shown in the topographical map given in
Figure 2. The first consisted of field intensity measurements in the vicinicy
of a »/4 monopcle. They were made on the ground with a field intensity meter.
The range of the meter from the monopole was 610 m throughout, and its azimuth
was incremented in 15° steps. The wonopole was excited by a 9.5 MHz one-watt
source and was located at the geometrical centre of the array. Results are
given in Figure &4 of the measurements which were made on 26 July 1972 and
26 September 1972. The first measurement was made prior to the installation
of the rosette antenna array, while the latter was made following its
installation. They both indicate that the ground within a 610 m radius of
the rosette antenna array is relatively homogenmeous in azimuth, although there
are small perturbations probably caused by the small lakes and hills in the
vicinity of the array. For example, peaks in signzl lievel in Figure &4 occuw
at azimuths of 120°, 240° and 300°. Figure 2 i-dicates that these correspond
closely to azimuyths wher= &t leasti rart «f ilne ground betirazn the monopole
and detector is covered with water. It is of some interest to note that the
irregularities appearirg on the curve for 26 July also appear on the curve
for 26 September. The field intensity level measured on 26 September was
roughly 5 “b greater than that measured on 26 July, which was contrary to
expectations since the electrical parameters of the ground in the Arctic are
usually considered to deteriorate during the winter season. However, the
increase is easily explained if it is attributed to a decrease in the effect-
ive distance of propagation due to an enrhancement of the conductivity of that
portion of the path covered with Beverage antennas and their copper ground
screens.

The second type of measurement was performed in the air with an air-
craft. An airborne measurement of the field intensity emitted by a dipole
was made on 19 August 1974, The monopole was located slightly nartheast of
the rosette array for this measurement. Its location is given in Figute 3.
An iamproved XELEDOP technique (Barnes, 1965) was employed to make the

measurenents,
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A XELEDOP is & short dipole antenna with an HF trapsmicter located at
irs terminals. Antepna pattern measurements are made by towing this package
hehind an alreraft. Since the package used at Cambridge Bay consisted of a
short dipole avtenna and an HF receiver at its terminals rather than a trans-
mitter it was called & RELEDOP.

The amplirude of the fields radiated by the rmonopule antenna was
measured with an aircraft and the RELEDOP puckage and the data were relayed
to a chart recorder located in the aircraft. The aircraft towing the RELEDOP
flew at an altitude of 10,000 ft. {(3.05 km) and a constant range of 8§ nm
(l4.8 kn) from a ground based raday situated near the monopole. The elevation
angle~of-arrival of a ray joining the detector and the monopole was 11.6°.
The results of a measurement made at 9.75 MHz are shown in Figure S togetber
with the measured pattern of & Baverage pair antenna, More will be said of
the Beverage pair antenna measurement at & later time.

The accuracy of these field intensity measurements was determined
primarily by the accuracy to which the aircraft could be kept at 2 range of
8 nm from the tracking radar. This value was $0.1 nm. Since the relative
change in field intensity E at the aircraft due to this varjation in range r
is given by

E + AE - Ar 0.1

1+ =14
r

it follows that the accuracy of the measurement was 0.1 dB. The physical
separation of the monopole and the tracking radar caused a systematic error
in the weasurements. This error is easily corrected bty using the inverse
relationship between field intensity and range.

An example of the accuracy of tie measurements is provided in Figure 5
by the variation in the level of the background signal. The level was
approximately 0.8 dB greater at an azimuth of 125° than at an azimuth of 305°.
The radar used to track the aircraft with the RELEDOP was not collocated with
the monopole, as mentioned before, but rather, was located in "D" train which
was a distance of 0.41 nz from the monopole, on a radial whose azimuth was
125°. Therefore, at an azimuth of 125° the aircraft was 0.82 nm further from
the wonopcle than when its azimuth was 305°. This would be expected to
produce a variation of 0.85 dB in the measured field intensity, which is in
close agreement with what was measured.

It is of interest to note that the variation in the field radiated by
the monopole antenna and which is attributable to variations in the topography
ot the land in the vicinity of the antenna is less than 0.5 dB. This result
is surprising because the terrain slopes down from the monopole for azimuths
between 20 and 200°, whereas for azimuths between 240 and 20° the terrain not
only is rougher, but the monopole is somewhat obscured by the crest of the
hill on which i. is situared. At these az’lmuihs one would expect, beth
scattering of the electromagnetic «nergy and some obscuration of the monopole
by the crest of the hill.




The second {s the superior of the twoc techniques used at Cambridge Bay
for determining the homogeneity of the ground. This stems from its close
simulation of a skywave configuration. The first technique measures the
effect of the ground on the electromagnetic wave which propagates fron: the
vertical monopole directiy to the detector. The strength of the signal is
proportional primarily to the conductivity of the ground over which the wave
propagates. Variations in the strengch of the signal can be attributed to
variations 1in the electrical conductivity of the ground. In the second
technique, the signal at the detector consists of a direct ray not atfected
by the ground and a reflected wave whose amplitude and phase is a function of
the electrical parameters of the ground. This dependence can be observed in
Figures 6 and 7 where 10 MHz reflection coefficients are given for seven types
of ground. This latter technique allows omne, in principle, to deduce the
ground reflection coefficient in the vicinity of the source-monopole antenna
and therefore the elecrrical ground parameters. It in effect integrates the
properties of the ground over a region approximately the size of one fresnel
zone, which for a 10 MHz monopole antenna receiving electromagnetic energy at
an elevation angle of say 11.6°, ia an ellipse whose dimensions are 780 by
i60 meters. The total area contzined within this ellipse is 23.6 acres,
approximately twice the area covered bty the rosette antenna array shown in
Figure 3. Clearly, the second technique is superior to the first for probing
ground homogeneity, simply because it employs a geometry which is a closer
approxiration to that used when HF skywaves are used for communications,
direction finding or OTH radars.

Tn Figure 3 a compass rose has been drawn concentric with the location
of the -onopole used for the airborne tests. The dashed circle defines the
outer edge of the first Fresnel zone at 10 MHz. The bottom curve (binary
curve) in Figure 5 is intended to indicate the location of the lakes within
the area described by the circle in Figure 3. It was derived from Figure 3,
firstly, by drawing radials, at appropriate azimuthal increments, from the
centre of the circle to its circumference. If the radial was found to pass
over a lake contained within this cirrle it was assigned the number 'one".
On the other hand, if it did not it was assigned the number zero. In the
bottom graph in Figure 5 these numbers are plotted against their azimuths.
The dashed lines in Figure 5 attempt to show that there is a correlation
between the measured variation in the monopole's terminal voltage and the
location cf *he lakes contained within the circle in Figure 3. Tne correlation
is particularlyv good for azimuths between 234 and 286° where s substantial
portion of a relatively large lake is in the first Fresnel region of the
monopole antenna. The correlation at other azimuths is not as well defined
due to the difficulty of deciding where, in terms of their effect on the
reflected ray, the lakes effectively start and stop and also the difficulty
of matching the perturbations in terminal voltage to the correct lake. Never-
theless, the good agreement in Figure 5 between the azimuths at which
perturbatinn occur on the field intensity curve and the azimuths at which
the binary curve has a value of 1 suggests a high degree of correlation
between the perturbations ani the presence of lakes. Figure 5 provides an
example therefore of the chaacteristics exhibited by pertrubations caused
by - »und which is not homogeneous and 3in particular it demonstrates theilr
relative msgnitudes.

T .




2.3 MEASUREMENT OF GROUND COKSTANTS

ihe ground pavameters at Cambridge Bay were derived independently from
tive neasurements which are described in detail and are as follows:

- measurement ol the amplitude of the fleld radiated by a monopole as a
tunction of radial distance from the monopole;

- measurement oi the input impedance of a Beverage antenna as a function
of frequencv;

- measurcment of the phase velocity of a current-wave on a Beverage
antenna as a function of frequency;

- neasurement of the attenuation of a current-wave on a Beverage
antenna as a functien of frequency;

- measurement of the gain of a Beverage antenna at 9 MHz,

Four of the five methods involv: measurements of Beverage antenna
parameters. The first was included “o serve as a check on the accuracy of
the remaining four. They will be discussed individually, and in particular,
it will be shown that Beverage antenna parameters can be used to find the
electrical constants of the ground beneath the antenna. The ground parameters
can then be used to derive certain other essential electrical parameters of
the Beverage antenna using a computer program developed at CRC and which is
based in part on theoretical work described by Travers et al (1964). This
program and the theoretical development on which it is based are described in
complete detail in Appendix IV. The program can be used to calibrate gain
and azimuthal radiation patterns of arrays of Beverage antennas for a given
elevation angle.

2.3.1 Field Intensity Versus Radial Distance

A medsurement of field intensity versus distance from a monopole antenna
excited with a 9.75 MHz transmitter was made on 18 August 1974, The location
of the monopole is shown in Figure 3. The radial along which the measure-
ments were made coincided with a road which ran to the north-west of the
monopole., The results are shown plotted in Figure 8 with two theoretical
curves derived from a Sommerfeld analysis of ground-wave propagation (Terman,
Electronic and Radio Engineering, p. 804, 1955) for average ground (wet) and
poor ground. Their conductivities and dielectric constants are given in
Table I, which lists the electrical parameters of nine distinct and identi-
fiable types of earth. There is good agreement between the theoretical curve
for poor ground and the experimental results of 18 August 1974. The field
intensity measurements made on 26 September 1972 and 26 July 1972 are also
included. These were previously given in greater detail in Figure 4. Average
values are plotted with error bars showing the range of the variation in the
measurements due to inhomogeneities in the ground.
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TABLE |

Euarth Conductivity Converstion Table
{With Tyoial Dielectric Constants) (After Travers et o, 1964}

Resistivity Dielectric
Conductivity (o) 1 constant
o (Typical)
Type of emu e MKS MKS {Relative
Earth {Abmho cm) {statmho cm) {mho-meter) (ohm-meter} Units)
Sea Water $x 101! 4.5 x 100 5 2 81
Sea Water 3x 10! 2.7 x 10*° 3 33 81
Wet Rich Soil Ix 1012 27 x 10 .03 33 15 - 16
Average Soil
{Wet) 1x 103 9x 10 .01 100 10 - 25
Average Sail
(Dry) 3Ix 1074 2.7 x 107 3x 107 333 10 — 15
Poor Soil 1x 10 9r 10° 1x 103 10° 10
Poor Soil
(Dry) 3x 107 2.7 x 10° 3Ix 10 33 x 10} 8
Dry Sand 1x 107'8 9x 10° 1x 10 10* 5
Dry Granite
(Subsurface) 1x 107!? 900 107 10’ Probably
<5

The average value of field intensity measured on 26 July 1972 is con-
sistent with a ground wave which hus propagated a distance of 0.610 km over
dry average soil (g = 3 x 10~® mhe/n, € = 12). This is best seen it Figure 9,
which gives theoreticslly derived values of field intemnsity at a distance of
0.610 km from a short vertical antenna excited with 1 kw of RF power. Since
the radiation pattern of a A/4 monopole is similar to a short verticsl antenna
these results also apply to the field radiated by a monopole. The calculated
values which were derived from Figure 22-2 and Equation 22-1 in Terman (1955)
are a function of the electrical constants of the earth over which the wave
has propagated.

In Figure S they have been calculated for seven of the types of earth
listed in Table 1, ranging from dry sand to sea water. The dashed line 1is a
best fit to the rheoretically derived values. The length of the vertical
sides of the rectangle are proportional to the variation in field intensity
measured at Cambridge Bay. The horizontal extent of the rectangle defines
the range in the ground conductivity. It varies betweesn 2 x 10 ! and 8 x 10-?
or as defined in Table I the ground type varies between about poor soil and
average soil (wet). On the average though the ground type might be best
classified as being average soil (dry).

The soil at Cambridge Bay 1s not homogenous because it was found to vary
between poor soil and average suil (wet). Lakes were observed to have a
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bigher conductivity than the surrounding terrain because their presence
entanced the average conductivity of the region that contained thenm.

o ; . The value of field incensity shown in Figure § for 26 Seprember 1972 is
g ! also consistent with the conclusion that the ground type is average soil (dry).
5 It must be remembered that these measuremunts were made with the rosette

f% : array in place. It is surmised that the copper wire associated with the

3 - rosette array increased the conductivity of the ground over the first 0.152

fg km of the 0.610 km path between the monopole and the field intensity meter.

?g To demonstrate the effect uvf the ground screen, first the field intensity
-

at a distance of 0.152 km from a wonopole is caiculated for average ground
(dry). Using the material qucted in Terman (1955) it is found to be 112.6

dB > 1 puv/m. 1If the rosette array were to improve the conductivity of the
ground so that it was equivalent to that of wet rich soill with the dielectric
cor.stant remaining unaltered the field strength of 0.152 km would increase to
119.8 4B > 1 pyv/m. Thus an improvement in conductivity of the first 0.152 km
of a (.61C km path of this magnitude is sufficient tc increase the signal
level measured at a distance of 0.152 km and also 0.610 km from the monopole
by 7.2 48. This is sufficient to account for the discrepancy between the
measurements made on 26 September and 26 July 1972.

A

1t may be concluded that the ground in the vicinity of the rosette array
corresponds on the average to average ground (dry). Measurements show in
addition that it varies between poor ground and average ground (wet).

2.3.2 Beverage Antenna Parameters

(a) Impedance Measurements: Iwpedance measurements were made as a
function of freguc..cy on seven of the twenty-four Beverage antennas contained
in the Cambridge Bay rosette antenna array. The average of these seven
measurements is plotted aes a dashed curve in each of the four diagrams given
in Figure 10. The quasi-periodic nature of the experimental curve indicates
a standing wave condition on the Beverage antennas which suggests that the
antennas were not terminated in their characteristic impedances.

Two theoretical curves of input impedance are also included in each of
the diagrams of Figure 10, one for a Beverage antenna terminated in 390 ohms
and the other for a Beverage antenna terminated in its charactevistic
impedance. The graphs are for four different types of soil consisting of
poor soil, average soil (dry), average soil (wet) and wet rich soil. In all
cases the antenna's height above ground is 1 neter.

A comparison of the amplitude and phases of the perturbations on the
experimental curve ana the theoretical curve for a 390 @ termination,
suggests closast agreement occurs for average soil (dry) and average soil
(wet). From these input impedance measurements one conciudes that the soil
type at Cambridge Bay, in terms of its electrical parameters is located
between, ¢; = 3 x 10‘5, C; = 12 and ¢, = lO‘z, € . = 17, where the values
of € are wmedians of those listed in Table I.

(b) Atteruation Measurements: One of the Beverage antenna pairs in
the rosette array was excited with an RF generator at a number of frequencies
between 5.8 and 23.7 MHz. The resulting amplitude of the current-wave on one
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of the wires was measured with a current probe, as a function of distance

from the feed point. In Figure 11 the relative amplitude of the current versus
the distance from the feed point 1s shown for the various test frequencies.

The attenuation constant for the Beverage element was derived frowm chese

curves and is also plotted as a function of frequency im Figure 11. The
attenuation constant increases monotonically with increasing frequeacy.

Theoretical values of current-wave attenuation on a Beverage antenna
whose height above ground is one meter are given in Figure 12 for average soil
(dry), average soil (wet) and wet rich soil. Thz experimental curve for
Cambridge Bay is superimposed in each graph so that a comparison can be
readily made between the experimental and theoretical curves. The best agree-
nent occurs for ground parameters for average soil (wet); namely, C¢ = 10~
rho/m and €= 17.0, !

(c) Measurement of Phase Veloeity: The termination of one of the
Beverage antennas in the Cambridge Bay rosette array was replaced with a
“"short'. The antenna was then excited with an RF generavor at frequencies of
5, 10, 15 and 20 MHz. The short circuit caused an RF current standing wave
condition on the antenna. A current probe was used to locate current-wave
nodes which were numbered consecutively, starting from the terminated end.
The measurements are plotted in Figure 13 in terms of distance of the nulls
from the terminated end as a function cf their assigned numbers. Tae wave-
length of the current-wave is readily derived from the slopes of the straight
lines. The velocity of the wave is then calculated and the ratios of the
current-wave velocities and the speed of light are plotted in Figure 14,
Theoretical values of current-wave velocity ratios are given for antenna
heights between 0.3 and 3.0 meters and for average soll (dry), average soil
{wet) and wet rich soil.

The agreement in Figure 14 between the experimental #nd theoretical
curves is not sufficiently close to allow for an unambiguous selection of che
ground types. Further measurements need to be made to resclve the discrepancy
between the theoretical and experimental valiues of current-wave velocity.

{d) Measurement c¢f Beverage Fair Gain: A derivation of the Beverage
pair gain, based for the most part, on the data in Figure 5 is as follows:

-~ gain of Beverage pair antenna with respect to (w.r.t.) the

monopole antenna at an elevation angle of 11° 6 dB
- Beverage pair cable losses S dB
- monopole antenna cable losses 7.5 dB
- net gain of Beverage pair w.r.t. nmonopole antenna 3.5 dB

-~ gain of monopole antenna w.r.t. isotropic (assuming
average soil wet) at 11° elevation angle -1 dB

-~ gain of monopole antenna w.r.t. isotropic (assuming
poor soil) at 11° elevation angle -

i
[+ 9
td

- gain of Beverage pair w.r.t. isotropic (assuming average
soil wet) at =2levation angle of 11° 2.5 dBi
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- gain of Beverdge pair w.r.t. isotropic (assuming poor

s011l) at elevation angle of 11° ~1.5 dBi
-~ gain of Beverage pair antenna at nose w.r.t. gain at 11° No dB
~ gain of Beverage antenns w.r.t. Beverage pair antenna -3 dB
- gain of Beverage antemna «#.r,t, isotropic (assuming

average soil - wet) ~0.5 dBi
- gain of Beverage antenna w.r.t. isotropic (assuming poor

soil} ~4.5 dBi

The theoretical gain of a Beverage antenna whose height above ground 1is
1 meter and length is 100 meters is given in Figure 21. Its value at 10 MHz
is -3.4 dBi and s essentially constant for ground types between poor soil
(dry) and wet rich soil. The gain of a wmonopole, on the other hand, varies
from +5 dBi for perfect ground to -1 dBi for average soil (wet) and finally
~5 dBi for poor soil. Agreement between the thecretical gain of a Beverage
antenna and that deduced from the Cambridge Bay measurements occurs only if
it 1s assumed that the monopole at Cambridge Bay was situated on soil which
fell between average soil wet and poor soil. From the Beverage pair gain
measurements, therefore, it can be concluded that the ground type at Cambridge
Bay is roughly average soil (dry).

The gain of a Cambridge Bay Beverage pair was measured previously using
a 9 Mz dipole suspended from a balloon at a distance of 0.488 km from the
centre of the rosette array (Litva and Stevens, 1973). The field at the centre
of the array was measured with a field intensity meter and in addition a
measurement was made of the voltage at the terminals of a Beverage pair
antenna. From these it was concluded that the gain of the Beverage pair was
0 dBi, suggesting the gain of an individual element to be -3 dBi, which is in
close agreement with the theoretical gain. This result tends to lend support
to the argument made above for deducing ground parameters at Cambridge Bay
from a measurement of the gain of a Beverage pailr antenna with respect to the
gain of a 3/4 monopole antenna.

2.3.3 Listing of Soil Types Deduced from Field Intensity and Antenna
Measurements

Table II gives a listing of soil types deduced from two distinct types
of measurements performed at Cambridge Bay. The first consist of measure-
ments of the field intensity of ground waves radiated by A/4 monopole
antennas. The second consisted of measurements of those electrical para-

meters of Beverage anternas which are a function of the soil type beneath
the antenna.

The soil type at Cambridge Bay is seen in Table II to vary between
poor soil and average soil (wet). It is not homogeneous, buat, if 1t is to
be claszified with one label, the one that best describes it 1s average soil
(dry), with the following electrical parameters, 0 = 3 x 10~ mho/m =ud
€= 12.

The agreement shown in Table II between the soill types deduced frc.a the
various measurements listed iun Table IT is reasonably good. This tends to
corroborate the effectiveness of the CRC Beverage computer program in correct-
ly predicting Beverage antenna parameters, when the ground parameters are known.

e o
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TAOLE 11
Listing of Soil Types Derived from Measurements at Cambridge Bay

Technique Type of Soil v {mho/m) € {Air= 1)

! Field Intensity poor sail - average soil 197 .. 107 10~ 17
(wet)

Il Antenna Measurements

{a} Impedance average soil (dry) Ix10? 12
average soil {wet) 107 17

() Attenuation average soil {wet) 107 17

(¢) Phase Velocity Inconclusive Inconciusive Inconclusive

{d) Gain average sail {dry) 3x 10° 12

Average average soil (dry) 3x 107 12

Only the current-wave phase velocity was found to be problematic im that
the evidence it provided regarding the soil type at Cambridge Bay was in-
conclusive. Further work is required to resclve the discrepancy between the
neasured and theoretical values.

2.4 THEORETICAL ATTENUATION, IMPEDANCE AND PHASE VELOCITY

Theoretical values are given in Appendix I of attenuation, characteristic
impedance and phase velocity of Beverage antennas with heights above zround
varying between 0.3 and 3.0 meters and for seven types of soil. The ground
coanstants vary from ¢ = 10=7, € = 2 (Dry Granite, substrate) to 0 = 10‘2,
€ = 17 (Average soil, wet). These data can be used in the design and
engineering of Beverage antenna systems. Once an antenna site is selected,
the ground parameters need first to be determined, either by a measurement of
signal strength as a function of distance from a monopole, or by a measurement
of the attenuation of a current-wave on a temporary Beverage antenna. The
value of the terminating resistor can be obtained from the curves of charac~
teristic impedance givea in these figures. The attenuation curves can be
used to determine the rower dissipation requirements of the terminating
resistcr for Beverage sntennas used for transmitting.

In Chapter 3 it will be seen that following a deteruination of the
ground constants at the chosen antenna site the theoretical radiation patterns
can be derived. The antenna can then bhe engineered to optimize the take-off
angle, beamwidth, directivity and power gain within the constraints imposed
byv the type and quantiry of the availahls real estete.

2.5 DEBERT MEASUREMENTS

The procedures given in Section 2.4 for determining ground psramecers
to facilitate derivation of antenna parameters will be demonstrated by means
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5 of an example. The antenna in this example is an eight-element Beverage
N array currently being used as a copmunication antenna at Debert, N.S. These
E results presented here will also provide a further test of the CRC Beverage
antenna computer program.

The Beverage array at Lebert consists of Beverage elements whose lengths
are 110 m and whose height above ground vary between 0.73 and Z.9 m because
of variations in topography. The average height of the elements in the array
is 1.8 m. Most of the measurements reported here were made on element #1
whoee height varies between 0.73 and 1.55 m with an average value of 1.13 m.

