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I
INTRODUCTION

1.1 Preliminary Remarks

This is the Final Report on Contract FA69WA-2085, Project 330-001-03N,
"VOR Parasitic Loop Counterpoise Systems-II'", and covers the period from 11
August 1969 to 22 October 1972, The main objectives of the research reported
here have been: (i) to investigate the radiation characteristics of parasitic loop
counterpoise antennas and to evolve an optimum antenna configuration so that it
may be incorporated into an existing conventional (or standard) VOR (V HF Omni
Range) system, (ii) to evaluate the improvement in the performance of a conven-
tional VOR system brought about by the above new antenna system.

A major part of the present investigation has been devoted to the development
of satisfactory theories of radiation patterns of parasitic loop counterpoise antennas
and also for the radiation patterns of conventional VOR antennas. The performance
of a conventional VOR system using an optimum double parasitic loop counterpoise
antenna, developed during the present contract, has been evaluated by ground as
well as flight tests.,

In the following sections of this chapter we at first give some of the relevant
background information and discuss briefly the previous work done on this problem.
A brief outline of the report is then given. Finally, the main results accomplished
during the contract period are summarized in the last section.

1.2 Discussion on Conventional VOR System Performance

It is appropriate here to give a short discussion on the performance of a con-
ventional VOR system. This will put into proper perspective the need for the use
of parasitic loop counterpoise antennas to VOR systems.

The operation of conventional VHF Omnirange systems is described in detail
by Hurley, et al (1951). In this section we discuss certain aspects of the conven-
tional VOR system performance and its antenna system which are appropriate for
our purpose. A detailed description of conventional VOR antenna systems was given
by Anderson, et al (1953) and Anderson (1965) and will not be repeated here. The
antenna system of a standard VOR system consists of four Alford loops located
at the same height above a 52' diameter circular and conducting ground plane or



counterpoise. These four loops are mounted at the corners of a square
symmetrically around the axis of the system and they lie in a plane parallel

to the counterpoise. The antenna is oriented with the ground plane lying in

the horizontal plane. The entire antenna assembly is usually mounted such

that the counterpoise is at a height 15' above ground. Depending on the local
terrain conditions, the entire antenna assembly may be located at different heights.
Henceforth this antenna will be referred to as the conventional VOR or 4-Alford
loop counterpoise antenna. The standard VOR system operates at a single fre-
quency within the band 108 - 118 MHz.

The requirements of the VOR system are such that the antenna operates in
two distinct modes. In the first mode, called the carrier mode, all four loops
are simultaneously driven in phase with carrier frequency currents. The carrier
mode pattern of the antenna is omnidirectional in azimuth, In the second mode,
called the side band mode, at any instant of time each diagonal pair of loops is
excited such that the horizontal plane pattern of each pair of loops above the
counterpoise is a figure-of-eight. Each figure-of-eight pattern is then rotated
about the vertical axis at 30 revolutions per second. The relative phase be-
tween the pairs of loops is such that the combined effects of these in space is
to produce a single figure-of-eight azimuthal pattern rotating at 30 revolutions
per second. The free space elevation plane patterns of the antenna in both
modes are symmetrical bout the vertical axis and have principal maxima at
300-35° above the horizon and have minima in the axial direction (Sengupta
et al, 1968; Sengupta, 1971). Thus when the carrier field is combined with the
total side band field at each instant of time throughout the goniometer cycle, a
rotating limacon field pattern results. The free space patterns of such antennas
show considerable response in directions below the plane of the counterpoise, It
is known that the field gradient at the horizon (defined to be the rate of decrease
of field just below the horizon) is about 3dB/6° in both modes of operation. As
we shall see later, this field gradient value has significant influence on the
accuracy obtainable from a conventional VOR system.,

In the ideal situation the conventional VHF omnirange produces two 30 Hz
signals for reception by a flying aircraft: one is constant in phase and independent
of the aircraft position, and the other varies in relative phase directly in accordance
with the magnetic bearing of the aircraft from the VOR station. The former is
referred to as the reference phase signal and the latter as the variable phase signal,
The reference phase signal is obtained by frequency modulating at 30 Hz a 9,96KHz
subcarrier signal which in turn amplitude modulates the rf carrier signal. The
reference phase signal is radiated by the antenna in the carrier mode of operation
having an omnidirectional pattern discussed earlier. The variable phase signal is



produced by space amplitude modulating the rf carrier signal with 30 Hz side-
band radiated energy. This signal is radiated in the form of a figure-of-eight
pattern in azimuth, by effectively rotating it at 30 revolutions per second thereby
providing the desired variable signal under this condition. In this case the antenna
operates in the side band mode. A phase measuring device in the receiver enables
the pilot to determine his bearing with respect to the station by comparing the phase
difference between these signals. In the ideal situation when there exists no dis-
turbing object between the VOR station and the flying aircraft the bearing indications
obtained by the aircraft in the above manner are found to be quite accurate.

1.3 Conventional VOR Performance in Non~Ideal Location

In an actual situation whenever there exists a multipath between the VOR
ground station and the flying aircraft, the multipath signals combine with the
desired signals at the aircraft. The source of these multipath signals may be
trees, buildings, etc., or any other scattering object. The strengths of the multi-
path signals at the aircraft is directly proportional to the free space response_ of
the antenna in directions below the plane of the counterpoise, if it is assumed that
the scattering objects are located below the counterpoise plane. The overall effects
of the multipath signals combine to produce siting errors and scalloping in the
bearing indications of a conventional VOR (Anderson, 1965).

To avoid the errors in the bearing indications of the standard VOR systems
the ideal requirements on the free space antenna radiation pattern are such that in ___
the upper half plane of the counterpoise the elevation field pattern should resemble
the Alford loop connterpoise pattern and in directions below the counterpoise plane
should be zero or negligible. In other words the field gradient at the horizon should
be infinite or very large. Such a pattern is possible only with an infinitely large
counterpoise. However, to increase the counterpoise diameters well beyond the
values used in the existing systems is impractical and expensive.

From the discussion given above it is evident that any antenna system having
overall free space radiation pattern characteristics mentioned above but which
produces little field in directions below the horizontal plane is potentially capable
of reducing the VOR siting errors. The parasitic loop counterpoise antenna is such
an antenna.

1.4 The Parasitic Loop Counterpoise Antenna

The parasitic loop counterpoise antenna, as originally defined (Sengupta et al,
1968), consists of a small excited circular loop (or Alford loop) placed above and
parallel to a circular and conducting ground plane along with one or more suitably



placed large parasitic loops oriented coaxially and parallel to the counterpoise.
Parasitic loop counterpoise systems, defined this way, can be used only in the
carrier mode operation described in the previous sections. We generalize the
definition of the parasitic loop counterpoise antenna to include the case where the
excitation consists of more than one Alford loop so that it can operate also in the
side band mode. As we shall see later, the chief advantage of the parasitic loop
concept is that it makes it possibleto increase the field gradient of the VOR antenna
without increasing the counterpoise size; an additional advantage of the parasitic
system is that it is relatively simple to convert the existing conventional VOR
antennas to the new systems by inserting parasitic loops at appropriate heights.

1.5 Previous Work Accomplished

Theoretical and experimental investigation of parasitic loop counterpoise
antennas operating in the carrier mode have been reported in our Final Report
under a previous contract (Sengupta, et al, 1968)., Theoretical analysis of the
carrier mode patterns of single parasitic loop counterpoise and of conventional
VOR antennas have been discussed by Sengupta and Weston (1969). Detailed para-
metric studies of the radiation patterns of such antennas may be found in Sengupta
and Ferris (1970). All these studies have shown that with the help of parasitic loop
concepts it is possible to reduce considerably the free space field produced in dir-
ections below the counterpoise by conventional VOR antennas operating in the carrier
mode. Inparticular withan optimum double parasitic loop counterpoise antenna operating in
the carrier mode, it has been found that in the elevation plane the rate of decrease
of the far electric field just below the horizon is 21dB/5.5° (Sengupta et al, 1968),
Possible application of parasitic loop counterpoise antennas operating in the carrier
mode has been reported by Sengupta and Weston (1968). On the basis of the research
reported in Sengupta et al (1968) there evolved three specific parasitic loop counter-
poise antenna configurations having possible application to a VOR system.,

As mentioned, all the previous work discussed above has been devoted only to
the carrier mode type of operation for the antenna. However, from the viewpoint
of VOR system operation, it is the side band mode elevation plane pattern of the
antenna which is of importance (Hurley et al, 1951), A major part of the present
research has thus been devoted to the investigation of the side band mode patterns
of conventional VOR and parasitic loop counterpoise antennas.

1.6 Outline of the Report

The theories of radiation from conventional VOR and parasitic loop counter-
poise antennas operating in the side band mode have been hitherto unknown. For this



reason a substantial portion of our investigation has been devoted to the develop-
ment of satisfactory theories for these antennas. This study led to an optimum
configuration for a double parasitic loop counterpoise antenna and subsequently

to its application to a conventional VOR system. The outline of the report follows.

The free space carrier and side band mode radiation properties of the con-
ventional VOR antennas are discussed in Chapter II. Theoretical expressions are
derived for the side band radiation patterns of a conventional VOR antenna. The
theory is verified by experimental results obtained from model measurements
done at 1.09 GHz.

The free space carrier and side band mode radiation properties of single
parasitic loop counterpoise antennas are both investigated theoretically in Chapter
OI. The theoretical results derived in this chapter are of fundamental importance
in the development of double parasitic loop counterpoise antenna theory. The theory
is then confirmed by results obtained from model measurements. The nature and
values of the parasitic currents in the case of carrier mode operation of single
parasitic loop counterpoise antennas are also discussed theoretically and numerically.
These results included therein may be found useful in analyzing the measured para-
sitic currents, if such an investigation is carried out in the future.

Chapter IV discusses theories of both carrier and side band mode patterns
produced by double parasitic loop counterpoise antennas. The theories are con-
firmed by results obtained from model measurements. On the basis of the para-
metric study of the side band mode patterns, an optimum double parasitic loop
counterpoise antenna configuration is obtained. The antenna is optimized in the
sense that the horizon field gradient in the elevation plane side band pattern is
maximum. Design parameters are obtained for an optimum antenna with a 150'
diameter counterpoise operating at the full scale frequency of 109 MHz.

Mechanical fabrication and assembly of the full scale optimum double parasitic
loop counterpoise antenna are discussed in Chapter V. The conversion of the ex-
perimental conventional VOR antenna, located at Mannheim Avenue Experimental
VOR Facility at NAFEC (National Aviation Facility Experimental Center) into an
optimum double parasitic loop counterpoise antenna is also described in detail.

Chapter VI describes briefly the test facilities available at National Aviation
Facility Experimental Center where the full scale testing of the double parasitic
loop counterpoise antenna has been carried out.



Chapter VII describes the results obtained from ground tests conducted to
evaluate the performance of the conventional VOR and the double parasitic
loop counterpoise antennas.

Results obtained from flight tests conducted with conventional VOR systems
using standard 4~Alford loop counterpoise and double parasitic loop counterpoise
antennas are discussed in Chapter VIII, The results discussed in this chapter
indicate the following: (i) verify at the full scale frequency and for practical
systems the horizontally polarized elevation plane pattern information obtained
earlier for such antennas from theoretical and model measurements considerations.
(ii) in the presence of a known multipath signal, the use of optimum double para-
sitic loop counterpoise antenna reduces the scalloping errors associated with a
conventional VOR system by a factor of 6 to 1,

Large polarization errors were observed during the flight tests of the conven-
tional VOR systems using double parasitic loop counterpoise antennas, Chapter IX
discusses the results of our experimental investigation of polarization errors
associated with such antennas. Due to the shortage of time this phase of our inves-
tigation remains incomplete. The results of our limited investigstion indicate that
the polarization errors in the parasitic system can be reduced to acceptable values
for 6< 80% however, for 6 > 80° the maximum value of the total polarization
error has been found to be about 129,

The application of parasitic loop counterpoise antennas to a conventional VOR
system is discussed critically in Chapter X,

Chapter XI gives our general conclusions and recommendations for future work,

The radiation field of a circular loop carrying a non-uniform harmonic current
is discussed theoretically in Appendix A. The results given here may have impli-
cations in the analysis of polarization errors associated with the parasitic loop
counterpoise VOR antenna systems,

The significance of mutual interaction between parasitic currents in the evalua-
tion of patterns of a double parasitic loop counterpoise antenna is discussed in
Appendix B.

Appendix C supplies the investigation which gave rise to an optimum double
parasitic loop counterpoise antenna using a 52' diameter counterpoise at the
full scale frequency of 108 MHz.



Appendix D gives the numerical values of the parasitic currents for a
single parasitic loop counterpoise antenna operating in the carrier mode.

Appendix E gives Fortran IV computer programs used for various numer-
ical computations.

Appendix F gives some selected numerical results.

1.7 Summary of Results Obtained

As mentioned in Section 1.1, the main objectives of the present research
program have been to develop an optimum double parasitic loop counterpoise
antenna configuration and to investigate its application to a conventional VOR
system. In this section we summarize the significant results that have been
obtained to this end.

