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ABSTRACT

" The radiation field produced by a single parasitic loop counterpoise antenna
has been investigated both theoretically and experimentally . Geometrical theory
of diffraction is applied to obtain theoretical expressions for the far field produced
by such an antenna. Within the range of approximation the agreement between theory
and experiment has been found to be very good. In the absence of mutual coupling
between the parasitic elements, the present theory can be applied to double- and
multiple-parasitic loop counterpoise antennas.

The parasitic loops in general reduce the counterpoise edge diffraction effects
on the far field patterns. The behavior of the parasitic loop counterpoige antenna
pattern near the principal maximum is not appreciably different than the Alford loop
counterpoise pattern near it maximum. Parasitic loops increase the response of
the antenna in regions of space near fhe %enith 6 = 00, '

Detailed results of numerical and experimental investigations of various aspects
of the parasitic loop counterpoise antenna have beén given. These results bring out
the effects of the different parameters of this new antenna system on the radiation
patterns.

The parasitic loop concept has been found to be capable of shaping the pattern pro
ducet by an Alford loop counterpoise antenna pattern in regions of space below the
plane of the counterpoise .

On the basis of our investigation we conclude that when suitably designed, the
parasitic loop counterpoise antenna is potentially capable of minimizing the Biting |
errors associated withexisting VOR systems. We have proposed three new antenna;
systems which may find possible application in a VOR system.
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I
INTRODUCTION

1.1 Preliminary Remarks

This is the Final Report on Contract FA67TWA-1753, Project 330-004-05N,
"VOR Parasitic Loop Counterpoise System' and covers the period 16 June 1967 to
16 June 1968. The primary purpose of the contract has been to investigate the
possibility of using parasitic loops to improve the performance of the antennas used
in existing VHF Omni Range systems. The concept of using parasitic loops gave
rise to a new antenna configuration named the parasitic loop counterpoise antenna. A
major part of the investigation has been devoted to the theoretical and experimental
study of the radiation properties of such an antenna. The possible application of the
antenna to VOR systems is then explored. In the following sections we discuss briefly
the genesis of the parasitic loop concept and give a brief outline of the report.

1.2 Simple VOR Antenna

(1)

A detailed description of the VOR antenna system has been given by Anderson
and will not be repeated here. For the purpose of the present investigation a simple
VOR antenna is assumed to consist of a single Alford loop placed above and parallel
to a circular and conducting ground plane or counterpoise. It operates in the frequency
range 108 - 118 MHz. In most installations the diameter of the counterpoise used is
about 5.7) at the frequency of 108 MHz. The antenna is oriented with the counter-
poise lying in the horizontal plane. It is generally elevated above the ground level to
a height depending on the site chosen and its efivironment. The free space radiation
pattern of such an antenna is omnidirectional in azimuth. It should be noted tha}lt)he
actual VOR antenna employs two pair of loops and has a figure-of-eight pattern'"’ in
azimuth. The elevation plane pattern has a maximum around 50°-60° away from the
vertical depending on‘tlie height of the AHord loop and the size of the counterpoise.

Due to the counterpoise edge diffraction effects the Alford loop counterpoise
antenna has considerable response in directions below the plane of the counterpoise.
Because of this, scattering objects such as trees, buildings, etc., in the vicinity of
the present VOR antenna systems and also the ground reflection effects, produce
errors in the VOR indications 1 .

To avoid the errors in the bearing indications of the existing VOR systems the
ideal requirements on the antenna radiation pattern are such that in the upper half
plane of the counterpoise the elevation field pattern should resemble the Alford
loop counterpoise radiation pattern and in directions below the counterpoise plane
the field should be zero or negligible. Such a pattern is possible only with an in-
finitely large counterpoise. However, to increase the counterpoise diameters
well beyond the values used in the existing systems is impractical.



1.3 Previous Work Done

Weston et al(2) proposed a new VOR system which uses a stacked array of two
or more Alford loops above the counterpoise. They have shown that by properly
choosing the amplitude and phase of excitation of the loops the field gradient at the
horizon (i. e. the rate of decrease of field below the horizon) can be increased
considerably. This was achieved by producing a minimum in the elevation pattern
in a direction just below the horizon. Successful operation of this antenna system
requires proper phasing and feed network for the Alford loops. Although the theo-
retical value of the field gradient produced by this antenna was large, the average
response of the antenna below the horizon was found to be quite high. It can be shown
theoretically that both the horn and lens antennas may provide partial solutions to
the problems associated with the existing VOR antenna systems. However, because
the operating wavelength is of the order of 10 feet, the structures associated with
these systems will be immense. Additional difficulties will arise in adapting the
present feed (i.e the Alford loop) to a lens or horn antenna. Because of these
reasons the idea of using horn or lens antennas in VOR systems has not been
pursued.

1.4 The Parasitic Loop Counterpoise Antenna

The basic objective of reducing the field in directions below the plane of the
counterpoise may be achieved by using a large parasitic loop placed above and
parallel to the Alford loop counterpoise antenna. Such an antenna will be called
the parasitic loop counterpoise antenna. The parasitic loop receives its excitation
from the Alford loop. It is then conceivable that by proper choice of the physical
parameters of the parasitic loop, the field produced by the parasitic current in the
presence of the counterpoise may be of such a phase as to reduce the field produced
by the Alford loop counterpoise antenna in the directions below the horizon. The
current carried by the parasitic loop being small compared to that of the Alford
loop, the parasitic loop will not appreciably alter the field near the principal
maximum. However, it is expected that fields near the vertical will be altered
appreciably. Thus it appears that one or more parasitic loops may be used ad-
vantageously to reduce the siting errors caused by the antennas in the existing VOR
systems.

1.5 Outline of the Report

The parasitic loop counterpoise configuration is a new antenna. Hence the
major portion of our investigation has been devoted to the study of its radiating
properties under various conditions. Throughout the report we shall refer to the
Alford loop above the bounterpoise as the basic antenna. The entire study is



directed towards shaping the patterns of the basic antenna in certain regions of space
with the help of the parasitic loops. The outline of the report is as follows.

The radiation properties of the Alford loop above the counterpoise are discussed
in Chapter II. The effects of changing the counterpoise size on the patterns are given.

The radiation field produced by a single parasitic loop counterpoise antenna is in-
vestigated theoretically in Chapter III. The theory is then verified by experiment.
The general effects of the parasitic loop parameters on the far field pattern are
discussed.

Chapter IV presents in detail the results of numerical and experimental inves-
tigations of the radiation properties of a single parasitic loop counterpoise antenna
as the different parameters of the system are varied.

The radiation characteristics of a double parasitic loop counterpoise antenna
are discussed in Chapter V. The properties of an optimum antenna with best field
gradient characteristics are discussed. A brief comparison between the single and
double parasitic loop counterpoise antenna is also given.

Multiple parasitic loop counterpoise antennas are discussed in Chapter VI.

Three models of parasitic loop counterpoise antennas are proposed in Chapter
VII. All of them may have possible application for the purpose of improving the
performance of the existing VOR system.

Chapter VIII gives our general conclusions and recommendations for further
work,

The Fortran IV Computer Program used for numerical analysis and some
numerical results are given in the Appendices.



I
RADIATION CHARACTERISTICS. OF AN ALFORD LOOP ABOVE A COUNTERPOISE

2.1 Introduction

In this chapter, properties of an Alford loop located above and oriented parallel
to a counterpoise are discussed. The complete expression for the radiation field pro-
duced by such an antenna system has been obtained by Weston et al (2). They also have
reported satisfatory agreement . between theoretical and measured radiation patterns.
The Alford loop above a counterpoise being the basic antenna system, its radiating
properties are of fundamental importance for our investigation. The radiation charac-
teristics of the antenna are therefore investigated in more detail both numerically
and experimentally. The results are discussed critically and are represented in a
form suitable for later use.

2.2 Radiation Field of an Alford Loop Above a Counterpoise

The cross sectional view of the Alford loop above the circular ground plane
along with the coordinate system used is shown schematically in Fig.2-1. For
theoretical analysis the Alford loop is approximated by a small circular loop (ka<<1)
carrying a constant amplitude current. In practice the Alford loop used is square
in shape with each side approximately of the order A/5 so that the above approxi-
mation is reasonable. Since the development of the theoretical expression- for the
radiation field of the antenna has been discussed elsewhere'”’, it will not be repeated
here. Only the final result is quoted here. Assuming that the loop carries a current
of the form

- =it

I= 6 I0 e ¥ ,
it can be shown that the complete expression for the far field produced at a point
P(R, 6) and in the range 0<9<7 is given by

i(kR-"/4)
A ka,2 e A
= ki -— 2,1
E¢ noIO(z) = S (6 ., (2.1)
where
. Fo
A, Fo(e)sine -ikAsinf cos6 sm(2) ikro o
S (f)= —— ¢ + — L7(0)), (2.2)
V2! hrkrosine
T oA .
1(§ ~kAsinf) cosB/ 29) -sin3/ 2q eikAsinG cos3/2 0
L’ (6)= = = 0 (2.3)

\/lfs_irF cossf0 -sinf > m cos¢o+s1n9
4
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. . p . . p
ikr_sin(6-f ) 1 . 9 ikr sin(6+0,) 2. 2
FO(6)=e ° f emt 2 dt-e ° f emt /2 dat, (2.4)
-Q0 -0
kr. 1 -6~
p,=2 (<0 )/ COS(u) , (2.5)
s 2
kr, 1/ g +6+75
=9 (—2)/2 o °
Py=2 (=7)"" cos (== : (2.6)
r(z): AZn? , (2.7)
_h
tan ¢0 T (2. 8)

2
k = —;i is the free space propagation constant,

UR is the intrinsic impedance of free space

and the other parameters are as explained in Fig. 2-1. The implied time depen-
dence in Eq. (2.1) is e~Ivt | The far field produced is polarized in the §-direction
and is independent of the azimuthal angle # . The term s8(6) in (2.1) may be looked
upon as the complex far field pattern. Thus sA(g)| is the conventional far field
radiation pattern and arg SA(6)| gives the variation as a function of 6 of the phase
of the radiation field at a constant distance R from the origin. To determine the
accuracy of Eq. (2.2) the radiation pattern of the antenna has been measured and
compared with the theoretical pattern obtained numerically from (2.2). The ex-
pression is then studied numerically by varying the different parameters. These
are explained in the following sections.

2.3 Description of Experimental Arrangement

Experimental investigations have been carried out at the frequency of 1080
MHz which is about ten times the operating VOR frequency . The Alford loop used
is a tenth scale model of a typical loop used in the existing VOR antenna system,
the design of which is -discussed’ hy Anderson(1} . A photograph-.of. the .
Alford loop model is shown in Fig. 2-2. The loop is made of brass strips and fed
by a coaxial line with the help of a balance-to-unbalance transformer. The loop is
square shaped with each side equal to 0.21", which is about A/5 at the frequency
of 1080 MHz. The counterpoise has been cut from aluminum sheet 0.125" thick
and backed with a wooden frame to ensure rigidity. It has a diameter of 5.2'.
The loop is mounted 4.8'" above the counterpoise with its axis coincident with
that of the counterpoise. The experimental Alford loop counterpoise antenna is
shown in Fig. 2-3. The present configuration studied corresponds to a full scale
simple VOR antenna system consisting of a standard Alford loop above a 52
diameter counterpoise. In all the measurements to be discussed below the above

6



FIG. 2-2: PHOTOGRAPH OF THE ALFORD LOOP MODEL
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model has been used as a receiving antenna. It is of some interest to mention here the
following normalized physical parameters of the antenna used (see Fig.2-1): 2A~5.7),
h~0.44), and a~)/10 .

2.4 Experimental Results and Comparison with Theory.

The measured elevation pattern of the Alford loop in the presence of a 5.2' dia-
meter counterpoise is shown in Fig.2-4. For comparison, the theoretical values of
SA(G) as obtained from numerical computation of Eq.(2.2) are shown in the range
0 <06 <7 in Fig. 2-4. The general agreement between theory and experiment is con-
sidered to be excellent for this case. Elevation patterns of the same Alford antenna
have been measured for 2A=4', 3' and 2' respectively and the agreement with theory has
been found to be very good in all cases. The measured and theoretical patterns for the
case with a 2' diameter counterpoise (kA=6.893) are shown in Fig.2-5. It may thus be
concluded that for A 3, Eq.(2.2) should predict quite accurately the radiation pattern
produced by the Alford Loop counterpoise antenna. It is anticipated that the theory may
give the pattern with reasonable accuracy even for A <)X. However, we have not tested
the theory experimentally for such cases.

2.5 Omnidirectionality of the Pattern in Azimuth

As can be seen from Eq. (2 1) the far field is independent of the azimuthal angle ¢
This is consistent with the physical symmetry of the theoretical model shown in Fig.2-1.
To test the omnidirectionality of the azimuthal pattern of the experimental model, ele-
vation patterns have been measured in various meridian planes of the antenna (i.e. for
different values of ). The variation of the pattern as a function of ¢ is shown in Figs.
2-6a - ¢ for three selected values of 6. As can be seen from Figs.2-6a, b, the omni-
directionality of the pattern in azimuth may be considered to be very good in the hori-
zontal plane and in the direction of the pattern maximum. The omnidirectionality for
the case 0=10°(Fig. 2-6¢) is found to be worse compared to the previous two directions.

2.6 Numerical Investigation

By using a high speed computer Eq.(2.2) has been computed for different values of
A with constant kh=2.75. The computer program and numerical results are given in
Appendices B and C. The computer used was the IBM 360 / 67. In the present section we
discuss a few of the important radiation characteristics of the Alford loop counterpoise
antenna on the basis of the numerical investigation. Pertinent information obtained
from our experimental study will also be given for comparison.

2. 6.1 Amplitude and Phase of the Radiation Field

As mentioned in Chapter I, the primary purpose of the investigation has been to
shape the Alford loop counterpoise pattern near and below the horizon. For this pur-
pose it is important to know both the variations of |5t 6)) and arg SA(Q) for 6 > /2.
Here we discuss the amplitude and phase variation of the field within the region
90° < 9 <1200 which is the most important region from the VOR point of view. Figure
2-7 shows the amplitude and phase of the radiation field as a function of 6. In general

9
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FIG.2-6: MEASURED AZIMUTHAL PATTERNS OF ALFORD LOOP COUNTER-
POISE ANTENNA. kh=2.75, kA=17.92, f=1080 MHz.
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it may be said that the phase varies quite rapidly around the horizontal direction
6=90°. It can be seen from Fig. 2-7 that for a change of 30° in 6 below the horizon
the phase of the radiation field changes by about 212°. The curves shown in Fig.2-7
will be used later for the purpose of modifying the pattern below the horizon.

2.6.2 Pattern Characteristics as a function of the Counterpoise Size

In this section we discuss briefly the radiation pattern characteristics of the Al-
ford loop counterpoise antenna as the counterpoise radius A is changed. The normalized
radius kA of the counterpoise is varied from 6.893 to 51.69.at the frequency 1080 MHz,
which corresponds to a variation of A from 1' to 7.5'. The results obtained from the
numerical investigation are shown in graphical form in Fig. 2-8. Curve (a) shows the
variation of the direction of principal maximum 0 max 28 A is varied. It may be con-
cluded from curve (a) that as A is changed from about A to 8), 6 increases from
550 to 60°. Curve (b) shows the field gradient at the horizon as %ction of the counter
poise size. The field gradient is defined to be the negative of the ratio field at 6=96°/
field at §=90°, expressed in db. As expected, the field gradient at first increases sub-
stantially as A is increased, but for larger values of A, it increases very slowif.

Curve (c) in Fig. 2-8 shows the variation of the field in the direction §=90° relative to
that in the direction 6=6,,,. as A is increased. As the counterpoise size is increased
the field in the direction 6=90° decreases more and more relative to the field in the
maximum direction. For a quick comparison, the theoretical and experimental values
of the different quantities are shown in Table II-1. On the basis of the results discussed
above we single out the following information regarding the pattern characteristics of an
Alford loop above a 5.2' diameter counterpoise at the frequency of 1080 MHz:

Omax = 55-3°, .
field gradient = «_ = -20 log E—b-(%o) = 3.09 db/6°
g 10 | E(90%)|
0
field reduction = ap= -20 log E(909) = 10.38 db.
10 [ E@pyy)

The above information will be found useful for later work.

TABLE II-1;: ALFORD LOOP COUNTERPOISE ANTENNA PATTERN CHARACTER-
ISTICS AT £=1080 MHz, kh=2.75 AND VARIABLE A.