A composite measurewent of the input lmpedances of the eight-elements
of the Debert array is given in Figure 15(a). Each element was terminated in
its characteristic impedance (20). The magnitude of Z, was obtained by
méasuring the input impedance of each antenna, at certain frequencies, and
virying the value of its terminating resistor until the antenna's input
inpedance was equal to the value of the resistor. The value of the input
impedance at which this agreement occurred was taken as the characteristic
impedance of the element. The measured values in Figure 15(a) are fairly
constant over the frequency range 2 — 17 MHz, suggesting that this procedure
for determining the characteristic impedance is valid. Above 17 MHz a "fall-
off"” in impedance is evident on all the elements.

The measured data is compared with a theoretical curve derived for a
Beverage element situated on average soil (wet) witk a height above ground of
2 m. The soil type was obtained from a consideration of Flgure 16(d) and will
be discussed in more detail later. There is reasonably good agreement between
the theoretical and experimental values in Figure 15(a). The measured input
impadance of element #1 terminated iu its characteristic impedance is given
in Figure 15(b). The experimental curve is compared here with theoretical
curves for average soll (dry), avarage soil (wet) and wet rich soil. Although
reasonably good agreement exists, the input impedance of the Beverage antenna
is a weak function of the soil type and therefore does not allow for a unique
selection of soil type.

Open circult and short circuit input impedance measurements of element
#1 are given in Figure 15(c) and (d). These measurements were made at
frequencies for which the irput impedance of the element was real when short
circuited. The curve for characteristic impedance in Figure 16(a) was derived
from the data contained in Figures 15(¢) and (d) with the expression

RRDIR N

i

7 =/ P N
%0 = YZocsc D
where ZOC = open circuit impedance

ZSC = closed circuit impedance

e -—
2, -= characteristic impedance

The average value of characteristic impedance determined in this manner
and shown in Figvre 16(a) iz 480 Q.
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A plot of sbort circuit resonance number for element #1 is given as a
function of frequency in Figure 16(b). These curves were obtained by consec-
utive numbering of the data points in Figure 15(c) and then plotting the
number associated with each resonance point against the frequency at which
the resonance occurred. The phase velocity ratio (n) of the current-wave on
the antenna can be determined from this graph using (2). This expression was
derived by using the fact that the number of half-wavelengths of the current-
wave on the antenna increagses by one when the frequency 1s increased from one
resonance point to the next

n =2 )

whete n = phase velocity ratio

©
| |

length of the anteuna

B = gslope of the curve in Figure 16(b)

c = velocity of iight

Derived values of the phase velocity ratio for element #1 are plotted
in Figure 16(¢) with thecoretical curves for wet rich soil and average soil
(vet). Although the agreement is reasonably good, the experimental values
are somewhat greater than the theoretical values.

Finally, the attenuation of the current-wave on element {1 was derived
from the closed circuit impedance measurements given in Figure 15(c) and
Equation (6).

The input impedance of a transmission line is , "ven by (Ramo et al,
1967)

1 +¢p e-ZYl
Zi = Zo -—-—---—--—_-27—2: (3)
1L~-pe

where Z, characteristic impedance

[
L}

input impedance

Z, - 2,

L ZL + Z,
where ZL = load impedance

Y = = + jB (propagation constant)

where « = gttenuation constant (nepers/m)

R = phase constant
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1f the line 1s short circuited, p = ~1 end it follows frem (3)

Z, -2

LN ST &)
Z, ¥z,

8-27£

If the characteristic impedance of the element is assumed to be real then,

S A G s Aot e

2, = R,
'":, H = +
5 and Zg = Ry F 3K
where R, and X, are the real and imaginerv parts respectively of the

i%put im%edance,

then
- z
.. (R, = R (R, + R)) = X,
(Ro + R)) + X, °
and
7 3
(Ru + Ri) + Xi
Now, 1if Xi = ( then B = O
Rg - R
- el ¢
A Ry + R, {5)
I s
~2YL
From e = A + }B it follows that
1 2 :
a« = «zz-ln(A + B*)
8.686
) = - “ZE——-ln A2 (6)
where =y = atteruation constant in dB/m

The atteruation of the current-wave or the Beverage antenna can be :
cbtained from (6) and a measurement of Z4 at the antenna's resonant frequencies
! where Xj = 0. This technique was tested on a Beverage element at CRC whose
length and height above ground was 110 m ard 1 m, respectively. The resulte
are given in Figure 17 where a comparigscn is made between the attenuation
determined from the current amplitude measuremznis along the wire and the
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values determined from measurement of Zy. The results derive.’ from the
impedance measurements show a greater degree of scatter because of interfering
signals on the wire at the time of the measurements. Theoretiial cutrves are
also shown in Figure 17, from which it can be concluded that th: ground at
CRC can be classified ae being between average soll (dry) and arerage soil
{wet).

The curve giving =; versus frequency for Beverage element #1 ar Debert
is shown in Figure 16(d) with some superimposed theoretical curves. The
theoretical curve for average soil (wet) shows the best agreement with the
measurements, suggesting this to be the soil type at Debert. This conclusion
is not in disagreement with the visual appearance and texture of the ground
at Debert.

From the messurement of the open and closed circuit impedances of
Beverage element #1 at Debert, ome now knows the characteristic Iimpedance of
the antenna and the soil type at Debert. This information then permits
correct termination of the antenna and in addition a derivatiom of all the
antenna's electrical properties, in particular, its gain and two dimemsional
radiation pattern.

3. BEVERAGE ANTENNA PARAMETERS

3.1 DESIGN PARAMETERS

This section gives theoretically derived design parameters for Beverage
antennas. It 1s intended that the material will be of sufficient scope to
allow the antenna engineer to design antenna system using Beverage elements,
which will meet his requirements within constraints set by available real
estate. In other words, if the antennas are to be installed on ground whose
electrical parameters can be defined by the range between poor soil (dry) to
wet rich soil, and to have specified values of gain and take—off angles, the
data in this section will allow for selection of the optimum antemnna length
and height.

The following parameters are givern in some detail:

gain of the antemma at the nose of its radiation pattern (GN) relative
to an 1isotropic antenna;

-~ 3 dB vertical beamwidth (BWV);

3 dB azimuthal beamdwidth (nwA);

take-off angle of the nose of the radiation pattern (¢N).

These parameters are defired in detail in Figure 18 where theoretical vertical
and azimuthal radiation patterrs are given for a typlcal Beverage element.

In this example the antenna is situated over average soil (dry) and its

length and height are respectively 110 m and 1 m.
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Figures II-1 to 1I-48 give theoretical values of Gy, BWy, BW, and ¥y
for Beverage antennas with lengths of 100, 200, 300 and 400 metrers, heights
of 0.3, 1.0, 2.0 and 3.0 meters, situated over 9Door scil (dry), average soil
{dry). and wet rich soil (see Table I). Cenerally, it is seen rhat the gain
Gy in each case tends to increase with increasing frequency, whereas the
vertical beamwidth BWy, azimuthal beamwidth BWp and take-off angle ¢y tend to
decrease with increasing frequency. As an example «Insider the Beverage
antenna defined in Figure 18 and cited previously a. being typical., Its
parameters are given in Figure 11-21. The magnitude »f thelr variations in
the frequency range 3 to 25 MHz is as follows:

G,., 8.5 to -0.5 4Bi

<

BWA. 65 to 28

BY,

v 46 to 1f°

Y 24 to 14°

N’

The discontinuities that appear in the graphs are caused by the ampli-
tude of the sacondary lobe increasing monotonically as the frequency is
increased and surpaccing the magnitude of the main lobe at these discontinui-
tiegs. The side lobe then assumes the role of the main teax and the curves for
BWy, BWs and Gy undergo discrete changes in level. 1t should be noticed that
these discontinuities become more closely crowded towards the low frequency
end of the spectrum as the length of the antenna is increased. Also, the
graphs have been smoothed so that the discontinuities do not appear to be as
abrupt as they actually are.

An example of this effect can be seen in Figure 1%, which gives portions
of some vertical radiation patterns for a Peverage aantenna with the parameters
listed for Figure 11-36. These patterns a:e given for the frequencies 4, 4.5,
S and 5.5 MHz which encompass the frecuencv in Figure I1-36 (approximately
4.15 MHz) at which discontinuities cccur in FU,, BWy and Yyy. At a frequency
of 4.0 MHAz the vertical pattern has a main veam at 8.5° and a side lobe at
29°. As the frequency is raised the side lobe grows in magnitude with respect
to the main beam. Its magnitude is sra2ater than that of the main beam at
4.5 MHz and thus it assumses the role ¢f the main beam at a frequency between
4.0 and 4.5 MHz. The switching of the roles of these beams at roughly 4.25
MHz accounts in Figure I1-36 tor the dirrontinuous jump from 9 to 25° in the
curve for Yy. Since the discontinuities {n the curves for BW, and BWy occur
at the same frequency 28 that for Yy, it lollows that these discontinuities
can be atrributed to the same mechanism.

A brief summary of the 10 MHz infnrmation contained in the theoretical
curves for ¥, Gy, BW, and BWy in Figuves II-1 to II-48 is given in Figures
20 to 22. These are intended only to show the general trends in the electrical
parameters of Beverage antennas as a function of their length and of the
ground constants of the eartli over which they are situated. All curves are
strictly applicable to onlr cne RF frcequency, namely, 10 MHz. This frequency
was chcsen because it is lucated at the approximate middle of the active HF
band.
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Figure 20{(a) gives the gain of a Beverage element as a function of 1its
length for average soil (dry). It varies from -16 dBi for an element height
of 0.3 m to -2 dBi for an element height of 3.0 m. There is little or no
variation in gain as the length of the element is varied from 100 to 400 m.

Curves giving the variation of azimuthal beamwidth BWp of a Beverage
anternna with lengeth are showr. in Figure 20(b). Roughly speaking fcr heights
between 1 and 3 m, BWy decreases from a value of 4CG° for an element length of
100 m to about 30° for an element length of 400 m. On the other hand, this
paramerer shows little or no variation with length for an element whose height
above ground is 0.3 m. 1In this latter example BW, has a constant value of
about 60°.

Figure 20(c) gives vertical beamwidths versus element lengths, for
elexzents heights between 0.3 to 3 m. For an element length of 100 m it is
about 25° and decreases to a value of about 17° at an element length of 400 m.
Cnce again, for an element height of 0.3 m, there is little or no variation
of this parameter with length. The vertical beamwidth remains virtually
constant with a magnitude of 34°.

The take-off angle of the beam of a3 Beverage element i3 given as a
function of length and height in Pigure 20(d). It is about 26° for an element
height of 0.3 and varies little as the lepgth of the anteamna is changed. Yor
elenpent heights between 1 and 3 m it is roughly 20° for element lengths of
100 m and decreases to approximately 15° for element lengths of 400 m.

The gain of Beverage elements for heights above ground between 0.3 to
3 m, lengths between 100 to 300 m and soil types between poor soil (dry) and
wet rich soil 1is given in Figure 21(a). Usually, the gain of the antenra
increases as the soil type is varied from poor to good but the magnitude of
this increase is at most 6 dB. For most antenna geometries this variation in
gain Is less than 2 or 3 dB.

The azimuthal beamwidth BW, of a Beverage antenna as a function cof
height, length and soil type ig given in Figure 21(b). Most of the values
shown in this figure for this parameter lie between 25 and 45°. The vertical
beamwidth BWy is given in Figure 22(a), and its values are cecntained in the
interval from 15 to 30° with a median value of aboui 22°.

Figure 22{(b) gives the take-off angle yy of the beam of the Beverage
antenna as a function of ground type, height and lengti:. For most of the
configurations shown the magnitude of {N 1s within the interval 14 to 25°.
The take-off angle is seen to be rather insensitive to the type of ground
beneath the antenna except for the case of an element whose length and height
are respectively 200 and 0.3 m. In this instance the take-off angle varies
from about 20 to 10° as the soll type is varied from poor to good.

Figure 23 gives some comparisons of theoretical and messured values of
gain and azimthal beamwidths as a function of height of the element above
the ground and frequency of the radio energy received by the antenna. The
measurements were made at Shirley Bay using a transmitter towed by an aircraft
(XELEDOP, see p. 7). There it reasonably good agreement between the experi-
mental and theoretical curves in Figures 23(a) to 23(c) which give the gain
of a Beverage element, both as a function of height of the element above




ground and also frequency of the radio wave impinging on the antenna.
Figures 23(e) and 23(f} show reascnable agreement between thz experimental
and theoretical curves for azimuthal beamwidth as a3 function of frequency of
elements with heights above ground of 1.0 m and 1.7 m. Poor agreement, on
the other hand, exists between the theoretical and experimental curves in
Figures 23(d) of BHA versus frequency for an element whose height is 0.3 am.

3.2 EFFICIENCY OF BEVERAGE ANTENNAS

Mogt of the measurements made by CRC have been on Beverage elements
which typically are 110 metcrs lomg and have a height above ground of 1 meter.
They have been, for the most part, erected over soil which according to Table
I would be classified as average soil (dry). It was shown in Sectiom 3.1
that the gain of a 3everage antenna with these parameters is insgensitive to
the soil type oa which it is placed. Further, the dimensions of this Beverage
element are compatible with those of classical HF antennas. It follows that
its parameters are probably fairly representative of those which are likely
to be used for Beveraze antenna systems. Typically, it has been found that
these Beverage elemeunts have the following parameters:

~ power gain, O dBi;
-~ directivity gain, 18 dB;
- azimuthal beamwidth, 40°;

- vercical beamwidth, 20°;

- side lcbes down 15-25 dB with respect to main bean;

- take~off angle = 15°.

The discrepancy shown above between the antenna's directivity gain and power
gain 1s caused by 1its low efficiency which is usually less than 2 per cent.
As has been pointed out in the literature the major disadvantage of this type
of antenna is its low efficiency.

It will be demonstrated here that the inefficiency of tne Beverage
antenna does not limit its usefulness as a receiving antenna in the HF band
because of the inherently noisy electromagnetic enviromment present within
this band. It will alsc be shown in Section 4.4 that an "overfilled" linear
phased array (spacing less than 3/4A at the highest frequency) of Beverage
antennas has greater efficiency than that of a single antenna because of
decreased ground losses. Finally, it will be demonstrated that a cowmunica-
tions antenna can be constructed with Beverage elements having a gain at
10 MAz of 23 dB as a receiving antenna and a gain of up to 15 dB as a trans-
mitting antenna. The real estate requirements would be similar to those of
the larger classical HF antemmas, roughly a site whose dimensions were 150
by 150 m.

Minimun and maximum expected values of atmospheric and galactic noise
for a Beverage antenna situated in the northern hemisphere are given in
Figure 24. These curves were obtained from those given in CCIR Report 322
for & short vertical antenna, assuming the distribution of noise to be iso-
tropic. If the Beverage antenna were 100 percent efficient, it would receive
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the same noise power as the dipole. The curves in Figure 24 are displaced
downwards from those in CCIR Report 322 to account for the low efficiency of
the antenna. At 10 MHz, for example, the displacement is 18 dB because this
is the difference between th. directivity and power gains of the antenna. If
the antemma is followed by a preamplifier with a noise figure of say, 4.0 dB
the antenna is limitad by external noise, just as a more efficient antenna
weuld be, between 2.3 and 18 MHz. Therefore, it appears that in many cases
the performance of the Beverage antenna as a receiving antenna will not be
seriously degraded as a result of its low efficiency. In Section 4.4 it will
be shown: that this is particularly true for overfilled linear phased arrays
of Beverage antennas because »f the increase in efficiency that is expected
to be realized.

Atmospheric and galactic noise are not the only types of noise encount-
ered in thn HF band. Man-made or site noise rcan in many cases be the pre-
dominant source of noise near industrialized areas. The numerous coherent
man-made signals present in the HF band can also be a source of noise. They
can cause relatively high levels of intermodulation (IM) products to be
generated in HF receivers because of non-linearities in thelr various stages
of amplification. Since the HF band is congested, this source of nuise can
only be reduced by using receivers which are very linear and therefore
expensive 2nd by using highly directional antennas. The SNR of a signal
received with a2 Beverage antenna may in many cases be greater than that
received with a more efficient antenna simply because it has greater direct-
ivitv than many conventional antennas and therefore greater ability to
attenuate signals not arriving from the direction of the wanted tramsmitter,
thereby reducing the level of IM products in assoclated recelving equipment.

3.3 NADIATION PATTERNS
3.3.1 Individual Beverage Element

An extensive computer program has been developed at CRC which is capa»le
of calculating all of the {important electrical parameters for Beverage
antennas. The inputs to the program congist of ground parameters (conduc-
tivity and dielectric constant), height and length of the antenna. It can be
used to calculate antenna gain, attenuation, phase velocity of the current-
wave on the wire and two dimensional antenna radiation patterms.

Some measured Beverage element radiation patterns for 12 and 18 MHz are
given in Figure 25 for antenna heights becween 5.3 and 1.7 m: The measure-
ments were performed at Shirizy Bay on a Beverage antenna whose liength was
110 m. A transmitting dipole (XELEDGP) was ued to make the measurements
(3ee p. 7).

The side and back lobe levels for the patterns shown in Figure 25
dectease vulte drastically with respect to the main beam when the height of
the antenna is lowered from 1.7 m to C.3 m. Dramatic evidence of this is seen
from the patterns in Figure 25(a) to Figure 25(c). Infitially the maximum
front to side ‘obe ratio 1s -7.5 dB. This value decreases to -15 dB as the
height of the antenna is lowered from 1.7 to 0.3 m. On the other hand the
gain of the antenna increases almost linearly with height, the gain being

roughly 10 dB greater at 1.7 m than at 0.3 m. The antenna ! s good side and
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back lobe rejection when H = G.3 m, £ = 12 MH2, and good back lobe rejection
wiierr H = 1.7 m, £ = 18 MHz.

A comparison is made in Figures 26 and 27 of theoretical radiation
patterns and the experimental patterns shown in polar form in Figure 25. 1n
rost instances the agreement between the two curves is reasonably good for
azimuths within 260° of the boresight. The exception to this osccurs in the
two examples shown for a Beveragze antenna whose height is 0.3 m. In these
instances there is some disagreement between the Beverage antenna's theoret-
ical and experiwental main beam patterns. -In general thete is also a
discrepancy between the theoretical and experimental side lobe levels. 1In
many of these, though, there is fairly good agreement between the fine
structure of the theoretical and experimental side lobes.

Measured vectical patterns for a Beverage antenna located at Shirley
Bay with dimensions H = 1.7 m and L. = 110 m are given in Figure 28. The
measurenents were again made with an afrcraft towing a transmitting dipole
(XELEDOF). While it flew 2long a straight line at a constant altitude of
300 m over the Beverage antenna the amplitude of the signal at the terminals
of the Beverage was recorded. The recorded signal level was corrected for
variations caused by the changing range and radiation pattern of the towed
diponle, as the aircraft flew over the Beverage antenna.

As a check on the accuracy of the technique the pattern of a monopole
was measured and comparad with a theoretical curve for a monopole antenna
situated on average ground. Good agreement 15 seen to exist between the two
up to an elevation angle of 5C°. Beyond this point the Xeledop data appears
to become unreliable.

Figure 28(a) gives the vertical pattern of a Beverage element mezsured
with a horizontally polarized Xeledop package. Figure 28(b) gives a compari-
son between the pattern given {n Figure 28(a) and that measured with a
vertically polarized Xeledop package (dashed lines). There is reasonably
good agreement between the two pattarns up te an elevation angle of 30°,
Beyond this angle agreement exists only between the levels of the two sets of
side lobes. There is disagrezment in their locations. Figure 28(c) gives a
comparison between the measured pattern of Figure 28(a) and a theoretical
pattern. There is reasonably good agreement between the two patterns. Two
exceptions to this, are tue location, once again, of the nulls and the level
of the back lobes of the antenna.

Agreement between theoretical and experimenral Beverage antemnna
radiation patterns have. proved in general to be good except that the level of
the side and back lobes is usually greater for the measured patterns than for
the theoretical ones. Typically the side lobes of theoretical patterns are

25 dB lower than the main beam whereas measured values are normally only about

15 dB below the level of the wain bean.

It is believed that the discrepancy between the levels of theoretical
and experimental side lobes for Beverage antennas is largely due to the
component of horizontal polarization possessed by the radio waves used in
making the measurements. Although considerable effort was extended towards
ensuring that the Xeledop antenna was vertical when it was being towed by the
aircraft, it is likely that the antenna possessed sufficient tilt to Introduce
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a significant horilzontal polarization to the radio waves it emitted. The
theoretical patterns have been derived only for vertically polarized radic
waves. For example, the maximum deviation between the experimental and
theoretical patterns im Figures 26 and 27 occurs for azimuths of 90 and 270°.
At these azimuths the sensitivity of the antenna to the horizontel component
of polarization of the radio waves impinging on it is a maximum., On the other
hand the closest agreement between the experimental and theoretical results
occurs for azimuths near the boresite and anti-boresite directions where the
antenna is least sensitive to the horizontal component of the radio waves by
which it is being illuminzted. Since skywaves, being elliptically polarized,
inherently have a component of horizontal polarization the response of the
antenna to the horizontal component of polarization of radio waves is an area
th, t should be investigated in the future.

3.3.2 Beverage Pair Antenna

The rosette array coueisted of 24 Beverage elements separated 15° in
azimuth. A segment of the array is shown in Figure 2%. Each element wasg 110
m long with a height above ground of approximately 1 m. The el .ents were
phased together in pairs with power adders tn form 12 fixed beams separated
in azimuth by 30°. A plan view of the overall array is shown in Figure 30,
where each element pair or Bevevrage pair in Figure 29 is shown as one antenna,
This diagram shows the azimuths of the fixed beams and gives an indication of
the area occupied by the array.

The distance between the two elements in each Beverage pair was chosen
to give the apparent phase centres of the elements a separation of approxi-
mately A/2 at 10 MHz. On solely intuitive grounds, the apparent phase centre
of feverage antennas was taken to be the point on the antemnna where the
amplitude of a current-wave, excited by a transmitter at the feed point of
the antenna, was 3 dB less than its amplitude at the feed point (See Section
3.5). This configuration was chosen to increase the discrimination gain of
the element pairs by causing cancellation of the radio-wave energy arriviry
from the sides because of the A/2 spatial separation. Each element pair was
connected to a switch box at the centre of the array via an RF cable. The
switch was operated remotely to connect a receiver located in a building 1 km
from the rosette array to any one of the array's twelve element-pairs.