The principal results accomplished in the present contract period are:

(i) Development of satisfactory theories for the carrier and side band mode
far field patterns of 4-Alford loop counterpoise standard VOR antennas.

(ii) Development of satisfactory theories for the carrier and side band mode
far field patterns of parasitic loop counterpoise standard VOR antennas.

(iii) Design and development of an optimum double parasitic loop counterpoise
antenna compatible with a conventional VOR system.,

(iv) Verification of the theories developed in (i) - (iii) by model measurements

at 1,09 GHz and by ground and flight tests conducted at the full sceale frequency
of 109 MHz,

(v) Flight test results giving the course scalloping errors produced in the VOR
bearing indications of a flying aircraft when there exists a known multipath signal
source between the standard VOR ground station and the flying aircraft. Results
have been obtained for the standard VOR ground station with and without parasitic
antenna system.

(vi) Polarization error results associated with a standard VOR system with
and without parasitic loop-antenna system. Development of an active polarizer
for correcting the polarization errors. This phase of our study remsins incom-
plete due to lack of time.



For ready reference, we give in tabular form below some selected
results of interest. The following list of symbols may be found useful in
reading the tables of results.

2A = diameter of the counterpoise.

h = height of the Alford loops abové the counterpoise.

2d = separation distance between a diagonal pair of Alford loops,
w = width of the conducting strips comprising the parasitic loops,

Hl’ H2 = the heights of the first and second parasitic loops above the
counterpoise,

2B1, 2B2 = diameters of the first and second parasitic loops,

emax = direction of the principal maximum in the elevation plane
(§ = 09) far field pattern. 6 = QO is the vertical direction,

0
E; (96)
a =-20 log10 —L—o_ = the far field gradient at the horizon in
& E ¢(90 )  the elevation plane § = 0°,

E. (90%)
a, = =20 log = the far field reduction factor in the direction
f 10 E6 ) ;
$ "max’ of the horizon.

For all the test results given below, the operating frequency is 109 MHz and
the corresponding wavelength A = 9,02',



TABLE I
RESULTS FOR 150' DIAMETER COUNTERPOISE SYSTEM

Standard 4-Alford Loop Counterpoise VOR Antenna Design Parameters:
2A = 150", h=4', d=1'4" and 4 Standard Alford Loops.

Optimum Double Parasitic Loop Counterpoise Antenna Design Parameters:

The above 4-Alford loop counterpoise VOR antenna design
parameters plus the following; w = 10", H1 =5, 2B1 = 46'10",

= 1Q1 = 110"
H2 18'8 and2B2 32'10",

Elevation Plane (§ = 0°) Pattern Characteristics

Standard VOR Antenna
Carrier Mode Side Band Mode
0 nax 62° 65°
2 5.56dB/6° 5.54dB/6°
a 14. 82dB 14.7dB

Optimum Double Parasitic Loop Counterpoise Antennas 1
Carrier Mode Side Band Mode
0 . 62° 66°
max
) )
a, 5.66dB/6 23.71dB/6
af 10. 3dB 23.18dB




TABLE I
RESULTS FOR 52' DIAMETER COUNTERPOISE SYSTEM

Standard 4-Alford Loop Counterpoise VOR Antenna Design Parameters:
2A =52', h=4' d-=1'4",

Optiumm Double Parasitic Loop Counterpoise Antenna Design Parameters:
The above 4-Alford loop counterpoise antenna design parameters
plus the following: w = 10", Hl = 5'2", 2B1 = 48'8", H2 = 15'8"

and 2B2 = 34'10",

Elevation Plane (§ = 0°) Pattern Characteristics

Standard VOR Antenna
Carrier Mode Side Band Mode
0 (o}
6ma\x 58 60
: 0 o)
% 3.11dB/6 3.05dB/6
af 10, 44dB 9,47dB
Double Parasitic Loop Counterpoise Antenna
Carrier Mode Side Band Mode
0 0
emax 58 60
2 3.11dB/6° 21,22dB/6°
o £ 7.4dB 16, 5dB

Only the 150' diameter antenna systems have been tested at the full scale
frequency 109 MHz.
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“Scalloping Error Amplitudes

Course scalloping errors in the standard VOR bearing indications of a
flying aircraft have been measured with the conventional VOR ground station
using standard 4-Alford loop and optimum double parasitic loop antenna sys-
tems along with a 150' diameter counterpoise located 75' above ground. In
each case the aircraft was flying on a 20 mile orbit, around the VOR station,
at an altitude of 6575' (which corresponds to a minimum in the vertical plane
pattern nearest to the horizon); there existed a multipath signal source in the
direction § = 52' and at a distance 1000' away from the VOR ground station.
In each case the scalloping errors were observed to be maximum in the
§ =~ 140° direction and are given as follows:

maximum scalloping error for the conventional VOR system
using standard 4-Alford loop antenna = 12, 5°

maximum scalloping error for the conventional VOR system
. . " . _ o0
using the optimum double parasitic loop counterpoise antenna = 2

In addition to the above scalloping errors have been measued for the case
of a conventional VOR system using a non-optimum double parasitic loop counter-
poise antenna, The details may be found in Chapter VIII:

Polarization Exrors

Polarization errors associated with a conventional VOR system with and
without parasitic loop antennas have been measured in the range 620 <6< 0°,
The measurements were carried out with the help of an aircraft flying at an
altitude of 3220 feet along selected radials with respect to the VOR ground
station, In each case errors have been measured for VOR ground station
antennas with and without passive polarizers.

11



TABLE II

MEASURED TOTAL POLARIZATION ERRORS

Standard VOR Using 4-Alford Loop Antenna
6 NO Polarizer With Passive Polarizer
Total Polarization Error Total Polarization Error
62° <6 < 82° 11%5 1°9
82° <6< 90° 13°. 5 (maximum) 5° (maximum)
StanHard VOR Using Optimum Double Parasitic Loop Antenna
NO Polarizer With Passive Polarizer
62° < 6 < 80° 8° 3°
) o 0 o .
80 <6<90 14 127 (maximum)

We have developed an active polarizer for the purpose of reducing the polar-
ization errors associated with conventional VOR systems, The details may be
found in Chapter IX. From the results given here, it appears that the polariza-
tion errors associated with the parasitic system are large in directions 6 > 80°,
As mentioned before our polarization error study is incomplete., However, we
believe that this error can be reduced further by improving the existing passive
polarizers.

12



I

FREE SPACE RADIATION CHARACTERISTICS
OF CONVENTIONAL VOR ANTENNAS

2.1 Introduction

In this chapter, both theoretical and experimental free space radiation
patterns produced by a conventional VOR antenna are discussed. The conven-
tional VOR antenna system consists of four Alford loops placed about 4" above
a conducting ground plane or counterpoise. As mentioned earlier the antenna
operates in two distinct modes characterized by the method of excitation of these
four loops. In the carrier mode, the four loops are excited with equal amplitude
and phase all the time. The pattern of the antenna in this mode is omnidirectional
in the horizontal plane. The elevation plane pattern is symmetrical about the axial
direction; it has a maximum in the direction 30° - 40° above the horizon and has a
minimum (ideally a null) in the axial direction. The carrier mode radiation pattern
of a conventional VOR antenna has been discussed in detail previously (Sengupta,
et al, 1968; Sengupta and Weston, 1969) and will not be repeated here. The theo-
retical expression for the carrier mode pattern along with some relevant pattern
details for a specific antenna configuration are given here for future reference.

In the side band mode, at any instant of time, each diagonal pair of Alford
loops are excited with equal amplitude but opposite phase. The pattern of each
pair of loops above the counterpoise is a figure-of-eight in the horizontal plane;
in the elevation plane the pattern is similar to that of the carrier mode. Although
these facts about the side band mode patterns are well documented experimentally,
there has been no satisfactory theory until we developed it recently (Sengupta and
Ferris 1970a; Sengupta 1971). In the following sections, we discuss the theory of
the side band mode radiation pattern produced by a conventional VOR antenna. The
theory is then compared with experimentally measured patterns.

2,2 Carrier Mode Pattern

For the purpose of theoretical analysis of the radiation pattern, the conven-
tional VOR antenna operating in the carrier mode is approximated by a small circu-
lar loop carrying a constant amplitude current and located above a circular ground
plane. Thus the VOR loop counterpoise antenna can be replaced by a point source
with appropriate far field variation and placed above the counterpoise as shown in
Fig. 2-1. The free space far-zone electric field of the point source (in the absence
of the counterpoise) is represented by the following:

i ka 2 eikr
E;=n I (=) sing — , (2.1)
§ o002 r
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FIG. 2-1: Theoretical model for the conventional VOR antenna.
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where
r,0,f are the spherical coordinates ofthe far field point with origin
located at the point source,
Mo is the intrinsic impedance of free space,
k = 27f), is the free space propagation constant,
a is the radius of the circular loop,
I, is the amplitude of the loop current given by:

T-= 5’6\10 et (2.2)
f is the unit vector in the P-direction,

w is the angular frequency, )

assumed time dependence is e Wt |

Note that the field in eq. (2. 1) is polarized in the @-direction and is omnidirectional
in the 6 = M2 plane. The symmetry of the system dictates that the far field pro-
duced by the antenna shown in Fig. 2-1 will also be polarized in the @-direction
and that the far-field pattern will be omnidirectional in the horizontal or 6 = 72
plane. It can be shown (Sengupta and Weston, 1969) that the complete expression
for the far zone elevation plane (x-z plane) electric field produced at a point

P(R, 6) and valid in the range 0 < 6 < 7 is given by:

i(kR-"4)
A, . ka2e
By 215 ) g ), (2.3)
where | o
) A | cosf] sin( =) ikr
SA(0)= FO(6)sinb e—1kAsm0 + 2 %@ § . 2. 4)

‘E‘ \hrkro sin6

T 3 3
. e1(2 kA sin6) cos /2 po_ sin P 0
L7 (6)= < . >—
[T’ 205 - s1n8

3
ikA sinf cos /2 p
_e 0 2.5)

V1+sin6 cos¢0+sm6 -

P2
ikr _sin(6-f ) i t2/o ikr_sin(6+ ) imt2/
F (0)=e e dt-e e dt,

-0 -0

(2.6)
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pl=2(—) s ( 5 , 2.7
kr p +6+7,

pz-z(—>1/200s< ° ) 2. 8)

3=A2+ﬁ, (2.9

tan 2 2. 10)

and the other parameters are as explained in Fig. 2-1. The term SA(G) in

eq. (2. 3) may be looked upon as the complex far field pattern of the conventional
VOR antenna operating in the carrier mode. Thus ISA(6)] is the conventional far
field radiation pattern.

Detailed discussions of eq. (2. 3) and its comparison with experimentally
measured patterns have been given elsewhere (Sengupta et al, 1968). The mea-
sured free space far field elevation pattern of the conventional VOR antenna
with a 15' diameter counterpoise is shown in Fig. 2-2. The theoretical pattern
of the same antenna, obtained by numerically computing the far field expressions
given above, is superposed on Fig. 2-2 for comparison. The agreement between
theory and experiment may be considered to be excellent over most of the regions
in space. The slight kink in the experimental pattern near the region 6 = 950 is
attributed to a reflecting object lying near the outside pattern range.

Since the model antenna considered in Fig. 2-2 corresponds to the full scale
VOR antenna located at NAFEC, the theoretical values of the important parameters
characterizing the free space elevation pattern of the antenna in the carrier mode
at 1080 MHz are given below:

Direction of principal maximum 6, = 65°

E(960)

. . . = _2 - . 0.
Far field gradient at the horizon ag 0 logyg ' 51500 5.56 dB/6
Field reduction factor o, = =20 log E(90°) =14.85dB.
f 10] EGpay)

The normalized parameters of the antenna are kh = 2.75, kA = 51, 69 at the fre-
quency f = 1080 MHz. These correspond to a full scale antenna having 150'
diameter counterpoise and the Alford loops located 4' above the counterpoise.
Parametric study of the carrier mode radiation pattern for the same antenna under
various situations may be found elsewhere (Sengupta et al, 1968).

16
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FIG, 2-2: Carrier mode elevation plane far field pattern of a
conventional VOR antenna. kh = 2,75, kA=51, 69,
f =1080 MHz. —— Experimental; . ... Theoretical
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2.3 Side Band Mode Pattern

In this section we develop and discuss the theoretical expressions for the
radiation field produced by a conventional VOR antenna operating in the side band
mode. The theory is then compared with measured results at 1080 MHz. From
the point of view of the side band mode radiation pattern, the antenna consists of
a pair of Alford loops suitable excited and placed at the proper height above a
counterpoise. The two Alford loops lie in the same plane which is parallel to the
plane of the counterpoise. The Alford loops are separated by a distance, 2d,
small compared to a wavelength and are excited with signals having equal ampli-
tude but opposite phase. Thus the free space azimuthal pattern of the antenna
would be a figure-of-eight.