2A kA 0 maxin®) ag(in db) arp(in db)

(ft) Theory Exp. Theory Exp. Theory _ Exp.
2 6.89 55 56 1.63 1.8 5.15 4.4
3 10. 30 55 55.5 2.18 2.1 7.45 7.2
4 13.74 55 54.5 2.62 3.0 9.03 10.2
5.2 17.92 55 55.2 3.09 3.15 10. 38 12.5

10 34. 47 60 - 4.49 - 13.35 -

15 51.69 65 - 5.96 - 14.86 -
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2.7 Discussion

The radiation pattern characteristics of an Alford loop above a counterpoise
have been discussed here both theoretically and experimentally. The results pre-
sented will be used later in evaluating and also improving the performance charac-
teristics of the existing VOR antenna systems.
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I

RADIATION FIELD OF A SINGLE PARASITIC LOOP COUNTERPOISE ANTENNA

3.1 Introduction

In the present chapter we investigate the radiation field produced by an Alford
loop counterpoise antenna system as modified by the presence of a parasitic loop.
The latter system is referred to as the parasitic loop counterpoise system and is
shown schematically in Fig. 3-1. For theoretical analysis the Alford loop is rep-
resented by a small circular loop of radius a (ka << 1). The parasitic loop has a
radius B and is placed at a height H above and parallel to the counterpoise. It is
assumed to be made of conducting wire of radius b.

In the following sections we shall first develop a theoretical expression for
the radiation field produced by the above antenna system. An experiment is then
designed to obtain results so that the accuracy of the theory may be determined.
Finally the various radiation properties of the antenna are discussed in general.

3.2 Far Field Expression

The parasitic loop receives its excitation from the Alford loop. The first step
in the analysis is to obtain the current induced in the parasitic loop by the field
produced by the excited loop. The radiation field produced by the parasitic current
in the presence of the counterpoise is then determined. Finally this field is com-
bined vectorially with the Alford loop counterpoise field given by Eq. (2.1) to obtain
the far field produced by the parasitic loop counterpoise antenna.

3.2.1 Current Induced in the Parasitic Loop

From the symmetry of the system and the nature of the field produced by the
excited loop, the current in the parasitic loop may be assumed to be of the form

= A -iwt )
I = ¢Ipoe , (3.1)

where a is the unit vector in the $-direction and Ip, is a constant to be determined.
In determining Ip o it 18 assumed that the current at any point on the parasitic loop
is equal to that induced by a longitudinally polarized (the electric field parallel to

the axis) plane electromagnetic wave incident normally on a conducting cylinder of
radius b and of infinite length (for example the cylinder is oriented parallel to the

y-axis in Fig, 3-1). This is a basic assumption of geometrical optics and should be
a reasonable approximation for the present problem as long as kB >> 1. Using the
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FIG. 3-1: GEOMETRIC REPRESENTATION OF PARASITIC LOOP
COUNTERPOISE ANTENNA AND COORDINATE SYSTEM.
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well-known results of the scattering of plane electromagnetic waves by @ conducting
cylinder of infinite length (3, it can be shown that

® !
4 in e1n¢
I = X
Py Ty

—— E_ (P), (3.2)
n=-0 Hfll) (kb) y

where

E;Jnc(P) is the incident field at the position of the parasitic loop produced by

the current Ic,e‘i‘*"t in the small-excited loop,

(1) is the Hankel function of the first kind and order n,

H

n
X is the azimuthal angle measured along the circumference of the
cylinder,

and the other parameters are as explained before.

It is now assumed that kb << 1, so that it is sufficient to retain only the n=0
term in (3.2). After making the small argument approximation for the Hankel func-
tion we obtain the following from (3.2)

~ 27 _inc
- : E, (P), 3.3
Ipo 1nOkM ¢( ) (3.3)
where
M=o.577+2n(1%°)-i;—r . (3.4

Thus the evaluation of the parasitic current I o is reduced to the determination of
the incident field at the position of the parasitic loop.

3.2.2 Incident Field at the Parasitic Element

The incident field E- = (P) at the point P on the parasitic loop is obtained
from ray optics conside1¢ations. It is assumed that E}YIC(P) is due to the following

rays originating from the phase center Q of the excited loop and reaching the point
P (Fig. 3-2):

(i) direct and reflected rays 1 and 2 respectively originating from Q,

(ii) the rays 3 and 4 originating from Q and singly diffracted by the near and
far - edges of the counterpoise respectively,

(iii) a ray 5 from Q and singly diffracted by the diametrically opposite region
P! of the parasitic loop before reaching P,

(iv) a ray 6 single diffracted by the parasitic loop at P and reflected back to P
by the counterpoise.
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There are other rays that may contribute to the field at P but they will be higher
order diffracted and hence are neglected for the present purpose. It is clear from
physical considerations that the contributions due to the direct and reflected rays
will be predominant. It is also anticipated that for kH >>1 the contribution due to
the diffracted rays will be of less importance. However, for small and moderate
values of kH the diffracted ray contributions can no longer be neglected. Thus
the incident field: at the point P on the parasitic loop may be formally written as;

inc, . _12 34, 56
E (P)= E¢ (P)+Ep (P)+E¢ (P), (3.5)

where the superscripts on the right hand side refer to the rays contributing to the
field.

3.2, 3 Evaluation of the Incident Field at the Parasitic Elemeni

It is quite easy to obtain the field component Egljz(P) due to the direct and re-

flected rays. It can be shown to be given by

ke, ikrg
12 ka2 e e
E¢%P)‘”olo (—2—) B[ 2 3 , (3.6)
1 2
where
r? - B2H{(H-h)°
(3.7
rg = B2+(H+h)2

The evaluation of the field E34 (P) due to the near and far edge diffracted rays

is not straightforward and hence we discuss the key steps involved in obtaining it.
The near and far edge diffracted fields at P are determined separately and then com-
bined to obtain Eﬁ"l (P) . The coordinate system used in obtaining these fields is

shown in Fig. 3-3. In obfaining these fields the results of Sommerfeld's theory of
diffraction of plane waves by a half-plane %) are used, The application of Sommer-
feld's theory to the present type of problem has been discussed elsewhere (1) and
will not be repeated here. It can be shown that the incident field at P due to the
near-edge diffraction of the field originating from the phase center Q of the excited
loop is given by
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FIG. 3-3: COORDINATE SYSTEM FOR DETERMINING
EDGE DIFFRACTED FIELDS.
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3 A 2 1-i 1 1 3
E¢(P)= H ("Q) (=—-=)e

!
r3sm6 r3 27 p3 p3
ikr0
X [n I (lf-a)zsine e—J, for KA >>1, kr >>1. (3.8)
oo 2 o r 3
where ¢
_2( o /2 cos ( 02¢3) (3.9)
krg 1/2 ¢o+¢3
129 ((—
p32(7r) cos ( 5 ) (3.10)

and the other parameters are as explained in Fig. 3-3. In Eq.(3.8), the first factor
(A /A—r3si1163)]/2 is the near edge divergence factor which takes into account the

circular geometry of the counterpoise. From the geometry shown in Fig. 3-3 it
can be seen that
1/ 2 1/
—_— )4 o2y 12
( " r3s 93 ( . (3.11)

The last factor in (3.8) is the incident field at the near edge produced by the circular
loop of radius a and carrying a current I,. After introducing (3.11) into (3.8) and
some algebraic manipulation, the following is obtained for the contribution of the
incident field at P due to the near edge diffracted ray 3 :
1 1
ka .2 A A -i37/4
B@on 1 (507 4 52 (P

O

K _ _
ik(r,+ry) [sec (¢o ¢3) “sec (¢02 f3 ):I

5 (3.12)

e

Similarly it can be shown that the field produced at P due to the far-edge dif-
fracted ray 4 is given by

4 -iTj2 A 1 1/2 il 1
E¢(P)—e (W) (r4 o (— )

X e [n I (—') sinf, :I » for KA>>1,kr>>1, (3.13)
Yo

23



where all the parameters are as defined in Fig. 3-3 and

kry 179 Po-Ps
P4=2(T) cos ( 5 )

(3.14)

] +
'2(—°) o ¢°2¢4) . (3.15)

The interpretation of the different factors in (3.13) is similar to those in (3.8). The

factor e-i"/2 in front of (3.13) is due to the fact that the diffracted rays pass through
the focal line (z-axis); the negative sign in the last factor is due to the reversal of
the incident field polarization at the far edge of the counterpoise with respect to the
near edge. After some rearrangement, (3.13) may be written as follows:

(D=1 (ka‘)2 A A2 Lk s o2
¢ T o B 7Tk1‘4 ) /2_‘
ik(r +r ¢ +¢
e O Eec(%z 4) _sec (?EZJ‘-H . (3.16)

After combining (3.12) and (3.16) we obtain the following as the contribution to the
incident field at P due to the near and far edge diffracted rays 3 and 4:
. _'371’ / 4
ka 2 A ikrg g™
(P) =n 1 ( — ©

¢ re

1 'k - +
H(o >/2 e & {sec(M)—sec (9"—%)}]. (3.17)

The contributions to the incident field at P due to the rays 5 and 6 are found in
the following manner The geometry involved is as shown in Fig. 3-4, where P' is
the cross section of the parasitic loop situated in a region diametrically opposite to
P. To obtain the field at the point P due to the ray 5 we at first obtain the field at
the point P due to the scattering of a plane electromagnetic wave of proper amplitude
incident normally at an y-directed conducting and infinite cylinder of radius b located
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at P'. It is assumed that kb << 1 so that the low frequency approximation to the. well-
known results(3) of the scattering of electromagnetic waves by an infinite cylinder may
be used for this purpose. The incident field at P' is that produced by the circular loop
located at Q and its field is assumed to be locally a plane wave in the vicinity of P'.
Thus it can be shown that the scattered field at P is

s' o[ ka2 B k() m 7 1 ¥ ik
E, (P) I:noxo(éf);z—e }‘[ or () e ] (3.18)

g

where M is as given by (3.4) and the other parameters are as explained before. The
field at P due to the ray 5 is now assumed to be given by (3.18) multiplied by the
proper divergence factor which takes into account the circular nature of the parasitic
loop. The appropriate divergence factor in this case can be obtained from the diver-
gence factor in front of (3.13) with A replaced by B and r4=2B and 64=7 / 2. Thus the
field at P due to the ray 5 is obtained as:

, iy
5. ka27 B K'1 1 72 jkp-T/4)
E¢(P)- 'TIOIO(‘z"') M ? e . (n_k]:%) e . (3.19)
1

The approximation involved in deriving (3.19) is valid for kB >> 1.

Following a similar procedure the field at P due to the ray 6 can be obtained.
It can be shown that it is given by:

ka2 7 B L1 )1/2 J(2KH-T/4)
2 i2M 2 TkH

1
Thus the combined field at P due to the rays 5 and 6 is obtained by the addition of
(3.19) and (3.20) and is given by:

6 -
E¢(P)— +n010( (3.20)

56 ka2 7 B K1 1 L ikB+T4) , 1 lh i(2kH-"/4)
X Eka) ¢ G e ] '

E¢ (P)= '77010(5' ) ﬁ —r—%e —_
(3.21)

This completes the evaluation of the component incident fields in volved in Eq. (3.5).

3.2.4 Evaluation of the Parasitic Current

We are now in a position to evaluate the current Ip_ induced in the parasitic
loop:.. After introducing Eq. (3.5) into (3.3), Ip o is obtained in terms of the current
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I, and other physical parameters of the system. Following the same convention used
in (3.5) we can write

12 34 .56
Ip Ipo+Ipo +Ipo . (3.22)
Using (3.3), (3.4), (3.6), (3.7), (3.17) and (3.21) it can be shown that the component
currents in (3.22) are given by the following set of equations.

12 ka 2 27B flrl thrg

- —— 7r e -e

IPO_IO( R [rz 2 ] ’ .29
1 2

2 2 2 2 2 2

rl—B +H-h)", r2-B +(H+h) (3.24)

M=0.577+4n (kb/2)-i"/2

1, ikr. _ +0,
X |:(_l)/2 el '3 sec(¢%¢—3)-sec( %)}

7TkI'3

L ik - +
+H (._1._ )/2 el r4 {SGC( ¢0_¢4)_sec( 0 ¢4 )}:l’ (325)

7rkr4 2 2

r§=(A-B)2+H (A+B)2+H2 2-A2+h2

tanf =H/(A-B); tan¢ FH/(A+B); tan¢o_h/A (3.26)

J

-1 (ka 2 7(kB) e‘krl 1 Yo 1(2KkB+ " 2) (L 51/2 i(2KkH-"/4)
M2 (kr1)2 7TkB 7TkH

(3.27)

This completes the evaluation of the current induced in the parasitic loop element.
As mentioned befdre the approximations involved in the derivation makes the above
set of equations valid for the cases when kB >> 1 and kA >> 1, i.e. when both the
parasitic loop and the counterpoise diameters are large compared to the wavelength.
For ¢o sufficiently small and the present polarization of the field produced by the
excited loop, it can be seen that the contribution due to the 133 term is much less
than the other terms. More will be discussed about this later.
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3.2.5 Far Field of a Large Circular Loop Above a Counterpoise

In this section we give the theoretical expression for the radiation field produced
by a large circular loop of radius B(i.e. kB >> 1) and carrying a current of the form

2 A iwt

L= ¢Ip0 e
and placed at a height H above a counterpoise of radius A. The method of analysis
is similar to the one used by Weston et al (2 to obtain the radiation field produced
by a small circular loop above a counterpoise. The derivation of the expression is
discussed in Appendix A. With reference to Fig. 3-5, it can be shown that the far
field at the point P(, 6, §f) is given by the following expression, valid in the region
0<6<7:

LB ei(kR-”/4)
E¢~n01p0(—2—) R F(0) , (3.28)
where b
J . (kBsin6) A cosfsin(—=- ) ikr
(o) —— (oo 1kASm9+-——-—2—e P 1P, (3.29)
Vo' Jr krpsine
b ei(”/Z—kAsine) cos 2 ¢pJ 1(chos¢p) -sin]/ze J 1(kBsinG)
L7(6)= Y l; cos ¢p-sin6

(3.30)

A 12
oLKASInG J 1(ch°S¢p) cos ¢p
Jitsing’ cos¢p+sin6

ikr,_sin(6-@ ) 5 t2/2 ik, 8.:n(6+f ) % £2/2
1KY - 17T 1KY 51 17T
FP(g)=e P f e dt-e > P f e dt |

-0 -0 (3.31)

kr_ 1 -9-7/2
=2(—;Ep)/2 cos (5—69-71—) )

P, (3.32)
r.1 +9+7T 2
-2( -——% 2 cos (—-—2——/—) , (3.33)
r12)=A2+H2
3.34
tan¢p=H/A , (3.34)
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and J is the usual notation for the Bessel function of the first kind and first order.

3.2.6 The Radiation Field of a Parasitic Loop Counterpoise Antenna

The radiation field produced by the parasitic loop counterpoise antenna shown in
Fig. 3-1 can now be obtained by superposing the fields given by (2.1) and (3.28) with
the parasitic loop current Ipo in (3. 28) being given by (3.22) - (3.27). Thus it can
be shown that in the range 0 <6 < 7 the far field may be expressed in the form

_ ka2 ei(kR_ 79
E¢— nOIO(—z—) —g S(9) (3.35)
where SA Sp p
S(0)=5"(9) + 12(9)+S§4(9)+S56(6)' (3.36)

In (3.35), S(0) is identified as the complex far field pattern produced by the parasitic
loop counterpoise antenna. In (3.36) the terms SA(6) is the free space complex far
field pattern produced by the small loop only above the counterpoise and is given by
Eq. (2.2). The last three terms in (3.36) constitute the complex far field pattern
produced by the parasitic loop only in the presence of the counterpoise. The sub-
scripts in the terms on the right hand side of (3.36) refer to the approximation used
in evaluating the corresponding parasitic current. The conventional radiation pat-
tern of the loop counterpoise antenna is given by [S(6) . Explicit expressions for
the terms in (3.36) are given below for future reference.

|cosé| sin(—29 ) ikr

(o

0 . i .
sPg)={ T Osing -ikAsing, e %1%} , (3.37)

V2’ T kr sing

F2(6), 1L2(6) are as defined by (2.3) - (2.8).

sfiz(e)ﬂ(kB) l:e © ]F(B) , (3.38)

iM (krl)z (kr2)2
7 (kA) (kB) e_iw/4 eikro Alp 1 1/2 tkry BoPs Pty
824(9): M, 5 K ()% (ﬂ_k;;l) © {Se"(—é—)'sec( 5
ik - +
- i( W}{—rB) k e1 '3 {sec(gg—;b—:’-’)-sec (Eozﬁ)}j\ F(0), (3.39)

30



£ (0)- 72(kB)% e , )1/2 1(2kB+7/4)
1 /2 (2T
(=57 :IF(G), (3.40)

where F(6) is as given by (3.29) - (3.34) and all the other parameters are as defined
before.

It is appropriate at this stage to list the following approximations involved in
the derivation of (3.37) ¢ (3.40);
kA >>1, kB>>1, kH>>1, kb <<1and kA >kB . (3.41)

The influence of each of the parameters, A, B, H and b on the pattern as well as the
relative importance of each of the terms in (3.36) will be discussed later. This com-
pletes the derivation of the theoretical expression for the radiation field produced by
the parasitic loop counterpoise antenna.