The azimuthal pattern of one of the Beverage pair antennas is given in
Figure 31(a). This was measured at 9.75 MHz using the towed transmitter
technique (XELEDOP). It is the same pattern a3 that shown in Figure 5,
except that here it has been transformed into polar form. Figure 31(b) shows
the pattern given in Figure 31(a) with some super-imposed skywave measure-
ments. These were measured with the rosette array on signals—~of-opportunity.
Part of the data was obtained by monitoring the signal on each Beverage pair
antenna for a duration of 6 seconds, determining an average value of its
amplitude and then plotting this value in Figure 31(b). The azimuth of each
point corresponds to the azimuth eof the signal with respect to the bcresight
of the Beverage pair antenna on which it was received. The remainder were
obtained from quasi-instantaneous measurements of the signal at each antéenna
and plotted in the same way. For the latter, a diode switch at the centre of
the array was programmed to connect the receiver to the individual array
members in rapid succession. The dwell time on each antenna posicion was
approximately 1.4 msc. Pictures of oscilloscope displays of the signal
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amplitude were obtained as the switch stepped sequentially through the various
antenna positions, This technique allowed for measurement of the relative
amplitudes of the voltages, inducecd by skywave signals at the antenna termi-
nals, in a recording time that was short compared to the normal fading rate
for HF signals,

There 1s reasonably good agreement between the two sets of measurements
in Figure 31(b). The azimuthal beamwidths and side lobe levels are essential-
1y the same i both cases suggesting that the measurements made with the towed
trapsmitter and vertically polarized antenna gave a good approximation to
the radlation pattern of the Beverage antenna appropriate for skywaves.

In Figure 31(c) a comparison is given between the XELEDOP pattern of
Figure 31(a) and a measurement made with a balloon. The latter was performed
at 9 MHz with a transmitter and a vertically polarized half-wave dipole
suspended from a balloon, of che type normally used to collect meteorological
data. There is good apreement between the main beams of the two patterns but
a fairly large discrepancy in the side and back lobe levels. These lievels
are censiderably lower on the balloon measurements. This may result from the
balloon-suspended-dipole being more closely vertically polarized than was the
case for the Xeledop antenna towed by the aircraft.

Some measurements of the vertical pattern of a Beverage pair are given
in Figure 32. The solid curve was deduced from the theoretical curve for a
single element with ground parameters appropriate to average soil (dry). The
theoretical results were augmented by 3 dB because there are two Beverage
elements in each Beverage pair. Balloon and aircraft measurements are super-
imposed. The measurements show good agreement with one another znd with the
theoretical curve. The balloon measurements do depart, however, :rcm the
theoretical curve at low elevation angles, below, say 4° and in addition above
about 24°. The former discrepancy is due, as will be discussed in Section
3.6, to contamination by a giound wave component. This was radiated by the
balloon suspended transmitter at these low elevation angles because its close
proximity to the ground. Since the balloon measuremenzs were made at a radius
of only 0.488 km the balloon suspended dipole came to within A/&4 of the
cround at the lower elevation angles indicated im Figure 32. The low eleva-
tion angle aircraft measyrements on the other hand were made with the test
antanna at a much greater height and range and therefore were not affected by
a surface wave component.

Furthermore, the balloon measurements wiil also be somewhat in error
because they were not made in the far field of the Beverage pair antenna.
The near field of an antenna following Kraus (1950) is given by the following
relation,

R = 2L%/A

where R = range from antenna to its near field - far field boundary

L = largest phvsical dimension of the antenna

A = yavelength
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It follows from this expression that the Beverage pair near field
extends to a range of 0.81 km at 10 MHz. Since the radiation pattern measure-
ments made with the balloon were made within the near field of the Beverage
pair they are, at beat, an approximation to its far field pattern.

A complete vertical pattern for the Beverage pair is given in Figure 33,
This was measured with an aircraft towing a short dipole antenna and receiver
(RELEDOP) and flying directly over the Beverage pair antenna at a constant -
helght of 3.1 km. For this measurement the Beverage pair was excited at 9.75
MHz and the signal received by the towed dipole was recorded. Ballcon measure-
ments made previously at 9.0 MHz are superimposed for purposes of comparison
(Litva and Stevens, 1973). Although there is disagreement in the detail of
the main lobe and back lobe there is agreement in the relative levels of the
two. There is also some disagreement in the lccation an? the bearwidths of
the main beam. It is expected that the aircraft measurements -re the more
accurate of the two because the former were made in the far field of the
Beverage pailr, whereas the latter were made in the near field of the antenna.
On the other hand 1t must be remembered that the balloon measurements are
likely to be less contaminated by a horizantal component of polarization of
the radio waves either transmitted or received by the dipole antennas aloft
during each type of measurement.

3.4 ISOLATION BETWEEN BEVERAGE ELEMENTS .

One Beverage pair of the Cambridge Bay rosette array was excited with
an RF generator at a number of frequencies between 5.8 and 23.7 MHz and the
voltage induced at the terminals of each of the remaining eleven antennas was
measured. The results of these measurements are given in Figure 34. The
voltage induced in the two adjacent antennas was at least 30 dB below thsat
applied to the antenna being excited. The voltage induced in the non-adjacent
antennas was at least 50 dB below the excitation level.

3.5 PHASE CENTRE OF BEVERAGE ELEMENTS

Since no concrete evidence exists as to the location of the phase centre
of the Beverage element, an estimated phase centre was chosen, on intuitive
grounds alone, to be the point at which the amplitude of a current-wave fed
into the antenna by a transmitter was attenuated by 3 4B from its value at
the antenna's input terminal. Contours for 3-, 10-, and 20-d3 reductions in
the current were derived from Figure 11(b) and are shown in Figure 35 plotted
on a graph whose coordinates are frequencv and distance. The 3-dB point
moves away from the feed point as the frequency is decreased. This suggests
that if the estimated phase centres of the two elements of an element pair
are separated by A/2 at a particular frequency (10 MHz for the Cambridge Bay
Beverage pairs), this separation of A/2 can be maintained over a range of
frequencies if the antennas are on radials such as shown in Figures 29 and 30.
As the frequency, for example, is increased and the wavelength decreased, the
estimated phase centres of an element moves toward the feed point, where the
spatial separation of clements is also less. In the case of decreasing
frequeucy and increasing wavelength the estimated phase centre moves away from
the feed point to a region where separation of the elements is greater. By
placing the two element in each pair on appropriate radials, this A/2 separaticn
of the estimated phase centres may be maintained over a fairly broad range of
frequencies.
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3.6 LOW FREQUENCY BEVETAGE ANTENNA

The original development work on the Beverage antenna was directed
toward developing an antenna for reception of trans-Atlantic low fregquency
radio waves. Although tests have not been carried out in this frequency band
a* CRC, 1t is felt that the antenna could, in some cases, replace the large
vertical monopole antennas used curreantly for both transmitting and receiving
skywaves at these freguencies. This applies to point-to-point application
whiere a considerable savii:z might be realized in the cost of antennas.

Figure 36 give; the theoretical radi{ustion patterns at 125 kHz for a
Beverage antenna situated over poor ground with the following dimensions,
H=7.A2m L=7.4kmn. It is to be noted that the gain at the nose of the
patterns is -15 dB! which compares very favourably with antenna gains achieved
presently with large towers. The cost of this type of Beverage antenna would
be only about 1/10 that of a laige LF tower which is a predominant antenna
type at these frequencies. It should be emphasized that the antenna gain at
these frequencies has not yzt been validated by measurements. It is present-
ed herz as an areaz that deserves further investigation.

3.7 SURFACE WAVE GAIN OF BEVEFRAGE ANTENNAS
3.7.1 Thecretical Expression

An expression for the gain of a Beverage antenna for suriace or ground
waves can be obtained frcm Equation 33 in Travers et al (1964). It follows
from this equation that the magnitude of the voltage av the terminals of a
Jeverage antenna illumirated with a surface wave is given by

_ ejSoL cos § - YZ]

EL |1
v:‘.i———l-l 6
T 2 ! Y - j8o cos § | sin
and
Y = «+ jf
where V.. = RMS amplitude of the terminal voltage

|E| = RMS amplitude of surface wave field intensity

Bo = 2m/X

A = free space wavelength

I = length of antenna

4 = tilt angle of surface wave

« = syrrent-wave attenuation on antenna (nepers/metre)

= Bq ia

n = actenna current-wave propagation factor
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The wave tilt angle is given as Equation 41 in Yravers et al (1964).
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= relative dielectric constant of the earth

o conductivity of the earth

8
vich the substitution

e e

T =y - jBo cos & i
the e -pression for the terminal voltages becomes

= -TL
IEI l-e
V,r 5 sin § T

The power P, that the antenna extracts from a passing surface wave is given
by

where P power density

gain of antenna w.r,t. isotropic

[ <]
#

n = characteristic impedance of free space (377 ohm)
A = effective aperture of antemns

The power delivered to the terminals of the antenn: is also given by
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selving the above three equations for pain g it follows that

- ! - 4
L 37n sin® & 11 - e zri
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3.7.2 Measured Surface Wave Gain

The surface wave gain of an antenna can he measured in at least two
independent ways. First, the antenna is illuminated with a source and a
measurement is made of both the field intensity at the antenna and the antenna's
terminal v-~itage. Second, two antennas arc excited with a transmitter, one
whuse gain ir known and the other whose gzin is unknown and the field
intensity generanted by each at some convealent distance, possibly 1 mile is
measurcd and corpared.

An example of the flrst technigue was performed with a Beverage pair
antenna at Cambridge Bay. As discuserd previously in Section 2.3.2(d) its
gain was measured as a receiving antenna with a transmitter raised aloft by
means, of a weather bhallcon. Mcasureients were taken with the transmitter
located on the boresight of Beverage paiy #12, at a distance of 0.488 kn from
the centre of the array. While the height of the transmitter was varied the
field intensity of the signal frow the transmitter was measured at the zentre
of the array and is given in ¥Figure 33. Concurrent measurements were wmade of
the voltages at the terminals of Beverage pair antenna #12 and also Beverage
pair antenna #6. As shown iIn Figure 30 these antennas were diametrically
opposite to one another and therefore permitted similtameous front and back
lobe measurements.

Values for the pain of the Beverage pair auntennas were derived from the
measurements of flield~intensity ¢nd terminal voltages induced in the antenusas.
First, by calculating the effective aperture of the antenna and then using
the following well known relationship between effective aperture and gain.

where g = gailn w.r.t, isotrcpic
A = effective aperture
A = wavelength

The gain of a Beverage pair antenna versus elevation angle 1is shown in Figure
39 and consisis of four curves, two for spacewave or skywave signals and two
for ground or surface wave signals. The curves on the left are for main-beam
entry of signals, and on the right for backlobe entry. A field iutensity of
67.3 dB above 1 uV/m was used in the calculation of the skywave curve. This
is the vesulting value of the field inteneity of the direct and indirect rays
from the balloon transmitter when at an elevation angle of 15°. However, it
is essentially the magnitude of the direct ray; the indirect ray being
negligible at this angle because it is near the pseudo-Brewster angle.

The portion of the curve for elevation angles less than about 4° in
Figure 39 is thought to give the gain of the Beverage-element pair for surface

N
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or groundwaves. The fleld intensities in Figure 38 for vertical angles less
than about 4° appear to be greater than might be expected, since the coeffi-
cient of reflection for the indirect ray approaches -1, and a large null
slould_occur at these low elevation angles. For ground coefficients of

0 = 10" % mho/m €= 10, for example, the reflection coefficients at 4°, :°, and
0.5° are respectively 0.63}-178°, 0.8{~179° and 0.95]— 179.50°, (see Figure 7).
Accordingly, the field intensity shown In Figure 38 at these angles should be
reduced by 9, 14, and 25 dB, respectively, from its peak value at 15°. Since
no deep null is apparent, it appears that a surface wave has been generated

by the balloon-suspended transmitter and its dipole antenna, and that the
field intensity measured, especially at very l:w vertical angles, is due
essentially to this wave.

It might be argued that the reason the null did not appear in the
vertical radiation pattern of the Beverage pair antenna, at low elevation
angles, was because the source was within the antemnna‘'s near field or Fesnel
region. This argument is readily dispelled by the realization that at low
elevation angles the direct and indirect space waves from the balloon trans-
mitter cancel because the ground reflection coefficient is near -1, Therefore
the wave that propagated from the source to the Beverage pair antenna at these
low elevatrion angles can only have been a surface wave.

The Beverage antenna is sensitive to surface waves because they travel
with a forward tilt and therefore have a horizontal component of polarization
which is able to induce a current in the horizontal Beverage antennas. For
angles less thanm 4° the actual values of field intensity at each angle, rather
than its value at a vertical angle of 15° were used to calculate the cross
section and gain of the element pair. A value of about 0 dBi was derived
from these measurements for the gain of a Beverage pair antenna. Recalling
that the gain of a Beverage elewent is 3 dB less cthan a Bevercge pair it
follows then that gair of & Baverage element is -3 dBi which is in reasonably
good agreement with the theoretical results in Figure 37,

The second of the twe types of measurements mentioned at the start of
this section was performed at Area 9 (near Richmond, Ontario). The ground,
as can be seen from Figure 32, is much better than that found at Cambridge
Bay. A comparison was made of the surface wave field intensities generated
by a reference moropol: anteuna and a Beverage anteuna at a distance of about
1 mile. It wvas found that the gain of the Beverage antennz was about 2 dB
relative to the monocpsie antenna. Since the theoretical gain of a moncpole
antenna is 5.16 dBi (Smith, 1946) it appears to follow that the gain of a
Beverage is 7.1h dB. This results in a discrepancy of about 14 dB with the
theoretical curve in Figure 32.

Careful measuremen*s were made of the monopole antenna's gain by
1lluminating iv with a surface wave and measuring both field intensity and the
antenna's terminal voltage. It was found that the monopole's average gain
was -3 dBi, from which it follows that the gain of the Beverage is approxi-

P 1 -
mately -1 dBi.

A further measurement was made at Area 9 with a Beverage antenna
intercepting a surface wave generated by a transmitter at a distance of 7
miles. The frequency of the signal was 8.172 MHz. Both the field intensity
near the Beverage antenna and the terminal voltage of the antenna were
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measured. From this measurement it was deduced that the surface wave gain of
the Beverage antenna was ~9.5 dBi which is in cleose agreement with the
theovetical results in Figure 37.

It 1s concluded from the limited surface wave data presented here that
there is agreement, within experimental error, between thecry and measurewerits.
Further measurements need to be made to confirm the dependence of the gain of
the antenna on frequency.

3.8 THEORETICALLY DERIVED VALUES OF SURFACE WAVE GAIN

Theoretical curves giving the surface wave gain of Beverage antennas
are shown {n Figure I17-1 and 1I1-2. The antennas are sited on poor soil
(dry) and rich scil (wet). Their heights and lengths are varied respectively
between 0.3 to 3 w and 100 to 300 m.

It should be ncted that the gain of the Beverage antenna tends
to be higher when sited on poor soil (dry) than when it is sited on rich soil
(wet). For the most part this effect is due to the tilt of the surface wave
being greater and therefore its electrical vector having a larger horizontal
component parallel to the Beverage antemna, when propagating over poor sotl
than when propagating over good soil. In most instances the gain of the
antenna is independent of its height above ground for frequencies below abuut
3 MHz. Further, for frequencies above 5 MHz the gain of the antenna appears
to change little as its length is increased from 100 to 300 m. Below 5 Mz,
on tiie other hand, the gain does tend to increase monotonically as the length
of the Beverage element is increased from 100 to 300 m.

4. BEVERAGE ANTENNA SYSTEMS

4.1 INTRODUCTIOM

Beverage antennas used as elements or building blocks for HF antenna
systems with large apertures are covered in this section. HF antenna systems
are currently beirg used for direction finding, over-the-horizon radars and
point-to-point communications. It will be shown that the efficiency of a
lincar array of Beverage antennas can be considerably greater than the
efficiency of a single Beverage antemna. If a sufficient number of elements
are phased together, not only will the resulting array be effective as a
receiving antenna, but it will also be effective as a transmitting antenna.

Two types of arrays will be discussed in detail; firstly, the roseite
array and secondly, the linear array. Both of these have bYeen evaluated by
CRC at Ottawa and at Cambridge Bay. N.W.T., as communications, direction
finding and radar antennas. The first is recommended for use on point-to-
point communication circuits, and the latter for communications teiminals
requiring aziwmuthal dexterity. The latter is also recommended ss a relative-
ly inexpensive antenna system with applications in HF direction finding. All
of these antenna systems have a relatively low physical profile because of
the low profile of the Beverage antenna which serves as the basic element for
these systems.
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4.2 ROSETTE ARRAYS
4,2.1 Cambridge Bay Rosette Array

One of the first Beverage arrays developed at CRC was a rosette array
installed ar Cambridge Bay, N.W.T., which was described in some detail in
Section 3.5. It might be reiterated that the elements were phased together
in pairg with power adders to form 12 fixed beams separated in azimuth by 30°. )
The azimuths of these 12 beams are given in Figure 30. Each Beverage pair :
was coanected to a switch box at the centre of the array via an RF cable. The ;
switch box consisted of twelve diode switchee which facilitated salection of
the output of any one of the Beverage pairs from the building housing the
receiver. The rosette array of Beverage antennas and electrical switch
constituted a receiving antenna witk a 3 dB azimuthal beamwidth of 30° which
wa3 steerable in 360° of azimuth.

No further results of the electrical parameters of the Beverage elements
of the Cambridge Bay rosette array will be given since these were covered in '
some detail in Sections 2 and 3. Rather, results of evaluations of the "
effectiveness of the Cambridge Bay rosette array as an HF direction finding
and communications antenna will be given here. It should be stated in passing
that this antenna was primarily used as an OTH radar receiving antemna at |
Cambridge Bay. Data showing its effectiveness in this capacity are not :
included here because of its classified nature (Jenkins and Hagg, 1975).

4.2.2 Rosette Array as a Communications Antenna

Figure 40 gives pictures of the CRT display of a Hewlett Packard spectrum
analyzer coanected alternately to a rosette Beverage pair and a monopole
antenna resonant at 9.748 MHz. Both of these antennas were monitoring an HF
signal wvhose frequency was 9.748 MHz and emanated from a transmitter at Alert. ;
The pictures show signals in a 2 MHz portion of the HF spectrum centred on !
the frequency of the Alert signal. !

The SNR of the Alert signal with respect to interference levels in a !
0.2 MHz band centred on the frequency of the Alert signal is indicated for i
12 consecutive time intervals. The duration of t{ime between measurements
was a random variable but, on the average, it probab.y was 15 minutes. These
values were obtained from the pictures of the spectrum analyzer display.
Thie ratio indicates the effectiveness of an antenna in discriminating against
interference. It was found to be considerably larger on the Beverage member
than on the monopole antemna. The median SNR measurced for the Beverage
member was +20 dB and thet for the wonopole antenna was +5 dB. Therefore,
the difference in SNR is +15 dB, which closely corresponds to the difference
in directivity gains of the two antennas. For example, the directivity gain
of the Beverage member 1is 18 dB and that of the monopole antenna 6 dB at 10
MHz which gives a difference of 12 dB in the gains of the two antennas. If
the distribution of the interference were isotropic the difference in signal-
to-interference ratios measured on the two antennas would tend to approximate
the difference in their directivity gains.
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4.2.3 Rosette Array as a DF Antenna

The electronic switch located at the centre of the Ciusbridge Bay rosette
array facilitated rapid azimuthal steering or switcking of the antenna beam.
This permitted the terminal voltages of the 12 members of tle rosette array
to be sampled in a time that was short compared to the normal fading period
of HF signals. The axplitude of the signals at the terzinals of the rosette
array was found to vary in magnitude, as was expected, with the largest signal
appearing on the array member most closely aligned with the azimuthal directiom
of arrival of the sigpal. It was found that the divection of arrival of the
signal could be interpolated between two array members from the ratio of
amplitudes of the signals on these two members. These initial tests suggest-
ed that this configuration of Beverage antennas and electronic switch could
be the basis for an inexpensive direction finding system with an accuracy of
about 1 to 2 degrees (J. Litva and E.E. Stevens, patent pending, 1973).

Results of some initial tests performed to deterwine the feasibility of
direction finding with the Cambridge Bay rosette array are given in Figure
41, These consist of pictures of the CRT display of an oscilliscope monitor-
ing the audio output of a receiver tuned to accept WWV skywave signals
received by the rosette array. Each trace consists of the terminal voltages
of the 12 rosette antennas monitored comsecutively in time, each for a
duration of 1.2 msec. Although a wide range of sampling times were possible
only one was actuallv used in these preliminary results. Each complete trace
consisting of samples of the 12 antenna terminal voltages provided by the
rogsette array required 14.4 msec. Figure 41(a), for example, shows quite
dramatically the manner in which the antenna terminal voltages vary as the
terminals of the 12 antennas are sampled sequentially. The strongest signal
appeared on antenna 6 whose azimuth was 143° (see Figure 30). This suggests
that the approximate azimuth of the signal was 143° #15°. It will be shown
that the accuracy of this bearing can be improved by considering the ratio
of the amplitudes of the signals on the two antennas adjacent to antemna 6.

Direction finding traces obtained with a 15 MHz signal ewitted by the
WWV transmitter located at Boulder, Colorado are given in Figures 41(b) to
41(c). Although the azimuth of this transmitter with respect to Cambridge
Bay is 179.5°%, this need not be the azimuthal angle of arrival of HF signals
emanating from this transmitter. Bearings of HF signals are observed to vary
with time, principally because of tilts in the ionosphere. Therefore the
azimuthal angle of arrival of HF signals can deviate quite markedly from its
great circle bearing. In Figure 41(b) the signal of largest amplitude appears
on antenna 7 whose azimuth was 173°. The signal amplitudes are almost equal
on the two antennas adjacent to antenna 7. This suggests that the azimuth
of the signal is in close agreement with the azimuth of antemna 7 or 173°.
In Figure 41(c), on the other hand, the amplitude of the signal on antenna 8
is almost equal to the ampiitude of the signal on antemna 7. If the amplitude
was the same on both, the azimuth of the signal would be 188°, which is half
way between the two antennas. Since the ampiitude is sowewhat less oo
antenna 8 than on 7, it follows that the azimuth of the signal 1s somewhat
less than 188° or approximately 185°. On the other hand in Figure 41(d) the
signal is strongest on antenna 6 with a slight blas towards antemna 5, since
the amplitude of the signal is greater on 5 than on 7. This suggests that
the azimuth of the signal in this instance is about 135°. This simple example
outlines the mode of operation for an inexpensive HFDF system using a rosette
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array of 24-Beverage antennas, The technique for determining a correction to
the initial approximation of the signal's azimuth can be greatly refined by
the use of calibration curves. These curves give the ratio of signal level

on each adjacent anteuna with respect to the signal level on the central
antenna for azimuths of *7.5° centred on the azimuth of the central antenna.

A small computer could then be programmed to select the antemna with the
largest signal, calculate a bearing correction and compute the correct bearing
by applying the bearing correction to the azimuth of the antenna on which the
largest terminal voltage was recorded.

Further results obtained with the Cambridge Bay rosette array are given
in Figures 42 and 43. These were obtained on skywave signals from known
transmitters and were obtained from the patterns in Figures 42 and 43 by
deducing the azimuth that bi-sected the patterns rather than using the maxima
of the patterns. The great-circle azimuths of the transmitters are indicated.
As mentioned earlier these need not be the true bearings of the signals
because tilts and irregularities in the fonosphere can cause the signal to
deviate from the great circle path. Furthermore, signals that arrive at a
receiving station via a side scatter mode can be deviated by up to 30-40°
from the great circle path. It is seen, though, that these crude bearings
agree to within about 8° of azimuth with the great circle bearings of the

signals.