2.3.1 Theoretical Expression for the Elevation Plane Pattern.

For the purpose of theoretical analysis the conventional VOR antenna
operating in the side band mode is replaced by a point source with appropriate
far field variation placed above the counterpoise as shown in Fig. 2-1, The
free space far-zone electric field of the point source (in the absence of the counter-
poise) can be represented by:

. ikr

Bg=1 1 (57 16, Prsing — , (2. 11)

where all the parameters are as explained in Section 2.2 and £(6, ) is the source
pattern function which is determined by the method of excitation and orientation of
the two loops. Note that the field in eq. (2. 11) is polarized in the §-direction. In
the present case, the two Alford loops are excited with equal amplitude but opposite
phase so that £(6, ) can be written explicitly as follows:

£(6, @) = 2i sin( kd sinf cos §) . (2.12)

Equation (2. 12) means that in the azimuthal plane 6 = 7’/2 , the pattern is a figure-
of-eight having a maximum along the x-axis. In the following we discuss the ver-
tical pattern produced by the antenna.

The exact analysis of the radiation field produced by the above antenna is
an extremely complicated problem, if not impossible. We apply the concepts of
geometrical theory of diffraction (Keller, 1962) and the results of Sommerfeld's
half-plane diffraction theory (Sommerfeld, 1954) to investigate the problem.

In obtaining the far field in the high frequency limit (which implies in the
present case that kA >> 1), it is convenient to separate the entire space into
three distinct regions. Region I, defined as 0 <6< 7/g - ¢o, is the illuminated
region, where the total field at the far field point P(R, 0, f) can be formally
written as,

18



i r d
E,(P)=
p( ) Ep(P)+E¢(P)_+E¢(P) s (2.13)

where i
E¢(P) is the incident field at P,

E;(P) is the reflected field at P,

d
E p(P) is the diffracted field at P.

The diffracted field Ed(P) consists mainly of the fields diffracted by the near and
far edges, respective?y, of the counterpoise (Ny, Ng in Fig.2-1). Of the two dif-
fracted fields, the near edge contribution dominates in this region. In Region II,
defined as

(5-8)<6<(5+h)

r
and known as the transition region, E4(P) = 0 and Ed(P) is essentially due to that
diffracted by the near edge. In Region III, defined

(5-f<e<T,

and known as the shadow region, the field consists of the near- and far-edge dif-
fracted components only.

The incident and reflected field components Ex(P) and E4(P) can be obtained
very easily. The problem thus reduces to the determination of the correct com-
ponents for Eﬁ(P) and the combination of them in proper phase. Geometrical
theory of diffraction and the results of Sommerfeld's theory of half-plane diffraction
are used in developing the correct expressions for E (P) We do not go into the
details of the method here, since it has been discussed elsewhere (Sengupta and
Weston, 1969) for the case £(6,# = 1 in eq. (2. 11). In the following we give the
final expression for the far field along with the key expressions necessary in
obtaining it.

It can be shown that the far field expression valid in the transition region
s s
§_¢o£955+¢o !

is given by (Sengupta and Weston, 1969; Sengupta et al, 1968):

ik(R-A sin6)

ka 2 e
E Nn 1 (....) £(0 _‘¢) e ¢ E](r ,P)=Ulr ,KI/_)] s (2. 14)
g 0 R {Sind" o*fl "ror"2
where
.  pl L2
Ulr,y) = e K7 OV (——1;1) f M2 g, (2. 15)
-0
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¢1=¢o-7§r -0, ¢2=¢o+7§r+0’ tan¢o= % (2.16)
= 2(%)1/2 cos ‘g : (2. 17)

Equation (2. 14) neglects the effect of far edge diffraction which is a reasonable
approximation in the transition region. If necessary, the incident field EX (P) in
this region can be separated out from eq.(2.14) by asymptotically evaluat?ng the
integral given by (2. 15). Proceeding the same way, it is now possible to separate

the near edge diffracted field component from eq. (2. 14) valid in the shadow region.

The near edge diffracted field component valid in the illuminated region,
s
<6< = -
0<#o 2 ¢o ’
is given by: 9

in — 3 /2
ka2 cosf sin [ cos ¢0 _ll
] - L

E,~ nl (5)16,,0 . : .
}DNI oo 2 0 cosf) -sinf krosmB(l—smﬂ

iT ik(R-A sinf +r )
4 0

e v €
. 2.18
X R ( )

The far edge diffracted field component valid in the illuminated region,

s
0<6< 5~ ¢O
is given by the following expression:
32 . Yo
ka2 cos'” @ cosf sin =
E¢ ~ -nOIO("2—) f(eo, )] o5 Toind X *
N o V1+sin6

2
i(Z -kA sin6)
e-l ‘-l. - Sin eikR
X » . (2. 19)

,/ 7kr sinf R
0

With the help of the above expressions along with the incident and reflected
components of the field, it is possible to develop the complete expression for the
field at any point in space. It is clear from the above that different field expres-
sions would be obtained for a field point in different regions of space. For com-
putational purposes it is convenient to derive a single expression for the field
which would be valid in all the three regions of space. With the field expressions
given in eqs. (2. 14) through (2. 19), it is possible to asymptotically develop a
single expression for the far field valid in the region 0 <6 <7 . This can be done
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by starting with the transition region field given by eq. (2.14) and modifying it
asymptotically to account for the different contributions in the various regions of
space. The details of asymptotic development of such an expression has been
discussed in Sengupta and Weston (1969) and will not be repeated here. The

complete expression for the far field thus obtained and valid in the region 0<6<7
can be expressed as

i(kR- g )
ka2 e
E¢ 77010 (?) N SA(G) , (2. 20)
where , |
o | cosflsin— ikr
F . L .
SA(9)= (6)£(6, P)sind . 1kAs.1n6+ 2 e © LO(B) (2.21)
V? \l 7rkrosin6'
2 p 2
o, Ilkr sin(6-f) 1 i7r£2- ikr_sin(o+g ) [ iﬂt—z—
FO(6)=e e dt-e ° ° e dt , (2. 22)
-0 -
A s 3
i(G-kAsin) o Bcos /2¢ -f(6,¢)sin3/29
o) e o o
L{6)= ' cosp -sin6
1l-sinf o

ikAsiné (g, ¢)cos3/2¢ ,
- 2 . (2.23)

m cos¢o+sm6

It should be remembered that in obtaining the above expressions the basic assum-
ptions of geometrical theory of diffraction have been used. In the present case it
mainly implies that eq. (2. 20) is valid for kA>> 1 . Equations (2. 20) through (2. 23)
give the far field produced by a loop counterpoise antenna that is being used in the
existing VOR system. To the best of our knowledge the expressions given above
are new and appeared for the first time in one of the Interim Reports under this
contract (Sengupta and Ferris, 1970a). In the next section we make a comparison
between the results obtained by numerical computation of (2. 21) for the case §=0°
and the corresponding measured results.

2.3.2 Description of the Experimental Arrangement

Experimental investigations have been carried out at the frequency 1080 MHz
with the help of an outside antenna pattern range. Each of the Alford loops used is
a tenth scale model of a typical loop used in the existing VOR antenna system, the
design of which is discussed by Anderson (1965). A photograph of the Alford loop
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model is shown in Fig. 2-3. Each loop is made of brass strips and fed by a
coaxial line with the help of a balance-to-unbalance transformer. Each loop is
square-shaped with each side equal to 2, 1", which is about A/5 at the frequency
1080 MHz. The excited element here consists of two such Alford loops fed 180°
out of phase and placed in the same plane which is parallel to the 15' diameter
counterpoise, The 15' diameter counterpoise was fabricated on a wooden frame-
work. The central portion of the counterpoise consists of a solid aluminum disc
mounted on the frame. This was done to mount the Alford loops conveniently.
The rest of the counterpoise consists of household aluminum screen stapled to the
wooden framework. The two loops are placed at a height of 4. 8" above the
counterpoise. They are displaced on either side of the axis of the counterpoise
by 1.6" so that the two Alford loops are 3.2'" apart. Figure 2-4 shows a photo-
graph of the double Alford loop counterpoise model used during the experiment.
In all the measurements to be discussed below, the above model has been used
as a receiving antenna in conjunction with an antenna pattern range.

2.3.3 Comparison Between Theory and Experiment

The measured free space elevation patterns of conventional VOR antennas
operating in the side band mode are shown in Figs. 2-5,2-6 and 2-7 for three
selected values of the counterpoise diameter. All the patterns have been measured
in the x-z plane (Fig. 2-1) and at the frequency 1080 MHz. The corresponding
theoretical patterns obtained by numerical computation of egs. (2.20) through (2. 23)
are shown in Figs. 2-5 through 2-7 for comparison. The normalized dimensions
of the antennas given in Figs, 2-6 and 2~7 correspond at 108 MHz to those of
conventional VOR antennas with 52' and 150' diameter counterpoises respectively.

The agreement between theory and experiment for the cases kA = 17, 92
(2A =5,2') and kA = 51.69 (2A = 15") may be considered to be very good. The
minor lobes in the pattern in directions 6 > 7T/2 as well as the kink in the pattern
just below the 6 = T for the case kA = 51, 69 are attributed to the outside pattern
range and the feed system of the antenna. The measured results shown in Figs. 2-5
and 2-6 were taken with an antenna pattern range inside a large anechoic chamber.
The agreement between theory and experiment for the case kA = 6. 32 (2A = 22'")
is not so good, although it may be considered to be fair over most of the region
(see Fig. 2-5). The reason for this is attributed to the fact that due to the small
size of the counterpoise, the geometrical diffraction theory approximation made
in obtaining the far field expressions becomes poor.

2.3.4 More Information About the Side Band Pattern
Because of the fundamental importance of the 15' diameter antenna, its
patterns were studied in more detail. Figure 2-8 shows measured far field

elevation pattern of the antenna at 1080 MHz. Figure 2-8 is the same as 2-7 except
for the fact that the pattern here is shown as a rectangular plot for obtaining
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FIG. 2-3: Photograph of the Alford loop model.
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FIG. 2-4: Photograph of the two Alford loops mounted above
the 15' diameter counterpoise.
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5=180°

FIG. 2-5;: Side band mode elevation plane far field pattern of a
conventional VOR antenna. kh =2.75, kd =0.92,
kA = 6,32, f = 1080 MHz, —— Experimental, ooo Theoretical
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FIG. 2-6: Side band mode elevation plane far field pattern of a conventional
VOR antenna. kh =2.75, kd =0.92, kA =17.92, f =1080 MHz
Experimental, o o o o Theoretical.
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FIG. 2-7: Side band mode elevation plane far field pattern of a conventional
VOR antenna. kh =2.75, kd =0.92, kA=51.69, f=1080 MHz.
Experimental, o 0 0 0 o Theoretical.

27



better pattern details. Figure 2-9 shows the azimuthal pattern of the same antenna.
The shape of Fig. 2-9 indicates that the feed system used has been satisfactory for
the side band mode of operation of the antenna,

The theoretical values of the other important parameters of the free space
elevation pattern of the antenna operating at 1080 MHz and in the side band mode
are given below.

Direction of the principal maximum 6, . = 650
Far field gradient at the horizon ay = 5.54 dB/6°
Field reduction factor ap = 14,7 dB .

The above parameters are not appreciably different from those for the case of
carrier mode operation as given in Section 2. 2. Numerical values for the free
space elevation plane side band mode far field pattern of the above antenna are
given in Table F-la, Numerical values for the side band mode elevation plane
pattern of a similar antenna with 5. 2' diameter counterpoise (i.e. 52' diameter
at 108 MHz) are also given in Table F-1b,

2.4 Discussion

Both the theoretical and experimental free space radiation characteristics
of conventional VOR antennas operating in the carrier and side band modes
have been discussed here. Theoretical expressions for the side band mode given
here are new and have been developed during the present contract period. The
results given in the present chapter will be used later in evaluating the perfor-
mance of the parasitic loop counterpoise systems.
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FIG. 2-9: Measured side band mode azimuthal plane far field pattern
of a conventional VOR antenna. kh =2,75, kd = 0.92,
kA = 51,69, f = 1080 MHz.
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I

INVESTIGATION OF SINGLE PARASITIC LOOP
COUNTERPOISE ANTENNA

3.1 Introduction

In this chapter we discuss the theory of radiation from a single parasitic
loop counterpoise antenna. The theory of such an antenna is of fundamental im-
portance for the investigation of the radiation from double parasitic loop counter-
poise antennas to be considered later. As we shall see, the theory developed here
can be generalized directly for the latter antenna operating under some constraints
of practical interest. The study of the single parasitic loop counterpoise antenna is
also quite important on its own merit. In some applications where the required
field gradients in the pattern are not very large, this type of antenna may be found
to be more advantageous to use.

The single parasitic loop counterpoise antenna is obtained by placing coax-
ially a large parasitic loop at a convenient height above and parallel to the counter-
poise of a conventional VOR antenna. Figure 3-1 shows a schematic diagram of
such an antenna. The parasitic loop has a radius B and is placed at a height H
above the counterpoise; it is assumed to be made of a conducting wire of radius b
Qor equivalently, of a conducting strip of width w = 4b),

Theory and performance of single parasitic loop counterpoise antennas
operating in the carrier mode have been discussed in detail elsewhere (Sengupta

et al, 1968; Sengupta and Weston 1969; Sengupta and Ferris, 1970) and will not be
repeated here.