3.3 Description of the Experimental Arrangement

. For experimental investigations a parasitic loop was positioned coaxially with
the axis of an active Alford loop antenna. Both the parasitic element and Alford
loop were mounted above a counterpoise having 2A~5.7)\ at an operating frequency
of 1080 MHz and is shown in Fig. 3-6. All pattern measurements were carried out
in the 0-variable plane of Fig. 3-6. The basic Alford loop counterpoise antenna is
similar to the one described in Section 2. 3 and was not varied during the experi-
ment. The parasitic loops were held in position by a polystyrene foam structure
as shown in Fig. 3-7. As can be seen from both figures, the parasitic loops are
made of conducting strips rather than conducting wires as assumed in the.theory.
This has been done for mechanical simplicity. In comparing the experimental re-
sults with theory it is assumed 5 that a conducting strip of width w is electrically
equivalent to a conducting cylinder of radius b , which is a reasonable assumption
provided w = 4b and w, b << . The parasitic elements were fabricated from brass
strips 9.15x 10" 3 thick at 1080 MHz and oriented as shown in Fig. 3-6. Two
basic parasitic elements having w = 1" and w = 2" were used during the experiment.
These two widths correspond to 9. 15x1072) and 1.83x10-1) respectively at the
frequency 1080 MHz. Employing each of these basic parasitic loop configurations
in the Alford loop counterpoise system, the effects of the variation of H and B (Fig.
3-6) on the patterns were studied. All the patterns were measured in an anechoic
chamber. It should be noted that the height H of the parasitic loop is measured from
the top surface of the counterpoise fo. the center (w/ 2) of the parasitic element.
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FIG. 3-6: SCHEMATIC DIAGRAM OF THE EXPERIMENTAL
PARASITIC LOOP COUNTERPOISE ANTENNA.
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3.4 Comparison Between Theory and Experiment

A typical measured elevation pattern of the loop counterpoise antenna system with
one parasitic loop is shown in Fig. 3-8. This particular value of H was chosen here
because it was anticipated that the disagreement between theory and experiment would
be more for smaller values of H. Theoretical points as obtained from numerical
computation of

P
%0 +5P (@]

of Eq. (3.36) are shown as dots in Fig. 3-8. It can be seen that with this first order
approximate theory, the agreement between theory and experiment is fairly good
over most of the range of 6 despite the fact that the pattern has been computed by
neglecting all diffraction effects in the determination of the parasitic current. Dif-
fraction effects on the parasitic current are taken into account by numerically com-

puting A o) +s‘1’2(9) +s§6(9)|

of Eq.(3.36). These computed points are shown as crosses in Fig. 3-8, which shows
a slight improvement in the agreement between the theory and experiment due to the
inclusion of the term SP_() . The improvement is found to be more than 3 db for
values of 6 near 0° and for § > 7/2. Numerical computations indicated that the term
S§’4(6) in (3.36) is negligible compared to the other terms. For this reason, in the
theoretical calculations discussed below, this term was not considered and was also
neglected for all subsequent calculations.

Figure 3-9 shows the measured and theoretical elevation patterns produced by
an antenna system with a parasitic element having a larger value of b. The agree-
ment between theory and experiment here may be considered to be satisfactory in -
the range 0 <6 < 80°. For 6> 80° the disagreement between the two is found to be
worse than that considered in Fig. 3-8. This is attributed to the fact that the values
of b, B and H used in obtaining the theoretical pattern in Fig. 3-9 lie in the extreme
end of the range of validity of the approximation mentioned in (3.41). For larger
values of B and H the agreement will be better.

The present theory may be further improved by taking into account higher
order diffraction terms in obtaining the induced current in the parasitic loop. How-
ever it is anticipated that for larger values of H and B the present theory should
agree better with experiment. This is borne out in Fig. 3-10 where the agreement
between the two may be considered to be excellent.

On the basis of our comparative study of numerical and experimental patterns
it may be said that the theory given in Section 3.2 can be used with satisfactory
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SINGLE PARASITIC LOOP COUNTERPOISE ANTENNA.
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accuracy for kb < 0.25 and kB > 2.57 and kH > 3.75 . The accuracy will be better
for larger values of B and H and smaller values of b.

3.5 General Effects of the Parasitic Loop on the Radiation Pattern

The elevation pattern of the basic Alford loop counterpoise antenna was discussed
in Chapter II. The considerable response of the antenna for § > /2 as shown in
Fig. 2-4 is due to the effects produced by the counterpoise edge diffraction. After
comparing the patterns given in Figs. 3-8 through 3-10 with that given in Fig. 2-4,
it can be said that, in general, the parasitic loop reduces the effects of counterpoise
edge diffraction considerably. This is evident from the fact that the parasitic loop
counterpoise antenna patterns discussed in Section 3.4 show much reduced response
in directions 6 > 7 /2 than that shown in Fig. 2-4. This effect is particularly true
for small values of H and all values of B. In addition to this the introduction of a
parasitic loop increases the average response of the antenna near the axial directions.
This observation has also been reported by us elsewhere(6), The parasitic loop can
thus be utilized to shape the loop counterpoise antenna patterns in the regions near
6=00 and also § > 90°. We shall discuss this in more detail in a later section.

3.6 The Effects of Variation of the Parasitic Loop Parameters

Tn this section'wé disciiss qualitatively the general effects of the variation of the
parasitic loop parameters b, H and B on the parasitic loop counterpoise radiation
patterns. Quantitative discussions of these effects will be given in later sections.
The following observations are made from a general study of the numerical and ex-
perimental results.

The parameter b (or w) has been found to be quite critical. For kb << 0.15,
(i.e. w << 0.09)) the parasitic loop does not receive enough excitation to affect the
pattern appreciably (Eq. 3.3). As kb is increased beyond 0.15, the amount of re-
duction in field response in directions 6 > 90° at first increases, but for kb > 0.3
the overall pattern becomes too much distorted as compared with Fig. 2-4.

It was mentioned in Section 3.5 that for small values of H the parasitic loop
produces strong effects on the overall pattern. This is due to the fact that as H is
increased the magnitude of the parasitic current |Ipo| decreases. A study of (3.23) -
(3.27) reveals the fact that IIpol becomes maximum near H = h, i.e. the parasitic
loop lying near the plane of the Alford loop. With kb = 0.15 it has been found both
theoretically and experimentally that for H > 2 the effect of the parasitic loop on the
radiation pattern near the direction 6 > 90° is negligible.
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The effects of the parameter B has been found to be quite strong whenever 2B
is of the same order of some multiple of a wavelength. The position and amplitude
of the minor lobes in the parasitic loop counterpoise antenna pattern near the axial
region is found to depend in a complicated manner on both B and H.

3.7 Discussion

In the present chapter we have developed a theory for the radiation field pro-
duced by a parasitic loop counterpoise antenna. Within the range of approximation
the theory has been found to agree satisfactorily with experimental results. It may
thus be concluded that the theory can be used for theoretical investigation of the
various radiating properties of the present antenna configuration as the different
parameters are varied.
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RADIATION CHARACTERISTICS OF A SINGLE PARASITIC
LOOP COUNTERPOISE ANTENNA

4.1 Introduction

In the present chapter we investigate in more detail various aspects of the
radiation characteristics of a single parasitic loop counterpoise antenna. The
parasitic loop counterpoise radiation patterns are compared with the pattern pro-
duced by the basic Alford loop above the counterpoise. The effects of the different
parasitic loop parameters on the patterns are also discussed. The investigation is
divided into two main parts. The first part presents and discusses the results of an
experimental investigation of the radiation properties of the antennai as the parasitic
loop parameters are varied. The second part gives the results obtained from
numerical computation of the theoretical expressions given by Egs. (3.37) - (3.40).
These contain information about the amplitude and phase variation of the far field as
functions of the different parameters of the parasitic loop.

4.2 Experimental Results

The experimental arrangement has been described in Section 3.3. The basic
system was the Alford loop placed at a height 0.44x above the 5.7\ diameter
counterpoise as described in Sections 2.3 and 3.3. Two sets of parasitic loops having
w=0.0915X and w=0.183) and variable B and H (Fig. 3-6) were used during the experi-
ment. With the first type of parasitic elements (w=0.09152) the elevation patterns
of the system were measured at 1080 MHz by varying the height H from 0.23X to
1.88 in steps of 0.18 \ increments and the diameter 2B from 1.0 to 5.0 in 0.52
increments. Similar measurements were carried out for the antenna with the
second type of parasitic elements (w=0.1832) with the corresponding variations of
H from 0.46) to 0.82) and of 2B from 1.0 X to 5.0Xx. All the measurements were
carried out at 1080 MHz.

4.2.1 General Behavior of the Patterns

The radiation patterns obtained for single parasitic loop counterpoise antenna
as a function of the parasitic loop parameters are presented in Figs.4-1 and 4-2.
Although the details are lost these figures may be found useful in ascertaining the
general behavior of the patterns with the variation of H and B. Figures 4-1 and 4-2
should be compared with the pattern produced by the basic Alford loop counterpoise
antenna as given in Fig. 2-4. It should be noted that the Alford loop is located at a
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FIG. 4-1:MEASURED FAR FIELD ELEVATION PATTERNS OF SINGLE PARASITIC
LOOP COUNTERPOISE ANTENNA. h=0.44), w=0.092), A=5.7), £=1080 MHz,
2B and H variable.
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w=0.183), A=5.7\, £=1080 MHz, 2B and H variable.
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height h=0.44 X above the counterpoise., After comparing Figs. 4-1 and 4-2 with Fig. 2-4
it is found that in general the behavior of the pattern near the principal maximum is
not altered appreciably due to the introduction of the parasitic loop. The principal
maximum of the basic Alford loop counterpoise antenna is in the direction §=559
(Fig.2-4). The direction of principal maximum in the pattern of the parasitic system
varied between 50° to 60° over most of the range of variations of H and B shown in
Figs. 4-1 and 4-2. The main effects of the parasitic loop are observed in the two
regions of space. New lobes appear in the pattern in the region near 6=00. The
position of maximum of this lobe has been found to lie within 10° to 20° off the axial
direction. In general the amplitude of this lobe has been found to be of the order of
the main maximum but it may become larger than the main maximum for larger
values of B. For large values of B there appeared more than two secondary maxima
near the region 6=00.

In the second region of space defined as 6 > 90° the general effects of the para-
sitic loop has been found to reduce the average level of response of the antenna, i.e.
the counterpoise edge diffraction effects are reduced by the parasitic loop.

The above effects depend, in a complicated manner, on the parameters w, B
and H, so that it is not possible to give any rule for the effects produced by the
variation of these parameters. In the following sections we give a few quantitative
observations obtained from more careful study of the experimental patterns.

4.2.2 A Few Observations

(1) For H <0.44), i.e. when the parasitic loop lies below the Alford loop the
direction of the principal maximum moves towards the direction 6 = 0°, for values of
2B in the range 1 - 2X. This has been found more pronounced for the case w=0.183)
where the principal maximum occurred near the direction 6=35°.

(2) For H< 0.44) and all the values of B the parasitic loop is found to be ineffec-
tive in modifying the pattern shape in the directions 6 > 90°,

(3) For H~0.6 1 the parasitic loop is found to be most effective in reducing the
field in directions § > 90°, This effect has been observed for all values of B. The
amount of reduction is found to increase with increasing w. For example the maxi-
mum field reduction in the direction 6=90° is found to be about 24db for H=0.64 ),
2B=2.5) and w=0.183X and 20db for H & 0.6, 2B=2.5) and w=0.092\. For the
basic system this factor was 10.3db.

(4) The effect of the generation of the secondary maxima near 6=0° and the re-
duction of field in directions 6 > 90° increase with increasing w. This can be seen
from the typical patterns shown in Fig. 4-3
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(5) The gradient of the field at the horizon is not much improved for small
values of H. The improvement is found to take place for longer values of H and B.
This is because for these values of H and B there appears a minimum in the pattern
a few degrees below the direction §=90°. With a single parasitic loop system the
best theoretical field gradient obtained was 8.4 db/6° with the system shown in
Fig. 3-10.

4.3 Numerical Results

In this section we discuss the theoretical behavior of the patterns produced by
the parasitic loop counterpoise antenna system in the region below the horizon de-
fined as 900 < 6 <120°. The reason for choosing this region of space is that it is in
this region the existing VOR antenna patierns need to be improved. The experimental
investigation discussed above indicated that for largers values of H and B the para-
sitic loop can improve the horizontal field gradient considerably. The pattern be-
havior is discussed for the parasitic loop counterpoise system having kb=0.15, and
kH > 10.00 and kB > 37. As discussed in Section 3.4 within this range of parameters
the theory predicts the pattern with satisfactory accuracy. The results discussed
below have been obtained by numerically computing Eq. (3.36) without the term Sg 4(9).,
In the sections below the following notations are used to represent the varicus pattern
functions.

SA(G) = complex far field pattern produced by the basic Alford loop above the
counterpoise,

S(G)=SA (0)+Sli2(9)+ Sé) 6(9)= complex far field pattern produced by the parasitic
loop counterpoise antenna,

sP (9)2811)2(9)+ Sg 6(6)= complex far field pattern produced by the parasitic loop
only above the counterpoise,

E;(969)

a_=field gradient at the horizon = -20 log 10 —¢——

g E¢(900) ’
E4(90%)
a_=field reduction at the horizon=-201log —Q——
F 10 E¢(6max)

4.3.1 Field Gradient Characteristics

As mentioned in Section 2.6.2 the field gradient at the horizon obtained from the
basic Alford loop counterpoise antenna is 3.09db. Experimental results discussed in
Section 4.2 and numerical investigations indicate that for small values of H (i.e.

H < 1.5X) although the parasitic loop considerably reduces the response of the para-
sitic loop antenna in the directions 6 > 90°, it only improves slightly (1 or 2db) the
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field gradient compared to that obtained in the basic system. Usually ag takes on
large values whenever B is some multiple of A. This can be seen from Fig. 4-4
which shows the theoretical variation of ag as a function of kH with kB as the para-
meter. It is found that significant improvement in the field gradient can be obtained
only for some specific values of B and H. Within the ranges of variables shown in
Fig. 4-4 a parasitic loop with kB=37 and kH=11.7 is found to be the optimum and it
yields a maximum value: of «,=8.43db. This is confirmed by the experimental
pattern shown in Fig. 3-10, which is also found to be the optimum pattern from

this point of view. The curves given in Fig. 4-4 can thus be used to obtain the best
field gradient characteristics from a single parasitic loop counterpoise system.

4. 3.2 Pattern Behavior Near the Horizon

The behavior of the parasitic loop counterpoise antenna radiation pattern in the
region near and below the horizon (90° < 6 < 120°) is shown in Figs. 4-5a - 4-5¢
for various values of B and H. The range of values of B and H are chosen to be
the same as considered in Section 4.3.1 so that direct comparison of results may
be possible. It is found that for each value of kB considered a minimum in the
pattern appears inlS(9)| for some value of kH. As kH is increased the position of
this minimum moves towards the horizontal direction; at the same time the ampli-
tude of the minimum assumes a langest value for some intermediate value. of kH.
On comparing Figs. 4-4 and 4-5a-c, it can be seen that an optimum parasitic sys-
tem producing the best field gradient may not necessarily yield the deepest
minimum in the far field pattern below the horizon. Using the curves given in
Figs. 4-4 and 4-5a-c, a best compromise can be made under a given practical
situation.

4.3.3 Parasitic Field Near the Horizon

In a practical situation it may be desirable to control the position and ampli-
tude of the minimum in |S(6)| below the horizon. For the system considered here
this can be done, in principle, by adjusting the phase of the parasitic field sP(o)
to be 180° out of phase from that of SA(G) . The variation of the amplitude and
phase of SA(G) has been discussed in Section 2.6.1. In this section the behavior
of the complex field SP() near the horizon is discussed. Figure 4-6 shows the
complex parasitic field SP(6)= Re SP(6)+ i Im SP(f) as a function of H for some
selected values of 6 below the horizon. Note that the curves in Fig. 4-6 are
given for constant B and that the values of kH are marked on the individual
curves. It is important to note that the phase of the parasitic field, as shown
here, lies in the fourth quadrant. These curves combined with those given in
Fig. 2-7 may be found convenient in the design of single parasitic counterpoise
antennas having a required field characteristic near the horizon.
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FIG. 4-6; THEORETICAL VARIATION OF PARASITIC FAR FIELD SP(6)
BELOW HORIZON. kh=2.75, kA=17.92, kB=37, kb=0.15.
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4, 3.4 Far Field of the Parasitic System Near the Horizon

As discussed in the previous sections, a parasitic loop counterpoise antenna
with H~0.6 1 and B > 1.5 reduces the overall response of the antenna in directions
0> 90°. However, the field gradient characteristics of such an antenna is not
much superior to that of the basic Alford loop counterpoise antenna. As will be
discussed later, it may be necessary to use such a single parasitic loop system as
the basic antenna and to use another parasitic loop above it so that the pattern pro-
duced by the complete system will yield a very large value of ag. For this pur-
pose it would be convenient to have information about S(9) near the horizon. Figures
4-Ta - d show the variation of -S(6) as functions of kB and kH for selected values
of 6 below the horizon. Each curve is for a constant kH and the variable kB values
are marked on each. Note that the curves show the negative of S(6), the reason for
doing this will be discussed later. It is interesting to note the regions A and B of
Fig. 4-Tc for §=96°. It can be seen that in these two regions S(6) is insensitive to
small variations in B and H. Thus an antenna system designed to operate in this
region will not change its field characteristics near the horizon for small changes
in B and H. This observation may be found convenient in some practical situations.
The curve 85(960) shown in Fig. 4-Tc is superposed here for future reference and
will be discussed in a later section.