4.3 CAMBRIDGE BAY LINEAR ARRAY -
4.3.1 Description of the Array
In August 1973 a wide-aperture antenna was installed at Cambridge Bay,

N.W.T., The antenna was a linear phased array of 32 Beveruge elements. A
list of pertinent parameters is given in Table III.

TABLE it
Poremeters of Cambridge Bay Wide Aperture Antenna

Aperture 1.26 km (4,134 )

inter-Element Spacing 40.65 m {133.4 fL)

Boresight Direction 18.63° East of North {Alert direction)
Steer Capability 26°, in 10 steps

Vertical Beamwidth 12°, a1 3 dB points {10 MHz)
Elevation Angle of Maximum 15° (10 MHz)

Azimuthal Beamwidth 1.2° {10 MH2)

A scematic illustration of the linear array and its phasing network is
given in Figure 44. The outputs were summed in groups of 4, in 4:1 power
combiners, to give 8 sub-array outputs which were then fed into a switch box
wvith appropriate lengths of phasing cables.

The calculated beamwidth and directivity gain of the linear array are
given in Figures 45(a) and (b). At 10 MHz these are respectively 1.2° and
34.6 dB. This directivity gain ie near the upper limit achieved to date for
HF antennas. The solid curves in Figure 45(c) give the positions of the
primary grating lobes with respect to the main beam. These lobes result from
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the inter-element spacing being greacer than 3/4i (Termau, 1955). Since each
Beverage element has directive properties, the grating leobes are reduced ir
gain from the main beam. Curve B in Figure 45(c) gives the apgular displace-
ment beyond which the amplitude of these lobes is reduced by at least 13 4B.

The dashed curves in Figure 45(c) give the location of the secondary
lobes which are present when the array is steered oif boresight. ‘These appear
because the array is steered by adjusting the phase of groups of four elements
rather than single elements. Therefore when the array is steered it behaves
like an array of 8 antennas whose inter-element spacing is 4 times as great
as when the antenna beam is on boresight. The awmplitude of these lobes is
determined by the pattern of four Beverage antennas phased :together, in the
same way that the primary grating lobe amplitudes are determined by the
patterns of the individual elements. Figure 46 gives some cowputed array
patterns at 10 MHz for azimuths adiacent to the main beam. It can be seen
that the amplitude of the side lobes adjacent to the main beam are 13 dB less
than the amplitude of the main beam for the example showing a 1° steer. The
amplitudes of the secondary lobes on the other hand grow with steer angle and
become greater than that of the main beam at a steer angle of 6°.

The measured pattern of the array with aperture weighting is given in
Figure 47(b). To illustrate the degree of aperture weighting used here, the
results of meagurement ¢f the relative currant amplitudes st the terminated
ends of the individual Beverage elements are given in Figure 47{(a). Array
weighting is evident, with the centre elements given more weight than the
outer elements. A theoretical array pattern derived from the measured current
distribution is shown as a dashed curve in Figure 47(b). Reasonably good
agreement exists between the location of the theoretical and measured grating
lobes and some side lobes. The lack of agreement between the grating lobe
levels on the two patterns results from the use of a single-element theore-
tical pattern whose side i be level, with respect to the main beam is lower
than are the measured side lobe levels of single Beverage elements. The
measured 3 dB beamwidth of the array is 2.3°. Theoretically, the beamwidth
of an unweighted array with an aperture of 4000 ft. is 1.28°. The array
weighting used should cause beam broadening by a factor of 1.5, which gives a
beamwidth of 1.9°, in reasonable agreement with the measured value.

4.4 L INEAR PHASED BEVERAGE ARRAYS FOR COMMUNICATIONS
4.4,1 Initial Considerations

It has been demonstrated in Section 4.2.1 that the SNR ¢f the radio
energy received by an antenna in a point-to-point communications circult is
roughly proportional to its directivity gain. Consliderable improvement was
shown to be reallzed from using a Beverage member with a directivity gain of
18 4B rather than 2 mononole with a directivity gain of 6 dB.

The theoretical directivity gain of the Cambridge Bay linear array is
given, as a function of frequency, in Figure 45(b) and is seern to have been
approximately 34 dB for frequencles between 4 and 24 MHz. Alrthough an antemna
of this size is not practical as a communications antenna, it is worthwhile
to consider the use of antennas with 8 or 16 elements and apertures of 150 m
for communications applications. They would have azimuthal beawwidths of 10°,
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elevation beamwidths of 20° and "take-cff" angles <f 15° at 10 MHz. The

directivity gain would be 23 dB at this frequency. Such antennas likely to

be highly effective or long range point-to-point circuits because of their

high directivity galn and low "take-off angles'. The beamwidths are still

sufficiently broad to prevent attenuation of the HF signal due to variations "
ia azimuthal angle of arrival caused by ilonospheric tilts and lrregularities.

The pattern of an unweighted 8~element Beverage array with an aperture
of 150 w is given in Figure 48(a). The beamwidth at 10 MHz is 9° and the
adjacent side lobes are down from the main beam by 13 dB, as is fo te expect-
ed, since their level 1is determined by the function sin x/x. The side lobes
can be reducad Ly weighting of the apertu*e of the array. Figure 48(b) shows
the pattern thzt results from applying cos® weighting to the aperture of the
array. The side lctes are reduced by 20 dB from the unweighted case. The
price that is paild in using this technique is broadening of the main bear in
this case by a factor of 1.€, and 7 reduction in the gain of the antenna oy
approximately 6 dB.

Figures 49 to 51 show the effect or increasing the number of zlemenis
from 2 to 32 in an array with an aperture of 150 m. It can be seen that the
grating lohes can be made to disappear by increasing the number of elements
in the array and thereby reducing the inter-element spacing. Tor example,
increasing the number t> 8 results in a pattern with no grating lobes &t a
frequency of 10 MHz. The patterns are all calculated for a frequency of 10
Mlz. The directivity gain of the array c=ases to increase appreciably once
there are 4-—elements in thr array aperture. It ceases to increase entirely
vhen the array aperture contains 8-elements. At this point the array is
filled in; in other words, the inter-elemen* spacing is less than or equal to
/4,

The theoretical efficiency and power gain of an array witbh the follcw-
ing parame‘ers, assuming non-interacting Beverage elements, are given in
Figure 52;

- array arerture = 150 m;

110 m;

- element height = 2 m;

- element length

- array azimuthal beamwidth = 10° (at 10 MHz);

- nunber of elements = 1 to 64.

The power gain in Figure 52 increases monotonically with the number ¢
elements provided the elements are independent (De Santis et al, 1., . It
increases by 3 dB each time the number of elements is doubled. This one to
one relationship between power gain and the number of elements in the aperture
of the array starts to break down when the elements are no longer independent
because of high mutual coupling resulting from theilr proximity. Alchough
efficlent antennzs muct be separat:d by at least about A/Z to prevent inter-
action by their induction fields, Llnefficient antennas can be brought closer
together before there is appreciable interaction. Travers et al (1964)
indicated . hat the interaction between individual Beverage elements does not
become appreciable until the elements are spaced closer than their heights
above ground. For Beverage elements 2 meters in height, for example, this
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suggests that an array aperture can be filled, with a resultant increase in
power gain, until the inter-element spacing become of the order of 2 m. There-
fore an array whose aperture was 150 m could accommodate a maxiuwum of about

64 elements and according to Figure 52 the maximum power gain that would be
achimved i1s 17 4Bi. Although not indicated in Figure 52 it is expected that
the power gain of an array with an aperture of 150 m will level off at about
Gb—elements for a frequency of 10 MHz.

The directivity gain fn Figure 52 increases montonically with the
number cf elements in the array until it contains 8-elements. At this point
the array is filled with no further Ilncrease in directivity gain taking place
as the number of elemernts is increased. Actually little increase in
directivity gain 4:c achieved at 10 MHz once there are 4-elements in the array.
If the array were t¢ be used solely as a receiving antenna there would be
little advantage, except for increased efficiency, in adding more than 8-
elements provided that the upper frequency was limited to 10 MHz. The number
¢f elements, in actual fact, should be doubled to 16 in order that the array
be free of grating lobes up to 20 MHz.

Initially the erficiency of the array in Figure 52 1s about 1.0 per cent
which 1s simply the efiiciency of a single element. It increases slowly with
the number of elewents until the array is filled. Beyond this point there is
a fairly rapid increase and it ic expected that a maximum efficiency of
approximately 32 per cent would occur when the array contained $4-elements.
Although not shown in Figure 52, it is expected that this curve will also
level off when the array contains 64-elements just as the directivity gain
leveled off when the array contained 4-8 elements.

4.4 2 Beverage Array as a Point-to-Pcint Communications Antenna

Some initial measurements which are corroborated by more extensive
measurements at Debert, N.S. have been conducted at Ottawa to evaluate the
performance of a linear array as a point-to--point communications antenna. An
8-element array with an aperture of 149.3 m has been erected and pointed
towards Alert. The performance of the array has been compared to that of a
rescnant A/4-monopole antenna. A skywave signal emanating from a transmitter
located at Alert was monitored simultaneously on both antennas. Each antenna
was attached to a Hewlett Packard spectrum analyzer and the spectrum analyzers
were set to perform repititious scans over 2 50 kHz frequency band that was
:entred on the frequency being monitored. 7The video output of the spectrum
analyzer was recorded on a chart recorder. Figure 53 givee an example of
the records obtained using this technique. Two traces are shown, one is the
video output of the spectrum analyzer attached to the Beverage antenna array
and the other is the video outrput of the spectrum analyzer attached to the
monopcle antenna. The IF bandwidth of the spectrum analyzer was 100 Hz aud
the tctal scan time was 100 sec. In each case the pradominant vertical traces
as indicated in Figure 53 represent the Alert signal. Although the horizontal
axis is calibrated in units of time it could alsc be calibrated in uvnits of
frequency.

It is to be noted in this example that the signal-tc-interference ratio
achieved with the mrnopole antenna is about 23 dB whereas that achieved with
the Beverage array is skout 11 dB greater or 34 dB. Similarly the signal-to-
background noise level (SNR) of the monopole antenns is about 45 dB whereas
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that of the Beverage array is about 60 dB. The distipction between inter-

ference and noise used here 18 the following; interference is conerent and

therefore ¢ "anates from other HF transmitters, whereas nuise is broadband and

emanates from electrical power lines, electrical machines, atwospherics and

extra-stellar sources. Since the directivity gain of a monopole antenna is -
about 4 dB and that of the Beverage array is 23 dB it is seen that the improve-

ment in SNR realized op the Beverage array over that of the monopole antenna

is roughly equal to the difference in the directivity gains.

Further results obtained from a comparison of the linear array and a
reference A/4 monopole antenna are given for a 3-hour period on 7 October 1974
in Figure 54. This figure shows the difference in SNRs achieved on the two
antennas. The median difference value is 15 dB, which is somewhat short of
the expected value or 19 dB given by the difference in directivity gains of
these two antemnas. It is to be expected that a longar sampling of data would
have resulted in a median value which would have been in closer agreement with
the expected value,

4.4.3 Efficiency of a Linear Beverage Array

In an attempt to verify the basic assumption of independent elements
used to derive Figure 52, records such as those shown in Figure 53, were
scaled to determine the gain of the Beverage array with respect to that of
a monopole antenna. Using the theoretical gain of a monopole antenna with
respect to an isotropic antenna for skywaves the gain of the Bevevage array
with respect to an isotropic antenna is then readily determined. Results
showing the gain of the Beverage array with respect to that of a monopole are
given for a 3 hour interval in Figure 55. The median value of gain of the
Beverage array with respect to a monopole antenna was found to be 10 dB.
Since the gain of a monopole antenna at an elevacion angle of 13°, which is
the predominant angle of arrival of the skywuve gignals from Alert, is -1.5
dBi and the total Beverage array losses due to attenuation in linking cables
and power dividers were gbout 2.0 dB it follows that the gain of the Beverage
array is 10.5 dBi.

The power gain G of an antenna (Kraus, 1950) is given by
G =D

where € = the efficiency of the antenna (fraction of the power fed into
the antenna that is actually transmitted)

D = directivity gain
The directivity gain of an antenna is determined primarily by the two dimen~

sional geometrical shape of the antenna's radiation pattern and 1s given to
good approximation for small beamwidths by

D = 41,253
BWA X Bwv

where, the numerator 1s the number of square degrees in a sphere.
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Since the directivity gain of the Beverage array is 23 dB at the
frequency of the Alert signal and its power gain, as just determined, is 10.5
dBi it follows that irs cfficiency is -12.5 dB or 5.6 per cent. The efficiency
on the other hand of a single Beverage element of the type used in the array
is about 1 per cent. Therefore this array of 8—elements has an efficiency
which is about 4.6 per cent greater than that of a single Beverage element.
This finding is in close agreement with increase in efficiency predicted by
Figure 52 with 3-~elements in the array aperture rather than a single element.

An explanation for the increascd efficiency that can be realized by the
arraying of inefficient antennas 1s wmost easily arrived at by considering the
antenna as a2 receiving antemna. If the power received by one antenna monitor-
ing a signal is P, the power received by 2 antennas, provided there is
sufficient separation between them so that they are independent, is 2 P. 1If
these two antennas are phased together the gaiu of the resulting antenna is,
as a receiving entenna, 3 dB greater than a single antemna. It follows from
the reciprocity theorem for antennas that the gain of this antenna as a
transmitting antenna has also increased by the same amount over that of a
single antenna. For an array of n independent antennas the power received is
n times as great as that received with a single antenna and therefore the
power gain of the array of antennas is greater than that of a single antemna
by the factor

4G = 10 log n
where AG, is the increase in gain of an array over that of a single antenna.

When antennas with an efficiensy of 1.0 are arrayed together the power
gain realized with the array relative to a single element can only be due to
the increased directivity gain of the array. On the other hand when ineffi-
cient antennas are arrayed together the resulting increase in the power gain
can stem from an increase both in the directivity gain and efficiency of the
array with respect to a single element. The increase ir efficiency of an
arrsy over a single element arises from a reduction in ground losses brought
about by the array's lower electrical energy demnsity which is less, simply
because the total electrical energy is spread over a larger area (De Santis,
1973).,

As an example of highly inefficient antennas let us consider Beverage
antennas, which are postulated (Travers et al, 1964) to maintain a fairly
high degree: of isolation until thefir spacing is less than thefr height above
ground. An approximste relationship between the azimuthal beamwidth of an
antennd, in particular, of an array of antennas, and its aperture is given by

517

BW
A NA

wiere N, = the aperture of the antenns in wavelencths,
A ¥ g

Since the azimuthal beamwidth of a Beverage antenna (f = 10 MHz, H = 2 m,

L - 110 m, average soll -~ dry) is 40° its effective aperture is 1.3A. This
suggests that at 10 MHz the directivity gain of an array of these Beverage
antennas is essentially equal to the directlvity gain of a single Beverage
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antenna until the array aperture is greater than 39 m. PFrom what has been
said sbove, up to approximately 20 non-interacting Beverage elements could be F
phase together in an aperture of 39 m». At 10 MHz the increase in power zain Cos
that would be realized is 13.0 dB. The majority of this increase wmust be G
attributed to the increased efficiency of the array relative to a single
element since the directivity gain of the array is essentially that of a
single Beverage element or 18 4B. It follows that the gain of this array
would be 12.0 dB1 1f the gain of a single element is assumed to be -1 dBi.
The efficiency then of this array would be -6.0 4B or about 25 per cent
wvhereas the efficiency of a single element is only about 1 per cent.

There is another point of view that can be brought to bear in explaining
the increase in efficiency that is achieved with arrayed sntenpas. It can be
also used tc determine the maximum power galn that can be achieved with an
array whose physical dimensions are fixed.

1t is a relatively well known fact in antenna theory that the minimum
effective proximity of the elements in an array is determined by the size of
the elements' effective apertures. In other words, for a one or two
dimensional array of fixed physical aperture the maximum gain that can be
achieved 1s rezlized when a sufficient number of elements 1s placed in the
aperture so that the perimeters of the effective apertures of adjacent antannas
are essentially touching one another. A small degree of overlapping is
possible since the region near the centre of the effective apertures of each
element has greater weight than the region near the perimeters.

The gain of an array with ./ elements arrayed such that the effective .
apertures are not overlapping, is given by N x A where A is the effective
aperture of one of the array elements. The gain of the array is then given
by

4TNA
5

where &y = gain of the array
A = effective aperture of one element {= gi?/4m)
N = number of elements

If in a first approximation one approximates the effective aperture A
of an element with a square the length of one side in wavelengths is given by

- o B
Ly Yir

where g = gain of an element

L= linear dimension of effective aperturs of arrav element

Table IV gives the gain and efficiencies of a Deverage antenna array
with a physical aperturzs of 150 m for 16, 22 and 32 Beverage elements. It is
assumed that the array is on average soil (dry), element leungths are 150 m
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and elerment hcights are 2 m. The gain cf a single element varies between
~4.5 dBi and 2.3 dBi in the frequency range 5 MHz to 20 MHez. In the sane
frequency interval the effective aperture «f a single Beverage antenna variee
from 101.7 m* to 30.4 m® and correspondingly the width of its effective
aperture varies between 10.1 m and 5.52 m. It follows that if there is to be
no overlapping of effective apertures in this trequency range the wminimum
inter-element spacing must be 10.1 m. The remainder of the table gives the
gains and eificiencies of the array antemna for 16, 22 and 32 elements when
overlapping of effective apertures takes place the total effective aperture N
x A is adjusted to ensure that the common areas are only counted once and the
reszultant is given asr N x A'.

TABLE IV
Gain and Efficie.cy of a Beverage Antenna Array Determined From Effective Areas

Aperture = 150 m
Average Soil {Dry)

tlement Height = 2 m
Element Length = 150 m

Frequency 5 MHz 10 MHz 15 MHz 20 MHz
N 1 ~ 1 1 I
G -4.5 dBi -1.0 dri 1.0 dRri 2.3 dBi
L .168 281 .317 . 368
L 10.1 m 7.53m 6.3 m 5.52 m
A 101.7 m? 56.9 m? 40,11 m? 30.4 m?
1.8 % 2.0 % 2.2 % 2.3 %
N 16 16 16 16
S 10 m 10 m 10 m i0m
N x A 1627.2 m’ 910.4 m? 641.7 m? 486.4 m*
Gy 7.53 dBi 11.0 dBi 13.94 dBi 14.34 dB1
5.66 % 6.31 % 6.82 % 6£.82 %
N 22 |22 22 22
s Tm 7 m 7 m T T m T
N x A 2237.4 x2° 1251.8 m? 882.2 m? 668.8 m?
N x A 1965.8 m® 1164.2 m? 882.2 m? 668.2 m?
Gy 7.37 dB{ 12.1 dBi 14,4 dBi 15.7 dBi
5.45 % 8.12 % | 9.33 2 9.33 %
N 30 T3 2 132
S 4.84 m 4.84 m 4. 86 m ;. 86 m .
N x A 3254.4 m? 1820.8 n? 1283.4 .m? 972.8 m?
N » A' 1529.6 m? 1170.8 m? 979.2 m? 789,09 m?
Gy 7.3 dBi 12.1 dRi 14.9 dBi 16.4 dBi
5.4 % {2 ¥ 10 ¥ 10,06 7

A' = effective areo adjusted to cccount for overlapping
S = separaticn of elements (metres)
N = pumber of elements

G = gagin w.r.t. dBi
Ly= width of effcctive area in wavelength
= width of effective area in metres

A = effective crev

e e A
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% The regults in Table IV for 16 elements are equivalent to those of

3 Figure 52. The efficiency at 10 MHz, for example, has increased from 2 per
- cent for a single element to 6.31 per cent for the array of 16 elements. The

3 results of Table IV and Figure 52 diverge for N equal to 22 and 32 because

* correction for cverlapping of effective areas was not taken into account in
the derivation of Figure 52,

~Ea . CONCLUSIONS AND RECCMMENDATICNS

5.1 SITING OF HF ANTENNA 3
1? A. An effective means of measuring the homogeneity of a potential 5
3 antenna site is to erect a monopole antenna and measure its radiated field £

with an airborne receiver and short dipole antenna (RELEDOP).

R A

B. The electrical constants of the ground are probably most easily
determined with a temporary Beverage antenna. The gttenuation of the current-
wave on the antenna is measured at a number of frequencies in the HF band and
the soil constants (soil type) are determined by reference to Appendix I.

5.2 BEVERAGE ANTENNA PARAMETERS

A. Exteirsive measurements were made of Beverage antenna parameters and .
compared with theoretical results. The complement of measured parameters
include the following;

-~ input impedance’

~ characteristic impedance

i - current-wave attenuation

current-wave phase velocity

§

isolation between elements ;

~ space-wave power gain

~ surface~wave power gain

~ azimuthal radiation patterns (space wave)

_i .- elevation radiation patterns (space wave)

The agreement between the experimental and theoretical results was, except

for a few instances, reasonsbly good It follows that the theoretically
derived parameters can be used with confidence in the design. of communications
circuits using Beverzge antennas and in the design of Beverage antenna systems.

-
'

B. Theoretical design parameters are given in Appendices I, II and III.
) Appendix I gives the current-wave attenuation and characteristic impedance of

: Beverage antennas. These can be used to determine the power rating require-
ments and magnitudes of terminating resistors. The remaining design parameters
are given in Appendix II. These consist of azimuthal beamwidth, vertical
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beamwidth, take-off angle and power gain. Appendix III gives the power gain
of beverage antennas for surface waves.

. It was shown that the Beverage antenns is a highly effective HF
receiving antenna. This stems from its high directivity gain (~ 17 dB),
broad band chiaractertstics (3-30 MHz) and low take-off angle ( ~ 15.0°). 1ts
uther attributes consist of low real estate requirements and low procurement,
installation and maintenance costs. as a receiving antemna it has been found
to be more than, or at least as effective as, classical HF aatennas in
maximizing the SNR of received signals.

5.3 BEVERAGE ANTENNA SYSTEMS

A. A rosette array of Beverage antennas was shown to be an effective
HF zecelving antenna with a mean directivity gain of about 17 dB and an
effective azimuthal steer capability of 360°. It was alsc -shown to have
potential as an HF direction finding antenna system. ’

8. Lligear phased arrays of Beverage antennas were shown to be effec-
tive OTH and HF point-to-pcint communications antennas. HF receiving arrays
having mean directivity gains of 23 dB have been tested and found to be
efiective in achieving high SNRs on communications circuits. Maximum direc-
tivity gains achisved by classical tF antennas are usually about 16-18 dB.