In the following sections we first give some of the important pattern charac-
teristics for such an antenna with a 15' diameter counterpoise and operating in the
carrier mode at the frequency 1080 MHz. These pattern characteristics will
correspond to those of a full scale parasitic loop counterpoise VOR antenna with a
150' diameter counterpoise operating at the frequency 108 MHz. For the carrier
mode operation, the nature of the induced current in the parasitic loop and its
dependence on the antenna parameters are then studied numerically. Finally,
we develop the theory for the side band mode radiation pattern produced by a
single parasitic loop counterpoise antenna. The theory is then compared with
results obtained from model measurements. ’

3.2 Carrier Mode Pattern

Theoretical expressions for the carrier mode pattern are given here for
future reference. It can be shown (Sengupta and Weston, 1969) that the far zone
electric field produced by a single parasitic loop counterpoise antenna shown in
Fig. 3-1 is given by the following:
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FIG. 3-1: Schematic representation of single parasitic loop counterpoise
antenna and the coordinate system used.
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1(kR-7/,)

ka2 e
E¢~n010(-§-) = S@), 0<6<7 . (3.1)
where S(6) is identified as the complex far field pattern and can be written formally

as

s6) = s™(6) + sfzw) " s§6<e) . 3.2)

In eq. (3.2), SA(6) is the free space complex far field pattern of the antenna in the
absence of the parasitic loop and is given by eqs. (2.4) - (2.10). The last two

terms in eq. (3. 2) constitute the complex far field pattern produced by the para-
sitic loop only in the presence of the counterpoise. The conventional radiation

pattern of the antenna is given by | S®)| . Explicit expressions for sz(e) and
sge(e) are given by the following
9 ikr1 ikr2
SRCEKI - O (3.3)
(kr 1) (krz)
2 g lkr l,, i(2kB +1)
P, . 7 (kB) e 1,72 2
856(0)- 5 5 (ka) e
2M (kr 1) |
, T
PN C Hat Ll FO (3.4)
wkH )

r? = B2 + (H-h)2 , rg = B2+(H + h)2

_ kb, .7
M =0.577 + 4n (-2—)-1§
J. (kB sin6) . ,
P -
F() = 1 F () e ikA sin6
2 |cos6| sin(-zz) ikrP
+ e LP() , (3.5)
\fz?krpsme|
LT . 1
1(§-kAsm9) cos / 2¢ J (kB cosf )-sinl/zeJ (kB sinb)
P e Pl P 1
L™(6)= cos §_-sin 6
1-sinf P
o Yo
ikA sind [~J (kB cos §_) cos '~ §
_e 1 P P (3.6)
+ si ? ‘
o6 cos ¢p sin 6
2
p
ikr ,sin(6-Pp) ° i7r;—
FP(0)=e e dt - (continued)
-
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. . Pg . £2
1krPsm(9+¢P) f i (3.7)

~-€ e dat ,
-
ke, 1 p_-6-%
. p, /2 P 2
P = 2(-7-T—) cos ( 5 ), (3.8)
kro U p_+6+%
P P 2
Pg 2(—7r-) cos (-—2—'—) s (3.9
2 2 2
rp = A +H , (3. 10)
H
tan ¢P = K » (3. 11)

and J 11is the usual notation for the Bessel function of the first kind and first order.
The far field expressions given by eqs. (3.1) - (3. 11) are valid under the following
approximation:

kKA>> 1, kB>> 1, KH>> 1, kb<< 1 and KA> kB . (3.12)

From a numerical investigation carried out with the help of the above
expressions, it appeared that a parasitic loop having a radius B such that kB = 37
(i.e. 2B = 3A) would produce a good field gradient when placed at a proper height
H above the counterpoise having the normalized dimension kA = 51,69, The
parasitic loop was assumed to be made of 1" wide conducting strip (i.e. b = 0, 25"),
The theoretical field gradient as a function of the height H of the parasitic loop
above the counterpoise is shown in Fig. 3-2. It can be seen from this figure that
a parasitic loop counterpoise antenna having kH = 13 and kB = 37 produces a
maximum field gradient of 9.6 dB/6°, It should be mentioned here, for comparison,
that the carrier mode pattern of a conventional VOR antenna with the same counter-
poise (kA = 51,69) has a field gradient of 5. 56 dB/6° . The measured far field
elevation pattern of the above parasitic loop counterpoise antenna is shown in
Fig. 3-3. The corresponding theoretical pattern of the antenna is also superimposed
on Fig. 3-3 for comparison

3.3 Numerical Investigation of the Parasitic Current for the Carrier Mode Case

In this section we give the results of a numerical investigation carried out
to study the nature of the induced current in the parasitic loop and its dependence
on the antenna parameters for the case of carrier mode operation. Detailed dis-
cussions of the theoretical expressions for the induced current in the parasitic loop
have been given in the Final Report under our previous Contract (Sengupta et al,
1968). Here, we only quote the final expressions without derivation. The normalized
induced current in the parasitic loop can be formally written as follows:

I

P, 12

=15 +13I’)4 +120 (3.13)
IO 0 0 PO
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FIG. 3-2: Theoretical field gradient («,) as a function of H for
a single parasitic loop counterpoise antenna operating
in the carrier mode. kh =2.75, kA =51.69, kB = 37,
f = 1080 MHz, kH is variable.
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FIG. 3-3: Carrier mode elevation plane far field pattern of a single
parasitic loop counterpoise antenna, kh = 2.75, kA = 51,69,
kB = 37, kH = 13, f = 1080 MHz.
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where I is the current in the excited loop and Ip_ is the current in the parasitic
loop. The first term on the right hand side of (3. 13) represents the current induced
due to the direct wave from the driven element and due to the wave singly reflected
from the counterpoise. The other two terms, 1%4 and 1%6 in (3. 13) represent the
currents due to the waves diffracted by the counterpoise edges The reason for
splitting the current expression into three terms is to study the order of magnitude
of the different contributions so that the information obtained can be used for

proper approximation in the far field analysis. It can be shown that the three

terms on the right hand side of eq. (3.13) are given by (Sengupta et al, 1968):

ikr ikro
poxaBle ¢ , (3. 14)
o ikM r% r%
r=B HH-h), 3-32+<H+h) M=0. 577+ tn (2)-1F (3. 15)
131’,4= T A S0 e “ ( % )1/2
0 : Jz'

ey B b+
X (ﬂklr?))]/ze {sec( 02 3)-sec( g 3)}

1, ikr g -p g+
r1(L02 ¢4 oo (O 4)-sec<—°—-‘¥>} , (3. 16)
7rkr4 2 2
2
§~ (A-B) 412 ; Z= (A+B)2+H
(2) A2+h2 (3.17)
H . H _h
tanf, = =, tanf, =25 ,tanfy =7 ).
i T
+7 OkH--T
56 72B) |, 1 Yo 1@kBrZ) . Ly 1(kH-3)
I = (—)" e “(=—)" e . (3.18)
P "2 | 7KB T

The various notations used in eqs. (3, 14) - (3. 18) are as explained in the reference
cited.

A computer program has been developed for obtaining the current induced in
the parasitic loop with the help of the above expressions. We give here the results
obtained for a specific single parasitic loop counterpoise antenna having the following
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parameters: kA=17, 92, kb=0. 15, kh=2,75, kB=37 and kH=11,78. The values obtained
for the normalized current are shown in Table III-1.

TABLE II-1: Normalized Value of the Parasitic Current

Real Imaginary Absolute Value Argument in Radians

111?2 -0.03893 0. 17908 0.18326 1,785

o
I%i -0.00070 0.00035 0.00068 2,678
o 0.02011 ~0.00159 0.02915 -0.055
Ip
—1-9- ~0.01052 0.17784 0.17815 1.630

o

Parasitic currents induced for other values of the antenna parameters are shown
in tabular form in Appendix D.

From the results shown here and in Appendix D, one fact appears to be con-
sistent, namely that the contribution to the parasitic current due to the second term
in (3.13) (i.e. I%%) is negligible compared to the others for the values of B and H
considered here. Hence in the analysis of the far field pattern this term may be omitte:
This observation was made in our previous study (Sengupta et al, 1968) intuitively.
The results given in this section justify that approximation quantitatively. The
results given here will be found useful if an experimental program is developed to
measure the current in the parasitic loop of a single parasitic loop counterpoise
antenna

3.4 Side Band Mode Pattern

In this section we develop the theoretical expressions for the radiation field
produced by a single parasitic loop counterpoise antenna operating in the side band
mode. The accuracy of the expressions are then compared with the measured values.
The theory developed here will be used to calculate the patterns produced by double
parasitic loop counterpoise antennas with similar excitation.

3.4.1 Theoretical Expressions

The theoretical model of a single parasitic loop counterpoise antenna is
shown in Fig. 3-4.
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FIG. 3-4: Theoretical model for a single parasitic loop
counterpoise antenna,

As before, the free space far field produced by the excited elements
elements only (represented by the point source in Fig. 3-4) is:
. ikr
i_ ka,2 e
By = n L ¢ =) - £(0, P)sind —. (3.19)
where
£(9, P)= 2i sin(kd sin6 cosp) . (3. 20)

The first step in the analysis involves the determination of the current induced in
the parasitic element.

Parasitic Current: Let the total field incident at the point P (Fig. 3-5) on
the parasitic loop be denoted by E;bnc(P). Then the parasitic current IPo is given by

_ 27 _inc
where
M=0.577+£n(k-§)-ig . ‘ (3.22)

The basis and nature of approximations involved in (3. 21) has been discussed else-
where (Sengupta and Weston, 1969) and will not be repeated here.

The incident field E%nc (P) consists of direct, reflected and diffracted fields.
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A representation of the different field components that would be used in obtaining
the parasitic current are shown in Fig. 3-5. Thus E;bnc(P) can be written for-
mally as follows:

E;“C(P) = Eéz(P) + ESG(P) . (3.23)

» N

typical point on the
l p Parasitic loop

counterpoise

1

!: A

FIG. 3-5: Dominant rays contributing to the parasitic current.

2
Explicit expressions for the component fields E1 (P) and ESG(P) can be obtained

by following a method similar to that discussed By Sengupta’et al (1968) and by

Sengupta and Weston (1969). These expressions are: ]
ikrl ikr 2

Egz(P)moIo(‘-‘zi‘)z [f(el.sb) i O ot J , (3.24)
where
r?=B2+(H-h)2 , ro = BAHH+D) (3. 25)
ikr1
X E%@yz ei(ZkB%) -(;&P-I-)l/z ei(zkH-g)]. (3. 26)
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Using (3.21) and (3. 24) - (3. 26) it can be shown that

Ip, “I%>2 +Ii)>6
where . 29 ilcrl ikrq
1 k
Ip. <1 (3 = (e,¢)———-f(e M= |,
1 2 rz
1kr1

1 =1 6B ey,

M (kr.)

1

) . )1/2 i(2kB+Z) Yy '(2kH-Zl-T)
x5 © () :

We now make the following approximation valid for kd <<'1,
f(91,¢) = 2i sin (kd sin6) cos g = f(el) cos § ,

~
f(62,¢) ol f$02) cosf ,
where B
fl(e )= 2ikd sinf, = 2i(kd) — ,
1 1 ré

£(6,)=2ikd sinf = 2i (kd) —
12 2 r

2
After introducing (3.30) through (3. 33) into (3.28) and (3. 29) we obtain
ikry ikr2
12 __ ka,2 27B e e
IP -Io(—z-) Y, f(91) —5 -f1(92) 5 cos §
0 rl T
2
I;6=Io(§§') - (sz) —*1{o))
0 M (krl)
lfp i(2kB+7) lfp i(2KH-7)
x (== e 4-(——) 4 cos p
7k B ’

(3.

(3.

(3.

(3.

3.

(3.

(3.

(3.

(3.

Thus we can write the parasitic current expression IPo in the following form.

12 .56
Ip, =Ip, *Ip, —IP cos f,

(3.

27)

28)

29)

30)

31)

32)

33)

34)

35)

36)

where explicit expressions for IP may be obtained after introducing egs. (3.34)

and (3. 35) into (3.36). It is 1mportant to note there that due to the nature of
excitation, the parasitic current is not independent of ¢ This completes the
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derivation of the theoretical expressions for the current induced in the parasitic
loop in a single parasitic loop counterpoise antenna with figure-of-eight type of
excitation.

The Radiation Field: The complete side band mode radiation field produced
by a single parasitic loop counterpoise antenna is obtained by vectorially adding
the individual fields produced by a pair of Alford loops above the counterpoise and
the parasitic loop above the counterpoise. The Alford loop counterpoise side band
mode radiation field is given in Section 2.3. The parasitic field expression under
this condition is derived below.

The free space radiation field produced by a circular loop carrying a cur-
rent of the form given by eq. (3.36) is discussed in Appendix A. In general, the
far electric fields are given by the following,.

i ikR

Eme IP (-—-)J (kB sin6)cos ¢—-— (3.37)
i . kB J (kB sin6) ikR

E6~1nOIP —_) —(————— cos6 s1n§b (3.38)

where

R, 6, are the usual spherical coordinates of the far field point with origin
in the center of the parasitic loop which lies in the x-y plane, and Jj is the first
order Bessel function of the first kind and the prime indicates differentiation with
respect to the argument.