4. 3.5 Some Useful Results

In this section a few useful quantities pertaining to the radiation pattern pro-
duced by a single parasitic loop counterpoise antenna are given in tabular form in
Table IV-1. These tables are meant to provide quick estimates of the variation of
the various quantities as the parasitic loop parameters are changed. The variation
of the following quantities will be tabulated:

6, = the direction of the principal maximum,

af = the field reduction factor,
o = the field gradient/6° at the horizon in db,

_ . o E(100°)
p = the field ratio = 20 logj I £(900) L |
691 = the directions of the maximum of the minor lobes near the region §=0°,

Q= the minor lobe amplitude relative to the maxima at 6=6,, in db,
E(60)= amplitude of the field in the direction 6=6 o’ indb .
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4.4 Discussion

The results given here indicate that a single parasitic loop placed suitably

above an Alford loop counterpoise antenna is capable of improving the field charac-
teristics of such an antenna in the region below the horizon. The field pattern near
the principal maximum direction is not altered much. Near the region 6=0° the an-
tenna response increases considerably and new lobes appear in the pattern. Numeri-
cal results given here should be found useful for the purpose of shaping the radiation
pattern of an Alford loop counterpoise antenna with the help of one or more parasitic
loops.

TABLE 1IV-1; RADIATION PATTERN CHARACTERISTICS OF A SINGLE PARASITIC
LOOP COUNTERPOISE ANTENNA
(a):kh=2."73, kH=4.00, kb=0.15, kA=17.92, kB is variable

kB 6o E@B) « a 0y « P
(r)  (©) > F g o O

2.50 55 5.87 15.31 3.97 15 -3.38 -6. 37
2.7 50 4.80 19.46 3.65 10 -0.93 -6.29
3.00 45 3.33 14.74 3.53 10 +1.58 -5 87
3.25 60 5.15 12.55 3.89 10 -1.98 -6.51
3.50 55 5.83 13.64 3.85 10 -4.84 -6.51
3.7 55 5.74 16.60 3.8 10 -3.73 -6.21
4,00 50 5.08 16.14 3.01 10 -2.55 -5.31
4,25 60 4.18 11.52 3.71 10 -3.07 -6.24
4,50 60 5.42 12.49 3.74 5 -5.33 -6. 33
4,7 55 6.19 15.27 3.56 5 -5.90 -6.21
2

5.00 50 5.70 15.62 .95 5 -2.88 -5.10
(b): kh=2.75, kH=4. 00, kb=0.287, kA=17.92, kB is variable
2.50 55 5.95 15.13 .05 15 -2.17 -6.85
2.7 50 4.84 17.72 .62 10 +0.34 -6.28
3.00 45 3.58 19.20 37 10 +3.27 -5. 89
3.25 60 4.82 12.70 .99 10 +0.57 -6. 69
3.50 55 5.76 13.18 .83 10 -3.09 -6. 48
3.7 50 5.68 15.17 .53 10 -1.80 -6.14
4.00 50 5.41 18.78 .55 10 -0.71 -4.65
4.25 50 3.80 11.57 .69 10  -0.77 -6.19
4.50 60 5.23 11.98 .68 5 -4.03 -6. 24
4.7 55 6.20 14.26 .53 5 -2.45 -6.18
5.00 50 6.15 17.20 .56 5 ~-1.30 -4.89

N wwwdhhhws w ww w s
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TABLE IV-1 (continued

(c): kh=2, 75, kb=0.15, kB=37, kA=17.92, Kh is variable

6 0
kH ( g) E(eo) o P ozg ( (g))l on 1 p
10.63 50  3.67 8.81 3.94 10 -3.70 -6. 89
10.90 50 3.83 9.96 4.83 10 -2.93 -8. 69
11.20 50 3.98 11.20 6.26 10 -2.86 -12.30
11.50 50 4.11 12.30 7.92 10 -3.52 -17.95
11,78 50 4.18 13.00 8.40 10 -4.75 -13.52
12.00 50 4.21 13.29 7.29 15 -6. 15 -8.91
12,30 50 4.20 13.27 5.07 15 -7.99 -5. 30
12.50 50 4.16 14.05 3.80 20 -9.18 -3.17

The corresponding quantities for the basic Alford loop counterpoise antenna
are:
kh=2.75, kA=17,92, 60=55°.3, E(90)=+4. 59, ap=10.38,2,=3.09, p=-5.15 .
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INVESTIGATION OF A DOUBLE PARASITIC LOOP COUNTERPOISE ANTENNA

5.1 Introduction '

From the results discussed in the previous chapters it is found that a single
parasitic loop counterpoise antenna is capable of producing good field gradient
characteristics near the horizon while maintaining the characteristics in the regions
near the principal maximum similar to those of an Alford loop counterpoise antenna.
The largest value of , obtained for such an optimum system was found to be 8.4db.
It is conceivable that by using another parasitic system it may be possible to obtain
larger values of «_. In the present chapter we investigate the feasibility of using
two parasitic loops in conjunction with the basic Alford loop counterpoise antenna
in order to achieve better field gradient characteristics.

5.2 Double Parasitic Loop Counterpoise System

A double-parasitic loop counterpoise antenna system is shown in Fig.5-1. It
consists of two parasitic loops placed parallel to each other and to the plane of the
counterpoise. Sometime this will be referred to as a colinear system in contrast
to the coplanar system where the parasitic loops are placed in the same plane. If is
assumed that the two parasitic loops have the same b (orw in the experimental model).
Additional control may be obtained by using different values of b. The principle of
the design is to choose the parameters Hj, By and Hy, By such that the combined
field produced by the parasitic loops in a certain direction below the horizon be
such that when it is superposed with the Alford loop field in that a direction a deep
minimum is produced in the pattern. The choice of the H;, By and Ho, By may be
facilitated by using the results of the previous chapter.

5.3 Theoretical Expression for the Radiation Field

If the distance between the two parasitic loops are small, then the mutual
coupling effects between them must be taken into account and the theoretical analysis
of the radiation field becomes complicated. However, after studying the phase of the
parasitic field (arg SP(6) ) below the horizon (as discussed before), it is found that
the phase of the parasitic field in this region opposes that of the basic Alford loop
field for values of H near 0.6 and 2 . It is thus anticipated that for the present
purpose the two parasitic loops should be separated by a distance at least of the
order of X or more. In such cases the mutual effects may be neglected. In a co-
planar parasitic loop system mutual coupling effects may be neglected if Bo-B; >X.
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In the absence of mutual coupling between the parasitic loops the theoretical ex-
pression for the radiation field produced by a double-parasitic loop system can be
obtained by a simple modification of the theory given in Section 3.2 for the single
parasitic loop system.

Thus the far field produced by the system consisting of the Alford loop, the
parasitic loop No. 1 and the counterpoise can be written as
i(kR-7/4)

ka, 2 e1
E¢1:nolo(7) TR Sl(e)’ (6.1)

where

oA p p p
Sl(e)—S (9)+Slz(9)+s (9)+S56(9) (5.2)

34

and all the other notations are as explained in Section 3.2.6. All the parameters
involved in the detailed expressions of (5.2) (see Egs. 3.37 - 3.40) should pertain
to the parasitic loop No. 1.

Similarly, the far field produced by the parasitic loop No. 2 only above the
counterpoise can be written as

. !
ka2 JEBTTH
E¢2_ nolo(ga) ~ R S2 © (5.3)
where b p' p' p!
s2(9)=slz(e)+ss4(9)+s56(9) . (5.4)

In (5.4) the terms on the right hand side are given by (3.38) - (3.40) with the under-
standing that the different parameters involved pertain to the parasitic loop No. 2.
Thus the far field produced by the double-parasitic loop counterpoise system in
the range 0 <6 < 7 is given by the following expression:

i(kR-1/4)

ka 2 e
)* = [se+sto)] . (5.5)

E¢=noIo(—2_
The approximations involved in (5.5) are same as discussed in Section 3.2.6. Thus,

S1(6)+59(6) gives the complex far field of the double parasitic loop counterpoise
antenna.

5.4 An Example

In the present section we outline the method of designing a double-parasitic
loop counterpoise antenna so that there may be a deep null in the radiation pattern
in a direction §=96°. Let us choose the normalized height of the first parasitic
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loop to be kH;=3.70. This particular value of H is chosen because a single parasitic
loop system with this value of H yields maximum field reduction factor ap 1 The
negative of the complex far field S1(6) in the direction 6=96° as a function of kB, is
then given by the curve marked with a cross in Fig. 4-7c. In the same figure we
have also given sp(e) for 6=96° as a function of kHg for the second parasitic loop
with kB =37. The points of intersection of the curves S(96°) and S§(96°) in Fig. 4-Tc
will g1ve the undetermined parameters kB; and kHq. It is thus anticipated from

Fig. 4-Tc that for kB;=4r, kH;=3.70 and kBy=37, kHy=11.9 a sharp minimum will be
produced in the pattern in the direction §=96°, The complete far field pattern pro-
duced by the system may be obtained from Eq. (5.5). The measured elevation pat-
tern produced by such an antenna is shown in Fig. 5-2. The theoretical points obtained
by numerical computation of Eq. (5.5) are also shown in Fig. 5-2 in the range 0<6<7.
The agreement between the two may be considered to be satisfactory.

5.5 Optimum Double-Parasitic Loop Counterpoise Antenna

In the example given above and with reference to Fig. 4-Tc, it can be seen that
for the particular parameters chosen Sl(O) and sg(e) do not completely cancel each
other in the direction §=96°. It may thus be possible to obtain a larger value of g
from the antenna by slight adjustments of the parameters Hj, By and H,, B,. This
was done experimentally as follows. The parameters B; and H; were fixed at kB, =4,
kH,=3.70. Then Hy and By were adjusted slightly and for each setting of Hy, By a com-
plete pattern of the system was measured. During this adjustment it was found that
the setting of the parameter Hy was more critical. In this way an optimum system
was obtained which yielded the maximum value a,. The optimum pattern obtained is
shown in Fig. 5-3. The field gradient obtained is %1 db/5°.5 and the field reduction
factor ap=23db.

In order to observe the effects of the parameter w on the pattern a parasitic
system was fabricated with strips of wy=w5=0.183A(i.e. kb =khg=0.3) and the system
pattern was optimized experimentally by adjusting the parameters. The measured
elevation pattern of this second optimum double-parasitic loop counterpoise antenna
is shown in Fig. 5-4. This pattern has a,=12db and op= 16 db. On comparing Figs.
5-3 and 5-4 it is found that the field gradient is better in the former but the response
of the antenna beyond the minimum below the horizon is much less in the second an-
tenna. This may be found useful in some practical situations.

The basic principle by which high field gradient is obtained is the cancellation
of the Alford loop counterpoise field in a certain direction by the parasitic fields
in that direction. It is therefore anticipated that the performance of any optimum
system thus designed will be highly frequency sensitive. The radiation pattern pro-
duced by the first optimum antenna system was measured over the frequency range
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of 1080 - 1180 MHz. The overall shape of the pattern near the principal maximum did
not change appreciably as the frequency was varied. However, the field characteristic:
below the horizon changed considerably as can be seen from Figs.5-5a - g. The vari-
ation of the different quantities with frequency is shown in Table V-1. These values ar«
obtained from the measured patterns.

5.6 Pattern Variation with Ho

During the optimization of the antenna to obtain large field gradients it was found
that the parameter H, influences the pattern behavior considerably. In order to study
this effect more carefully the patterns produced by a two-loop system, having
2Bl=2B2=2.5 A, H1=0.65), w1=w9=0.183 X and Hy variable, were measured. The re-
sults of this investigation are shown in Fig. 5-6 .

5.7 Impedance Characteristics

The impedance characteristics of the double loop antenna have been measured in
the frequency range 1080 - 1180 MHz in 20 MHz increments. The objective of this
investigation was to determine the influence of the parasitic loops on the impedance
of the basic Alford ‘loop above the counterpoise.

In the experimental arrangement there was a 4.8'" long section of 50 ohm coaxial
transmission line between the impedance measuring point and the terminals of the
Alford loop. Because of the high input VSWR associated with the Alford loop, efforts
were: made to match the Alford loop (employing a double stub tuner) to have a VSWR
of less than 1.2:1. The measured impedances referred to by the input connector,
of the Alford loop above the counterpoise are shown in Fig. 5-7. The corresponding
VSWR obtained are shown in Table V-2. As can be seen from the table, the values
of VSWR at 1160 and 1180 MHz are somewhat higher and are probably caused by the
double stub tuner needing to be positioned differently along the line.

The two colinear parasitic rings were constructed from 2" wide strips each
having a diameter of 27" (i.e. 2B & 2.5 at 1080 MHz). They were positioned so
that the lower loop was 7' (22 0.6)at 1080 MHz) and the upper loop was 22" (£ 2
at 1080 MHz) above the counterpoise. The VSWR characteristics obtained at the in-
put terminals of the two parasitic loop antenna are shown in Table V-2. As can be
seen from the table, the parasitic loops have very little effect on the VSWR charac-
teristics.
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TABLE V-1; PATTERN CHARACTERISTICS FOR THE OPTIMUM DOUBLE
PARASITIC LOOP COUNTERPOISE ANTENNA

(Milz) f;mn ?&g;n 9 max B ax g “F

) (©) (db) (db) (db)
1050 2 -0.2 15 +0.7 - 20.7
1060 2 -0.3 21 +8. 2 - 26.4
1070 2.5 -7.0 24 +9. 5 - 29.0
1080 5.5 -21.0 25 +0.5  21/5°5  23.0
1090 8  -24.6 217 -4.9  14.6 18.9
1100 11 -26.4 28.5 -8.8  12.3 12.3
1110 14  -217.8 29 -11.1 7.9 13.8
1120 16  -26.6 37 -13.4 6.5 12,17
1130 19  -30.0 40 -15.2 6.4 12.8
1140 20  -32.0 41 -16.7 5.8 12.6

emin = position of the first minimum in degrees below 6=90°,
Em ° amplitude of the field at 6=6y,;,, relative to the field at 6=90°,
Omax = Position of the first maximum in degrees below 6=90°,

_ . . _ . . -an°
Epax = amplitude of the field at 6=0,,,,, relative to the field at 6=90",

: . E(96°) ]

- = - 1
Qg field gradient = -20 0g 0 I E(@00)

e " Co E(900) ]
agp = field reduction = -20 log1 0 | E(main max)

Note that in the column for aé, the values are not given for the first three
frequencies because at these frequencies the gradient per 6° cannot be defined.
The field gradient for f = 1080 MHz is defined to be for 50 5 instead of 6°.
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TABLE V-2: VSWR CHARACTERISTICS OF DOUBLE PARASITIC
LOOP COUNTERPOISE ANTENNA

Frequency VSWR without VSWR with
(MHz) two 2'" rings two 2" rings
1080 1.14 1.18
1100 1.12 .
1120 1. 14 1,14
1140 1.16 1.16
1160 1.40 1.50

1180 1.80 2.00

5.8 Double Coplanar Parasitic Loop System

It may be convenient in many situations to use two parasitic loops in the same
plane instead of different planes as considered above. Such a system is referred to
as the double coplanar parasitic loop system. The measured patterns produced by
such an antenna are shown in Fig. 5-8. The average values obtained for ¢ and ap
are indicated on the patterns. The general features of the patterns here are that
the response of the antenna in directions 6 > 900 are considerably reduced and the
response near the region =00 is increased substantially.

The general behavior of the patterns of such an antenna as the different para-
meters are varied, is shown in Fig.5-9 .

5.9 Comparison with Single Parasitic Loop System

The general pattern characteristics of single and double parasitic loop counter-
poise antenna systems are found to be similar, The double-loop system offers ad-
ditional parameters to shape the pattern near the horizon. From the results discussed
above it can be seen that with the addition of the second parasitic loop it is possible
to achieve a much deeper minimum in the pattern below the horizon. It is because of
this, the double parasitic loop system produced a field gradient much better than that
obtained from a single parasitic loop antenna.
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5. 10 Discussion

The radiation properties of a double parasitic loop counterpoise antenna have
been discussed above in detail. For the case of large separation between the two
parasitic elements the patterns can be analyzed theoretically. The choice of the
specific parameters for a particular antenna will depend on the requirements on
the pattern behavior. The influence of the different parameters on the patterns
produced can be obtained from the results given above.
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VI
MULTIPLE PARASITIC LOOP COUNTERPOISE ANTENNA

6.1 Introduction

In this chapter the results of a limited experimental investigation of the radiation
patterns produced by a multiple parasitic loop counterpoise antenna are discussed.
This study was undertaken in order to determine whether it is possible to obtain in-
creased response from the antenna along and above the horizon by using more than
two parasitic loops.