C. It was shown that an array of Beverage antennas can have greater
efficiency than a single Beverage antenna. Efficiencles of up to 10 per cent
can be achieved using Beverage elements whose efficiencies individually are
about 2 per cent. It was shown that construction of antenna arrays with
power gains which varied from 7 dBi to 16 dBf in the frequency interval 5 MH:z
to 20 MHz are possible using Beverage antennas as array elements. The real
estate requirements are 150 m by 150 m. These gains compare very favorably
with the larger classical HF antennas and the costs are about 1/8 - 1/10 those
of classical antennas.

5.4 THEORY

A fairly complete description of the equations used in deriving
the theoretical Beverage parameters used in the body of this report is given
in Appendix IV, Equationg are also given for calculation of the electrical
parameters of arrays of Beverage antennas. A listing and discussion of the
CRC Beverage antenna computer program is also given.

A. A prototype transmitting Beverage antenna should be built, tested
and demonstrated.

Purely economic considerations serve as the major justification for
this recommenation. On ihe basis of the results given in this repores, it
appears highly probable rhat transmitting Beverage antennas can be designed,
built ard maintained at a fraction of the cost of classical antennas, such as
rhombics and log periodics, with a performance which equals or exceeds that of
these classical antennas. Detailed measurements need to be made to verify
that the power gains which have been predicted in this report can be realized
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in practice. If one considers the savings in capital expenditures that could
be realized by agencies using Beverage antennas rather than classical antenna
in long range circuit applications, and the relatively modest resources
required ro have these tests performed, one is forced to acknowledge with the
validity of this recommendation.

B. PBExtensive measurements should be made of a Beverage antenna's power =
gain and radiatfon pattern using the RELEDOP techniques. &

Effort and vesources dedicated to obtaining detailed radiation
pattern measurements are justified, even at this stage in the development of
the Beverage antenna, to determine the degree to which their measured patterns
depart from the theoretical model. The description of the Beverage antenna
in terms of measurements is not vet as complete as is the theoretical model
of the antenna. Future applications of this antenna as adaptive radar antennas
and direction finding antennas are likely to require detailed kmowledge of
its radiation patterns. It will be particularly important to discover to
what extent wide aperture linear arrays, for example, are degraded by in-
homogeneous ground and also to determine the limitation imposed by a Beverage
antenna’s environment on the beam shaping of wide aperture arrays.

C. A prototype HF direction finding Beverage array system should be
built, tested and referred to industry for further development.

Once again eccnomic consideration come to the fore as justification
for further work in this area. Existing high frequency direction finding
systems are extremely expensive due largely to their antennas and goniometers.
As a consequence they are used only where large expenditures can be justified.
An inexpensive HFDF system is likely to find fairly widespread application in
areas where large initial capital expenditures are not justified, such as;

~ tracking of radio buoys at sea to measure ocean currents,
- radio tracking of o0il spiils at sea,
- regulatory location of tranmsmitters,

- measurement of variations in angle of arrival of HF signals for
scientific purposes,

- portable HFDF system for gathering of intelligemnce,

- systems requiring multiple, automated DF stations.
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{a) Composite input impedance of 8-elements. (b) Comparisnn of experimental and theoretical input
impedance for element #1.
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{c} input impedance of element #1 terminated in (d) input impedance of element #1 terminated in an
a short circuit open circuit.

Figure 15, Debert Input Impecarice Measurements on Beveroge Antennags Terminated in an Open Circuit,
a Short Circuit and the Antenna’s Characteristic Impedance.
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(c}) Comparison of experimental and theoretical
current-wave phase velocity for element #1.
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(d) Comparison of experimental and theore!ical
attenuation for element #1.

of Measured Current-Wave Attenuation with Sorme Theoretical Curves.

Figure 16. Debert Element #1 Measured Characteristic Impedance, Current-wave Phase Velocity and Camparison
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Figure 18. Typical theoretical elevation and azimuthal radictior: pattems for g Beverage element situated
ove: average soil (dry) and whose length and height are 110 m and ! m, respectively. The 3-dB
vertical beamwidth BW,, take-off angle ¥y gain G and 308 azimuthal beamwidth BW 4 as

defined in Section 3.1 are iliustrated.
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H Figure !9. This diagram demonstrates the source of the discontinuities in Figs. 1l-1 to 1f-48. In perticular, it
- shows that the discontinuities in Fig. 1i-36 are caused by a secondary lobe growing in magnitude with

% incregsing frequency ond surpassing the main [obe.
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Figure 20. Gain, azimuthal beomwidth, vertical beamwidth and lexe-off angle of o Beverope antenna nn
average soil (dry) at 10 MHz for lengths between 100 and 400 m and heights between 0.3 and 3.0 m,
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Figure 21. Gain, ond azimuthal beomwidth of g Beverage antenny at 10 MHz as v function of soil
conductivity, length and height.
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{d) Azimuthal pattern for Beverage antenna,
L=110m, H=1.7m and f=12MHz.
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\b) Azimuthal pattern for Beverage antenna (e) Azimuthal patiern for Beverage antenna,
L=110m, H=0.9 and f=18MHz. L=110m, H=9.9m and f=12MH:.
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{c) Azimuthal pat?.rn for Beverage antenna,
L=110m, H=0."m and f=18 MHz.

(f) Azimuthal pattern for Beverage antenna,
L=110m, H=0.3m and f=12MHz.

Figure 25. Measured azimuthal rediation paiterns of Beverage antennas for 12 and 18 MH2.
The length of the antenna was 110 m and height was varied between 0.3 and 1.7 m.
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Figure 27. Compurison of theoretica! ond experimental patterns at 12 MHz for a Beverage anterina.

The experimental patterns are those shown in polar form in Fig. 25 (d, e, f).
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(aj The solid curves give the measured vertical radiation patterns for Beverage and A/4 monopolc antennas
obtained with a horizontaily polarized XELEDOP. The dashed curve gives the theoretical pattern for a
A/4 maonopoie antenna.

(b) Comparison of measured vertical radiation patterns for a Beverage antenna obtained with norizontally
and vertically polarized XELEDOPs.

130° noe 90° 70° 50° (c)

{
<70 -80 -80 <00 -0 -120 -0 -OO -
d8/m

{c} Comparison of measured and theoretical vertical radiation patterns for a Beverage antenna.

Figure 28. Comparison of theoretical and measured vertical radiation for ¢ Beverage antenna at 18 MHz.
The measurements were made at Shirley Bay »n a Beverage gntenna whose length was 110 m and
height wus 1.7 m.
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Figure 29. A Portion of the Beverage Rosette Array.

Figure 30. Modified Plan View of the Beverage Antenna Array Showing the Azimuths of the 12 Fixed Beams.
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Azimuthal pattern of Beverage pair
antenna. Measurement was made
with @ vertically polarized XELEDOP
antenna. This patiern was shown

in rectilinear form in Fig. 5.

Comparison of azimuthal pattern
obtained with the vertically
polarized XELEDOP and skywave
of opportunity.

Comparison of azimuthal patterns
obtained with the vertically
polarized XELEDOP and a
vertical dipole and transmitter
suspendod from a Balloon.

Figure 31. Comparisons of measured gzimuthal radigtion patterns ot 9.75 MHz for a Beverage pair antenna
at Cambridge Eay.
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Figure 32. Vertical Radiation Pattern for the Beverage Pair Antennd Pointed Towards Alert at a Frequency
of about 9.5 MHz.
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Figure 33. Comparison of theoretical and measured radiation patterns for ¢ Cambridge Bay Beverage
pair antenna. The balloon measurements were made at 9.0 MHz and the XELEDOP measurements
were made at 9.75 MHz. The theoretical curve was derived for o frequency of 9.5 MH2 end qverage
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(b) Theoretical azimuthal radiation pattern for a Beverage antenna at 125 kHz over poor soil (dry).

Figure 36. Theoretical rediation potterns for Beverage qntennas situated on poor soil.
The length of the antenna is 2.4 km and its height is 7.62 m.
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Figure 37. Comparison of Experimental and TheoreticaI‘Swface Wave Gains of Beverage Pair and Single
Beverage Antennas for Average Soil (dry) and Wet Rich Soil, Height = | m and Length = 110 m.

Figure 38. Field Intensity at the Center of the Array From a Balloon-Suspended Transmitter.

T T ——
- \
,/ ™~
eve s o ASCENT FREQUENCY = 9 MH2 \

o o eeDESCENT ~
N

180° FROM-BORESIGHT

. 20°
SRS TN e\
-E ) \P i‘gﬁ glmT._ ._\,,oo
w
I) 0."Bi -lro -2]0 -20 -10 a8 o ©

Figure 38. Gain of Beveruge Element vs. Elevation Angle.
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BEVERAGE
PAIR

Signal-to-interference taken almost simultaneously un a Beverdge pair antenna and a quarter wave monopole
antenna for 12 Consecutive time intervals.

Signal-To-Interference Ratio (dB)

interval Beverage Pair Monopole
1 +5 -13
2 +14 -3
3 +30 +12
4 +19 +8
S +21 +10
6 +15 -2
7* +34 +4
8* +23 0
9+ +26 -16
A 10 +37 +6
H +14 +16
12 +5 +16

“ Spectrum analyzer outlputs shown above.

Figure 40 CRT displays of a spectrurn analyzer connected a/ternately ro g monopole anterind 9nd a Beverage
pair antenny. In each instance the Alert signal uppeors at the center of the display and the other signals are
interferring signuls. The IF bondwidth of the spectrum analyzer wus 3 RHz; the width of the spectrum
window scanned wos 2 MHz and the scan time was Q.1 sec/div. Table show some nieasured signal-to-
interference rafios on the two antennas.
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{a) Sequentigd sampling of tie terminal volzages of the  {c) Sequential sampiing of *»e rerminal voltages of the 12

12 Beverage pair anienfias at Cambridee Bay, Beverage pair antennias at Cambridge Bay monitoring
monilaring wwy an 10 MHz. The sampling time for wwy on 15 MHr sumewhal atier in time than (b}

vach anlenng was 1.2 sec and the {F bandwidth of
the receiver was TU AHz.
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{b} Sequential sampling of the terminal voltages of the  {d) Sequential sampling at the terminal voliages of the 12 )
12 Beverage pair antennas ot Cambridge Bay, Beverage pair antennas 4t Cambridge Bay, monitoring N
monitoring wwy on 15 MH.. wwv an 15 MM/, somewhat fatter in time than (c). 3
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\ :

Figure 41. Chotographs of the CRT display of un oscillascope moriitoring the video itpal of @ receiver whose
input (s connected m rap.d swuccession by g divde switch 1o the 12 Beveruge pair atitsnnus ai Cumnbridge
By monitoring wiww.
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Figure 42. Direction Finding Patterns Obtained With the Beverage Array from Knovmn Transmitters. k]
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Thuoretical Curves for Azimuthal Beamwidth, Vertical Beamwidth,

Gain, and Take-0ff Angle
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Figure 116. Design Parareters for Poor Soll (Dry), H=1Im, L = 200m.
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Figure 11-28. Design Parameters for Average Soil (Dry), H = 2m, L = 400m.
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An Analysis of the Beverage Antenna and Its Applications to Linear

Phased Arrays
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In the aralysis which follows consideration is given to the formulation :
of the elevation radiation pattern for the Beverage antenna, The work follows 1ol
the notation of Beverage and Heriitz(1,10) and {s extended in order to -
consider the efferts of mismatching at the terminating end. Since the
response of this antenna is greatly affected by the ground constants over
which the antenna may be ingtallzd, an in-depth analysis is included in order
to determine the antenna response for varying ground parameters that are
likely to be encountered The work also includes the application of the
Beverage antenna to linear phased array systems.

S VP NPT v

N S VAR 6 i 14 e o




126

SECTION 1

Analysis of the Beverage Antenna

Consider a plane wave incident on the Beverage antenna at some eleva-
tion angle ¥ and propsgating in the direction as shown in Figure IV-l. For
an elemental length dx from point P, where P is midway betweesn A and B, a
voltage Vodx will be induced on the line. The magnitude of this voltage will
be dependent on the parallel component E? of the vertically polarized electric
field Ev such that

Ep = Ev gin ¥ cos @ . (1:1)

where 6 is the azimuthal angle of the plane wave with respect to the antenna.
KHowever, if we assume for the moment that 8 is zerc then

SP - Ev sin ¢ (1:2)

Since E; lies parallel to the line a potential gradient results giving

dv .
I Ep (1:3)

Therefore the voltage induced in the line is

dv .
ngx ax dx {1:4)

Equation {1:4) may be thought of as a voltage generator on the line in series
with two impedances Zyn(A) and Zyy(B), where Zyy(A) is the impedance looking
in at P towards A and Ziy(B) is the impedance looking in at P towards B,
glving rise to an elemental current is where

V dx
24

i = =
8

ZIN(A) + ZIN(B)

s A —

B L T VI SR P
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Figure 1V-1. Model of the Beverage Antenna

Zyn(A) and Z1n{(8) may be expressed through the usual transmission line
equations (See for example skilling(11l)) as

i 4% W}qn-ﬂ,;. TR GT  re

- .
. o B

YA jZy tsanh
L +
ZIN(A) Zo

NNt

Zo + §2, tamh

<

!
<
/—\‘/\

(1:5)
,x)

(1:6)

e
and
k: [

- A %g

ZIN(B) = 2y
Zo + jZB tanh

+ jZ¢ tanh

N o)
I
]
S’
i

<

<
o~~~

+ A . =

3 : Y in equations (1:5) and (1:6) is the complex line constant defined as

Y=« + 18 (1:7)

where « ig the attenuation constant in nepers per unit length

B is the phase constant in radians per unit length

AL AR a5

_ : Zg in equation (1:6) represents the terminating impedance at B. However, if
E ; ve assume a perfectly matched system, then

3 ZIN(A) & ZIN(B) = Zo (1:8)
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theﬁ,

{ o B (1:9)
At point x the phase angle of the current ig4 with respect to P will be

determined through the propagation length x cos § to be

V dx wx cos \

- -3 X
1 -2-%0— e P (1:10)

where ¢ is the velocity of light
w is the radian frequency
The induced current ig will cause a current wave to traverse the wire in the

direction of gropagacion. that 1is, towards B. This current wave may be
expressed as (12)

L
1 - 18e'Y (3 - x) (1:11)

and therefore

vV dx WX cos \ '3
SR ) o

Combining the exponents in x and factoriug out the constant term results in

Vdx _y 2 _ y wcos Y ]
1, = 5%;“ e 2 e(Y 3 e )x (1:13)

Since Y = « + jB then,

v £
L= 3%: dx e-(“ + j6>‘§ e(; + jg - j&_SSE_E)X (1:14)

[

The phase constant of the line 8, may be expressed as

B = E. (1:15)

where 1 is the velocity of propagation of the wire, therefore

L
s - B 3. ~(=+ 4By [x+ 38 (1 - N cosy)]x (1:16)
L,b zzo X e « e
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wvhere N =

6w

The total current at B as a function of the elevatlon angle ¥ will be the sum
of the elewmental currents over the toral length of the line, or in other
worgs, the integral of equation {(1:16). Since P has been chosen as the

reference point, we may integrate them - £ 12 £ thus,
2 2

[Ead

vooo_x2
) = B 72 J= 418 (- W ocos ) Ix (1:17)

Y

(
oo

which results in

~

Lsinh v

v a2
I (4) = <8 e'((x + 3603 2

BYYY T 77, (1:18)

Y1l
2

where ¥; = = + jf (1 - N cos §) {(1:19)

Thus equaticn (1:18) may be used to calculate the elevation radiation pattern
of a perfectly matched Beverage antenna that is, when Zj = Z,. However,
achieving a perfectly matched system is extremely difficult, especially when
operating over a wide frequency range, and therefore oce must consider the

effects of a mismatched system.

In order to understand the effects of wmismatching, consider a signal
impinging on the antenna wire from the reverse direction (i.e. § >90°). A
current wave ig will result and will propagate towards A where

2
v WX COS y _ (—-— x)
ia = 5%; dx e’ c e Y 2 (1:20)

Combining the exponents in x and factoring out the constant term in the same
manner as for ib (equation{l:16)) results in

V dx -k .
. g 2 [=+ jB (1 + N cos §)}Ix {1:21)
i, = 7z, e e

The total current T at A as a function of ¥ the elevation angle is simply the
integral of equation (1:21) thus,
-1 2

2

v
IA(Q}) e —-g- e

2
2 ,
72 el + 18 (L + K eos W)x (1:22)
L3
-2
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which results in §§
! 1,49) = zﬂ_ e 1"22 teinh 1%" a2 5
A 32, T :
& 2 ¥
where Y2 = < + jB (1 + N cos %) (1:24)

At point A, the terminction end, a reflecting current iy, will result if
ZL ¥ Zp and will proceed to propagate towards the teceiving end ¥, Thus

v _Y & 2 sinh [X%&]
-—-&—,_-. . o 1
ib 274 2 Yol PL (1:25)

2 5
£

F1
Where PL is the reflection coefficient given by (11

A ;

1. ° ‘=

PL ZL . (1:26) ;

Thus the reflected current 1, at B will be ]

2 ;

Z 2

v 22 si {L’-—] :

BT ECE et O 2 B (1:27)

e " 22, 2 Yal L :

2

The total current at B, the receiving end, will then be f
LT\W) - IB(W) + iB (1:28)

or

{
{ Y1l Yol ;
v Y sinh l 3 ] sinh l—l—l
- - —Yl 2 N by
Lo (§) —z-g;e 2 2 z +Pe z (1:293
2 2

The above analyais assumes that no reflecting currents occur at B (i.e. the
line is correctly terminated at the receiving end).

In order to complete tie full rwo dimensional radiation pattern, the
term cos y must be multiplied by cos 6 in Yy, and y; (equations (1:19) and
(1:24)) thus

Y =+ 3jB (1 - N cos ¥ cos B) (1:30)

Y2 =<+ B (1 + N cos ¥ cos 8) (1:31)

v eanes el L QT e S



The resvltant equaition for the twe dimensiconal radiation pattern then becores,

V1 3k [sinh 1%3 -~ 3 sinh [I%&] ] ?
si6) = B e 2 heos B |— : fh L2 i |
IT(V,&} SeT @ Z teos § t ") + PLe ) (1:32)
2 2

Fower levelcped in the Load Impedumec at the Receiving End:  Although

it was assumed thuat the line was corvectly terminated at the receiving end,
this assumptior is not strictly correct because the impedance Z, as seen
Yocking into the Jinme at 3 (Figure IV-1) towards A will vary acfording to the
degree of wmismatch at the terminating end B and with frequency. The impadance
Z; way be derived frow either Equation (1:5) or Equation (1:6) to be

-

[z, + iZo tanh ¥y £
Z, = ‘°l_zo ¥ 37 tanh v 2

(1:33)
L !

However, if the terminating impedance 2y is chosen such that the degree of
mismatch is minimal, then for a reasonzble iine length and attenuatiom, Z4
will tend towards Zg. Thus if we choose a terminating impedance at B to be
the characteristic impedance Z; of the line, then to a reasonable degree of
accuracy the line may be said to be correctly terminated at the receiving end.

The pewer developed in the locad impedance at the receiving end may be
g%

L (13
eilven as VY4

P = Re{VI*} watts (1:34)

whete V and I zre the .m.s. values of the complex voltage and the complex
current respectively. However, since we are dealing with complex currents
arnd complex impedances then

vV = IT(w.ﬁ)zo (1:35)

where Trp(y,6) is the total current at the receiving end (Equation (1:32)).
Thus the power developed in the lcad at the receiving end may be given as

' .

P = Re(Zg) IIT(6,¢){2 watts (1:38)

Fover Gain Felerred to an Isotropic Radiatcr: 1In order tc compare the
gain of a Beverage antenna to that of other more widely used antenna systems,
one would have to take simultaneous field iurensity measurements of both the
unknown and a known chosen standard antenna. The standard antenna selected
for this purpose would be chosen on tha basis that its characteristics are :
well known., The field intensity measurements obtained trom the Beverage .
antenna may then be referred to the field intensity measurements obtained
from the standard antenna in order to make gain comparisons. From a computer-
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e

ny ey

grudy standpoin:, the 1lactropic radiator may be used as the standard because
its characteristics are preciczely known,

The isotropic radiator may be considered to be a point source suspended . f
in free space and raciating equally in all directicns. At some vadial distance S
R from_the point source the power passing through the sphere is (S) (4mR%) &
wheie S is the average valuc of the Poynting vector at the surface of the i}

spnere. This must equal P where

P+ S4mRY (1:37)

Thus_the pouer density Py is siwmply the average value of the Poyant’' |, Vector
S. 5 may be defined as

EB (1:38)

S =

tiv
[=2

where E and B are the electric ard magnetic vectors respectively, and uo is
the permeability of free space '47 x 10-7). Using the relationship that

o R S
bt et ..f;.i,ﬂ:.‘..’;’f‘..tg‘f?ﬁ.&’,’?‘T};,'L‘:t};'},%’r‘,v::'v.;.r.,\,.-,?.y-g.;“.x:h" 17 LRI S R LT SRR M MG S R T

E=cB (1:39)
é tnen
— E° (1:40)
S = =
Hog

The average valu= of E over oue cycle is %Esmax and this leads to

= £ (1:41)

vhere E is the rms value of the electric vector. The effective aperture of
an isotrcpic radiator st a,unit distance may be given in terms of the wave-
length squared (A%) to te ¢

2
A= (1:42)

= E-o-'\—-- watts (1:43)
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Thus the power gain of the Beverage antenna referred to that of an lcotropic
radiator is

} i 2
; . 4mhoc | 1,.(¥,6) | “Re (Zo) (1:64)
i G )\2

(assuming E to be unity)

i Thus the gain in decibels referred to an isotropic radiator is

P, = i0 log (P;) dBi (1:45)
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SECTION 2

The Effects of Ground on the Beverage Antenna Radiation Pattern

So far the praceding analysis has considered only the direct wave.
However, the resultant induced voltage V,dx from point P (Figure (IV-1))
comprises three waves namely the direct, ground reflected and surface waves
(excluding sky wave propagation). If the source of these waves is at a
sufficiently large distance from the point of detection such that the magnitude
of the surface wave is negligably small, then we may coasider only the direct
and ground-reflected waves. Consider the disggram in Figure (IV-2); at point
P the resultant E vector E, is the vector addition of the horizontal compo-
nents of the E vectors for the direct and ground-reflected waves. The path
length r, which is a function of the antenna height h above the ground plane
and the elevation angle v, constitutes a phase shift ¢, ulth respect to the
direct wave, where

2m _
¢_ = 3= (2p)sin ¥ (2:1)

In addition, the reflecting properties of the ground will introduce a further
phase shift and also a reduction in the magnitude of the E vector. This
change in magnitude and phase is revealed through the reflection coefficient
(Dv) of the ground for vertically polarized waves and is given by(15)

g
0 ve sin ¢ - Ve - cos® ¢
p, = pel’ = % < (2:2)
L
+ -
/EC sin y /Ec cos?
where ec is complex and is given by:-
- -y L2 5.
€C Er j WE g (2.3)
wnere Er is the ratio of the permativity of the ground to that of free

space
Og ig the ground conductivity in mho/meter
€y is the permativity of free space (8,85 x 10”'? Farada/meter)

At point P on the wire, the regultant horizontal component of the E
vector may then be determined thus
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Lr = Ev sin ¢ (1 ~ pve

2n
jA 2h sin l.‘)) (2:4)

The negative sign in equation (2:4) indicates that the horizontal components
of the direct and ground-reflected waves are oppositely directed in space.
This condition 1s illustrated in Figure IV-2.