For obtaining the principal plane field we are interested inthe = 0° plane

and thus we have:
ikR .
. lil} e o . i_ 3 39

E¢ 11’1011;,0 ( 3 ) = Jl(kB sin6), EG' 0. (3.39
Let us obtain the § - component of the far electric field. With the incident field
given by (3. 37) it can be shown that the far field produced by the parasitic loop
only above the counterpoise is given by the following expression valid in the

region0<6< 7,

i(kR-Z )
E;;" n I'P (EE) z = i F(6) cos P, (3.40)
where
J' (kB sin6) lcosf)l sin( ¢—P) ikrp
F(0)=— P (g)e 1A Sind | 2_e  LP@O), (3.41)

ﬁ‘ J Tkrp siné
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T . 1
p el( 2 ~kA sin6) cosl/zg)in(kB cos¢P)-sin /29Ji(kB sin6) e-ikA sin6
L (6)= - - X
\/l-siné) ' cosPp-sinb \ﬁ+sin6'
1
08 /2pPJi(chos¢P
X cos@_ +sin6 ’ (3.42)
P
p 2 p 2
p ikrpsin(6-fp) > i"t—é- ikr ,sin(6 +op) [ 6 im-z—
F (6)=e f e dt-e e dt ,
-0 -00 (3.43)
T T
- 2(133)1/2 cos! Pots ) , p.= z<lffl°>l/2 (¢P+6+§> (3. 44)
Pg T ) » Pg 7 | 083 ’ :
2 2. 2 H
r, A +H , and tan¢P—K : (3.45)

The complete far field is now obtained by combining egs. (2. 20) and (3.40). It can
be written formally as

i(kR-:-i )
ka.2 e
E¢~ T)OIO(—-Z-) -—R——' S(G)l ) (3.46)
where
_ P P
S(6)= 5°(6) + 57 ,(6) + 5, (6) . (3.47)

Explicit expressions for sA(0) are given by egs. (2. 20) through (2, 23). The last
two terms on the right hand side of (3.47) are given by

sll)z(e) = TkE) i(6) “— ~£(6,) —; | F(6) cos (3.48)
(krl) (krz)
g 2 Ty
S;;“’) _i7 (sz) e ; f(el)
2M (krl)
Iy i(2kB+7) ., i(2kH-2)
X l:jl;l-ﬁ Poe L2 F  r@oosp . (549
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For the purpose of numerical computation, the principal plane pattern (§ = 0°
plane) is written in the following final form:

s
A, F°0)2i0cdsin?0 -ikasing, 001 st thry . (3.50)
{5‘ Vrkr _sing’
(T . 5
el(z kAstnd) o d)cos /2¢ -2ikdsin5/29
L(6)= ;)¢ -sinf
V1 - sin 6 co o 1
. . 92
(ikAsinG  2i (kd)cos ¢o
- - ) (3.51)
J‘H_—si‘n? cos¢o+sm0
2 1kr ikrz
sf2(9)= ”(kﬁ) l}i kdr£ = -211«1?- e ;l F6) | (3.52)
1 (kr ) 2 (k)
ikr . 7 . T
P (9):17’2“‘3)26 " (kB) 2ikd {(—L)léel(%ma)-(—l—)Vzel(zm-a] F(6), (3.53)
56 on (krl)z (kr ) TkB 7kH

and the other parameters are as defined before. This completesthe derivation of
the elevation plane pattern (x-z plane) of the single parasitic loop counterpoise
antenna for the side~-band mode of operation. In this plane (§=0°) the only component
of the field is the E; component. However in other elevation planes, i.e. for § # 0

there will exist a 6< component of the field as evidenced by eq. (3. 38) (see also
Appendix A). During the present contract we have not investigated the 6-com-

ponent of the field produced by the antenna.

3.4.2 Comparison Between Theory and Experiment

A single parasitic loop counterpoise has been fabricated by placing a para-
sitic loop of diameter 2B = 31.75" at a height H = 22, 5" above the double Alford
loop counterpoise antenna whose patterns are shown in Figs. 2-8 and 2-9, The
measured electric far field pattern produced by this antenna in the § = 0° plane
is shown in Fig. 3-6. The computed theoretical points are also shown in one
half of the pattern in Fig., 3-6 for comparison. It can be seen that the agreement
between the theory and experiment is quite satisfactory.

It should be noted that except for the excitation the parameters of the
antennas whose patterns are shown in Figs. 3-3 and 3-6 are kept the same so that
the patterns can be compared. From a comparison of Figs. 3-3 and 3-6 the
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FIG. 3-6: Side band mode elevation plane far field pattern of a single
parasitic loop counterpoise antenna, kh =2.75, kA = 51,69,
kd = 0.92, kB = 37, kH =13, f = 1080 MHz.
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following two observations are made; (i) non-uniform excitation of the parasitic
loop gives rise to minor lobes in the pattern near the axial region 6 = 0°, However,
it is anticipated that with proper choice of height H of the parasitic loop it would be
possible to reduce this lobe considerably by utilizing the concept of image. (ii)

The result shown in Fig. 3-6 does show some improvement in the field gradient
(7.5 dB/6°) compared to that of the corresponding conventional VOR antenna pattern
(5. 54 dB/6°) but it is less than that obtained in the case of single parasitic loop
counterpoise antennas operating in the carrier mode. However, the field gradient
in the side band mode case may be improved up to at least the carrier mode value
by adjusting the parameters H and B.

3.5 Discussion

The free space radiation patterns of single parasitic loop counterpoise
antennas operating both in the carrier and the side band modes have been discussed and
theoretical and experimental results are shown. Theoretical expressions for the side
band mode given here are new and have been developed during the present Contract.
We have also discussed the nature and value of the parasitic current when the
antenna operates in the carrier mode. The current information given here may be
found useful in developing some future experimental programs. From the pattern
information given in this chapter it appears that from the viewpoint of optimum
field gradients, the necessary parameters H and B of the antenna will be different
for different modes of operation. Thus in an actual case a compromise must be
made. On the basis of the results reported above it is found that for a full scale
150" diameter counterpoise the introduction of a parasitic loop in the conventional
VOR antenna increases the field gradient by about 4dB/6°. In order to improve
the field gradient further, it is necessary to use more than one parasitic loop.
Double parasitic loop counterpoise antennas are discussed from this viewpoint
in the next chapter.
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INVESTIGATION OF A DOUBLE PARASITIC LOOP COUNTERPOISE ANTENNA
4.1 Introduction

The results discussed in Chapter III indicate that a single parasitic loop
counterpoise antenna produces a field gradient at the horizon larger than that of
a.conventional VOR Alford loop counterpoise antenna, However, from the view-
point of improved VOR system performance it is desirable that the antenna should
produce much larger field gradients. Field gradient values larger than those of
single parasitic loop counterpoise antennas can be obtained from double parasitic
loop antennas. The latter type of antenna is obtained by inserting coaxially
another parasitic loop at an appropriate height (Fig. 4-1).

In the present chapter we at first develop an approximate theory for the
radiation patterns of double parasitic loop counterpoise antennas operating in
both carrier and side band modes. The theory is then compared with measured
results. Finally, the parameters for a specific double parasitic loop counterpoise
antenna are obtained such that the field gradient produced by the antenna is maxi-
mum. Such an antenna will be referred to as the optimum antenna.

4,2 Theoretical Expressions for the Radiation Field

The theoretical model of a double parasitic loop counterpoise antenna is
shown schematically in Fig. 4-1. It consists of a conventional VOR antenna with
two large parasitic loops placed parallel to each other and to the plane of the
counterpoise as shown in Fig. 4-1 with the origin of coordinate system located
at the center of the counterpoise which lies in the x~y plane. The point source
in Fig. 4-1 represents the excited elements, During the analysis the free space
far field variation of this equivalent point source is assumed to correspond to that
of the carrier or side band mode operation of the antenna.

If the distance between the two parasitic loops is small compared to a
wavelength, then the mutual coupling effects between them may be strong and must
be taken into account. Under these circumstances the theoretical analysis of the
radiation field becomes complicated. However, from our previous study (Sengupta
et al, 1968) it has been found that for the cases of interest the two parasitic loops
should be separated by a distance of at least the order of one wavelength or more,
The theory of double parasitic loop counterpoise antenna given in this section
therefore neglects the effects of mutual interaction between the parasitic loops.

The mutual coupling effects and their influence in the far field patterns are discussed
in Appendix B.
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FIG. 4-1: Theoretical model for the double parasitic loop counterpoise antenna,

In the absence of mutual coupling, the theoretical expressions for the
radiation field produced by a double parasitic loop counterpoise system can be
obtained by simple modification of the theory given in Chapter I,

The far electric field produced at a point P(R, 6, ) by an antenna consisting

of the excited Alford loops, parasitic loop No. 1 and the counterpoise can be written
as:

i(kR- Z )
_ ka 2 e
E¢1 = nOIO(_z—) -5 Sl(e) s (4.1)
where
p p
5,(0) = s(0) + SROEENCI 4.2)

and all the other notations are as explained in Chapter III. Explicit expressions

for the different terms in eq. (4. 2) are as shown in the previous chapter and should
pertain to those with parasitic loop No. 1.
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Similarly, the far electric field produced by the parasitic loop No. 2 only
above the counterpoise can be written as

i(kR-Z)
_ ka2 e |
E¢2 '"oIo(—z') S, ©) , (4.3)
where
P_._P pt
S, ©) = 812(0) + 856«9) . (4.4)

Explicit expressions for the different terms in eq. (4.4) may be obtained from
Chapter III with the understanding that the different parameters involved pertain
to the parasitic loop No.2. The complete expression for the far field produced by
the double parasitic loop counterpoise antenna is obtained by superposition of the
above two fields and is given by:

i(kR-T )
E.=n1(K2)2¢ : S (6)+S(6)
p o' 3! TR — 1 2 ’ 4.5)
for0<6<7.

The approx1mat10ns involved in (4.5) are the same as discussed previously.
Thus, S;(6) + Sz (6) gives the complex far field pattern of the double parasitic
loop counterpoise antenna, The patterns of the antenna for the carrier and side
band rlglode operations are obtained by using the appropriate expressions for S1(6)
and S (0)

4,3 Description of the Experimental Arrangement

For experimental investigations, the parasitic loops were positioned
coaxially on the axis of the basic model of the conventional VOR antenna de-
scribed in Section 2.3.2. Figure 4-2 shows the side view of the 15' diameter
counterpoise along with the installed pair of parasitic loops mounted on a 40'
tower. A close-up view of the double parasitic loop counterpoise antenna is
shown in Fig. 4-2a. Foam cylinders were used to hold the parasitic loops in
place in such a way that the diameters and heights of the parasitic loops above
the counterpoise could be easily adjusted during the experiment. The parasitic
loops were made of conducting strips rather than conducting wires as assumed
in the theory. This has been done for mechanical simplicity. In comparing the
experimental results with theory it is assumed that a conducting strip of width
w is electrically equivalent to a conducting cylinder of radius b, whichis a
reasonable assumption provided w = 4b and w, b << A. The parasitic elements
were fabricated from 1' wide brass strips 9.15 x 1073\ thick at 1080 MHz,

It should be noted that the height H of the parasitic loop is measured from the
top surface of the counterpoise to the center w/2 of the element. All the patterns
were measured onthe outside range with the antenna under test mounted on the
40' tower (Fig. 4-2) and used as a receiving antenna.
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4.4 Comparison Between Theory and Experiment

The theoretical electric far field pattern for the elevation plane ofa double para-
sitic loop counterpoise antenna operating in the carrier mode is given in Fig. 4-3.
The corresponding measured far field pattern is also shown in Fig. 4-3. A similar
set of patterns is given in Fig. 4-4 for such an antenna operating in the side band
mode. Notice that the counterpoise size as well as the measurement frequency are
different for the results shown in Fig. 4-3. This has been done so that the results
may correspond to a full scale 150" diameter counterpoise at the changed full scale
frequency of 109 MHz,

Considering the fact that the theory ignores the effects of mutual coupling,
the general agreement between theory and experiment as found in Figs. 4-2 and 4-3
may be considered to be fair. Thus for the ranges of parameters used here
(particularly Ho-H; > ), the theory given here can be used with sufficient accuracy
to investigate the double parasitic loop counterpoise antenna radiation patterns. It
is anticipated, however, that the theory may be improved further by more rigorous
analysis (Appendix B).

4.5 Optimum Double Parasitic Loop Counterpoise Antenna

The results given in section 4.4 reveal the fact that double parasitic
loop counterpoise antennas produce field gradient values larger than those obtained
from single parasitic loop counterpoise or conventional VOR Alford loop counterpoise
antennas . Of course, the field gradient.produced by the antenna is a function of the
antenna parameters. In this section we vary the parameters Hi, By, Hg, Bg while
keeping the other parameters fixed and theoretically study their effects on the field
gradient. In this manner an optimum set of these parameters is obtained so that
the antenna produces maximum field gradient. It is realized that other criteria may
also be used for optimizing the antenna (for example, maximum field gradient and
minimum side lobe below the horizon). As mentioned in the previous Chapter the
field gradient produced by the antenna is different for different modes of operation.
Here we optimize the antenna parameters so that the field gradient is maximum in
the side band mode of operation of the antenna, since this is the mode which is
of most interest from the viewpoint of VOR operation. The optimization is done for
an antenna having the normalized parameter_ kA = 52, 16860 for the counterpoise
so that it may correspond to the 150' diameter counterpoise at the full scale frequency
of 109 MHz.