6.2 Description of a Multiple Parasitic Loop Antenna

A multiple parasitic loop antenna .i5 shown schematically in Fig. 6-1. It consists
of the basic Alford loop located at a height h above the counterpoise of radius A. Four
coplanar parasitic loops of variable diameters were placed at a height H above and
parallel to the counterpoise. During the experiment the diameters of the parasitic
loops were fixed at 1,2, 3 and 4\ respectively and the height H was varied from 0.23)
to 1.88 A in steps of 0.18 \. All the patterns were measured at 1080 MHz.

6. 3 Radiation Patterns

The measured elevation patterns of the four parasitic loops antennas of Fig. 6-1
are shown in Fig. 6-2 as a function of the height H. The general behavior of the pat-
tern appears to be similar to the single and double parasitic loop antennas discussed
earlier in the report. However, it can be seen from Fig. 6-2 that the use of four para-
sitic loops gives rise to more lobes in the pattern near the region 6=0°. Three of the
patterns given in Fig. 6-2 are shown separately in Figs. 6-3a-c so that the details
may be studied more carefully.

6.4 Discussion

It can be seen from Fig. 6-2 and 6-3 that the response in the direction of the hori-
zon does not increase due to the increased number of parasitic elements. For some
values of H the increased number of elements produced more uniform coverage in
the half plane above the counterpoise. Although a multiple loop system offers more
adjustable parameters for pattern shaping, further study is needed to determine its
usefulness as compared to the single and double loop systems.
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VII

PROPOSED VOR ANTENNA MODELS

7.1 Introduction

In the previous chapters we have discussed both theoretically and experimentally
the radiation properties of parasitic loop counterpoise antennas. As mentioned in
Chapter I, the purpose of the investigation has been to determine the feasibility of
using parasitic loops to shape the patterns produced by the Alford loop counterpoise
antenna, From the results given earlier it is evident that by suitably placing one or
more parasitic loops it is possible to shape the Alford loop counterpoise antenna
patterns in the regions of space which is of interest to the VOR systems.

In the present chapter we propose a few parasitic loop counterpoise antenna sys-
tems obtained on the basis of our investigation. All the proposed systems appear to
be capable of improving the existing VOR antenna performances in one way or another.
The choice of a particular system will depend on the specific VOR requirements. The
antennas proposed here have omnidirectional patterns in azimuth. Hence, further
study will be needed to establish their usefulness in the existing VOR systems which
have figure-of-eight radiation patterns in azimuth.

7.2 VOR Antenna Requirements

The general requirements on the antenna radiation patterns for satisfactory opera-
tion of the VOR systems have been discussed in Chapter I. From the discussion given
there it is found that the following criteria can be used for considering an antenna to
be ideally suited for a VOR system.

i)  the radiation pattern characteristics near the principal maximum should not
be too different than that produced by an Alford loop above a counterpoise.

ii) the field gradient produced at the horizon should be as large as possible.
An arbitrary limit is imposed such that Qg > 7db.

iii)  the average level of the field produced in the directions 6 > 90° should be as
small as possible. Arbitrarily we set the restriction such that the minimum

value of the field ratio defined as
E,(6)

E¢(900)
in the range 1000 < 6 < 1200 is -10 db or less.

p:
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iv)  the field reduction factor ap should be as small as possible. o for an Alford
loop above a 5.7 diameter counterpoise is about 10 db.

Almost any parasitic loop counterpoise antenna satisfies condition (i). Condition
(iii) can be satisfied by placing single and double parasitic loops of proper diameters
near the plane of the Alford loop. Condition (ii) is the most important and also the
most difficult to achieve. As expected, it is very difficult, if not impossible, to
satisfy all the four conditions simultaneously. In a practical system a compromise
must be made.

7.3 Proposed Parasitic Loop Counterpoise Systems

On the basis of the criteria discussed in Section 7.2 we propose three parasitic
loop counterpoise antennas which may be found useful in a VOR system. Because of
their improved pattern characteristics, all three models appear to be capable of re-
ducing the siting errors in the bearing indications of the present-day VOR system.
Each of the three systems proposed uses a standard Alford loop antenna above a 5.7X
diameter counterpoise. All the dimensions are at first given for a full scale frequency
108 MHz. The normalized dimensions are then given so that their.design at any fre-
quency may be facilitated.

7.3.1 Basic Alford Loop Counterpoise Antenna

The radiation characteristics of the standard Alford loop counterpoise antenna
have been discussed in Chapter II. The important design parameters of the antenna
are A=52', h=4' at the full scale frequency, 108 MHz; the corresponding normalized
values for these parameters are kA=17.92 and kh=2. 75. The far field elevation pat-
tern produced by the 1/10th scale model of the antenna at the frequenc 1080 MHz is
shown in Fig.2-4. The measured pattern shown in Fig.2-4 has the following
average characteristics: Qg™ 3.09 db/6°, ap = 10.38 db and p = -6. 15 db.

Antenna System No. 1. It consists of a single parasitic loop placed above and
parallel to a counterpoise. The design parameters of the antenna are:

Full Scale Freq.108 MHz Normalized Values
A = 52! kA=17.92
h = 4! kh =2.75
2B= 27" 3" kB = 37
H=17"1" kH = 11.78
W = 10" kb = 0.15
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The far field pattern produced by the 1/10th scale model of the antenna at the
frequency 1080 MHz is as shown in Fig.3-10. The measured pattern produced by
the model has the following average characteristics; o,=7 db/6°, ap=13.00 db
and p = -8.5 db. This model appears to satisfy all the Gonditions reasonably well.
However, it is desirable that o, and p should be improved. Further study is needed
to determine whether better Va§ues for a_ and p can be obtained from this antenna.
The performance of the antenna over the frequency band of the VOR system should
also be investigated.

Antenna System No. 2. It consists of a single parasitic loop placed above and
parallel to a counterpoise. The design parameters are:

Full Scale Freq. 108 MHz Normalized Values

A=52' kA=17.92
h=4' kh=2.75
2B=22' 9" kB=2. 57
H=5'10" kH=4.02
w=1'8" kb=0. 287

The far field elevation pattern produced by the 1/10th scale model of the antenna
at 1080 MHz is given by Fig.3-9 and was also discussed in our Quarterly Reportm.
The measured pattern shown in Fig. 3-9 has the following average characteristics;
ag=8. 5 db/6°, ap=29.7db and p = -8 db. The main disadvantage of this antenna is
that there is 10 db minimum in the pattern in the direction §=30°., This may not
be serious in some practical situations. The field along the horizon is considerably
reduced. However, the pattern in the directions 6 > 90° does not have any strong
minor lobe. The field gradient obtained here is the same as that of the previous
antenna.

Antenna System No. 3. It consists of two parasitic loops placed above and
parallel to a counterpoise. This has been repeated by us elsewhere'®’. The design
parameters of the double parasitic loop antenna are:

Full Scale Freq.108 MHz

Normalized Values

A=52' kA=17, 92
h=4' kh=2.75
2B1=36' 3" kB1=47
H1=5' 5" kH{=3.73
Wq= 10" kb1=0.15
2B9=29' 10" kB9=10. 26
Ho= 15' 5" kHo=10. 62
Wo= 10" kb2: 0.15
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The measured far field radiation pattern produced by the 1/10th scale
model of the double parasitic loop antenna system is given in Fig.5-3. The pat-
tern shown in Fig.5-3 has the following average characteristics; a,=21db/5%.5,
ap= 23 db and p = +2.6 db. This system is highly frequency sensitive. The
antenna produces the largest field gradient at the horizon at a considerable
sacrifice of ap and p . However, as mentioned in Section 5.5, both ap and p
can be improved by designing the system so that g is less than the optimum
value (see Fig.5-4 and Table V-1).

7.4 Comparison Between the Basic and Proposed Antenna Systems

The measured far field elevation patterns produced by the VOR parasitic loop
counterpoise antenna systems proposed in the previous section are shown in Figs.
7-1,7-2 and 7-3. The measured pattern, produced by a basic VOR Alford loop
counterpoise antenna, is superposed on each of the above figures for comparison.
The two patterns in each of the Figs. 7-1 through 7-3 are normalized so that they
have the same response along the directions of their principal maxima in the pat-
terns. In all these patterns the details in the region near the backward direction are
omitted. It can be seen from these figures that each of the proposed parasitic loop
counterpoise antennas are capable of superior performance when compared with
the basic VOR Alford loop counterpoise system.

7.5 Discussion

We have proposed the above three antenna systems, each of which is capable
of improving the existing VOR system performance. From viewpoint of the field
gradient characteristics, Antenna System No. 3 seems to be the best. We do not
give here our preference for any one of the three systems. Depending on the par-
ticular system requirements, and from mechanical considerations, any one of
them may be found advantageous in a practical situation.
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VIO

CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

The radiation field produced by a single parasitic loop counterpoise antenna
has been investigated both theoretically and experimentally. Theoretical expres-
sions for the radiation patterns produced by a single parasitic loop counterpoise
antenna have been obtained by applying geometrical theory of diffraction. Within
the range of approximation the agreement between theory and experiment has been
found to be very good. The present investigation demonstrates an excellent appli-
cation of geometrical theory of diffraction to antenna problems.

In a multiple parasitic loop counterpoise antenna system where the mutual
coupling between the parasitic loop is negligible, the present theory can be extended
to analyze the radiation field produced. For a double parasitic loop counterpoise an-
tenna we have obtained good correlation between theory and experiment.

In general, it has been found that by introducing one or more parasitic loops
the counterpoise edge diffraction effects in the patterns can be reduced considerably.
The behavior of the pattern near the principal maximum is not appreciably changed
compared to that produced by an Alford loop only above the counterpoise. Parasitic
loops in general increase the response of the antenna in regions of space near 6=0°,

Extensive numerical and experimental investigations of various aspects of the
parasitic loop counterpoise antenna have been carried out. These results being out
the detailed effects of the different parameters of the system on the radiation pat-
terns. As expected the antenna is found to be essentially narrow band.

The parasitic loop concept has been found to be capable of shaping the patterns
produced by an Alford loop above a counterpoise in the regions of space below the
plane of the counterpoise. In particular a double parasitic antenna system yielded
a field gradient of 21 db/5% 5 at the horizon. We thus conclude that the primary pur-
pose of the present investigation has been fulfilled.

On the basis of our investigation we arrived at the conclusion that when suitably
designed, the parasitic loop counterpoise antenna is potentially capable of mini-
mizing the siting errors inherent in the existing VOR systems.

We have proposed three antenna systems which may find possible application in
VOR systems. All three of the antennas appear to be capable of yielding improved
performance compared to the present day VOR antenna. One or all of these proposed
antennas should be investigated more carefully with the specific VOR application as

the goal.
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8.2 Recommendations for Further Work

Although we have discussed in detail the radiation characteristics of parasitic
loop counterpoise antennas, we feel that further work is necessary before it can be
established that such antennas will bring out superior performances from the existing
VOR systems. Therefore, we recommend that further work be done along the fol-
lowing lines:

i)

ii)

iii)

iv)

study the performance of the single parasitic system over the full fre-
quency band 108 - 118 MHz. Investigate the possibility of steering the
minimum below the horizon by adjusting the pertinent parameters.

investigate the possibility of improving the field ratio p and the field
reduction ay but retaining the high value of the field gradient o of the
double parasitic loop system.

investigate the performance of the parasitic loop counterpoise antenna
when the azimuthal pattern is a figure-of-eight instead of omnidirectional.

study the possibility of obtaining a specified performance from the antenna
with smaller counterpoise and possibly establish a minimum size for the
counterpoise that can be useful.
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APPENDIX A

FAR FIELD OF A LARGE CIRCULAR LOOP ABOVE A COUNTERPOISE

It was mentioned in Section 3.2.5 that the far field produced by a large circular
loop carrying constant amplitude current and placed above and parallel to a counter-
poise can be obtained by generalizing the method used by Weston et al(2) to obtain
the far field produced by a small current loop above a counterpoise. We will not
discuss the method in detail here. Only the key mathematical steps involved in the
derivation of the far field expressions will be outlined.

Let the large circular loop of radius B be placed at a height H above the counter-
poise of radius B (Fig. 3-5). It is assumed that the loop is carrying a current of the
form o :61 e—iwt
5P Ip, ’
where Ipo is a constant. Because of the physical symmetry and the nature of the
assumed current in the loop, the far field produced will be independent of ¢ and
polarized along the @-direction.

In obtaining the far field in the high frequency limit it is convenient to separate
the entire space into the following three distinct regions:

i) Region I, known as the illuminated region defined as
T
0<6( 5 -¢p)
ii) Region II, known as the transition region defined as
T T
iii) Region III, known as the shadow region defined as
T
-+ .
( 5 ¢p) <6<

The parameter ¢p is defined in Fig. 3-5.

If the field point P(7, 6) lies in the illuminated region, then the far field at P may
be written formally as:
i
E
p

g

T d

(P)=EL(PI+EL(P)+ES (P)+ES (P) (A.1)
AN PR
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where

E;A(P) is the direct field produced by the loop at the point P,
r
d

(P) is the reflected field produced by the loop at the point P,

=

E is the field produced at p due to the diffraction of the incident field

g
g (P)
1 by the near edge of the counterpoise,
d
g

E, (P) is the field produced at p due to the diffraction of the incident field

2 by the far edge of the counterpoise.

For a point P(R, 6) within the transition region the field may be well approximated

by that due to the near edge diffraction effects. Thus we can write
d
E (P) ZE, (P). (A.2)
P )

Equation (A.2) is a good approximation if §  is very small, i.e. (H/A) << 1, other-
wise the contribution due to the far edge diffraction should be added to (A.2).

For a point P(R, 6) within the shadow region the far field can be written as

d

2!

i. e. the field consists of the near and far edge diffracted components only.

E (P)=ES (P) + E° )P) (A.3)
4 0,

The proper expressions for the diffracted fields may be obtained by applying
geometrical theory of diffraction(9) and the results of Sommerfeld's theory of dif-
fraction by a conducting half-plane. Following a method discussed elsewhere ()
it can be shown that the following far field expressions may be obtained for Region I.

i r k kR
E (P)+E (p)= n Ip (-E)J (kBsinG)e—— [-2i sin(kHcos6)], 0<6 <(Zr -0,

ik(R-Asin6+rp)

kB g
(P):nOIpo(-fz—)Jl(chosyip) 2 e

d "4

h

E

R

cos’ P 2 cososin %Q T
A nkrpsin@(l—sin@) cos¢p—sin6 » 0<6 <§ B ¢p (4.5)
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ik(R+As in9+rp) o
o /4

d kB e
E¢2(P)z'"oIPo(T)Jl(kBms’bp) ' R

o

cos 3¢ 2 cosgsin L
X P — 2 0<g<T-y
rkr,_sin6(1+sing) cosf+sing ’ 2 "p -

p
In the transition region the far field is
2
cos
¢p

(kBcosf, ) ——
P sinl/z 6

2

d kB
E (P)=E =n I, (—=—)J
¢( ) ¢1(p) 770 po( ) 1

eik(R-AsinG) . .
X ——R———V(G), §—¢p565§+¢p’

where
Pg

_. [ ikr sin(6-§ ) )
V(9)=-12—1[e P pf R

-00

Pg
ikr_sin(6+§ ) . .2
o p p f emt /2 dt]

-0

kr 1 ¢, -6-7/2
PN p

kry o

=9(—=
Pg (

: +6+7r/ 2
: Bprerme
T

5 )

cos (

In the shadow region

T
§+¢p<e <7,

(A.6)

(A.7)

(A.8)

(A.9)

(A.10)

Eq. (A.7) gives the correct field due to the near edge diffraction so it can be used for
Ea (P) . The far edge diffraction contribution E¢2 in this region can be shown to be
1
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given by (A.6) without the negative sign in front.

Thus it is found that different expressions are used to obtain the far field, de-
pending on the region of space where the field point P lies. For computational pur-
poses it is convenient to develop a single expression for the far field which is valid
in the region 0 <6 < 7 .

A single expression for the far field is obtained in the following manner:

(a) Modify (A.7) so that it gives the correct E (P +E (P + the near edge diffracted
far field in Region I and the correct near edge diffracted f1e1d E¢ 1 ) in Region III

(b) Add the far edge diffracted far field expression to the modified expression
derived in (a) to obtain the final expression for the far field valid in the entire region
of space.