DIRECTION OF
& AROPOGATION OF
— DIRECT WAVE.
Ey
_ DRECTION OF
E PROPOGA
~ o  GROUND REFLECTED
£, g, WAVE
BEVERAGE c
IRE o

I

N

v
TIIOU TN OO AN RN NS

GROUND

Figure IV-2. Lllustration of the Resultant Parallel Component of the £ Vector (E,J from the Direct and
Ground Reflected Waves

Beverage Aritenna Responmse to Vertically Polarized Ground Waves: As the
vertically polarized ground waves traverse the imperfectly conducting ground,
they tilt forward in the direction of propagation by an angle § with respect
to the vertical. The magnitude of this tilt angie, which is a function of
the ground constants and frequency, may be given as(16)

e et ey s At 7
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e e far s "

e

2. X
o ;
e .z.)
' § = tan™' (er DY (EQQ :
. ‘12 (2:5) )
2+ (&
13 [\

Thus the parallel component E,, of the vertically pclarized ground wave may
be determinsd as a function o§p6 to be )

E_=E s8in 6
gP v

Therefore the Beverage antenna response for a verticelly polarized ground
wave may be determined by using equation (1:32) giving

_ [ { I3
E - L.— L. . X-Z.E- )
1(§,6) = 532 e 2 2 cos 0 !sinh 2 + P e_Yg sinh 2 (2:6)
Za Y12 L v
2 Yar
2
where Y1 =%+ 38 (1 - N cos § cos 8) (2:7)

and Y2 » x4+ 4B (1 + N cos & cos 8) (2:8)
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SECTION 3
‘e Determination of the Characteristic Impedance (Z,)
and the Complex Propagation Constant (y)

- B Yor 2 uniform transmission line, the characteristic impedance Z,, and
the complex propagation constant Y may be expresserd through the usual trans-

mission line equations as
Z
2o a‘h,- ohms (3:1)

and
Y = VZ.Y (3:2) i
wnere Z is the series impedance and Y the shunt admittance per unit length

of the line expressed as
Z =R+ juwL (3:3)

where R and L is tne ~esistance and inductance per unit length of the line
respectively, and

Y = G+ jwC (3:4)

where ¢ and € is the conductance and capacitance per unit length of the line
respectively.

The Beverage antenna is essentially a transmission line with the( )
ground providing the current return path. For such a circuit, Carson
) provides the foliuwiuy formula for the series impedance
(>3

2= R+ j2u ln <§ﬁ) vauf (W PP g - we i

/

du (3:5)

C

§
‘
i
-
Ed
3
3
2
H
H




The firat two terms in equation (3:5) formulates the scries impedance
of the transmission line 1f the ground is a perfect conductor and the last
term takes ints account the growund's €inite conductivity, The Infintte
integral in ejuation (3:5) may be evaluated to give

{
Z=R -+ j ll.i%3§ + 4 (P + 3Q) e.r.u. (3:6)
/

where P and Q are functions derived by Cirson ang are givern below:

T S 2 g g g
- — - + 2 LY XL +72 +H3 .
P B (1 Su) 5 1n (Yr) . 2 s (3:7)
2 Oy ~T02 03 -0
Q=%+ kln (-—) (1 - S) + —4 t =2 - (3:8
Yx r-z 8§ r—z <

In equations (3:7) and (3:8), vy = 1.7811 and 0,, O, O3, O,, Ss and S, are
infinite series defined as follows:

= (4n + 2)
n (r/2) ‘
52 = Z L Gy DI v DO (3:9)
n=20
-~ 4n + 4
- n (r/2) '
S E D G ¥ 551020 F 31 (3:10)
n=0
o v’ e (3:11)
nZ. 0 [(3()(7)...(4n + 1)]12(3 + 4n) :
- 4n + 2
n pY 1 _ 1 (x/2) .
Uz = Z(‘l) 1+ %+ 3 + 2(n + 1) t(n+ 1) ][(Zn ¥ 1)1 (2n + 2)!] (3:12)
n=20
Oy = (_l)n r(lm + 3) 5i1n
a=0 [(3Y(S5)I(7)...(3 + 4n)]2(4n + 5) :
kel T 4n + 4
Cw ™ ~1)2 + A l 1 - 1 2
[o1Y Z (-1) {l i s o 3 + L., Z(n + D am + 1)][(2n + 2)1\211 T 3):]

o e aadT S L VY DPWTR Sy
.
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where r = 2hv4n0 w  e.m.u. (3:15)

(=]

1f the ground conductivity Cgs and tke height h, of the antepnna above the
grcund plane are in M.X.S. units, then to comply with the results obtained
for P und Q@ in Carscn's paper,

r = 2h/4ﬂ0‘gw (/Y10 x 16°%) e.m.u. (3:16)

Thus the series impedance Z (equation (3:6)) may be rewritten in the M.K.S.
units as

Z =R+ j2w.10""1n (BZL) + 4w(P + jQ).10 7 ohms/meter (3:17)

Carson has set limits for the range of r ({.e., 0.25 < r < 5.0), in determin-
ing the value of P and Q. For values of r > 5.0, he (Carson), has derived an
assymptotic expansion in ovder to compute P and Q. YHowever, P and Q may be
detexmined for r > 5.0 by computing S:, Ss, Oy, Oz, O3, and O, in logarithmic
form as follows:

g 2n + 1 2n + 2
52 = z (—l)n expli(4n + 2)1n (%) - E InP - E Ing} (3:18)
n=20 P=1 qnl
o 2n + 2 2n + 3
5y = E -n" exp{(4n + 4)1In (%) - E 1nP - E inq} (3:19)
=0 P=1 qg=1
@ 1+ 2n
Gy = E (—l)n exp{(4n + 1)1n (%) - E [21a(l+ 4n)) - 1n(3 + 4n)} (3:20)
n=20 P =1
(T4 = ~n +l 1 - l
T2 Z -1 4+...+2(n+1) 4(n+1)]
n=90
/ 2n + 1 2n + 2
{exp{(4n + 2)1In k%) - E : inP - E 1nq}} (3:21;
P=1 q=1
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B ] B T
n=w l1+2n ) _;{1

o= P D% expllén + Dinr - 2, (23 +4m)] - InGen + 5} (3:22) kS

a=0 Pal "3

-

1 1 1

= - n - . - -

Gus 2L CLRaN 3. (2(n+1) 4(n+1))]

n=20

2n 4+ 2 2n + 3 \:

[exp{(4n + 4)1In (E) Z loP - D lnq}] (3:23)

-1 q=1

This method of computing the infinite series' prevents computer overflow and

allows the range of r to be extended to the value of 10. For r > 10.0 Carson

provides a much simpler expression to computer P + jQ and this is given by

P+ jQ = _._l‘l‘ + - -]-'... (1:24) é

2t f? ;

The value of r as deduced by Carson assumes that €, the relative dia- (18) E

lectric constant has little effect on the series impedance Z. However, Wise
states that above 60 KHz this assumption no longer holds and therefore he
(Wise) has derived a correction factor for r giving a new parameter

(e_-1)
L% 1’Ee‘1N = r‘ll + j—-—r—-—:—— e.m.u. (3:25)
Z(Aag.lo 7)

where og is in MKS units.

An examination ¢f equation (3:25) reveals that Wise's correction factor is
also applicable for lower conductivities. Thus r may be replaced by Ty in
the infinite series' and in the simpler expression (equation (3:24)), in order
to compute the values of P and Q. For r < .25 Wise's series for the computa-
tion of P and Q are emplcyed thus:-

l‘-z 2 2
P-———g—- (cosh-sinN)+—E——-?— sin2N+£-§-—
64 16
W2
[cos 2N(0.6728 + 1n (:_6))] + N sin 2N + -;- + ... (3:26)
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2\ !_L ) r?z
Q = -0.03861 + MNln (;g} + /7 (cos N - gin N) + «ié—

2r2
{sin 2N[0.6728 + In (%'E_)] -Necos 28} ~TEE cos W+ ... (3:2D)

Up to this point we have been evaluating the series impedance Z and now, the
shunt admittance Y musc be considered. Generally, the conductaunce G, the real
part of the admittance, 18 quite small and for all practical purposes may be
ignored. Thus the shunt admittance Y may be given as

w2w€n
T = jut =] (3:25)

()

Thus the characteristic impedance Z; and the complex propagation constant Y
way now be determined as a function of w, h and the ground parameters to be

R+ §20.10 "1n (5—") + 4w (P + 3Q).1077

Zy = ohms (3:29)
j w2ﬁ§§

and

Zh) + 4w + 3Q).10°7) [ w2k (3:30)

Yy = [(R + 32w.10 "1n (-g-
2h
h(b

where b is the radius of the wire in meters,
(ll)The value of the series resistance per unit length R, may be determined
by

R = ==~ ohms/unit length (3:31)

Where K = 41.6 x 10 ° for copper wire, and f is the frequency in Hz.

Equation (3:29) shows that the characteristic impedance Zp 18 complex
and probably accounte for the difficulty in selecting a terminating iwpedance
to optimize the design of a Beverage antemna system particularly whem operat-
ing over a wide frequency range.
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SECTION 4

Radiation Pattern of 2 Linear Array

Consider an array of N isotropic elements with equal amplitudes of unitg
and spaced evenly by a distance D as shown in Figure IV-3. Following Kraus{(19)
the radiation pattern E for such an array system may be expressed in the
following way:-

R (4:1)

n=9

where ¢ 1is the phase difference betweer any two adjacent sources. Equation
(4:1) is a geometric series and may be expressed as,

3 - 1)
E=1+ eJ¢ + e2j¢ + ————— e(N 1)i¢ (4:2)
Equation (4:2) may be manipulated into the following form,
g - Sin (M/2) 3¢ (4:3)

sin ($/2)

where { is the phase referred to source one of the linear array. However, if
the phase is referred to the centre of the array then,

gin (N¢/2 .
E = Sin (¢%2) (4:4)

The phase angle ¢, the phase difference between any two adjacent sources, may
be given as

¢=$‘- D sin 6 (4:5)

Thus, -he radiation pattern E as a function of 6 is

sin ("ND sin 6)

E(®) = (4:6)

7D
8in (i- gin )

‘
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PLANE WAVE

Figure 1V-3. Nlustration of a Piane Wave at the Angle 8 with Respect to  Linear Antenna Arrgy of
Spacing D.

In the central region of the radiation pattern (I.E. where 6 is small), then

sin (-}2 sin 8)=-§Esin ) 4:7)

Therefore,

N sin ("—};E sin 6)
E » (4:8)

_ﬁj\NR sin O

Thus in the central region, the radiacion pattern E (Equation (4:8)),
approximates very closely to a sin(x)/x function where

x = -T%D- sin € (4:9)

The maximum value of E occurs when sin(x)/x is unity, that is when x = 0.0.
Thus,

Emax = N (4:10)

= & e &

Bearnridih and Aperture Length: The 3 db veamwidch may be determined
from equation (4:9). Let E = 0.707N, ther x = 1.39 radians. Then from

equation (4:9),

0.442) (4:11)

sin b = D
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1f the angle &, is radians, is approximately equal to its sine value, thean
the beamwidth, which is equal to 20 may be given as

50,65

= «1
Beamwidth =) degrees (4:12)

where ND is the aperture length in meters. Usually, in the design of a
linear array system, the beamwidth will be specified for a given wavelength

i, therefore two choices remain in the design of a system in order to meet
the beamwidth requirements, namely:-

(1) the number of elements;
(2) the inter-element spacing.

As an example, given a specified beamwidth of 1.2° at A = 30.0 meters,
the aperture length may be determined using equation (4:12). Thus,

D = gg;géiziég;g = 1266.25 meters

The aperture length is ND rather than (N - 1)D because the aperture distribu-
tion is dependent upon the total number of elements used. However, the
physical length of the array system is (N - 1)D,

Radiation Patterm of an Array of Non-Isotropic Elements: The foregoing
analysis has considered a linear array of N isotropic elements with an inter-
element spacing of D, To determine the radiation pattern for a similar array
using non-isotropic elements, the method of beam pattern multiplication(zo)
may be used provided that all the non-isotropic elements are oriented in the
same direction. The general expression for this method is given by,

Er(S,W) = E(B)-E, (8,¥) (6:13)

where E(B) is the radiation pattern for a linear array ol isotropic eiements
as a function of 6.

E;(8,¥) is the radiation pattern for a non-isotropic element as a
function of the same 06 for a given elevation angle Y.

E,(6,y) is the resultant beam pattern for a linear array of non-isotropic
elements.

This method may be employed provided the equation for the radiation

pattern of the non-isotropic element, as a function of 6 and ¥, is known.



Power Gain of Linear Array: As the number of elements in a linear array
system are increused the contributions of current from each element are added.
Thus as the mmber of elements are doubled, the pover gain will increase by
3 4B. Thus the power gain may be simply stated as

- 3 logiq(N) .
powerrgain {dB) Togis (2) (4:14)
where N is the number of elements used such that
M

N=2 {4:15)
and M an integer number.

Thus the power gain in decibels referred to that aof an isotropic radiator is
given by

3 1o (N .
pap 4 33ogieM) .
i Togs o (2) W dBi (4:16)

where W 1n equation (4:16) takes into account the effects of weighting to be
discussed later.

Determination of the Minirum Spacing: A limiting point is raached, how-
ever, when the power gain no longer increases in proportion to a furthey
increase in the number of elements for a given aperture. This limitation in
the power gain occurs wher the elements are so closely spaced that they i{nter-
act with one another. This interaction may be thought cof as an effect caused
by the overlapping of the effective areas of the individusl elements thereby
reducing the power gain of the individual elements(Zl), However, if the
spacing 1s chosen such that the edges of the effective areas just touch one
another then we may say that the spacing so chosen will be the minimum that
mav be used without violating the concept of overlapping effective areas. In
order to calculate the minimum spacing, one would have to determine the
horizontal length of the effective area, for it is this length that would give
the minimum spacing. The effective area Agp of 3 Beverage antenna may be
derived from Equation (1:42) giving

A = Eli square ter 4:17)
T quare meters :

vhere G is the maximum power gain of the Beverage antenna referred to an
isotropic radiatoer. The -3 4B beamwidth may be defined as Ee and &y where the
subscripts e and h represent the electric and magnetic vectors, therefore,

08¢ and By, are in the planes of the electric and meagnetic vectors. Since the
Beverage antenna responds to vertically polarized waves then 0, and 6y are the
half power beamwidths in elevation and azimurh respectively. Usuzlly Gh > 8
for the Beverage antenna and this suggests that the effective area will be
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elliptical in nature with the major axis in the horizogtsl plane. Since we
are interested In the minimum distapce at which antzpous may be spaced then
ve nced only to calculate thoe length of the major axis. The minimum spacing,
which may be denoted by Dpypn. may then be given in texms of ae, eh and the
effective area. Thus

Dmin « 2 s (4:18)

where Dp;, in Equation (4:18) is expressed in wavelengths. fe and eh may be
expressed elther ia radians or degrees. ’

Hwrerical Procedures

Sanpled Aperture: Siunce the linear array system is a series of elements
separated by a finite distance D, it .an be regarded as a sampled aperture
where sampling takes place at the element positione. If the wave field at
the samplea positions is given by

jgﬂ~ nD sin €
E(nD) = ¢ (4:19)

chen the far field angular distivibution is the Discrete Fourier iranstorm
(DFT) (22) of the equation (4:17). Thus,

N
2 -2 vk

F (k) -Z E(nd)e M

n > -%— + 1

{4:20)

T
where ND is the chosen sampling frequency as a function o the aperture iength
ND. Trere are N distinct values compurable by equation (4:20) namely, thosa
for k in che range

N N
- — < < = H
> +1<k 23 (4:21)
If we now substitute for E(nD) in equation (4:20) the result becomes,
N 21 (uD) X
2 3 Y sin 8 - =
F(k) = e ND

E (&4:22)
n = %-+ 1

A
where ND may be derined as tlhe sine of the angular estimates bestween the
discrete points ol %. Let < be defined as tacee angular estimates then,
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i « = gre sin kA (4:23)
§ for k defined as above.
H
§ The limits or sin 0 are therefore
-N X N A
H B e 8 m— —-— W E——— 43
f sin Gmax 2 e to 3 D (4:24)
i fin o = A (4:25)

or S0 Unax 2D ‘

For a given wavelength A in equation (4:25) three cases arise if the inter-

element spacing D is varied.

Cagse (1) D < %

RS AR S S s Tl ol Ge N SO VAV L CR

I DU PR b e Y

If the inter—element spacing [ is less than half a wavelength then
sin amix[ > 1, and therefore only those angular estimates of a sector of
the angular distribution out tc some K < N such that K < 1 are valid.
2 ND

Cage (2) D = %

If the inter-element spacing D is half a wavelength, then | sin Qmax | = 1,
or & = *T | and therefore angular estimates are obtained over a sector of the

: angular 2distribution + H from boresight.
; 2

Case (3) D > =

If the 1uter—e1ement spacing D is greater than half a wavelength then
! sin Qp, . , < 1, and the angular distribution will repeat beyond la max I
From a sampled data theory point of view, sampling takes place at less than

the Nyquist rate and therefore alliasing occurs.

Based upon the above procedure, a program was written in the Fortran IV
lauguage for use on the Sigma 9 computer at C.R.C. in order to determine the

performance of linear array systems.

The pregraw egsentially computes the radiation pattern for an array of
isotropic sources, utilizing the Discrete Fourier Transform (DFT), and then
by the wethoa of beum pattern multiplication with non-igctropic element, name-
ly the Beverage anteana, calculates the resultant beam pattern for an array of

non-isotropic elements or Beverage antennas.

The beam pattern results are in

the form of a linear plot of azimuth angle against gain in decibels normalised
to the meximum value. A typical output result appeavs in Figure IV-4).
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SECTION b

'"Primary' Grating Lobes

Beyond the central regions the radiation pattern function reverts to,

sin (E§E sin 9)
E = \
sin (%?Z sin 6>
X
Note that at some value of & such that D sin 6 = 1, or sin & = D, then for

any value of N > 1, equation (5:1) 1s indeterminate. Equation (5:1) may be
evaluated, however, by the use of L'Hospital's rule to give,

(5:1)

l = N (5:2)

Thus a secondary lobe of amplitude N, which may be defined as the 'primary’
grating lob:, will appear at some azimuthal angle 6 given by

+

9 = arc sin <' %-) (5:3)

The word, ‘primary', is used here to distinguish this type of grating lobe
from that of another type to be discussed in a later section. The * sign in
equation (5:3) indicates that two grating lobes exist and are positioned
symetrically at *6 from boresight. For example, if the inter-element spacing
D is equal to one wavelength (D = 1), then two primary grating lobes will
appear at +T from boresight. If, however, the inter-element spacing D is much
greater that one wavelength (D >> 1), then for every wavelength XA contained

in the inter-element spacing D such that

- <1 n=1, 2, 3, (5:4)

aultiple grating lobes will exist. Their positions in azimuth will then be
given as

6 = arc sin (t EA) (5:5)
n D
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Since the value of ein 8, for any given value of n, takes or: four possible
values in complete azimuth, it can be concluded that the positions of the
grating lobes in the second hzlf of the radiaticn pattern is the mirror image
of the first half. As an example, let A = 30 weters and D = 40.65 meters,
then for n = 1, the first grating lobes will appear at,

- 30.0 - ° e

6 = arc sin <%'Z673§) _147.55 (5:6)
Fer the mirror image,

6 = 180.0° * 47.55° {(5:7)

= 132.45° and 227,55° (5:8)

nA

for n = 2, th;n D > 1 and the second grating lobe extends beyond the ‘visible'

region (using antenna theory parlance), and therefore, ir not valid.

The position of the primary grating lobes, which have been determined
in the foregoing example, are exemplified in the polar plot of Figure IV-5.
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Figure IV.5, Polar Plot lllustrating the Position of the Grating Lobes for the Example Given on Page 150.
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SECTION 6

Beam Steering

For special requirements it may b~ necessary to steer the beam from
boresight Into the direction of the sigral source. To meet this requirement,
delay linee may be inserted into the array system in order to steer rhe beam.
For example, if there are 32 elements in a given array system, 31 delay lines
would be required (excluding the referemce zlement), in order to steer the
beam to a gilven angular position. Furthermore, if the beam were to be
steered *10.0 degrees at intervals of 1.0 degree, it would require the use of
620 varying lengths of delay line in order to achieve this. However, the
maximun amount of beam-steering that may be achieved will be dependent on the
beamwidth of any cne element.

The 'Segmented' Array: In order to reduce the number of delay lines
used for beam steering, the array may be arranged in grcups or segments, with
M segments of n elements per scgment. This method results in a secondary
array system wuere each segment may be referred to as one element for M
elements. The spacing between the cegments, or elements of the secondavy
array, will be n times the criginal inter-element spacing D of the primary
array.

For the calculation of the delay lires refer to Figure IV-6. The first
segment (seguwent 1) 1Is considared to be the reference segment. The length L
is calculated for tiue firsc element (element 5} in segment 2 for a given
azimuthal steer angle. The method as described 1s then repeated for the
remaining segments in order to calculste the remaining delay lines. Using
the previous exampie, the number of delay lines required to steer the beam
*10.0 degrees front boresight will not be 140. The method results in a8 con~-
¢iderable reducticon in the number of delay lines required and in addition
reduces the complexity of the associated switching system. However, the
method requires the payment of a penalty; as previously mentioned, the amount
cf beam-steering available is determined by the beamwidth of any one element
and similarly, for this method, the amount of beam-steering available will be
deterunined by the beamwidth of any one segment.
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Figure IV-6. [ilustration of the Segmentation of the Linear Array.
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Consider one segment of 4 elements. The summation of the arbitrary
phase ¢ 13 depicted in Figure IV-7. Let A(x) be the x co-ordinate of A, and
let A{3) be the y co~ordinate of A then,

A2 = a%(4 + 6 cos & + 4 cos 20 + 2 cos ) (6:1)
The maximum value of A? occurs when ¢ = 0. Thus,
2 - 2 .
A max 16a {6:2)

For the half power points,

A pax = 8a? (6:3)
2
and therefore,
2= 3cos®+ 2cos 2¢ + cos 3¢ (6:4)

Equation (6:4) 1s satisfied when ¢ = 41.0 degrees, and therefore 8 the
azimuthal angle at which the half power points occur may be determined from
equaticn (5:3) to give

41 ) degrees (6:5)

8 = +arc sin <§36—5—

For an example let A 30.0 meters and D = 40.65 meters then,

6 = +arc sin (0.084)

+4.82 degrees

Thus, the beam-steering limits are iﬁ.82° from boresight for a wave-
length X = 30.0 meters.