Figure 4-5 summarizes the results of the optimization procedure. Preliminary
studies indicate that large field gradient values may be obtained for the following
approximate normalized parameters, kH;= 3.48190, kHg= 12,76710, kB1= 3 and
kBg = 57. The optimization procedure is then initiated by keeping kH; and kHy fixed
at these values and computing the field gradient @, as functions of kB; and kBj .

Curve A in Fig. 4-5 shows &g as a function of kB; for the fixed value of kB9=3. 07.
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It can be seen that o, appears to be a periodic function of kBo, i.e. for the range
of values shown «_ reaches a maximum for kB,= 5. 27 and kB1= 6.27. The maxi-
mum value of % In this case is 4. 75 dB/ 6° which is rather low. The second
optimization is now carried out by calculating ag as a function of kBg for kB;= 5. 2.
The smaller value of kB is chosen for the reason that it will give rise to a smaller
physical size of the antenna. Curve B in Fig. 4-5 shows the results of this com-
putation. A maximum value of a_=23.7 dB/ 6° is obtained for kB2 = 3.67. Curve
C shows a, as a function of kB for kBy= 3.67. It is found from Curve C that the
maximum value of o = 23,7 dB/6° is obtained for kBy =5.27, Finally, a, has
been calculated as functions of kHl and kHz, for kB1= 5, 2m and kBy= 3. 67 and it

has been found that % does reach the maximum value for the values of kHl and

kH2 cited above.

On the basis of the results given here we obtain the following normalized
parameters for an optimum double parasitic loop counterpoise antenna:

kh= 2,7755, kd = 0. 9276, kb = 0, 1514, kA = 52. 1686
kHj = 3,4819, kB, = 16. 3363,
kHy= 12.7671, kB = 11. 3097

Before closing this section it is appropriate to mention that the physical
mechanism by which a large field gradient is obtained in the optimum configuration
is the method of cancellation of the Alford loop field in a certain preferred direction
by the parasitic fields. It is therefore obvious that the performance of any such
optimum antenna will be highly frequency sensitive. Frequency sensitivity of such
antennas has been discussed earlier (Sengupta et al, 1968).

4,6 Optimum Antenna Patterns

In this section we discuss the carrier and side band mode elevation plane
patterns of a double parasitic loop counterpoise antenna optimized for the side
band mode of operation. The elevation plane patterns for the carrier and side
band mode of operation have been calculated theoretically for the optimum antenna
described in the previous section. The unnormalized results are shown in Fig. 4-6
so that the two patterns can be compared directly. The antenna has Qg = 23.71 dB/6°
in the side band mode but the carrier mode value of o is 5.67 dB/6°. In a practical
situation if one wishes to have larger field gradient véues in the carrier mode, a
compromise must be made.

Figure 4-7 shows the experimentally measured elevation plane pattern of
the optimum antenna operating in the side band mode.
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4.1 Full Scale Parameters of the Optimum Antenna

In this section we give the full scale values of the different parameters of
the optimum double parasitic loop counterpoise antenna. Also given are some of
the important pattern characteristics of the antenna. This section should serve
as a handy reference for the full scale antenna and its expected performance.

The antenna is assumed to operate at the frequency f = 109 MHz. The mechanical
dimensions of the antenna are:

h=4', d=1'4", w=10", A=75', 2B;=46.8",
H{=5', 2B9=32.5', Hg=18'4", operating wavelength

Xopt = 902"

The expected elevation plane pattern characteristics are as follows:

Carrier Mode
Direction of principal maximum 6, .. = 600,
Far field gradient at the horizon a, = 5. 66 dB/69°,
Field reduction factor ap = 10.3 dB.

Side Band Mode

Direction of principal maximum emax = 669,
Far field gradient at the horizon o = 23.71 dB/6°,
Field reduction factor ap = 23.18 dB,

Amplitude of the minor lobe below 6 = 900;
13.63 dB down relative to the field in direction 6=900,
Position of the minor lobe below 6=90°0 is 1069°,

For the carrier mode the level of the field immediately below 6 = 20° is
much larger than that in the side band mode (Fig. 4-6). The meaning of all the
notations used here are as explained before. The complete numerical values for
the theoretical patterns discussed above are given in Appendix F (Tables F-II and F-III).

4.8 Discussion

In the present chapter we have developed approximate theory for the ele-
vation plane radiation patterns produced by double parasitic loop counterpoise
antennas operating in both carrier and side band modes. Although the theory neglects
the effects of mutual interaction between the parasitic loops, the general agreement
between theory and experiment has been found to be satisfactory.

On the basis of the above theory the design parameters have been obtained
for an optimum configuration for such an antenna using a 150' diameter counter-
poise and operating in the side band mode at the frequency f = 109 MHz. The
characteristics of the optimum antenna patterns have also been discussed from
both the theoretical and experimental point of view,

58



During the contract period we have also obtained experimentally the design
parameters of an optimum antenna using 52' diameter counterpoise and operating
at the frequency 108 MHz. This was done before the theory for such antennas
was developed. However, because of the contract priority, the emphasis of both
theoretical and experimental investigations have been shifted to the 150' diameter
counterpoise case operating at 109 MHz. Since the standard VOR antenna systems
use 52' diameter counterpoises, the results of our investigation of such antennas
are given in Appendix C. Theroetical optimization of this antenna can be carried
out following a similar procedure discussed in this chapter.
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FABRICATION OF THE FULL SCALE DOUBLE PARASITIC
LOOP COUNTERPOISE ANTENNA

5.1 Introduction

On the basis of model measurements, we obtained in Chapter IV the
physical dimensions for a double parasitic loop counterpoise antenna deéigned
for optimum side band mode performance at the full scale frequency 109 MHz.
The full scale double parasitic loop counterpoise antenna has been obtained by
installing two appropriate parasitic loops on the standard VOR Alford loop counter-
poise antenna located at the end of Manheim Road outside of the NAFEC (National
Aviation Facility Experimental Center). In the present chapter we describe the
mechanical fabrication of the parasitic loop assembly and also the method of in-
corporating it into the standard VOR antenna located at NAFEC.

5.2 Standard VOR Antenna at NAFEC

The experimental standard VOR antenna system at NAFEC uses a counter-
poise 150' in diameter and is mounted on a 75' tall tower so that the counterpoise
level is 75' above ground level. Figure 5-1 shows a photograph of the tower which
supports the counterpoise along with the conical dielectric housing which contains
the standard four-Alford loop assembly. The necessary electronics to operate the
station as a VOR system is housed in a building on ground. The details of the
electronics involved are not discussed here. Interested readers may find the
description of the VOR equipment in Hurley, et al (1951).

5.3 Full Scale Parasitic Loop Assembly

As described in section 4.7, the two parasitic loops for the optimum double
parasitic loop counterpoise antenna have the following full scale dimension:
2B = 46'10", H{=5', 2By =32'6", H, = 18'4". The loops are to be made of 10"
wide conducting strips. The other dimensions of the complete antenna are as
given in section 4.7,

The parasitic loops were fabricated from expanded aluminum. This
material was chosen so as to reduce the surface area exposed to wind forces. The
expanded aluminum came in 8' long sections, 10" wide and 0.085" thick. Aluminum
tubings , 3/4" in diameter have 0. 049" thick walls, were used to hold the expanded
aluminum in place. The structure was then cut to the appropriate length and bent
to the proper radius of curvature for the appropriate loop. The expanded aluminum
was attached to the tubing with rivets. At the junction points additional pieces of
expanded aluminum were attached with screws over the junctions in order to ensure
good electrical contact between the junctions (see Fig. 5-2).



The loops were held at the appropriate heights with redwood poles.
Figure 5-3 is a photograph showing a section of the two parasitic loops installed
on the counterpoise. Sixteen redwood poles were used to support each parasitic
loop. This number of poles was selected on the basis of the support structure
associated with the 150' diameter counterpoise located at NAFEC. To ensure a
rigid structure upon which to mount the parasitic loops, each of the wooden poles
was mounted over one of the principal spokes of the counterpoise (Fig. 5-2). The
set of poles supporting the lower parasitic loop were 6' tall and the set supporting
the upper loop were 20' tall. Each of the 6' poles were held in place by three
3/ 16" Mylar guy ropes; six such guy ropes were used to support each of the 20'
poles. The counterpoise ends of the guy ropes were attached to chains such that
they would provide some fine adjustment in the tension associated with the ropes
(Fig. 5-4). Provisions were made also so that the heights of the parasitic loops
could be adjusted slightly if necessary.

Mylar was chosen as the rope material because of its stability and also
because of the hostile environment in which the entire antenna assembly is located.
The redwood poles were treated with wood preservative and moisture resistant
solution so that a minimum amount of moisture would be absorbed by the poles.
The bases of the redwood poles were placed on metal supports welded to the 16
spokes that run radially out from the center of the counterpoise (Fig. 5-2). These
metal bases were located at the appropriate distances from the geometric center
of the four Alford loops mounted above the counterpoise. A plumb line was used
to ensure proper orientation of the poles with respect to the counterpoise and its
geometric center.

Figure 5-5 shows a photograph of the two parasitic loops mounted on the
150' diameter counterpoise. The central conical structure is a dielectric housing
which contains the standard four Alford loop assembly used in a VOR system.

5.4 Discussion
In this chapter we have described the mechanical fabrication and assembly
of the full scale double parasitic loop counterpoise VOR antenna. It should be noted

that provisions were made so that the heights of the parasitic loops could be ad-
justed if found necessary during the time of testing.
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VI

NAFEC FACILITIES AND INITIAL GROUND TESTS

6.1 Introduction

In this chapter we comment briefly on the test facilities available at
National Aviation Facility Experimental Center where the full scale testing of
the double parasitic loop counterpoise VOR antenna has been carried out. In
the following sections we mention only the relevant information about the
arrnagement.

6.2 Standard VOR Experimental Station Terrain

The standard VOR antenna at NAFEC has been described in section 5.2.
For the purpose of analyzing the data discussed later, it is appropriate to discuss
briefly the terrain surrounding the VOR station, parts of which can be seen in
Fig. 6-1. The east side of the station (foreground in Fig. 6~1) is relatively clear
with no major visible obstructions. On the west side of the station there are a
number of trees whose heights range from 65' to 70'. The trees run in a west-
northwest to east southeast direction such that there is a fairly straight line of
trees starting just to the west of the station. A geometrical representation of
the terrain and the coordinate system used are shown in Fig. 6-2.

6.3 Ground Test Facility

Facilities are available to probe the fields along a vertical line above
ground and at convenient distances from the VOR antenna, We have made use
of a wooden pole 75° tall located 300 feet from the center line of the counterpoise.
A vertical track is attached to the front side of this pole and oriented such that a
small horizontal detecting dipole antenna can be oriented normal to a radial of
the test antenna and can be readily raised and lowered by use of a rope. The
height of the detecting antenna above ground can be varied from 0! to 85' in steps
of 3'. The output of the detecting dipole feeds a Micro-Tel receiver connected
to a Hewlett- Packard model 415 standing wave indicator.

The area between the test antenna and the 75' pole where the field probing
is done, consists primarily of marsh grass approximately 5 - 6 feet tall and a
8' fence that encloses the VOR facility. It is estimated that the fence is approx-
imately 125' from the vertical line through the center of the counterpoise.
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6.4 Introduction of Known Scattering Sources

Facilities are also available to introduce known scattering sources in the
vicinity of the VOR antenna system. These scattering objects act as the known
sources of scalloping errors and thereby enable a flying aircraft to be used to
evaluate the performance of the VOR antenna system under test.

One such scattering object is in the form of a wire grid reflecting structure
mounted between a pair of poles, so that the plane of the structure is vertical.
The reflecting grid structure is made of eight conducting wires, each approximately
1 / 16" in diameter and 200" in length. The eight wires are placed parallel to each
other and to the ground. The wires are oriented 18" apart and the topmost wire
is located 30' above the ground. The entire structure is positioned approximately
1000* from the VOR station and oriented 45° with respect to the 52° radial from
the north of the VOR station. A second pair of poles is located at a distance of
2000' from the VOR antenna and supports a similar reflecting screen. A
theodolite mount and a small shelter are located midway between these poles.
The theodolite is used when making accurate bearing measurements (with respect
to the theodolite position) of an aircraft circling the station at a constant altitude
and at a constant distance from the station.
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GROUND TEST RESULTS FOR STANDARD VOR AND DOUBLE
PARASITIC LOOP COUNTERPOISE ANTENNAS

7.1 Introduction

In this chapter we discuss the results obtained by probing the fields at
109 MHz produced by the full scale standard VOR and double parasitic loop
counterpoise antennas located above ground. The probing of the fields is done
-at a distance 300' from the antenna and along a vertical pole above ground in a
manner described in section 6.3. The reduced data obtained from the ground
tests are compared with the corresponding theoretical results. Theoretical re-
sults given here have been obtained on the assumption that the test antenna is lo-
cated above a perfectly conducting plane earth. The full scale ground test results
discussed here have been obtained at the National Aviation Facilities Experimental
Center. Thus the results given in this chapter will also indicate the validity of the
design of optimum double parasitic loop counterpoise antennas whose theory and
design have been discussed in earlier chapters. Before discussing the test results
we give a brief theoretical discussion of the fields produced by the test antennas
located above a conducting earth.