If the point P is within the illuminated region, i.e. 6 is sufficiently smaller than
( g —¢p) both pg and pg given by (A.9) and (A.10) become large compared to unity.
Under this condition the integrals in (A.8) can be split into two parts and we can re-
write (A.7) as

cos l/2¢ ik(R-Asing)
p e

d kB
E¢1(P)-n01po(—2— )3 (kBeosfl) x [V ,6)] , (a.1D

sinleG R
where o
. —ikr_sin(6-@,) ikr sin(6+@) L2
- b P
Vl(e.-)=12——1 Ez P e P J f T2 g (A.12)
-0
V)
. rikr sin(9—¢p) .2 ikr sin(6+f,) o © . 2
_ 14 p irt"/2 . p p irt” /2
V2(6)~ 5 {} f e dt -e e dt:‘ .
Pg P6

(A.13)

After evaluating the integral in (A.12) and introducing V;(6) in (A.11) we obtain the
following as the contribution to the far field due to V;(6):
t 1kR cos /2¢

= (——)J (chos¢
¢1 Ip P R sin1/29
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We now demand that V;(6) should contribute the correct incident and reflected field
as given inA. 4). After comparing (A.14) and (A.4) we see that (A.7) should be mul-
tiplied by the factor

Jl(kBsinO) ( sind
J1 (kBcos ¢p) sin;l)p

so that the contribution due to V;(6) in (A.11) yields the correct field given by (A.4).
Hence the modified (A.7) yielding the correct incident and reflected field is:

ik(R-Asin6)
R

1 /2

)

. kB . €
E ¢(P)—n01po(-—2— )J1 (kBsinb) V(6), (A.15)

where V(6)=V1(6)+V2(6) as before.

Now consider the contribution due to Vo(6). In evaluating the integrals in (A.13),
we make the following approximation

o 2 irp~ /2
f emt /2 dt &2 e_—-— , forp> 1. (A.16)
irp
p
Using (A.16), V9(6) given by (A.13) may be expressed as follows;
i g
e1krp - cos@sin —23
Vy(6)= e/ : (A.17)

\/wkrp' (1-sing) 1/'Z(cosﬁip-sinf))

After introducing (A.17) into (A.15) we obtain the following as the contribution to the
far field at P(R,0) due to VZ(G):

1k(R—ASin6+rp) T cosfsin ¢_p
kB e ;"4 2
E! (P)=n1 (—2— )Jl(kBsme) e T
¢1 °P, R karp' (l-sine)fz(cos¢p-sin6)
(A.18)

After comparing (A.18) with (A.5) we find that in order to obtain the correct near
edge diffracted field from the contribution of V9(6) in (A.15), we must add the fol-
lowing to (A.15):
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o
iﬁ/4 cosfsin 5

e ;
R \/’ﬁ}‘; (cos¢p—sm6)

. ik(R—Asin9+rp)
C B, e

Eos 2 ¢pJ ,(kBcos ¢p) ~sin9 s l(kBsinOE] A9

(1-sinb) gz (sin6) 2

The composite expression obtained by adding (A.15) and (A.19) will give the correct
near edge diffraction field in the shadow region if cosf in (A.19) is replaced by [cosd| .
The far edge diffracted field given by (A.6) will give the corresponding field in the
shadow region if cos@ is replaced by |cos6| . With this in mind we now add (A.15),
(A.19) and (A.6), and after some rearrangement of the terms obtain the following for
the far field valid in the region 0 <6 <7, for kA >> 1, kB >> and kA >kB :

kB ei(kR—ﬁ/Ll)
E¢(P): ”oIPo(_z—') — R F(0) , (A.20)
where ¢p
J_ (kBsing) o xiy |coso| sin(<-) ke
1 ikAsin6 2 p.D
F(6)= ————F (0)e + e 1P , (A.21)
VnkrpSinG
T .
i é—kAsme) 0051/2¢ J. (kBcos{ )-sinleGJ (kBsin6)
Lp(6)= e pl p 1
1-sind cos¢p-sin9
ikAsing J. (kBcos{} )cos1/2¢
-2 ! D P (A.22)
Jitsing cos¢p+sin6 ’ ‘
ikr_sin(6-f ) I kr,_sin(6+§,) P, |
ikr _sin(6- . ikr, sin(6+ .
Pye T f Py TP f 2 a2y
-0 -
kry 1 -6-7)
p5=2(7p)/2 cos(¢p2—/2) , (A.24)
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—o(_P "
Pg 2( 7r) cos ( 5 ), (A.25)
1~§=A2+H2 , (A.26)
_H

Equation (A.20) was quoted without derivation as Eq. (3.28) in Section 3.2.5. It should
be noted that with proper definitions of the parameters r,, p5, pg, H and ¢p Eq. (A.20)
reduces to (2.1) provided we make the small argument approximation for the Bessel
function &(p)= A/2 .

If the field is desired only within the illuminated region, for computational ad-
vantages it is better to use Egs. (A.4) - (A.6) for the far field expression. By adding
(A.4), (A.5) and (A.6) it can be shown that the far field in the illuminated region
0<H< g - ¢p is given by the following expression:

kg

_ kB, e o .
E¢—noIpo( 5 )—R— [21sm(kHcose)Jl(kBsm6)

V2
' ¢p cos{lﬁp i(krp+7r/ 4)
+J 1(chos;l)p)cosesm( 5) <7rkrpsin6 e G(G], (A.28)

where
-ikAsing eikAs inf

G(6)= (A.29)

T T
(cos ¢p-sin9)(1—sin9) 2 (cos¢p+sin9) (1+sing) /2

In some practical cases the fielc;r in the direction 6= /2 may be of special interest.
It can be shown that for a point P(R, 5 ) lying in the direction 6=7 /2, (A.20) - (A.25) re-
duce to the following:

. b
i(kR-"/4) .2
m kB, e it /2
E(R, i)—nolpo(\i) —R—'—xli‘/? Jl(kB)f e dt
¢ 0
2 sin?p i(g -kA) cosl/2¢ J, (kBcos )-J,(kB)
F— 2 X P - ] . (A.30)
ﬂkrp cos¢p
where kr. 1
p=2(;£)/2sin¢—§ : (A.31)
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APPENDIX B

COMPUTER PROGRAM FOR EVALUATING st (6), S(6) WITH IBM-360, MODEL~67.

10001

IMPLICIT REAL*8(A,B,0-HyK,0-Z),COMPLEX*16(C)

97

1
10002 REAL*8 CDABS
'0002 COMPLEX*16 DCMPLX -
[0004 CEIX(XX) = DCMPLX{DCOS(XX) yDSIN(XX)) ‘J
0005 LOGICAL TERM/.FALSE./ : :
0006 DATA SQ2/1.41421356237317, P1/3.14159265358979/
0007 | DATA POT/1.5707963267949/, EGAM/.577215664901533/
‘Tocce DATA RCON/.01745329251992/, POF/.785398163397448/
0009 DATA KH/2.758D0/,KCBPI/0.D0/,NTL/3/,1TS/1/
0010 DATA KA/17.92D0/KCR/12.56637007 yKCH/ 3. 75007 ,KB/.1500/
0011 REAL*8 TH1(10)/5.00,82.00,115.D0,7%0.00/,TH2(10)/80.00,110.00,
T 170.00,7%0.00/, THS(101/5.00,2.0055.004 7%0.007
0012 CALL FCVTHB(1)
0013 [ 10 WRITE (6,999)
0014 | 999  FORMAT (*17)
0015 NAMELTST /IN/ THI,TH2,THS,KHy KA yKByKCB ¢KCHy TERMKCBP T 4NTL,ITS
0016 READ (1, IN,END=500)
0017 TF (KCBPI.NE.0.DO) KCB = KCBPI*PI
0018 KCBPI = 0.D0
0019 WRITE (6,1000) KH,KBsKA,KCH,KCB
0020 | 1000 FORMAT (' KH = 'G15.7' KB = 'Gl5.7' KA = 'G15.7/
€7 KCH = "G15.7' KCB = 1615.7/1X)
Q021 IF (.NOT.TERM) WRITE (6,2000)
0032 13000 FORMAT ("=V4X'THETATSXTRE(SP+5P2) 75X  IM{SP+SP2) 4K VARG(SP+5P2) ' 4X
£' |SP+SP2] TTX'RE(S)*10X* IM(S)?10X*SQ |SI'9X*]1S| DB*/1X)
0073 CPLKB = DCMPLX(POT,EGAM+DLOG(KB*.5000)
0024 N0 100 IT=ITS,NTL
0025 “YHSIT = THS(IT)
0026 IF (THSIT) 75,476,175
0027 75 NRT = (TH2(IT)=THL(IT)I/THSIT + 1.5
0028 G0 TO 77
0026 76 NRT = 1
0030 | 77 THL = THL(IT)-THSIT
0031 DO 100 I=1,NRT .
0032 TH = (THL+I#THSIT)*RCON
0033 CALL FCAL(KHyKATH,PHZ,KRZ ,CFZ)
0034 CALL FCAL(KCHyKAyTH,PHP,KRP,CFP)
0035 TS = DSIN(TH)
0036 TC = DCOS(TH)
0037 CALL LFAC(TS,TC,KASCFL,CF2,CTA)
0038 TS1 = DSQRT(TS)
0035 PC = DCOS(PHP)
0040 PC1 = DSQRT(PC)
0041 RSLT = DJONE(KCB*PC)
0042 BSL2 = DJONE(KCB*TS)
0043 [ T1 = (PCL*BSLI-TSI*BSL2)/(PC=T5)
0044 {i T2 = PC1*BSL1/(PC+TS)
0045 CLP = CFL*TL - CF2¥#T2
0046 PC = DCOS(PHZ)
0047 PC1 = DSQRT(PCHPCHPC)
0048 TSL = TS1*TS1%TS1
0C49 T1 = (PC1=TS1)7(PC=TS):
0050 | T2 = PC1 / (PC+TS)
0051 | CLZ = CFI#T1 - CF2%T2
10052 { T1 = DSIN(PHZ*.500) /DSQRT(PI*KRZ*TS)



FORTRAN IV G COMPILER MAIN 05-02-¢68 10:48.22

0053 - . CXZ = CEIX{KRZ)

0054 CSA = {TS/SQ2V*CFZ*CTA + T1%CXZ*CLZ

0055 . T1 = KCB*KCR

0C5¢ T2 = PI*T1

0057 KR1S = T1 + (KCH-KH)*%2

0058 CX1 = CEIX{DSQRTI{KRIS)I/KRIS

0056 KR?2S = T1 + (KCH+KH)%%?

00AC CT3 = CEIX{DSQRT(KR2S))/KR2S

0061 CT1l = (T2/CPLKB)*{CX1-CT3)

0062 CT2 = (BSL2/SG2)*CFP%CTA

0063 T1 = DSIN(PHP%*,5D0) /DSQRT(PI*KRP*TS)

0064 CT2 =/CT2 + TIXCLP*CFIX(KRP)

0065 CSP = CT1 * CT2

0C656 T1 = PI*KCR

0047 T1 = DSQRT(T1%T1%T1)

0068 CTl = CEIX(KCB+KCB+POF) - DSQRT{KCB/KCH)*CEIX{KCB+KCB-POF)

0C6S CTl = CT1 * CX1 * T1 -

0C70 CTI = CT1 7 (-2.D0%CPLKB*CPLKB)

0071 CSP2 = CT1*(T?2

0072 ASA = CDABS({CSA)*%2

0C7? ' _DBCSA = 10.D0%*NLEG10(ASA)

0074 CSUM = CSP+(CSP?

0C75 ASUM = CDABSICSUM)

0076 ARCSUM = ARGC(CSUM)/RCON

0c77 IF (ARCSUM +LT. 0.) ARCSUM = ARCSUM + 360.

0078 DASUM = 10.ND0%DLCGIN(ASUM)

007S €S = CSA+CSP+(CSP?2

0CRC ACS = CDABS{CS)**2

0081 DRSUM = 10.DOXDLCGLO(ACS)

0ce? TH = TH/RCON

0083 IF (TERM) GO TO 79

ED WRITE (6,2001) TH,CSUM,ARCSUM,ASUM,CS,ACS,DBSUM

0085 2001 FORMAT (F12.448G15.7)

cCR6 GO TQ 100

0C87 79 WRITE (641001) THyCSA,CSUM,CSyACS,DBSUM

0088 1001 FORMAT ('0TH = 'G15.7° SA = V2G15.7/' SP+SP2 = V2G15.1/
E' S = '2G615.,7/' /S/ SQ = 'G15.7' /S/ DB = 'G15.7)

0089 100 CONTINUE

009¢C ' G0 TO 10 ,

0091 500 CALL SYSTEM .

0052 END .

98



SUBROUTINE

FORTRAN IV € CCMFILER LFAC
0001 SUBRCUTINE LFAC(TS,TC,kA,(F1,CF2,CTA)
0002 IMPLICIT REAL#E(A,ByL-FyKoC-2),COMPLEX#16(C)
0003 | COMPLEX*1€ DCMFLX
0004 " CATA SQRTZ/1.4142135€z27217
0005 ‘ T2 = KA*TS
0CC6 T1 = LCCS(T12)
00c7 12 = DSIN(T2)
00cs CTA = DCFFLX(T1,-T2)
00CS ATC = DAES(TC) |
001C IF (ATC.LT.1.0-8) GC 1C 6C
0011 T = ATC/CSGRT(1.L0-TS)

0012 CFI = T*DCFPLX(TZ,TI)

0013 T = ATC/DSCRT(1.L04TS)

0014 CFZ = T#CCNPLX(TI,T2)

001¢ RETURN

0016 6C CFL = SQRTZ*DCFPLX(TZ,T1)

0C17 CF2 = 0.0C \
0018 RETURN

0Ccls END
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SUBROUTINE

FORIRAN IV .6 COMPILER - FCAL - _04-26- 68 ‘18213, 38°
0001 - - suaacurzue FCAL(KHoKA ;T s FhIoKR, CFZZ)

10002 - IMPLICIT REAL*E (A,ByL-H, KyO-Z).CCPPLEX#16(CD
0003 COMPLEX*16 DCMPLX _

0004 - CEIX(XX) = DCNPLX(CCC‘())).DSIN(XX))

"0005 : DATA SQ2/1.4142135623731/, PI1/3. l4159¢€53‘8979/
00Cé BATA POT/1.57019€32€1545/7

00C7 PHI = DATAN2(KE,KA)

0008 " KR = DSQRI(KA*KA%KH*Kt)

00CS. : P2 = 2,DO*CSCRT(KR/PI)

00IC \ PL = P2*CCCS((FRI-TH-FCT)72.0C)

0011’ P2 = PZ*CCCS((Phl*IH+FCTlI¢.DO)

0012 CALL FRNL(A.B,FL)

0013 © CF1 = CCMPLX(A,B).