Figure IV-8 shows plots of the radiation pattern in the central region
for steer angles from boresight to 5.0 degrees in increments of 1.0 degree.
The linear array was in the 'segmented' configuration, with 4 elements per
segment, with an inter-element spacing D and wavelength A of 40.65 meters
and 30.0 meters respectively.
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‘Secondary ' Grating Lcbes: 1f the linear array system is in the
segmented configuration, the system may be thought of ac a secondary array
system, where each segment represents one element in the array. The inter-
segment spacing, denoted by D89 is then given by

D = ND, (6:6)

where K is the number of elements used in the segment.
D is the original inter-element spacing.

If the inter-segment spacing Dg is much grea e rhan a wavelength (Dg >> A1),
‘secondary' grating lobes will result. Thre vocd, 'secondary', distinguishes
the type of grating lobes which is now under consideratlon from the type
previously mentioned. To determine the position in azimuth of the secondary
grating lobes equation (5:5), previously used for determining the positions in
azimuth of the primary grating lobes, may be used, except that D must be
replaced by Ds thus,

n)
Bn = arc sin (ts—-) s (6:7)
s
for n = 1,2,3,~--, such that %i-fil.
s .

Figures IV~9% to 1V-13 illustrate the presence of the secondary grating lobes
resulting from the array system being in the segmented configuration. Four
elements were used per scgment with an inter-element spacing of 40.65 meters.
The total number of elements used in the array was 32. These results were
obtained at a frequency of 10 MHz (A = 30.0 uneters) and may be compared to
the result obtained in Figure IV-5 where the array was not ia the segmented
configuration.
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SECTION 7
Amplitude Weighting
Amplirtrude ueigh:ing(&a) may be applied to the linear array in the form
of
A(L) = .56 + 0.46 cos Z% (7:1)

Consider a continucus apertuve of lengta L with & plane wave inciuent on the
aperture at some angle 9. The wave €ield is given by,

igg % 8in 8

E(R) = ¢ A (/:2) .

If amplitude weighting is applied in the form as shown in equation (7:1) then,

j%z-i sin ©

E(Q) = {0.54 + 0.46 cos %E 1} 2 (7:3)

The far field distribution is the Fourier Tramsform of equation (7:3) thus,

T j%ﬂ £ 8in © '3%1 o
{0.54»% 0.46 cos —} e e dl (7:4)

E = L

ol S vl

27
where L 1is the space frequency of period L. The evaluation of equation
(7:4) results in

g - Lginx .54 — 0.46 1 (7:5)
1- -2

where x = ;— (sin 6 - -) (7:6)
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If x = 0.0 (1.e. 8in 6 = %H), then E will attain its maximum value of

Emax = 0.54 L (7:7)

At the half power point, E is 3 dB below Ej,. ., or E = 0.38 L a?d this gives
rise to a value of x = 2.047 radians. Since x = % L (sin 6 ~ TE- from
equation (7:6), then at the half power points,

a

2.047 = J L (sin § - Tf"i\l (7:8)
Thus,
sin O - %E = 24%%ll (7:9)
Let sin 9 - %E = gin «, then
sin & = 24%%1A (7:10)
Again 1if « is small then,
« 2'227 x 57.29578 = 224%22l-degrees (7:11)

The beamwidth which is defined as 2= is then given by

74.665%

T degrees (7:12)

Beamwidth =

Thus by the spplication of the weignting function as shown in equation
(7:1) the beamwidth will increase by 32.2% to that with no weighting. However,
the adjaceut side lobes will be reduced to less than 1% of the main lobe.
Suzcessive side lobes, however, will tend to increase in ampiitude and exceed
1Z. It will also be noted that the main lobe will reduce in amplitude to
0.54 cowpared to that with no weighting. The value of 0.54, which may be
defined as the normalisiag factor, is used to normalise the radiation pattern
when weighting, of the form described above, is applied. The effects of the
beam pattern when this form of weighting is applied are exemplifiad in the
linear plot of Figure (IV-id).
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Figure 1V-14. Mustration in Linear Formn of the Rodiation Patterr: With the Application of
Amplitude Weighting.

Reduetion in Gain with Amplitude Weighting: Since the application of
amplitude weighting reduces the amplitude of the radiation patterm, then the
reduction in gain in decibels may be givea as

W = 20 logio E‘—Si-u 0.56 - 4.46 |—21— “ (7:13)

where x is defined in equation (7:6).

Taylor Weighting: Taylor(ZA) weighting is particularly useful in wide
aperture, narrow beamwidth, linear array systems, where the main-lobe to side-
lobe voltage ratio has beeu specified. This form of weighting also insures
that the successive side lobes remain at the specified voltage ratio out to
some integer number designated n.

Let the radiation pattern resemble the follewing function in the central

region

F M) =cos T (7:14)

where 0 is a number somewhat greater than unity and_is chosen such that F(M)
becomes zero at a corresponding integer designated n.

0 1is defined by:
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o = n (7:15)
Va2 + G - )2
A has the properties such that cosh TA 1s the main-lobe to side-lobe voltage

ratio. M is an integer ranging from 0 < M < n. To determine the Fourier
coefficients or F(M), one wust evaluate the products

- 1 ©
MZ
H 1-- H (1 -5;) (7:16)
ol(a? + (- L1l n
= ] n=n

where C is an arbitrary constant and may be taken to be cosh TA.

(¢]

F{M) =

j=]

In order to determine the weighting factors the inverse Fourier Transform
must be performed on equation (7:16), and this is given generally as,

W(p) = %r— F(0) + 2 EF(M) cos MP (7 17)
e

where PP : m?

> - -—
Since F(M) 1is zero for M = n, then the summation terminates at M = n, thus
simplifying the evaluation of equation (7:17).

Taylor has produced a table of values (Table IV-1) including the three
parameters necessary in order to calculate the corresponding weighte namely,
A?, o, and 7. Another useful parameter, designated B,, and found imn column
3 of the table, may be used to determine the actual beamwidth of a linear
array system when this form of weighting is applied. The actual beamwidth is
given by,

B s 0«
Actual beamwidth = ’JL_TET—_" degrees (7:18)

For example, if a designed main-lcbe to side-lobe voltage ratio is to be
100,00 (40dB), and T is chosen to be 6, then from the table,

0 =1.34298 and B, = 68.76°., If a wave number of 42.21 is
used, tbz2n the actual beamwidth will be,

Actual beamwidth = 68.76 x 1.04298 degrees. (7:19)

= 1,7°

42,721
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TABLE V-1
T T g T T Iy T Ty e T e e e s e I
H 1805 i :
| |- |
,Destgn side~ : v ! : A : Values of the parameter - :
lobe ratio | (Sfde-lobe ; e s T a e Tnes o, T e
iAo dB) __ lvoleage ratio) i (in CET00 3 S 2 ! . 1’ BRI
i % i : ; i ; ! :
, 0 ! 1.00000 | :B.65 | 0.GO0UO | 1.33337 {1.20000 !1.14286 ;1.11111 | 1.09C9) {1.07692 - i.UbbAT
| 7 ¢ 1.77826 ; 34.49 En.laoc7 F1.29391 g: 18672 11.13635 11.10727 § 1.08838 | 1.07514 © 1.665)4
* ; 16 ' 5.16228 | 40.33  10.33504 %1.14393 | 1.16908 | 1.12754 | 1.10203 | 1.08492 { 1.07268  1.06350
, ! 15 i 5.623a} | 45.93 50.53950 1.18689 ; 1.24712 | 2.11631 | 1.09%2s ;1.osoa3 106949 ' 1.0m112
: i 20 L 10,0000 1017 ]0.90777 11,1259 | 1.12133 ;1.10273 ' 1.98701 | 1.07490 11,0655 | 1.05816 -
: s i 17.7828 56,06 (1.29177 0 --— 1 1.09241 | 1.08693 ix‘onzs £1.06834 1 1.06083 © 105365
g 30 P 3l.e22e 60,55 11.44229:  ~e-} --- 106934 | 1.06619 11.06079 ; 1.05538 1 1.050%2
§ . 35 Y56.23a1 © 64,78 1 2.25°76 0 —om | oan e 1.05386 | 1.05231 T1.04923 | 1.04587
u : : : : ; i ; .
: ‘ 40 t o 100.6500 C 68,76 ¢ 2.84L28 | - | --- -—-- --- 1.04298 1 104261 £ 1.04068 .
g - L e R i ! >
:
] ,
Bearwidth Spread (Percent): The percentage spread in beamwidth when 40
: JdB Taylor weighting is applied may be determined, by first, determining the
: beamwidth of the sin x/x radiation pattern using the same wave number. For
] example, if the wave number of 42.21 is used the sin x/x beamwidth will be
y 50.65 o
: Beamwidth = S—F5 = 1.2 7:20
: a 42.21 (7:20)
The Beamwidth spread in percent will be
1.7 - 1.2
Beamwidth spread = =7 X 100 (7:21)
= 292
Thus, with the application of Taylor weighting, the beamwidth will increase
by 29%.
It has been determined numerically that with the application of this
form of welghiing the wain luvbe will reduce in ampiltude to 0.551 cowpared
to that with no weighting. Thus, the beam pattern obiainad with 40 dB Taylor
weighting applied has been acrmalised to this value. The effects of 40 dB
Taylor weighting on the beaw pattern is exemplified in the linear plot of
Figure 1V-15.
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Figure 1V-15. illustration in Linear Form of the Radiation Pattern with Application of Taylor Weighting.

Reduction in Gain With Taylor Weightirg: Since the application of
Taylor weighting reduces the amplitude of the radiation pattern, then the
reduction in gain in decibels may be given as

W= 20 logig [F(N)] (7:21)

where F(M) is defined in equation (7:16).
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SECTION 8

e

Azimuthal Bearing Errors Caused by Linear Array on Sloping Ground

Azimuthal bearing errors will result if the linear antenna array system
is installed on sloping ground. The magnitude of this error will be dependant
upon the true azimuthal bearing of the signal and its elevation angle. To
illustrate this, consider the diagram of Figure IV-16.

Figure 1V-16. lllustration of the Linear Array on Sloping Ground
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In this diagram, the unit vector A, in the direction of the linear : g
array, has an elevation angle B with respect to the x, y plane. The unit o

e g ar g a7

'ﬁ vector S represents a signal vector having an elevation angle Yy and an

?é azimuthal angle 6. :
2 :
‘12 The projec;ion of the S vector on the x, v, z, coordinatas will give i
;E S =X cos % +§ cos By + Z gin¥ (8:1)

3 '

Jé where B; is the angle between the S vector and the y coordinate, «; is the

;é angle between the S vector and the x coordinate, and X, ¥, E_are unit vectors

E: in the x, y, z directions respectively. Similarly for the A vector

kit -

! A =% cos B+ 7 sin B (8:2)

ﬁ; Since we are interested in the angle Y between the vectors S and A, then the

3 resultant cosine of the angle Y is simply the dot product of S and A. Thus,

3 cos(Y) = S.A therefore,

B cos(Y) = cos %; cos B + sin ¥ sin B (8:3)

R

-2{ From a knowledge of right spherical triangles cos «; may be deduced and is

4 given by,

]

. cos <y = cos Y cos © (8:4)

2 Therefore

cos(Y) = cos ¢ - & -as B + sin ¢ sin B (8:5)

To simplify matters, asgume that ~ho fi ut or main lobe is broadside to the
linear array system (i.e. 6 = %0 !° tnen

cos(Y) = sin U sin B (8:6)

Thus for an array having an eievation angle of B, the value of Y turns out

to be a function of the elevation angle ¥ of the signal. For example, if
£ = 2.0° and Y = 20.0° then

Y = arc cos (sin(20)sin(2)) = 89.3° (8:7)




The bearing error Ay which results from the arrey being on sloping ground is
Ay = 90.0 ->atc cos (8in ¢ siﬁ 8) ‘ (8:8)

From the foregoing example, AB turns out to be 0.7°. This bearing error is
particularly important in wide aperture, narrow beamwidth, linear array
systems. The result is that as the elevation angle of the signal increases,
the array beam tends to steer away in azimuth from the direction of the signal
source., Eventually, at some elevation angle, the beam will steer sufficiently
away so that the direction of the signal is ocutside the beamwidth of the
array. These variations in the elevation angle are gurticularly noticeatle
for radio waves that propagate via the ionosphere(25),
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SECTION 9

Radiation Pattern Formation as a Function of the Radial Distance R

For a performance evaluation of a linear array system, the test trans-
mitter should be placed at some radial distance R from the system in order to
minimize interference caused by the Fresnel effect.

Consider a linear array system of aperture length L, and also consider
a point source at some radial distance R from the linear array as shown in
Figure IV-17. Radio waves emanating from the point source will produce a
curved wavefront with respect to the linear array. For scme given length £,
the propagation length S may be given as
s={rR} + (z+ 2)2}% - R (9:1)

but Rg = R sin € and Z = R cos § and therefore S may be given in terms of ©,
£ «nd R to be

S = {R? sin? 6 + (£ + R cos 9)2}li - R (9:2)

For a given R and 6, S(2) may be evaluated by use of the Maclaurin series to
*he second order term to be

_ 22(1 - cos 20)

S(2) = £ cos 8 3R (9:3)
Thus the phase angle ¢ msy be given as a function of L to be
2 722 .
¢ (L) y 2 cos O - Y (1 - cos 20) (9:4)

The second term in Equation (9:4) represents the interfering-phase effect, or
Fresnel effect for a given radial distance R. If we now assume orthogonal
conditions (i.E. 6 = 90°), then

Ner0 2
2w

(L) = ) (excluding the ninus sign) {3:53

Using the criteria that the interferring phase shall not exceed %-radians at

L, then R may be given as
2
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2142

R = =5 (9:6)

With the criteria above, Equation (9:6) represents the boundary condition
between the near field or Fresnel zome, and the far field or Praunhofer region.
The result obtained in Equation (9:6} also appears in Kraus(26). From Equation
(9:6) it will be noted that for a given aperture length L, the boundary
condition is inversely proportional to the waveleangth X.

Figure IV-17. Nlustration of a curved wave front emangating from the point P and which is arriving at some
angle 8 w.r.t. the linear array of length L.
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RMAK, 2765008 07/16775% 11:19
PRBGERAM TR COMPUTE AND DISPLAY THE RADIATIBN PATTERY FOR
4 LINFAR ARRAY AF BEVERAGE ANTENNAS. THE WUMBER OF
ELEMENTS (NRX)s USED IN THE ARRAY MUST BE AN [NTEGER
PAWER BF TWH ELEMENTS AND N®Y TP EXCEED 64
THE ARRAY MAY BF
'SEGMENTED' PROVICING THE T@TaL NUMBER 8F ELEMENTS USED
IN THE SYSTEM AKRE EXACTLY DIVISABLE BY THE NUMBER OF
ELEMENTS CHBSEN FOR THE SEGME™MT, RADIATION PATTERNS ARE
A.S8 CAMPUTED FAR THE ARRAY SYSYEM BN LINFAR SLBPING GROUND
COSINE WFIGHTING BR 40DB TAYLAR WEIGHTING MAY BF APPL TED
T3 THE ARRAY SYSTEM. 1F THE ARRAY IS SEGMENTED, THE WEIGHTS
ARE APPLIED TO THE SEGMENTS 8%5LYs
THE INPUT PARAMETERS REQUIRED FBR THE PROGRAM ARE AS FOLLPWSS
Desess e THE INTER=ELEMENT SPACING O IN METERS
NRXses e NUMBER BF ELEMENTS
FAVeeues s THE FREQUENCY BF OPERATIEBN IN MHZ
THETAes+.+sBEAMSTEFR ANGLE (DEGREES)
NPTosenee THE NUMBLR AF ELEMENTS PER SEGMENTS
(IF NPT=1, THE ARRAY 15 NOBY SEGMENTED)
ALPHAweo e s THE ELEVATIBN ANGLE OF THE SIGNAL IN DEGREES
{IF ALPHA ® 0.0, GROUND WAVE CONDITIONS ARE ASSUMED]

HETA.«a s« GROBUND ELEVATION ANGLE (DEGREES)

IGKIP.sa s PARAMETER FAR SELECTIAN BFAPPRSBPRIATE

WEIGHTING FUNCTIEN

ISKIP = OesoNB WEIGHTING

ISKIP = §+4,CBSINE GEIGHTING

ISKIP 3 2¢¢sTAYLBR WEIGKHTING
XLENGTHs oo s s ANTENNA LENGTH (METERS)
EGooeseeseesRELATIVE DIALECTRIC CONSTANT
SIGMAseves s «GROUND CONDUCTIVITY (MHB/METER)
Hessoeooave s ANTENNA HEIGHT (MFTERS)
RADIUSO.-u!.kIRE NADIUS (HETEQS)

THE aBSALUTE VALUE 8F THE COMPLEX CHARACTERISTIC
IMPEDANCE ZB IS TAKEN AS THE TERMINATING IMPEDANCE ZL.
EXAMPLE AF PARAMETEARS:m
7051635050951322¢50020,1009212+2+00321¢210e26Ew4
DATA PARAMETERS START IN COLs 1 OF DATA CARD

B.Js RBOK MARCH 3C 1975

aNeNaloNaNaNaNeNaNaNesNaNaNa s e N s NaReNeNaRaNaNaNs ka2 aksXainkakaRatnianain ke

DIMENSION BRG(999)1,W(256),ITITLE(500,
IT10:200N)1sLINEIL100)»RBUF {20001, ABUF(256)
¥oFT(2000)2XLL{12B))WF(128)sXGAM(2!

CoMPLEX CWBUF(512)sCHBUF(512),CBUF(6412CBUFZ(6a)
*, XGAMMA, 285 ZIN

EQUIVALENCE (XGAMMA,XGAM{1)}

DATA ITITLE/' AZIMUTH aANGLE DrGREES '/,(C/?299:998~
*,1LImM/128)

C READ IN NDATA PARAMETERS

INPUT Dy,NRX,FAV)THETA, NPT, ALPHA,BETA,ISKIP,XLENGTH,
*EGsSIGMA,HIRADIUS

THETA = YTHETA/S57.2957R
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3
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RO

e B

ALPHAY &« ALPRA/S5729578
BETA = RETA/S729578 ¢
XLAMBDA = C/FAV i
DM #0 I = t » ILIM/2 ‘
XLL{I) = DO
WF{T) = NeD
40 CHUFI(I) = CHPLX{1+50¢)
Cal.ll WISE(EGsSIGMA,HIRADIUS,; XLENGTH, XGAM,28,F2vV,
*XGAMMA, XN, DB)
Zel = CARSI(Z®)
CALL DELAYCONST(NPT,D,THETA,XLAMBDA,CBUF,;NRX ,XLLJINR)
IFLISKIP «EQse 0)IGE TO 43
IF{ISKIP =EQe 21G6 T8 200
CabLl WEIGHTINRX,CRUF:sNPT,,WF)
G TO 43
200 CALL TAYLOR(NRX2CBUFIND,WFNPT)
©#3 DB 30 1 = 1 » ILIM
30 CHMBUF (1) = CMPLX(0+0,0.0"
MCNTR = 1 + (ILIM/2)
LCNTR = MCNTR = (MNRX/Z2)
DB 2 N = 1 s NRX
CHMBUF(LCNTR=3+N} = CRUF (N
2 CANTINUE
M x ALBG(FLOAT(ILIMI)/ALBG(2«0) + 045
CALL FASTH (M » CMBUF , W€ 2 =1)
D8 345 N = 1 , ILIM
349 ABUF(N) « CABS(CMBUFIN))/FLBAT(NRX)
AMPMX = ABUF ({1}
CONST = xXLAMBDA/(D*FLAAT(ILIM})
I0 = 0
o 772 1 = 2 , ILIM
IF(AMPMX +GE« ABUF(1))G8 TO 772
AMPMXY = ABUFI(])
ID = =t
772 CONTINUE
773 WRITE(10Rs12)
WRITE(108s13)INRX
WRITE(108,14)D
WRITE(108,23)FAY
WRITE (108,29 )XLENGTH
WRITE(108+28)XN
WRITE(108,38)08
WRITE(108,37 ) XGAM(2)
WRITE(108,33 K
WRITE(108,341EG
WRITE(108s35)SIGMA
WRITE(10R»3SIRADIULS
WRITE(108,39)20
WwRITE(108R,31)2ZLL
IF(ALPHA oEQ 0+,01G8 TB 501
WRITE(108,32)ALPHA
501 IFINPT .EQe 1)GO T€& 774
ARITE{10R,15INPT
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F74 IF{THETA «£Gv O+ eANDs ISKIP FGe 0158 T® 5S4

WRITE(1QORs88)
IFINPT «FEQe 1152 T8 798
WRITE!LOR»$8)
WRITE(L1DRI2C)
WRITE10&s21)
WRITE(I0®IZ221 XL (1), wF{1)s1misNR
G2 T8 Sés
775 WRITE(108:397)
ARITE(L1ORS Z20)
WRITE(4DRICL)
ARITEL108222) 10 XL i fiswFil)almlaNk
566 CBNTINUE
DECODE (2,005,933 ITITLE)Y IT(K) + ¥ = O » 2000
J = 0
Je = o
N « 1
432 1 = 4
#33 SINE s CPANST#FLEAT(Nwq)
DSINE = [BNSTHFLEAT(Na1=]1D]
IF{SINE «GTr 28)1G8 T8 435
SSINE =« AMOD(SINE2L0)
999 IFISINE «GTs 12168 TH 438
IFLISKIP +EGeC)aMPMXay,
IF(ISKIP obElGe 2)AMPMXape551
IFLISKIP «EGe 1)1AMPMX = 0¢5%
BRBUFtMY = ABUF(T1/AMPMX
BRGIN) = 57.295782ASIN{ISINE)
GO THO a4
435 IFIJ +EQ. 131GA 16 &3¢
NN = N
436 NN 3 NN e ]
IF(NN £ Q1GE T2 771
J = 1
BRG(N} = 1800 = BRGINNI

4% JF(DSINE «O7e 1.0:G8 7€ 77C
I o« 1 + 14
IF(SINE +LE» 1eC:1GE Ta 8Ba
IFLISKIP «EQs O1AMPHMXal:
IF(ISKIP «EQ« 2)AMPMX=(+551
IF{ISKIP +EQ+ 11AMPMXmD S5h
BBUF(N) = ABUF(1)/AMPMX