7.2 Field Expressions

In view of the fact that during the full scale testing on the ground, the direct
and reflected rays reaching the detector at the field point are not parallel to each
other, it is clear that the field point in such a case is located in the quasi radiation
zone of the antenna under consideration. For this reason we investigate here the
case when the field point lies in quasi radiation zone so that the results can be com-
pared directly with the full scale test results.

Figure 7-1 shows the theoretical model used for the analysis. The VOR
antenna represented by a point source in this figure is assumed to correspond to
the particular antenna configuration under consideration.

In this zone the usual geometrical optics approximations are used. We
consider the arrangement sketched in Fig. 7-1 along with the coordinate system
used. Let the field point P be located below the x-y plane at (R, 0) from the
origin of the coordinate system. The distance of the point P from the center of
the antenna is D. I is evident from the figure that the field at P consists of
the contributions from a direct and a reflected ray originating from the antenna.
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FIG. 7-1: Geometrical representation of a double
parasitic loop counterpoise VOR antenna
above ground.

Let the free space electric field of the VOR antenna at a point (R, 6) in
the radiation zone be given by the following expression:

elkR A
a

E=K S(o , 7.1
()p (7.1)

where
S(6) is the free space complex far field pattern of the antenna,
# 4 is the unit vector in the P-direction,
k = 27/X is the free space propagation constant,
R, 0 are the coordinates of the field point in spherical system,

and ¥ jg5 a constant.
Note that the field is polarized in the P-direction, i.e. horizontally polarized.

In the present case, it is quite simple to show that the direct and reflected
components of the electric field at the point P are given by

- oikR

_ A
ED-K . —R—S(G)ap , (7.2)
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_ ikR!
E =-K-

A
. " TRv S(6,) dp (7.3)

where R' is the path length of the reflected ray between the source and field points
and the other parameters are as shown in Fig. 7~1. The negative sign in front

of (7. 3) appears because of the assumption of infinite conductivity for the ground.
For a more realistic ground the negative sign in (7, 3) should be replaced by a
general reflection coefficient

r=lple® |
where ' rlis the amplitude and 6 the phase of the reflection coefficient.

From Fig. 7-1 it can be shown that

=7 =7
6-—2+a, Gr 2+B (7. 4)
and Z,-2, Z, +Z,
tan a = D ) tanB=——]-)-——-— (7.5)
It can also be seen from Fig. 7-1 that
2 2 2 ) 2
= - - +
R D+(Zl Zz) , R D +(Z1 Zz) . (7.6)
Assuming Zl’ Z2 << D it can be shown that
22Z9
R'ER+ (7.7)
D
Using eqs. (7.2), (7.3) and (7.7) it can be shown that the total field ET at P
is given by
27 7
2
eikR ik ]1) A
E =E_+E 2K+ — - . 7.
ET ED Er K m S(6)-e S(Gr) a’b (7.8)

Thus the complex field pattern ST(O) produced by the antenna configuration shown
in Fig. 7-1 can be written as

2le2

1kD

ST(9)= S(O)—S(Br)e

(7.9)
where 6 and 6, are given by egs. (7.4) and (7.5).

If the field point P is taken to be above the x-y plane, then the complex field
pattern is again given by (7. 9) but with the following modified definitions of 6 and 6...
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tan6=-z————, 2] =-§+B s tan B = (7.10)

In Eq. (7.9) S(6) is the free space elevation plane complex far field pattern
of the antenna under test. Analytic expressions for S(6) for double parasitic loop
counterpoise and standard VOR antennas operating in both carrier and side band
modes are discussed in Chapters II - IV. In the following section we compare the
theoretical results obtained from Eq. (7.9) with the corresponding ground test
results.

7.3 Full Scale Ground Test Results

In this section we compare some of the relevant full scale test results with
the appropriate theoretical results discussed earlier. The description of the full
scale testing facility and the method of obtaining results have already been discussed.
We only mention here that the full scale test facility consists of a conventional or
double parasitic loop counterpoise antenna located 75' above ground. The counter-
poise has a diameter of 150'. The antenna system is excited at a frequency of 109
MHz, A =9.028'. The field produced by the antenna is detected by a horizontal
dipole mounted on a vertical pole located at a distance 300' away from the antenna.
The detector height can be varied from the ground level to about 85' above ground in
steps of 5'.

Figure 7-2 shows the theoretical field strength variation in a vertical plane
located 300' away from the standard VOR antenna operating in the carrier mode.
In the same figure we also show the reduced results obtained from the full scale test.
In view of the approximations made in the theoretical analysis, the agreement between
numerical and experimental results may be considered to be very good. It should be
pointed out that the accuracy of the measurement deteriorates as the detector approaches
the ground.

Figure 7-3 shows similar results for the optimum double parasitic loop
counterpoise antenna operating in the carrier mode. Within the experimental range
of accuracy, the agreement between theory and experiment in this case may also be
considered to be satisfactory.

Figure 7-4 gives the results obtained for the side band mode operation of the
double parasitic loop counterpoise antenna. The agreement between the critical
regions of the theoretical and experimental curves may be considered to be good in
view of the various approximations made in the analysis and the experimental errors
involved.
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The parasitic loop dimensions corresponding to the experimental results
in Figs. 7-3 and 7-4 are: 2By =46'10", H; =4'9", 2B, =32'6", Hg = 192",
The corresponding theoretical values for the same dimensions for the optimum
configuration as given in section 4.7 are: ZB1 = 46'10", Hj =5', 2By = 32'6",
Hy = 18'4". Comparing these values it may be concluded that the parameters for
the optimum antenna obtained on the basis of theretical and model measurements
are within the range of full scale measurement accuracy. The slight adjustments
of the heights that have been necessary during the full scale testing is not surprising
if one considers the effects of terrain and other possible mechnical maladjustments
on the performance of the entire system. From now on we shall refer to the antenna
considered in Figs. 7-3 and 7-4 as the optimum parasitic loop counterpoise antenna
system II.

The optimum double parasitic loop counterpoise antenna system whose quasi
radiation field characteristics are shown in Figs. 7-3 and 7-4 has a theoretical
field gradient value of about 23dB/6° in the side band mode of operation.

In addition to the above optimum configuration we have chosen another double
parasitic loop counterpoise antenna to be flight tested. This antenna is designed to
have less than optimum value for the horizontal field gradient. The parasitic loops
for this system have the following settings: 2By = 46'10", H; =3'10", 2By=32'6"
Hy = 18'7". The ground test results obtained from this antenna are shown in Figs.
7-5 and 7-6 for carrier and side band mode operations respectively. The theoretical
horizontal field gradient of this antenna is about 15dB/6°. This antenna will be
referred to as the parasitic loop counterpoise system I.

7.4 Discussion

The full scale ground test results discussed in this chapter indicate the
validity of the theoretical design and the proper mechanical fabrication of the op-
timum double parasitic loop counterpoise antenna. Considering the various approx-
imations involved, the agreement between the theoretical and actual measured full
scale design values may be considered to be satisfactory and within the range of
experimental accuracy.
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VIO

FLIGHT TESTS OF DOUBLE PARASITIC LOOP COUNTERPOISE
AND STANDARD VOR ANTENNAS

8.1 Introduction

In this chapter we discuss the results of flight tests carried out on 109
MHz to determine the performance of a standard VOR system when the VOR
ground station uses double parasitic loop counterpoise antennas and standard
four Alford loop counterpoise antenna. The primary purpose of the flight tests
has been to compare the observed scalloping errors in the VOR bearing indica-
tions in a flying aircraft produced by a known scattering object for the two cases.
The secondary purpose has been to verify at the full scale frequency and for
practical systems the horizontally polarized radiation field information obtained
earlier for such antennas from theoretical and model measurements considerations.
For this purpose the radiated fields produced by the test antenna were measured
with the help of an aircraft flying at a constant altitude along chosen radial paths
to and from the test antenna. The tests described here were performed at NAFEC.

8.2 Test Antennas

The standard VOR antenna consists of the four Alford loops located above a
150" diameter counterpoise elevated 75' above ground. The details of the antenna
have been given in section 6.2 - 6-3.

The double parasitic loop counterpoise antenna system was obtained by
installing two parasitic loops of proper dimensions at appropriate heights above the
standard VOR Alford loop counterpoise antenna in the manner described in Chapters
IV - VI. As mentioned in section 7.3, two double parasitic loop counterpoise antenna
configurations have been chosen for the flight tests. These are referred to as
antenna Systems I and II. The key design parameters of the two systems are:

System I (non-optimum) 2B1 = 46'10" H1 = 3'10"
- g = thrall

2]32 32'6 H2 18'7

System I (optimum) 2B1 = 46'10" H1 = 4'9"
= 1gn = 1911

2B2 32'6 HZ 1912

Notice that the two systems differ with each other only in the heights of the parasitic
loops above the counterpoise.
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The free space side band mode horizon field gradient values produced by
antenna systems I and II are about 15 and 23dB/6° respectively. These field
gradient values are much larger than the corresponding value 5. 54dB/ 6° obtain-
able from the conventional VOR antenna. On the basis of this criterion alone, it
was anticipated that for a given scattering object located near the antenna, a
standard VOR system using the antenna systems I and II would produce reduced
amounts of scalloping effects in the VOR indicator of a flying aircraft. The main
purpose of the flight tests discussed in the present chapter were to verify
quantitatively the above statement.

8.3  Field Strength Results

In this section we describe the measured far fields produced by a standard
VOR antenna and by the double parasitic loop counterpoise antenna system II. The
field strength results presented here were obtained by employing an FAA aircraft
flown at an altitude of 3220' along a specified radial toward the experimental VOR
station operating on 109 MHz, Each selected inbound radial was flown three times
and continuous recordings of test data were made beginning at a point 35 nautical
miles from the station and ending after the aircraft had passed over the station.
Similar tests were conducted while using each VOR antenna system. To ensure
that the aircraft was flown along the same flight path each time, aircraft guidance
was provided by an air traffic controller stationed at a precision tracking radar
system station (EAIR at NAFEC).

All the results have been obtained only for the side band operation of the
appropriate antenna. To operate the system in the side band mode, the omni-
directional radiation function (carrier mode) of the VOR was disconnected and
after turning off the synchronous motor the goniometer was set at 45°, The air-
craft was then flown along the prescribed course (see Fig. 6-2) and the horizontally
polarized field was received by the horizontally polarized element of a crossed
dipole mounted on the nose of the aircraft. The received data was then fed to a
calibrated VOR receiver and strip chart recorder along with range marks, The
results shown here are expressed in dB and have been obtained from the raw data
after removing their dependence on the range.

Figures 8-1 and 8-2 show the reduced results obtained for the standard
VOR and for double parasitic loop counterpoise system II antenna respectively
when the aircraft was flying along the 90° radial (Fig. 6-2) of the station. The
corresponding theoretical results are shown in Figs. 8-1 and 8-2 for comparison.
Theoretical results have been obtained by assuming that the test antenna is located
at a height Z; above a perfectly conducting infinite planar ground and the aircraft
is in the far zone of the antenna. When the effects of the distance on the received
field of the antenna are removed, the received field as a function of 6 may be
expressed as:

82



—ikZ1 cos 6 ikZ1 cos 6
st(e) = e S(8) - S' (7-6) e

where S(6) is the free space elevation plane complex far field pattern of the test
antenna. Explicit expressions for S(6) for the test antenna have been given in
earlier chapters. Notice that the results are shown only for 70° <6 <90 . For

6 < 70° the aircraft was flying at a relatively high rate of change of 6. Conse-
quently the raw data recorded in the aircraft was changing too fast. It has been
found that for 6 < 70° the results were too erratic to be reduced. The agreement
between theory and experiment is excellent in Figs. 8-1 and 8-2. In both cases
the theory quite accurately predicts the positions of the pattern minima. The ex-
perimental results in Fig. 8-1 do not show the first few maxima and minima in

the range 70° <6 <80°. This is attributed to the fact that the amount of undula-
tions of the field within this range is too small (as evidenced by the theoretical
results) to be recorded. It is anticipated that the theory may be improved further
by assuming a more realistic reflection coefficient for the ground. Observe that
the minimum nearest to the horizon in Fig. 8-1 is about 10dB down locally whereas
the corresponding minimum in Fig. 8-2 is about 3dB down locally. The smaller
value of the theoretical minimum in Fig. 8-2 is due to the large value of the free
space field gradient associated with the antenna system II. The experimental value
of the local minimum in Fig. 8-2 is= 5, 3dB which seems to indicate that system II
does not have the gradient of theory.