0014 ' CALL FRNL{A,B,P2)-

0015 CF2 = DCMPLX(A,B)

70016 N CA = CEIX(KR*DSIN(TH-FHI))
0017 CB = CEIX(KR*DSIN(TH4Fk1))
0018 _ CFZZ = CA-CB

001§ CFZZ = CF22%*(+50Cy+5CC)
0020 CA = CA%CF1 ' ‘
0021 , "CE = C(B*CFz

0022 CFZZ = CFI1+CA-CE

0023 RETLRN

0C24 END
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SUBROUTINE

0001 SUBROUTINE FRNL(C,SsXX) ,
0002 IMPLICIT REAL*8 (A-H,0-1)
0003 11 = XX*¥1.,2533141373155
0004, 1 = 11*11
0005 GO 10 3
0006 ENTRY CS{CsSysX)
0007 7 _= DABS(X)
.0008 27 = DSQRT(Z)
0009 1F (2.6T.4.0D0) GO TO 4
0010 - c =11
0011 S = I%C L
0012 1 = 1% ‘
0013 C = C*(({(((,5099834R8D-10%2-,10140729D-7)*2+.11605284D-5)%2
€ -—.85224622D-4)*7+.36938586D-2)*7-,079788405)%2+.79788455)
0014 S = SE(((((-.6677744TD-9%2+,112253310-6)*2-,105258530-4)%2
& +.60435371D-3)%2-,.18997110D-1)%7+.26596149)
0015 RETURN
0016 D = DCOS(Z) ,
0017 S = DSIN(Z)
0018 1 = 4.D0/1.
0019 A = (((((((.87682583N-3%7~,41692894D-2)%2+.79709430D-2)%1
£ -.679280110-2)%Z-.309534120-3)#7+,59721508D-2) 21—, 1606428104 )*Z
& -+024933215)%2-.44440909D-8
0020 B = ({{({(=-e66339256D-3%7+4340140900-2)%2~.72716901D-2)%Z
& +.74282459D-2)%1-,40271450D0-3)%7-.93149105D0-2)%*2-.12079984D~5)*Z
& +.19947115 o
0021 7 = DSIGN(.5D0,22)
0022 117 = 2.D0/121
10023 C = 1 + 11*(D*A+S%B)
0024 S = 7 + 11%(S*A-D*B)
0025 RETURN
0026 END
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SUBROUTINE

FUNCTION DJONE (X)

0001

0002 IMPLICIT REAL*8 (A-1)

0003 REAL¥8 CJ1(7)/.5D0,-¢56249985,4+21093573,-.3954289D-1,.443319D-2,
€& -.31761D-3,.1109D-4/ '

0004 REAL*B CY1(7)/-.6366198D0,.2212091D0,2.1682709,~-1.3164827,
& +3123951D04-.400976D-1,.27873D-2/

0005 REAL¥8 CF1(7)/.797884564.156D=5,.1659667D~1,.17105D-3,~ .2495110—2,
& .113653D-2,-.20033D-3/

0006 REAL®8 CT1(7)/=2.35619449.12499612,.565D4,~ .6373790-2..743480-3.
& .79824D-3,-.29166D-3/

0007 - ENTRY JONE(X)

0008 IF (DABS(X) .LE. 3.D0) GO TO 600

0009 TOX = 3.D0 / X

0010 F1 = P{TOX,CF1,7)

0011 Tl = X + P{TOX,CT1,7)

0012 JONE = F1%DCOS(T1)/DSQRT{DABS(X))

0013 98 DJONE = JONE

0014 99 RETURN

0015 600  TOX = X*X/9.D0

0016 9 JONE = X*P(TOX,CJ1,7)

0017 GO 10 98

0018 ENTRY YONE(X)

0019 IF (X .LE. 3.D0) GO TO 700 :

0020 TOX = 3,00 / X :

0021 Fl = P(TOX4CF1,7)

0022 Tl = X + P(TOX,CT1,7)

0023 YONE = F1%*DSIN(T1)/DSQRT(X)

0024 RETURN

0025 _700  TOX = X*X/9.D0

0026 F1 = .6366197723676%X%*DLOG(X/2.D0)*P(TOX,CJ1l,7)

0027 YONE = F1 + P{TOXsCY1l,7)/X '

0028 ' RETURN

0029 . END
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APPENDIX C

THEORETICAL ELEVATION PATTERNS OF ALFORD LOOP COUNTERPOISE ANTENNA

The far field produced by an Alford loop above a counterpoise is given by the
following expression; .
i(kR-" /4)
A ka 2 e
E¢ NnoIo(?) R S7(o) , (C.1)

where the various notations are as explained in Section 2.2. The term SA(G) is
identified with the complex far field elevation pattern produced by the Alford loop
counterpoise antenna. The complete expression for S () is given by Egs. (2.2) -
(2.8). SA(O) has been computed in the range 0 < 9 < 7 for different values of the
counterpoise radius A and a fixed value of h. The results of the computation
are given in Tables C-1 - C-6. The following explanatory notes will be helpful
in using the tables.

The elevation pattern SA(G) is expressed in the complex form as follows:

$(6)= Re §(0) + 1 Im §°(0) (C.2)

where Re SA(G), Im SA(O) represent the real and imaginary parts respectively of
S™(0). In all the tables the different columns represent;:

Column 1 gives the elevation angle 6

Column 2 gives the real part of SA(G)

Column 3 gives the imaginary part of SA(G)

Column 4 gives | SA (6) |2 which is the power pattern
Column 5 gives 20 log10 |SA(9)| .

The phase of the far field can be easily obtained from Columns 2 and 3.
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TABLR G- Kk = 2. 750000, kA = 5, 893000

|SA| CB

THETA RE(SA) IM(SA) SQ _1SA|
5.0000:-0,73189€62D-02 -0.2183485D0-C1 2.10670286-02 -29,71824
17.0000 0.1602489 -0.2266091D-01 0.2683277D-01 -15.71335
15.0000° 0.29089173 -0.527623C0-01 0.S336027C-C1 -10.29828
20,0000 0,4013844 -0.2099433 142051857 -6.878530
25.0000 0,4949663 -0.2372806¢ £.3839785 -4.156931
37,0000. 0.5739326 -0.5624557 0.6457550 =1.899322
35,0000 0,.€425416 -0,7812287%¢ €.9802945 ~-0.86434417|
40,0000 2,7066404 -0.9164€50C 1.344756 1.2864136
45,9000 9.771%2C7 -1.02562G6 1.676004 26242750
51,0000 N.R416414 -1.797£9?2 1.913289 2.817806
55,0000, 0.91475C7 -1.C8702¢C 2.G18382 3.05003%
“57,7000. 0.9851334 T=1.0C6662 1.984521 2.916556
65.0700. 1,042304 ~0.,8A41043 1.823075 2.631802
77.7000. 1.972422 -C.6706173 1.6C23¢6 2.04761€
75.0070 1.064138 -0.4450558 1.334724 1.253914
87.0000. 1.0115C7 -0.2C772)4 1.0£64K2 U.2795335
82.0000. 0.G756674 -0.114¢561 L.Y965073¢ -0.1543958
84,0000 0.9317A55 ~0e24037650-01 2. RAEBU3B -0.6107828
86,0000 - 0,8R8022772 NetCRA6220-01 T.T7T84443 -1,087725
88.0000. 0.8215809 0.120¢62¢ C.h945008 TT-1.583273
90,0000" 0.756540) 0.2115177 0.6172450 -2.,095424
92,0000 0.68£1445 N.2752986 0.5464737 T =2.624307
94,0000 N,.,6112559 0.2292375 N 4820671 -3.168655
66,7000 9.5330169 0,37261CS C.47232G164 -3.727168
98,700 0,4526682 0.4C8342C 0.37165(1 -4.298658
10C.N000 0.3715168 04323625 0e2249624  =4,881674
102.0000 0€,2909721 0.445G386 Ce2824852  =5.474655
104,0000 N.2121611 0.4462528 02468404 -6.,075827
106.7000 0.1365943 0.4427054 Te2140490 -6.,682659
108.00C0 0.65431820-01 0.426S227 - (.1865443 -7.2921179
110.0000 =0,1978014D-C3 0.4(27828 0.1621656 -7.900305
115.0000 -0,1338972 €.2120672 J.1153331 © -G,380459
120.0000 =0.21562103 0.1643518 De845155406-31 -10.73043
125.,N000 =0.24368C5 0.71410730=-01  2.64479080-01 =11.90577
137.0000 -0,2207825 ~0.252AE3CD=-C1  2.49683770-01 =-13.01128
135,0000 -0.159045) -0.1083231 T 0.37231370-01 -14.31420
140,0000 -0,7499427D-71 -0,1278303 2.24421340-01 -16.08688"
145,0000° 0.12761870-C1 -0.1225026 Je.1541583D0-01 -18.12033
159.0000. 0.,8677987D-01 -N.75332950-01 0.1320128L-01 -18.7S9384
155.,0000 0,1336217 —0.11464640-01 G.17686210-21 =-1T7.45060
167.9000 0.,145506% D.4563526D=Clt 0,23282030-91 =-16432979
165.0000 0,1200672 0.76677850-C1 0.2024172C-01 -16.91612

177.0000 0.5712274D-Cl C.66144350-Cl 0.80467150-2 =-20.94381
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TABLE C-2; kh = 2, 750000, kA =10.34000

THETA RE(SA) IM(SA) SQ |sal ISA| CBe
£,0000 0.41894840-01 -0.,74045720-01 0.72379470-02 -21.40385
10,0000 0.2730642D-01 -0.1595882 7.26341E50-01 =-15.79354
15.0000 02.85498C2D-C1 -0.2014075 0.47874530-01 -13.19892
27.0000 0.2087572 -0.2338198 N0.9825124D-01 -10.07662 "
25,0000 0.37701390 -0.3C20758 (.2323886 -64319204
30,0000 0.5583464 TTE0.42466514 5.50CTCT3 -3,004161
35.0000 0.7209331 -0.6267114 0.5125118 -0.3976153 "
40,0000 0.84474179 -0.8428662 1.424028 7 1.,535184
45,0000 0.926273) -1.£35155 1.929528 2+854512
57,0000 0.9747592 -1.16160¢€ 2.300186 3.617629
55,0C00 1.003601 -1.169112 2.445084 3.882928
60,0000 1.022064 -1.14222¢ 2.349357 3,709450
£5.0000 1.02121¢ -1.20205¢0 2.067511 3,154479
79.0000 1.024112 -0.7690158 1.6872238 S 2.271727
75,0000 D.9898519 -0.5ER456C 1.261683 © 16111560
82,0000 0.51834¢4 -0,2073692 C+$378359 T -0.,2787315
82,7000 Q,877S513 -0.209G6472 8148733 -0.8890989
84,0000 9.8307134 T =0.1154+388 C. 7036894 -1.526160
85,0100 9,7768561 -0.,2R8946140-01 0.6043433 -2.1871¢€2
83,7000 0.7168235 .5177628D-01 D.5165171 T =2.869153
9 ,11200 N,6512765 0.1243257 0.43G66179 ~3,56924¢
92.7999, 0.5813872 0.1872157 0.3720607 . =4,282205
94,0000 0.5078847 De2400253 J.3155590 -5.,009195
"85 ,ADN0 1.4316648 T 0.2821C5¢8 C.2661755 -5.748253
G8.,0000 0,354952] N.313259C 042239969 -64497517S
107,0000 0.2782635 06222712¢ C.1881289  =T7.255445
102.0900 2.20336€4 0.341176¢ 041577602 -8.02002¢
104.2000 0,12174¢€5 0.2388227 0.13215¢6 -8,789112
1105.N1000  0.6484045D-01 0.32625C1 0.1126655 -9.556719
108,70C0 1.40113590-02 0.3044656 0.G273384C-01 -10.327€2
110.0000 =9,4951012D-C1  0.274£044 Je77858310-01 -11.08692
115.0000 -0.14468%4 N.174151¢ 0.51249500-C1 -12.89464
129.0000 -0,1792465 0.5611774D-01 0.356€2528D-01 =-14.48242
125,0000 -0.15483C7 -0.,4C681C20-01 0.25627480-31 -15.51294
120.0000 -0.87664870-01 -0.5548233¢0-C1 0,17582170-91 -17.54$27
135.0000 =0,66927630-C2 -0.1141857 C.10877520-91 -19.63410
147.0000 0.63113260-C1 -0.61234560-01 N.77326550-32 -21.11655
145.7000 1.91153360-01 0.3C683C70-02 0.83183490-02 -20.79963-
157.9000 9,71193650-01  0.52441320-C1  2.78207310-92 =-21.06753
155.0000 2,156635720-01 0.5S26R760-C1 0.37582870-92 -24.2501C
16C.0000 =0.47121240=-01 0.2235862D-C1 C.27C69650-02 -25.67513
165.0000 -0.85242130D-01 -0.3C€4737D-91 ¢(.82267090-02 -20.85831
177.0000 -N.75818850-01 -0.56862990-C1 C.8981880L-02 -20.46632
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TABLE C-3; kKh=2, 750000, kA = 13. 74000

106

THETA RFE(SA) IM(SA) SQ }SA| ISA| CB
5.0000 0,72801290-01 -0,12R2CC8D-C1 (C.5461022D-02 =-22.60347
17.0000 0N.1618747 -0.58726570-C1 0.25€53400-01 -15.,27925
15.0000 0.20234C7 -0.1751153 0.71607110-01 -11.45044
27.0000 0,23451€4 -0.2977386 0.1436464 -8.427052
25.0000 0,3098724 -0.,3€5157¢ 042443673 -6411957C
37,0000 0.4555282 T-0,.459¢5G% 3.4160778 -3,71717053
35,0000 0,.,6520305 -0,8757467 0.7566547 -1.211023
47,0000 N,847108? -0.75557C3 1.289983 1.102810
45,0000 0,9917176 -0,55683712 1.921247 2.835831
59,0900 1.06€722 -1.14R%4¢ 2.457282  3,90455C
55.0000 1.08262> -1.247136 2.712203 44333222
T60,3C00 T 1.066922 -1.217735 2.621204 4,185C0C6
A£5.0709 1.02354672 -1.0€8R45¢C 24256557 32,5353C1
77,7700 0,9642259 -0.E7G9455¢6 1.7452126 2.460370
75,7700 N,G2570¢4 -0,6251363] 1.268547 1.033047
87,0000 1,8516547 -0.3605624 C.8554148 =-0.6782323
82,7709 1,81797126 -, 25625871 C.7168283 -1.427708
84,0900 0,7582916  ~0.leze18% C.60140738 -2.208309
86,0000 9,702978" -0.71747520-01 0.4963280 -3.,01613¢
23,0000 1,642CA0A D.17467180-C1  0.4123513 -3.,847326
9N, NN I,57622F5 0.83425550-C1 C.2385655 . —4.698023
92,0000 D.5066247 G.1459235 2.2779556 -5.560241
94,0000 044240065 0.1672036 242272511 -64434941
GA,A0AN  N,J380E431 0LZ¢730Y C. 1853843 -7.315271
GR.,0I0N  0,2840748 N.264147] . 1509817 -8.210758
107,070 0,2115715 N,279329904 2.1228217 T -9.,10725C
102,0000  2.1410846 DL2R2T27¢E 2.69845500-01 -10.00672
104.,9900  0,75185610-01  2.2747740 0.81155880-01 -10.90680
105.0200  1,15508080-C1  0,25¢449¢ n,e6C00480-01 -11.80413
198,9000 =0,36428R2D-01 0,22¢7125¢ 0. ERT84440-31 -12.69343
117.0000 =0.79294260-01  (,154144¢ Co4368746C-01 =-13.56671
115.7000 -1,1407081 JeBTT741420-001e 0,27497220-01 =-15.60710
1200000 =0.134427)0 ~0,14251380-01 0.182374480L-C1 =-17.3666C
125.0000 =0,74799250-01 -C.817.78CC-C1 9Q.12271C9L-01 -1S.11117
123.0000 0.42S7534N=C2 =0,6622146D0-01 Q.74526150-02 =21.276S1
135,0000 0.6C751610-"1 =0,374N8E40=C1 C.50855680-02 =-22.93285
147.0000 N.E5473570-01  0.25¢04240-01 ($.49454470-02 -23.0576G4
145.0000 0.2225261D-C1  C.S54010070-C1  ©0.34121900-02 =24.656967
150.0000 =0.31614480-01  0.27162130-01  0.17285944L-02 -27.5S714
155.0000 =0,5147214N~-21 =0,223813370-C1  0.32164430-02 =24.92624
157.0000 =N.21361670-21 =C.41840820-C1  C.22C86370-C2 =—26.5587¢6
1ES. 000 D.31600810-21 =0,42751420-02 "0, 17177340-02 -29.92366
172.0000  D.5874944D-21 2,443287C0-C1 0.5421853D-C02 -22.£5852



TABLE C-4; &h = 2.750000, kA = 17.92000

_THETA. RE(SA) IM(SA) SQ |SA] ISA] CEB
5.7000 0.57729350-01 -0.5584591D-C1 0.12519;§V‘ -19.02426;
17,0000 0.9646671D-01 -0.126G66(3 0.2860312D-01 -15.39055
15.0000 0.1567395 -0.142011¢ 0.45016590~01 ~-13.46598
20.0000 0.2660704 -0.7228759 0.12C4671  =9.191314
25,0000 0.3827133 -0,2824213¢ 0.2911616 -5.358212
37,0000 0.4790196 -0,52627172 0.5064275 -2.95482¢
25,0000 0.59665636 -0.6258072 N.7476421 -1.263062
44,0000 0,77307%52 -0.7335638 1.1363%2  0.5552823
45,0000 0,97N8266 -0.8669C07 1.752326 2.436148
50,0000 1.113462 -1.094396 2437501 T 3.869448
55,0000 1,160419 ~-1.22482¢ 7 876325 4.588385
TRGLO000 1.128228 T =1.262251 2.866175 4.573029]
65.0000 1.,05774° -1.156383 24456030 3.,902348
77,0000 1.9776963 -0.5472533 1.853003 T 2.618761
75.0000 N.8627447 -0.680504? 1.26007S 1.003978
R9,7000 N,792854? -1.4019€44" 2.7866292 T -1.025769
82,0000 J.744C36" -0.2942212 346421962 -1.916545
TTRL,AAN0 D.6943T121 0 -C.1635248 0 TD,5195212 —2.843967
R6,N00N  0,6£275963 -0,1704144 Je41606165 -3.8026325
92,7000  9,576C425 -0.14812850-C1  J3.3320577 T -4,787341
82,0000 N,5101275 V5EETAIED-T] D.2634440 -5.763107
92,9000 C.44060¢2 7.11%3235 £.22827¢€5 -64813595
94,0000 N.3686284 0.148557¢C 0.1642583 ~7.843666
96 .00N0  N,2655634  T.2782238 7 T T3.,12%4740 -8.878153
S8,0000 0.2230398 0.22€£716 J.1020403 -9.,912281
1017,0000 9.1528713 n,2290184 JeB0459450-01 -10.94207
122,0090 1,86992120-01 9,23£73%1 Ce03€375L-Cl -11.96482
104.0000 0,27371R890-C1 2,2227221 045025434D-J1 -12.97963
195.0000 =0,2408717D-21 D.1683591 J.%992651D-J1 -13.58736
108,00C0 -).6567446D-01— 0, 165476C 0.31€95450-91 -14.59003
117.7900 =2.9601389D~-C1 $.126366S 0.25187230-J01 -15.98820
115.0000 -9.1184617 D.16€181CD-01 0.1442593C-01 -18.40856
129.0000 -C.7311564D-01 -C.629C74630-C1 0.9055579C-02 =20.4307S
125.9000 0.1986353D-02 -0.78403470-C1 0.6151050D-02 =22.11051]
130,0000 0.5103829D-01 -0.2167182C-01 0.236270650-02 -24.40441
135.0000 0.29860P7TD-(1 0.31764980-C1 0.25539220-92 =-25.62152
1497,0000 =-0,8559417D-02 Q.47640SC0-C1 0.234291SC-02 =-26.30243
145.00CC -0,33116110-01 0,35725810-C2 0.1112458C-02 -29.,53716
157.0000 =7.81331130-(C2 -0.3612445D-C1 0.15668730-02 =-27.,96730
155.0000 0,2126874D-01 -C.15C791CN-01 0.82C63610-03 -30.85849
163.0000 0.1019201D-21 0.3203252C-C1 J.1193043D-02 =-29.23344
T165.0000 —0.1400064D=C1 0.27728550-C1 C.56489010-02 <-30.15522
170,0000 =N.66585520-02 -0.356£506C-C1 .14C03269D-02 -28.52828
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179.0000 0.1054016D-C1 -0,1233068D-01