8R4 N = N + 3
IF(]l « 10U IM18433,4332432

770 1FiJ?2 +EQs 1)GC TO BB3
N2 = N

883 N2 = N2 o |
BBUFINY = BRUF (N2
N 2 N ¢+ 1

J2 = %
IFCT = TLIMI&33,4033,432

T AN e G TRy - ate s . FUUR

,thﬁ

PR PR



B o e e e N

ioay Loof

ARt A b s e

771 L 0= ¢
CaLtL REVERAGE (N:BRGFT,FAVIALPHAL,EGIHISIGMA, 1D, '
*XLENGTH)ZUIXGAMHAJXGAH)XN)ZLLJXGAIN’
PER = A PGIO(NRX)/Z/ALBG10(2)
IFUISKIP 2EQs QIXGAINY = Qs
IF{ISKIP +EQs 1)XGAINY = w5.3%
IFLTISKIP «EQs 2)XGAINYG = w5etlp
POWER = {(3+2PER) + XGAIN ¢ XGAIN1 +20%ALBGIO(BRUF(ID+11)
WRITE(ICRISYIPBWER
WRITE(1C8.17)
D2 403 o = 2 4, Nwi
XL = FY(N=JI*BBUF (J)
IFIXLeGTa 00 eaNDeXLaToe3¢16E=31GH TA 403
IFIXLeERWN0I1GO T8 77n
LL = S0en ¢+ {(20+4aLBGI0(XL)) +45
Ge T8 279
778 L = %
779 ENCEDE( 72245 LINEYIT(LISBREGINeJ ) sLL
ARITE 10RJZ7ILINEIX)skels18
L= L +
402 CANTINYE
D9 40a g = 2 , N=i
X, = FY(J)¥BBUF(J)
IFfXLOGTcO'C‘JND.XLtLTo3o165':)Gﬂ T8 4C4
IFIXL +£Qe 0+DIGH TO 776
LL = SC0en ¢+ (20¢2ALBGLI0IXL)) ¢ o5
Ge 18 777
776 LL = 2
777 ENCODE (72,452 INEYIT{L128BRG(J sLL
ARTITE (108,27 LINE(K)sK=1s18
L= L «
404 CBNTINUE
WRITE (108:67)
sTep
17 FERMAT (11 1,29x, tNERMAL ISED INTENSITY PATTER:'/
'37XJ'1|CDB PER DIvV'/
¥15X)'eS0s 01 220X 1825001 ,22X, 0001/
*17Xs26( tadt))
45 FORMAT (4Xs1AL6XsF bl ot 4t )NXptat ,TTOs 4}
27 FARMAT{1RAY)
67 FERAMAY  17Xs26("wet1)
93 FBRMAT{200041L)
L2 FORMAT('1DISPLAY IN LINEAR FURM OF THE RADILTIAN PATTERN:
#' FOR A LINEAR ARRAY AF BEVERAGE ANYENNAS!,&4X,'Hs J, ROBK')
L3 FBRMAT (/3 THE NUMAER 6F ELEMENTS USED = ',12)
14 FERMET{,VINTER®ELEMEinT SPACING (METERS) ® 1,Fg.2}
1S FARMAT(/'THE ARRAY IS IN THE SEGMENTED CONF IGURATISNY,
“1 WITH 1,12, ELEMENTS PER SEGMENT')
14 FORMAT(*'1's'DELAY LINE LENGTMS AND WEIGHTING FACTORS ARE:')
18 FARMAT/, X2 "SEGMENY NO» 20X, 'DELAY LINE')20X, "WEIGHTING!)
19 FOARMAT (LXs '"FLEMENT NOL,1,20Xs 'DELAY LINE'220xks '*WwEIGHTING' )
c0 FORMAT (56Xs '"LENGTH' ;24X 'FACTERS )
21 FORMAT (35X, "{METERS) ', 24X, ' (DR) '}
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22 FURMAT(RX,12227X,F662,25X2F502)
23 FUORMAT(/'FREQUENCY IN MHZ 3 t,F5,2)
29 FARMAT (/' 'BEVERAGE ANTENMA WIRE LENGYH [METERS) = ',fF6.2!)
28 FORMAT(/'VELSCLITY 8F PROPAGATIAN RATIH = 1,76,3)
39 FORMAT (/'COMPLEX CHARALCT IMPEDw Z8 3 (1 ,F7,2,10,1%,

“F72,%) AHME!Y)
31 FORMAT(/'TERMINATING IMPEDANCE a '5F7:2,' BHMSY)
32 FARMAT(/'ELEVATIEGN ANGLE OF SIGNAL (UEGREES) = ',F5%.2)
33 FORMATI/'HREIGKT BF ANTENNA ABOVE GROUND (METEKS) ='F5,2)
34 FORMAT({/'RELATIVE ODIALECTRIC CONSTANT OF GRBUND ® t,F4sl)
35 FORMAY (/1GROUND CONDUCTIVITY (MHB/METER) & 1,FR.6)
36 FERMAT(/'WIRE RADIUS IN METERS (COPPER WIRE) = ',F3,7)
37 FORMAT(/'PHASE CONSTANT (RADIANS/METER) 8 1,F8.8)
38 FERMAY(/'ATTENUATIOBN CEBNSTANT (DB/METER) = 1,FReb!
69 FARMAT(/'PONER GAIN OF ANTe ARRAY REL« T8 1SOTRAPLIC,

»' RADIATOR =!,FB8.3, ‘DB!')

END

SUBROBUTINE DELTA(wsEG,EB,SIGMA, ADELTA)
SUBROBUTINE TO CALCULATE THE GROBUND WAVE
TILT ANGLE

Bs Je RABK MARCH 30 1975

Si = EG = 1o

S12 = S514S4

S2 = SIGMA/(EOQ®W)

S22 = S$2.32

S3 = §512 + §22

S« = EGuEC

S5 a S4 + S22

855 = S5#85

DELTA = 5375858

DELTA = DELTAx#.25

ADELTA s ATAN(DELTA)

RETURN

END

SUBROUTINE RHOV(iXI1ow,E0,EGsSIGMAsRNE}
SUBROUTINE TO CALCULATE THE VERTICAL
GROUND REFLECTI®BN COEFFICIENT FOR 4
GIVEN ELFVATION ANGLE(XI1)e

Bs s RBAK MARCHW 30 1975

CAOMPLEX RHD,C22Z2A:C

Y = De=SIGMA/Z(WRED)

s CMPLX(EG)Y!

ces(xI1)

Seb

ZeSINIXIN)

C = Z-B

C2 = CSQRTI(C)

RNB = (A = C21/\A * C2)

RE TURN

EnND
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SUBROBUTINE BEVERAGE(L,BRG, AMPE,,FAVIXI14EGsH,SIGHAID,
$X_ENGTH, 23 XGAMMA» XGAM, XN ZLL s XGAIN)
SUBRAUTINE T8 CALCULATE THE BEVERAGE ANTENNA
AZIMUTHAL RADIATIBN PATTERN AT A GIVEN CLFEVaTlan
ANGLE (XI1)s UF XI120s0, GROUND WAVE CEBNDITIONS
ARE ASSUMED.

Be Ja RPHK MARCH 30 197%

DIMENSION AMPP{11aXGAM({1),BRGI1),8X(1})
COMPLEX Z{L1)aRHB,A(121,C(6)2C4
*pR(2),RHEBL1,Z0,)XGAMMA,RHASB

DATA EB/RB+BSEe12/,P1/3.1415926%/
*CC/ 38/

ISK = .

IFix11 «£Qe 0.8)15k=0

F = FAvai+ES

ALPHA « xGAM{1)

BETA = XGAM(2)

RHBBA = (Z2LL=Z2B)/(2LL*2Z28:

RO = XGAMMASXLENGTK

RHBO8 a RRAD#CEXP(=RHABL )

Cs4 = RHBNL1/2

C4 = CEXP(=(C4)

W E 2.sPla¥F

IF{ISK «EQ. 1)GA T8 S

CALL DELTA(WJEG,E8,SIGgMA, X1

X = W/CC

XK ® 2e¥rsX

XLAMBDA = CC/F

AMPX w XULAMBDA®%2/(377.8%B¢%P1)

SIE » SIN{XIL)

IF(ISK «eCe 01660 T8 &

CaLiL RWBVIXI1,W,E8,EG,SIGMA,RAL)

Prl = Xxk#SIE

X = ZOS(PHI)

Y = 0,0 « SIN(PHI)

Z(1) = CMPLX({XsY:

Al2) v RHO®Z(Y)

A{3) = RuBH¥Z (1)

A(2) a 1. = A(2)

6 00 2N=1 s L=t

XNN = BRGIN)I/57+29578

IF(ISK «£Q+ 1)GC TE 7

A(6) « STE*COS{XNN)

GA T8 B L)

A(6) = SIE*COSIXNNI®A(2,
A(7) = At61/{2:428)

RG = je~xNsLB8SiXT1)aCac(aNN)
RA1 = {.+XxNsCOSI(XI1)#COSIXNN]
S = RASBEFTASXLENGTHE 5

S]1 = ROLBETASXLENGTH%.5

S3 s ALPHASX_ENGTH/2:

Cil) = CHMPLX{S3,%)

Ci2) = CMPLX{1S3.51)

8T

Liv kA
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!

Al7) = A(7)%Chx

A(7) = A(71eXLENGTHa(CSINNIZ (1)) /7C1Y)

#+ RHEASCSINHIC(2)1/7CL2) 1}

AMPPIN) = CASS(A(7)) H

IFINeNE.TD*1)1G8 TO 2 i

A(B) = A(7Y%A(7)58.53REAL120) !

POAER = CABSIAIR)I/AMPX

XGAIN = 10v4AL0Gi1C(4BS(PAWER))
e CANYINUE

XNGRH s (o

DB 4 « = 1 » L=}

IFLAMPPIK) oGTs XNBRM)XNEBRM = AMPPI(K)
& CONTINUE

D8 3 I = 1 » L=}
3 AMPP (1) w AMPP({1)/XNBORM

X1t & 57,29578#X][1

IF(ISKk +EQs OIWRITE(108+91X]1

RETURN
9 FARMAT(/'GROBUND wAVE TILT ANGLE (DEGREES) = !',Fepe3)

END

SUBRAUTINE WEIGHT(NRX,CBUFanNP T aF)

SUBRBUTINE 710 COMPUT THE WEIGwTS

FAR CHBSINE WEIGHTING

BeJe REBHAK MARCRKR 30 1975

DIMENSIZN WF(1)

COMPLEX CBUF(1}

04TA P1/gpe2B318B531/

NM g NRX/2

NR = NRX/NPT

HRY = NR/2

CaNST = PI/FLBAT(NR}

D€ 10 1 = 1 » NRj

A1 = ]

y = CONSTaxl

W o= 0.5& + DebbsCe5 (X,

N{ = ((I=1)18NPY) « 4

N = TanpT

D® 20 N = Ni s N2?

CRUF(NM4N) a« WBCBUF (NMaN)

CBUF (NM+{=oN) = J3(CBUF(NM+3TN)
20 CONTINUE

WF(NR{+I) » ABS(2C+8A 0G10(W) !

WE(NRi{+iw]) » WF({NRL+1)
10 CONTINUE

RE TUKRN

END

[aNaNel
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SUBRBUTINE TAYLPRINRX,CBUFID wF NPT}

SUBRBUTINE TE CHMPUTE THE WEIGMTS FER
400B TAYLOR WEIGHTING

Bsdse ROBK MARCH 3C 1975 {
CEMPLEX CBUF (1) :
DIMENSIEBN F(O:1Z),EL(0t40)12mF (1) !
DATA P1/3+14159285/ g
X N 6/ A/ /D B4428,,5/1.042987 ?
N™ =2 NRX/2

NR = NRX/NPT

NR{ = NR/2

03 30 I = 0 + 3¢

F(I) s 0.0

L =0

XN z N = 1

S = Sag
RELPEAT

C = 1.

Fr = 1.
D2 11 X = N » 12¢62CH
Ay = 2,FLBAT (k)

A2 = Aimsai

B = 1. » A2

. g e P

22F8R Z= (L esXNIys)

1
-

C = CaB

CANT INUE

D 12 M = 1 4 Nel .

Dp = FLUHAT(M) = (+§ )

C1 = D2s52

E = S»(A+DY}

EE = (¢ = (Z%x2/L)
FfF s FFatE

CenTINLE

FiL! = FFaC

L= L +

CBNYI\UE

XN1 = Np1

XL 8 Da(XN1=wGe5)

08 20 + a 0 , NR1
AL s |

A, = a_ = 005

P = D#AL‘PI/X'L

IF (AL oEQe =45)P5(0 0
G= 0

D2 34 M a2 ¢ » N

ARG = FLEBAT(M)2P

& = F(M+;2CBS(ARG)

G = W +« G

CONT INyE

G = 240G

ELiL) = (F{QI1+4Gi/t2+%p]:
CENTINUE

D2 40 [ = 1 s AR}
ELceI) = ELCDVZEC S
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c
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N2 = ({(Jwl}#NPT )4}

N3 = J#NPT

pe 50-—K\- N2 » N3

CBUF {NMeK) 8 EL(T)%CBUF iNM+K)
CBUF (NMe1%K) = EL (] )¥CBUF (NMe1=K)
CONTINYE

WFINR1+]) = ABS(2C+»A BGI0(ELiIN)?
WF{NR{+i=]) ® WF({NR1+1)

CeNT INUE

RL TURN

EnD

R®8x,276300S C?/16/7% i2:40
SUBRBUTINE GHUNDTYILTINRX#D,CBUF,THETALJALPHA,BETA,XLAMBDA)
SUBROUTINE T6 CHMPUTE THE PHASE ERRBRS
ACROSS THE ARRAY ASSGCIATED WITH A
GROUNG TILT (BETA)Y
B.Je RPBK MARCH 30 197%

COMPLEX CBUF(1)

DATA P1/3¢14155265/

IFIALPHA «EGQe o0 +ANDs BETA Q¢ +O0IRETURN
S2 = SIN(ALPHNA)®SIN(BETA)

EP = (Pl/2¢} « ACHBS(SA)

CONST = 2.#PIsSIN(EP)D/XLAMBDA

DB 10 N = 1 a2 NRX

PH] s CONSTH#FLOAT(Nel

X = COS(PHI)

= SIN{PHI)

CRUFIN) = CBUF(N)*CMPILX(X,Y)
CAONTINUE

RETURN

END

SUBRBUTINE DELAYCANST(NPT,D, THETA, XLAMBDA, CBUF ,NRX, XLL/NRI

SUBROUTINE TO DETERMINE THE DELAY CONSTANCE PER
SEGMENT oF THE LINEAR ARRAY FBR A GIVEN STYEFR ANGLE
THETA,

BseJeROABK MARCH 30 19785

DIMENSIEBN XLLI(1)

COMPLEX CBUF{1)

DATA Pl1/6+28318531/

NR = (NRY/NDT)

IFITHETA +EQ@s O¢DIRETURN

D1 = CLMAT(NPT)IsD*SIN(THETA)/XLAMBDA

D2 = PIsD]}

09 10 I a 1 s NRej

PRI = FiLAAT(])sD2
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XLL(I+1) = FLOBAT([)#D1sXLaMBDA
X = CAS(PHIL)

Y = SIN(PHI)

Nl = FLBAT{IIeNPT ¢

N2 = N1 + NPT = ¢
A DB 10 N = Nt , N2

: CBUF(N) = CMPLX(XsY)

y 10 CONTINUE i
g RETURN

§ EnD

SUBRBUTINE CARSON (R,PQIPI)

CEMPLEX RD1LRDZIRP,S2,521,542S41s
*S1G621,51G225161,51G3,81G31,51G4,51G41,
*»PLQIR,PQ

IF{CABS(R) «GTs 10e)GO T8 22

RCY = 2,sCLBG(R/2,)

RO2 = 2.8RC1

RP . =RD1}

FACZ = Q.

Sa s CMPLX{Qes0e)

SIGN v el

DB 1 I = 1 » 5C

SIGN

FaCs

FAC, FACy+ALCGp8]l"y)

FAC2 FAC1+ALBG (281

s21 = §2

RP = RP + RD2

S2 a S2 « SIGN#CExXP(RP=(FACl+FaC2);

IF(CABS((S21=52)/52) ,LT. 1.Eeg)G0 78 2

1 CeNTINUE

ST6P 1

2 CANTINUE

RD1 & 4¢sCLBGIR/2

RP « CMPIX(0es0.)

FACE ® [

SQ w CHPLx(C-;C-)

SIGRh = et

DO 5 I = 1 +» 50

SIGN =

FACl =« FaC?
=

IRl A VL R AR

Ty e

R/

FaCt FACl + ALOG(2#1)

FAC?2 FACL +» ALEBGIZaI+1)

Sel = S»

RP s R + RD.

Sé £ S& 4 SIUNSCEXP(RPe{FALLeFaAC2})}

IF(CABS((S41»54i/84: 1T, 1.E=51G0 70 ¢
S CBNTINUE

ST@p 2
6 CONTINUE

RD1 o 4.4CLOG(R)

RP @ CMP LX(Qes0s)

XMyLT1 = 01

SIGN = 1,

A8 Ve

PR Y Y.
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SI1G) = CMPLX((e3333333,0¢)

W8 10 1 = 32100,

SIGN = =5IGN

Xl o« ALBG(I+#)

XMULT2 w XMULTL ¢ 2e5a10G(1} + 2.4AL0G(1¢2) + xI
RP = Rp 4+ RD}

€1G2 = §1G1

SIG! = SIG1 + SIGNyCEXPIRPwXMULT2)
XHULTY = xMULY2 = xI
IF(CaBS5((SIGp=81G ) /SIGy) +LT. y<E=5;60 T8 ;5§
CANTINUE

STOP 3

S1G1 » RsSIG}

RD1 = 2.,,CLBGIR/2}

RDOZ = 2.3RO1

RP = =RD,

FACE s Do

S1G2 = CMPLX(0us,041

SIGN = e

b8 20 I « 1 » S50

SIGN = =S5IGN

FACy = FAC?

ID o E.I

FAC1 = FACy + ALUG(ID'17

FAC? & FACL + ALBG(ID)

Sym = 3.

DO 16 N = 1 » D

AN & N

SUM = SUM ¢ {esXN

SUMz = SyUM = {*/{2e8XN)

A s ALOG(SUM2;

A2 = A u (FAC1*+FaAc2)

51G2! = giGe

RP = RP 4 R[2

SIGZ = S1Gp + SIGN‘CEXP(ﬁE*gp)
IF(CABS ((51621=51621.,/5162) +L%e 1.E=5)1G0 TO 2¢
CONTINGE

STOP &

CONTINUE

RD1 & 4.4CLOG(FR)

RP = g,

XMULTL = 0+

SIGN = 1.

SIG3 &« CMPLX(042,04)

DO 30 I = 5 4 100s4

SIGN , =SIGN

Xl o a1AG(Led)

XHULT2 & XMULTL + 2,#AL0G(!] «2,%ALBG(142) ¢ XI
RP s Rp + AD

SIG31 , SIG3

SIG3 = S1G63 « SIGNBCEXP(RP*XMyULT2)
XMULTY & XMULT?2 » X1
IF(CABS(({SIGI1=SIGI)N/SIGI! LT+ 1.E=Z)GH 7A 34

T TS Tt v O
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30 CONTINUE

STOP 8§
31 S1G3 a RsR8R¥31G3/9.

RD1 = Ql;CLbﬁtnle')

RP w CMPLYX{(DweaQs)

FAC2 = O

SIGh = CMPLX{0e,Co)

SIGN = =1+

D9 40 ! = é » 8¢

SIGN » «§IGN

FACY = FACZ2

ID = 2alel

FAC1 = FACi + ALGG(ID-l)

FAC2 = FAC1 + ALBG(ID)

SUH s 0o

D6E #45 N = 1 2 ID

XN = N
S SuUM = SUM ¢ LrsXN

SUM2 a3 SuM = e/ (29%XN)

A = ALOG(SUM2)

A2 = & & (FACL+FAC2)

SIGal = SIGH

RP a RP + RDY

SI1Gy = 51G4 + SIGNRCEXP(A2*RP)

IF(CABS((SIG#1*SIG#4)/SIG4) LT+ 14E=5)G0 T8 5¢C
&0 CONTINUE

STOHP 6
S0 CENTINUE

P = Pla((s=S4)/Be¢ + 0eS¥(CLOG(2e/(1°781138R)) )52

¥+ .707%(S163°S1G1) + .5%81G2

Q& 0.25 + +5%(CLAGI2711¢7R11*R))I*(1+=SY)

¥+ +707%(SIG3+SIGL, =PlaS2/8. = +51SIGé

Q@ = CMPLX{0sr10)8G

PG s P « @

Ge 18 23
22 PG & ((CMPLX(10s1¢)4047071/R)} = (3e/(RuR})
23 RETURN
XGAMMA =« CSQRT(XGAMMA)
OB = B.6R6%XGAM(1)
BETA = XGAM(2)
XN ® 2.8P]/(XLAMBDA®BETA)
RE TURN
END

SUBROUTINE WISE(EG,SIGMA, HIRADIUS, XL, XGAN, ZE,
sF AV XGAMMAL XN, DB )

DIMENSIBN XGAM{2),TAN(2)

COMPLEX DIELZBIRCwIER,PQ, XGAMMA

EQUIVALENCE (RCwW,TAN(11})

DATA PI/3¢14159265/,EM/8.85Ew12/,C/3+E8/
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F ® FAYxt1 LS

R = SIGHASF

XLAMBDA = C/F

RC = 0e003173K4SQRT(R)

XIMAG = {(EG = $e)/(2eaC¥XLAMBDASSIGMASL sEn7)
RCW = CMPLX(1esXIMAG)

RCW = CSQARTI(RCHW)

RRCW = CABS(RCwW)

RCW = RCW¥R(

IF(RC oL Te +25)GO T8 2

CALL CARSON (RCW,PQIPI)

Go 16 3

ANG » ATANZ2(TAN(2)2TAN(1))
ANG? - 2&'ANG

R1 = RCaIRCW

RES w COS(ANG) ¢ SIN{ANG)
RESDIF = COS(ANG) = SIN{ANG!
ALG = A1 BG(24/RY)

A = COS(ANG2)8(0+48728 + ALG)
B = A + {ANG®SIN{AKG2)) '

P s 0s3977={0:273578R14RES)+(R1¥R130.04912SIN(ANG2))

*+R1IBR12040625875 ¢+ (ANGas5H)

C1 = SIN(ANG21%(0¢672R+ALG)=(ANGRCBS{ANG2))
@ = e0s0336+{eS58ALG)+({+,23578R1#RESDIF)
¥+ 106254R1%RI3C1)=(R18R1%404315COS(ANGZ) !}
PR = CMPLX(P,3)

CONTINUE

RS & 2.#xK*SART{(F)/RADIUS

A = 4,Ea7aPlaFaa_ BG(2.8H/RADIUS)

Py = B.uePlaFapPR

D = CMPLX RS,A)

€ 3D ¢« PReLeE=7

E1 = (#.4PIsPlaFaEBI/ALBG({2e¥R/RADIUS)

E2 = CMPLX(Q¢,EL]}

8 = g/°2

18 = CSQRTI(28)

XGAMMA = ESE2

END

RCHR
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