THETA RE(SA) IM(SA) SQ |SA| IsAl DB

540000 0,3463960D-01 -0.,3235859D-01 0.2246980D0-02 =-26.48401
10.0000 0.1136654 - -0.1164559 0.26481820-01 -15,77052

15,0000 0.1605864 -0.1585087 0.50913000-01" -12.93171

20.0000 0.2668658 =0.26€€501 0.1423410 =8.466700

25.0000 0,3489614 -0.3534914 0.2467302 ~6.077777

30,0000 0,5002848 . -0.4892249 0.4856259 =3.101356

35,0000 0.6190433 -0.6267660 0.7886855 .. =1.030962

74000000 0.7833957 T 20.1653307 1.199440 0.7857848
45,0000 0.9448658 -0.5473152 1.790185 2.528979

50,0000 1.038925  -1.C€€157 2.216055. 3.4558C5
55.0000  1,160583 -1.128156 2.619688 44182496

60.0000 1.239838 =1.210420 3.002314 44714561

65,0000 1.170540 -1.228707 2.879883 4.593749

70,0000 ~ 1,001446 ~ =1.C85881 2.182030 3.388607

75,0000 0.8267790 -0, 879897 1.326411 1.259400

- 80,0000 0.6767148 =0.4855049 0.6936580 -1.588546
82.0000 0.6197454 -0.3622031 0.5152755 -2.879605

£4.000C 0.5618642 =0.2475894 0.3769919 =%.236680

86,0000 0,5017048 -0.144187¢ 0.2724977 -5.646371

88,0000  0.4384842 -0.53537560-01 0.1951776 ~7.095659
90,0000 0.3720962 C.21€€65740-01 0.1389250 -8.572197

92,0000 0.3030478 0.8145881D0-01 0.9848004D-01 -10.06652
94.0000 0,2327333 0.1247838 0.69735820-01 ~-11.56544

96,0000 0.1631157 0.1511592 0.49455820-01 -13,05763
98,0000 0.9674628D-01 0.16C7960 0.35215210-01 =-14.53270

100,0000 0.36632010-01 0.154578C ~ ~ 0.2523625D-01 <=15.57975
102.0000 -0,13989730-C1 0.1343081 0.1823438D-01 -17.39109
104.0000 -0.52001580-C1 0.1028950 ~  0.1329154C-0L -18.76425
106.0000 -0,74901440-C1 0.6443890D-01 0.$7€25970-02 +20.10435
108.0000 -0,8142076D-C1 ~0.24114520-C1 0.7210850D0-02 -21.42014
110.0000 -0.72174590-01 -0.122604SC-01 0.53594910-02 -22.70876
115.0000 -0,56620590-C2 -0.52505390-C1 0.2788875D-02 -25.54571
120.0000 0.38494370-01 -0.9C758730-C2 0.1564188D-02 -28.05711
125.0000 0.21518%52D-C2 0.30275510-01 0.9212371D-03 =-30.35629
130.0000 -0.23499150-01 —-0,373240C0-C2 0.5661408D-03 -32.47076
135.0000 0.1390410D0-01 =0.16349530-01 0.46063130-03 <=33.36647
140,0000 0.17610580-C2 0.163040C0-C1 0.26892170-03 =-35.70374
145.0000 -0.1073647D-01 -0.69862210-02 0.1640792D-03 -37.84947
150.0000 0.1313206D-01 =-0.20722410-02 0.1767453C-03 =37.52652
155.0000 -0.12383090-01 0.78531550-02 0.21501300-03 -36.67535
160.0000 0.1098739D-01 -0.1C81173D-01 0.2376162D-03 =-36.24124
165.0000 -0,1015373D-C1 0.12231460-C1 0,25270680-03 =-35.97383
0.28880190-03 -35.39400
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TABLE C-6: kh = 2. 750000, kA = 51.69000

D.ET142€56CD-C2
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__THETA RE(SA) IM(SA) SQ 1SAl |SA] Ce
5.0000 0.43247C70-01 -0.54501890-C1 0.4849424C-02 -23.14310
17.0000 0.11115¢1 -0.5738241C0-01 90.2183900D-01 -16.60767
15.0000 0.16872%7 -0.1679923 0.5668977D-01 =-12.4€495
20.0000 0,2509335 -0.2621242 0.1316767 ~ =8.804910
25.0000 0.23682215 -0.356G2€847 0.2647462 -5.7717C2
37,0000 0.4829866 -N.4830€43 0.4666275 -3,310267
35,0000 0.6294425 -0.6275197 0.8026294 -0.9548492
40,0000 0,7857858 -0.7727548 1.2145C9 T TT0 8443667
45,0000 0.9244501 -0.54C5528 1.729323 2.403802
51,0000 1.066255 -1.05938C 2.246604 3,515265]
55,0000 1.155923 -1.175124 2.717075 4.341016
TRI.0000 1.190003 =1, 1878¢¢ 2.815280 4.495216
65,0000  1,206567 -1.1761753 2.840623 4.,534125
77.0000 1.060788 -1.115374 2.369331 TTT3.T46257
75.N900 0.827€1C8 -0.87¢5387 1.453260 1.623432
R7,0000 0.6286561 -0.5341C4S 0.68C4765 T -1.671866
82.0970 0,5619137 -0.,3683€14 0e4744547 " -3,238053
T84.0000 0,4G9852472 0 =0.21271311 T T D.32729090 -%4.909195
R5.0000 0.,4356622 -2.14{097242 32157013 -6.6614172
83,7000 N.3713172 -N,€6E551G38N=-01 0.1421650 . -B.471980 |
97,0700 9.304%556 0.11828250-01 C.92518780-31 -10.31896
92.0200 0.23588CS D0.6562646D0-01 0.60525500-01 -12.18033
94,0000 0.16669C8 0.1380373 n"4e39457860-01 =-14.03866
TG, 0000 0.99775630-01 J.1760156 7 CJ25835420-01 -15.811784
98,0000 N.389144SD-01 J.124%178 0.17C4364C-01 =17.68430
100.0000 =N.11424A750=C1 N.1C85978C J.1136150L-01 -19.44546
102.17000 -0.4675114D-91 0.74125660-01 05.76803270-02 =21.14620
104.0000 =0,6356234N=-01 (4352665660 =31 0.52879370-02 =22.161714
1056.0000 =2.6092455N-C1 =0.245C3140-02 0,3718J48L-02 =-24.26685
198.0000 -0.41565210-01 -0, 3C47€420=C1 $.26566220-02 =-25.1561C
110.0000 =0,12832C2N-C1 =7.41754C4C-"1 C.19C80620-02 =-27.19407
115.0000 0.,30364G4D-C1 -0,55132600-03  0.5241577C-33 =30.34254|
120.0000 =3,1134952N0=-01  J,1€477580-01 2.47€02840-03 -33,27876
1250000 =0,2598414N-02 =0,156823230-C1  0,23495¢Q0-03 =35.45222
1309000 2.6831151D-C2 2.127446C0-C1 0,15173700-03 =37.172S4
135,0000 -0,65156540-02 -0,66271180-C2 2.1351351C-02 =-38.69232
142.2000 0,41511560-02 0.88798220-C2 C.G56083510-04 =40.17351
145.0000 -0,33711050-02 =0,7723GGT€0-C2 2.5002088L-04  <—42.21698]
150.0000 =0.41658240-22 0.40623710-C2  0,34268870-04 —44.67642
185,0000  N,4G770220=02 0.205G827C=-C2 J.52S2172D-04 ~42.76366]
142.9000 =0,494469220-02 =3.62457540-02 2.63462190-04 =-41.97485)
165.0000 =9.2014430-C2 0,2747865C-C2 C.11608710C-J04 -49.25216,
177.0000 0,80307520-92 0.67474C80-04 =-40,11111



APPENDIX D
RADIATION CHARACTERISTICS OF A SINGLE PARASITIC LOOP
COUNTERPOISE ANTENNA NEAR THE HORIZON

We give here the theoretical values for the complex far field produced by
a single parasitic loop counterpoise antenna in the vicinity and below the horizon.

The antenna has the following constant parameters; kh=2.75, kA=17.92 and kb=0.15.

The normalized height kH and the normalized radius kB of the parasitic loop
are varied over some selected values. Note that

_JA p
sw>-s<m+§gm+s%w)

in Tables D-1 through D-3.

The Tables D-.4 through D-6 give the complex far field SP(6), produced by
the parasitic current only above the counterpoise. The normalized height kH
and the normalized radius kB of the parasitic loop are varied over some
selected values. Note that

Pigy - <P P
sP(6) = 57,(0) +5_ (0)
for Tables D-4 through D-6.

The results given in these tables may be found useful for the design of a
double parasitic loop counterpoise antenna whose far field radiation pattern is
required to have a sharp minimum in a direction just below the horizon. Con-
trolling the amplitude of this minimum, the field gradient at the horizon can

also be controlled if desired. The complete pattern produced by the antenna
can be obtained from the theoretical expressions given before.
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TABLE D-1: 8(6) ve 6, kH = 3,7

0(0) kB = 3.87 kB=4,07 kB=4.2 17
Re(8(6) ImS(6) ReS(6) ImS(6) Re S(6) ImS(6)
80 0.25629  0.15064  0.30112 0.02619  0.42019  0.04460
92  0.20481 0.16701  0.26132 0. 07261 0.35525  0.10574
94 0.15453  0.175496 0.21683 0.10835  0.28746  0.15067
96  0.10679  0.17598  0.17009 0.13289  0.21967  0.17984
98  0.16305  0.16881  0.12359 0.14640  0.15459  0.19428
100 0.02479  0.15485  0.07965 0.14971 0.09462  0.19557
102 -0.00676  0.13543  0.04025 0.14425  0.04172  0.18573
104 -0.03077  0.11230  0.00682 0.13187  -0.00271  0.16708
108 -0.04694  0.08743 ~0.01987 0.11463  -0.03788  0,14211
108 -0.05561 0.06283 ©0.08971 0.09456  -0,06364  0.11323
110 -0.05774  0.04024 -0.05318 0.07345  -0.08039  0.08263

TABLE D-2: S(6) v 6, kH = 3.8
90  0.24392 0.14453  0.29360 0.01797  0.41644  0.04044
92 0.19444  0.15971  0.25540 0.06442  0.35178  0.10163
94  0.14631 0.16727  0.21248 0.10025  0.28438  0.14644
96 0.10080  0.16715  0.16730 0.12497  0.21715  0.17542
98  0.05935  0.15975  0.12235 0.13881 0.15282  0.18968
100 0.02335  0.14598  0.07994 0.14266  0.09375  0.19090
102 -0.00606  0.12719  0.04196 0.13780  0.04185  0.18120
104 -0.02815  0.10514  0.00978 0.12669  -0.00157  0.16287
106 -0.04276  0.08177 -0.01595 0.11079  -0.03584  0.13870
108 -0.05037  0.05899 -0.03522 0.09227  -0.06093  0.11077
110 -0.05202  0.03840 -0.04859 0.07279  -0.07736  0.08128
TABLE D-3; S(6) v8 6, kH = 4.0

80 0.21969  0.12918  0.27975 0.00077  0.40959  0.03080
92  0.17455  0.14228  0.24483 0.04603  0.34548  0.09215
94  0.13102 0.14833  0.20516 0. 08232 0.27894  0.13679
96  0.09029  0.14739  0.16321 0.10771 0.21295  0.16846
98  0.05367  0.13997  0.12146 0.12254  0.15023  0.17951
100  0.02237  0.12706  0,08215 0.12784  0.09310  0.18082
102 -0.00267  0.11008  0.04703 0.12515  0.04329  0.17166
104 -0.02098  0.09070  0.01725 0.11639  0.00192  0.15455
106 -0.03265  0.07083 -0.00672 0.10355  -0.03061  0.13199
108 -0.03841 0.05212 -0.02511 0.08845  -0.05452  0.10625
110 -0.03950  0.03589 -0.03864 0.07247  -0.07052  0.07922
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TABLE D-4: 8°(6) vs 6, kH = 11.6

kB = 2,87 kB=37 kB=327
6(°®) ResP(e) ImsSP(G) ReSP(6) ImsP(9) ResP(B)  ImSP(g)
80 -0,08413 _ 0,10023 -0.17060 0.10947  -0.08789 -0, 05002
92 -0.15008  0.14954 -0.20894 0.05432  -0.08962 ~-0. 08495
94 -0.19537  0.08620 -0.22496 -0.01294  -0.08766 =-0.08270
96 -0.21284  0.00992 -0.21554 -0.08417  -0.07919 -0.10458
98 -0.19956  -0,06743 -0.18012 -0.15013  -0.06055 -0.12848
100 -0.15746  -0.13365 -0.12138 -0.20126  -0.02914 -0.14941
102 -0.09322  -0.17807 -0.04569 -0.22890  0.01471 -0.16032
104 -0.01745  -0.19350  0.03707 -0.22695  0.06650 -0.15411
106 0.05702  -0.17769  0.11452 -0.19352  0.11767 -0.12609
108 0.11740  -0.13400  0.17375 -0.13220  0.15715 -0.07634
110 0.15339  -0.07100  0.20388 -0.05219  0.17422 -0.01089

TABLE D-5;: SP(6) vs 6, kH =11.8

90 -0.10690 0.16762 -0.17484 0. 07650 -0.06946 -0.06429
92 -0.16481 0.11797 -0.20405 0.01708 -0.06907 -0.07820
94 -0119864 0.04925 -0.20911 -0. 05085 -0.06427 -0.09497
96 -0.20281 -0.02760 -0.18817 -0.11844 -0.05227 -0.11449
98 -0.17643 -0.10014 -0.14230 -0. 17625 -0.02989 -0.13399
100 -0.12366 -0.15648 -0.07599 -0. 21511 0.00446 -0.14804
102 -0.05319 -0.18721  0.00270 -0. 22752 0.04904 -0.14974
104 0.02219 -0.15681  0.08263 -0. 20927 0.09795 -0.13293
106  0.09163 -0.10200  0.15102 -0. 61602 0.14168 -0.09477
108  0.14070 -0.03351  0.19568 -0. 08901 0.16925 -0.03767
110 0.16181 0.03527  0.20772 -0. 00478 0.17128  0.02999

TABLE De6: SP(6) v8 6, kH =12.00

90 -0.12523 0.14323 -0.17361 0. 04558 -0, 04954 -0.07242
92 -0.17388 0.08606 -0.19322 -0. 01668 -0.04710 -0.08587
94 -0.19564 0.01392 +0.18744 -0. 08349 -0.03974¢ -0.10123
96 -0.18675 -0.06122 -0, 15589 -0. 14558 -0.02479 -0.11783
98 -0.14849 -0.12677 -0.10131 -0. 19359 0.00033 -0.13240
100 -0.08719 -0.17154 -0.02993 -0. 21908 0.03613 -0.13920
102 -0.01332 -0.18778  0.04869 -0. 21606 0.07949 -0.13181
104 0.06016 -0.17273  0.12256 -0. 18251 0.12330 -0.10533
106  0.12011 -0.12940  0.17899 -0. 12169 0.15755 -0,05893
108  0.15583 -0.06625  0.20711 -0. 04241 0.17181  0.00264
110 0.16131 0.04290  0.20055 0. 04195 0.15860  0.06904
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