In order to investigate the effects of trees on the fields produced by the
double parasitic loop counterpoise antenna, the aircraft was flown above the woods
along the @ = 220° radial (Fig.6-2 ). The results are shown in Fig. 8-3. As
compared with the ¢ = 900 radial case shown in Fig. 8-2, Fig. 8-3 indicates that
the ground reflection effects are much reduced. This is attributed to the fact that
the trees reduced considerably the scattered energy reaching the aircraft.

8.4 Scalloping Effects

It is known that a scattering object located in the vicinity of a VOR station
produces scalloping effects in the VOR indications of a flying aircraft. The mech-
anism and approximate analysis of scalloping effects in some ideal situations have
been discussed in the FAA Handbook (1968). In the present section we do not go
into any theoretical results but only compare the scalloping effects observed with
different antennas in the presence of known scattering objects located above ground.

In order to collect the scalloping data, the aircraft was flown in a 20 mile
orbit around the VOR station and at an altitude of 6575 feet. This altitude corres-
ponds to the minimum direction nearest to the horizon in the elevation plane pattern
including the effects of ground of a conventional VOR antenna. It has been found
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during orbital flights of conventional VOR systems that the scalloping effects
become strongest at heights which correspond to these minimum directions.

1t should be noted here that for an optimum double parasitic loop counterpoise
antenna above ground the depths of these pattern minima are considerably
smaller than those of the standard VOR antenna (see Figs. 8-1 and 8-2). From
this consideration we expected to see reduced scalloping effects with the para-
sitic antenna systems.

To produce the scalloping effects a wire grid reflector was installed 1000’
from the test antenna in the manner described in section 6.4. The orientation of
the scattering object with respect to the VOR station is shown in Fig. 8-4. A
typical set of scalloping data obtained at a height of 6575' with a standard VOR
antenna is shown in Fig. 8-5, The abscissa in Fig, 8-5 represents the azimuth
of the aircraft with respect to the VOR station and the ordinate gives the amount
of course scalloping amplitude due to the scattering object. The two sets of re-
sults shown in Fig. 8-5 correspond to the two receivers used in the aircraft.
The full scale scalloping in Fig. 8-5 is 12, 5°.  Thus we observe from this
figure that with a conventional VOR system there appears 12.5° scalloping at
the azimuth of about 140° when flying at 6575' altitude on a 20 mile orbit. Similar
sets of data obtained with VOR systems using antenna systems I and II are shown
in Figs. 8-6 and 8-7 for the same elevation of the scattering object and for
similar orbital flights. As anticipated earlier, it is found that both the double
parasitic loop counterpoise antennas produce reduced scalloping effects. The
optimum antenna system II produces the least amount of scalloping. The
scalloping observed in three cases are given below for comparison.

Standard Alford Loop Counterpoise Antenna 12.50

Double Parasitic Loop Counterpoise Antenna System I 2.50
)

Double Parasitic Loop counterpoise Antenna System II 2

It is clear from the results given above that the optimum double parasitic
loop counterpoise antenna produces a 6 to 1 reduction in the scalloping effects
observed in standard VOR indications of a flying aircraft. On comparing Figs.
8-6 and 8-7 with Figs. 8-5, it is found that the parasitic antenna systems pro-
duce strong bending of the course. This observed slow bending of the course
is attributed to the vertically polarized radiation from the parasitic loop
counterpoise antennas,
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8.5 Distance Range

In order to determine the distance range of a VOR system using an optimum
double parasitic loop counterpoise antenna, a radial flight was conducted at an
altitude of 6575'. As the aircraft was flown radially away from the VOR system, it
was observed that the signal did not reach the 5 microvolt level until a range of 65
miles had been reached. The distance from the antenna at which the signal level
reached 5 microvolts is taken to be the distance range of the VOR station.

Perhaps we should make a comment here about the manner in which the
above data were collected. Initially when efforts were made to collect aircraft
data it was observed that the sawtooth amplitude (note the sawtooth nature of the
scalloping data shown in Fig. 8-5) was not of the proper magnitude. Upon some
consideration of this problem it was concluded that the cause for the reduced am-
plitude sawtooth was the improper space modulation of the VOR signal. A reason
for the reduced space modulation is due to the fact that the parasitic rings create
such a small signal near the horizon that the signal radiated in the side band mode
was considerably less than that radiated in the carrier mode. We should also note
here that the carrier mode intelligence is carried by frequency modulation, whereas
in the side band mode the intelligence is carried by amplitude modulation in the form
of space modulation of the rf characteristics of the VOR signal. In order to achieve
the necessary amplitude required for the sawtooth associated with the scalloping
data, it was necessary to make some adjustments in the side band carrier powers.
To achieve the proper space modulation it was necessary to reduce the carrier power
by approximately 50 percent. This was achieved by introducing a length of RG-8
cable in the carrier transmission line from the transmitter to the antenna. This
is of importance because we have mentioned above that the distance range was
approximately 65 miles. After taking into consideration the fact that the power
radiated in the carrier mode was reduced by 3dB, we can say that one could achieve
approximately a distance range of 84 miles by operating the station at full power_
assuming that the station employing the parasitic system radiates the same amount
of power in the carrier mode as the conventional VOR without the parasitic rings.
The distance range associated with the conventional VOR with a 150 counterpoise
is in the neighborhood of 87 miles. Although we have noted above that it was
necessary to juggle the power characteristics through the use of an attenuator,
in an actual situation in which parasitic rings are to be installed on a station,
one would construct a power divider to properly distribute the power between the
carrier and the side band modes rather than using a lossy attenuator.

8.6 Discussion

The flight test results discussed above clearly indicate that conventional
VOR antennas can be converted into double parasitic loop counterpoise VOR an-
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tennas with some distinct advantages. The measured field strength results dis-
cussed above indicate that the theories developed for the radiation fields produced
by double parasitic loop counterpoise and standard VOR antennas have sufficient
accuracy for the practical design of such antennas. Detailed discussion of the
radiation properties of double parasitic loop counterpoise and standard VOR an-
tennas located above ground may be found elsewhere (Sengupta and Ferris, 1971),
With an optimum parasitic system, the scalloping effects have been observed to
be reduced by a factor of 6 to 1 over the conventional system. It appears that the
parasitic system has a distance range comparable to that of a conventional sys-
tem. During the flight tests of the double parasitic loop system, large polarization
errors were observed in bearing indications. In the next chapter we discuss the
experimental study of the polarization errors involved in a standard VOR system
using such antennas.

In the above we have given only those flight test results which clearly dem-
onstrate the application of parasitic loop counterpoise antennas to a VOR system.
Detailed discussions of the flight test results will be given in a separate publication
by FAA,
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EXPERIMENTAL STUDY OF THE POLARIZATION ERROR

9.1 Introduction

The results discussed in chapter VIII indicated that the use of a double parasitic
loop counterpoise antenna in a standard VOR system reduced the scalloping errors
in the bearing indications of a flying aircraft by a factor of 6 to 1. However, the
polarization errors associated with the VOR station using the new antenna system
have been found to be + 6 at certain distances from the station. As recommended
by the FAA, the acceptable polarization error in a conventional VOR is +2°,
Basically, the polarization errors are generated by the cross-polarized component
(vertically polarized) of the field produced by the antenna (Anderson et al 1953;
Anderson 1965), In addition to the polarization errors, the observed slow course
bends in the scalloping data discussed in section 8.4 are believed to be due to
the cross-polarized radiation from the antenna,

In the present chapter we discuss the results obtained from an experimental
study of the cross-polarized radiation characteristics of double parasitic loop counter-
poise and standard VOR antennas. During the course of this study we have developed
an active polarizer configuration to reduce the polarization errors in a standard VOR
system. Due to lack of time our polarization study remains incomplete. We report
here the results obtained from only this limited investigation.

9.2 Polarization Errors in Standard VOR System

The standard 4-Alford loop VOR antenna produces appreciable amounts of
undesirable vertically polarized radiation (Anderson, 1965). At the present time
the FAA employs a parasitically excited element, called the polarizer, in the antenna
system of a standard VOR ground station to bring down the polarization errors
associated with the station within the acceptable limits. The design and performance
of such a polarizer is discussed in a FAA report (Anderson et al, 1953). Basically,
the polarizer produces a vertical component of field which is in phase opposition to
the vertical component of the field produced at the far field point by the VOR antenna.
The magnitude of the polarizer field is determined primarily by the element lengths
of the polarizer and somewhat by its position relative to the 4-Alford loop array; the
phase of the polarizer field is controlled mainly by the position of the polarizer with
respect to the Alford loop system. It is clear that, for ideal operation, the vertical
plane radiation pattern of the polarizer must be identical to the vertical plane cross-
polarized radiation pattern of the VOR antenna and that the two fields must be equal
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and out of phase at the far field point for all elevation angles. As reported by
Anderson (1965), the use of a passive polarizer reduces the polarization errors
associated with a standard VOR system to acceptable values.

9.3 DPolarization Error Study with the Passive Polarizer

In this section we discuss the results obtained from an experimental inves-
tigation of the horizontal and vertical components of the fields and the associated
polarization errors produced by a double parasitic loop counterpoise and standard
VOR antennas, The passive polarizer, mentioned in the previous section, has
been used to reduce the cross polarized fields in both cases. The investigation
discussed here has been carried out at NAFEC at the full scale frequency of 109
MHz,

The test plan employed during this part of the investigation is as follows.

(i) The parasitic loops and the existing FAA polarizer were removed; the
wooden parasitic loop supports were left in place. The antenna system thus con-
sisted of 4-Alford loop array above a 150' diameter counterpoise located 75' above
ground,

(ii) The polarization error, horizontally and vertically polariéed field com-
ponents were then measured employing an aircraft. The reduced results are shown
in Fig. 9-1,

(iii) The FAA polarizer was reinstalled and the polarization error of the
standard 4-Alford loop system minimized. Data were collected as noted in (ii) and
the reduced results are shown in Fig, 9-2.

(iv) The parasitic loops were then reinstalled with the polarizer removed so
that the antenna behaved as a double parasitic loop counterpoise system II, discussed
in chapter VIII. Similar data were collected and the reduced results are shown in
Fig. 9-3.

(v) The polarizer was then installed in the same location and it was adjusted
for minimum polarization error for the antenna system II. The flying aircraft
collected similar data and the reduced results are shown in Fig. 9-4.

The results shown in Figs.9-1 to 9-4 were obtained employing an FAA aircraft

flown at an altitude of 3220 feet along the 90° radial (Fig. 6-2) of the Mannheim
experimental VOR facility with the VOR operating at a frequency of 109 MHz.
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The aircraft flew along the same path three times and data were recorded

during each flight starting at 35 nautical miles from the station and continuing

until the aircraft passed over the station. No data were plotted for 0 <6 < 62°
because the raw data recorded in the aircraft were difficult to reduce accurately
into pattern form due to the relatively high rate of angular change while the aircraft
was flying through this region. To provide assurance that the aircraft was flown
along the same flight path each time, aircraft guidance was provided by an air
traffic controller stationed at a precision tracking radar system (EAIR at

NAFEC).

The horizontally polarized field strength was measured in the flying aircraft
as described in section 8.3. The vertically polarized data for the VOR
side band mode was obtained in a similar manner with the following changes. The
VOR goniometer was set at 135° and the signal was sensed by the vertical element
of the crossed dipole mounted on the nose of the aircraft. The polarization error
data was collected by having the VOR station operating in its normal mode and the
data were sensed by the crossed dipole and reduced to polarization error data by
means of a polariscope and recorded on a strip chart.

The field strength data shown in Figs. 9-1 to 9-4 are relative plots in dB
with the range effects removed. However, the differences between the vertically
and horizontally polarized components are factual for each case. Thus the difference
between these two plots is an indication of the polarization error associated with the
system. Notice that both the horizontally and vertically polarized data exhibit
interference pattern structures in the region 80° <8 <909, i.e, from 10° above
the horizon to the horizon., The explanation for this is as discussed in section 8, 3.
It should be observed that the interference patterns differ for the horizontally and
vertically polarized components recorded for each condition tested. This phenomenon
results from the fact that the reflection coefficient of ground for horizontally and
vertically polarized energy has a 180° phase difference at shallow angles of inci-
dence (< 10°), (Westman, 1956).

Comparing the horizontally polarized data, for the conventional 4-loop
system (Figs. 9-1 and 9-2) and the double parasitic loop system II (Figs. 9-3 and
9-4), it can be seen that their gradients (change of field strength versus angle) differ
significantly., Further, it can be seen that the vertically and horizontally polarized
field strengths associated with the parasitic system (Figs. 9-3 and 9-4) also differ
and tend toward equal amplitudes, (in the 80 to 90 degree region), more rapidly than
do the same components of the 4-loop system (Figs. 9-1 and 9-2). A comparison
of the vertically polarized data of Figs. 9-1 and 9~3 shows that the parasitic loops
have a slight effect on the absolute value of the vertically polarized component.
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It can be seen from Figs. 9-1 and 9-2 that the passive polarizer reduces
the vertically polarized component of the field relative to the horizontally polar~
ized component by better than about 23dB for 82° <6 <90°, Whereas for the
parasitic system the corresponding reduction in the vertical component has been
found to be about 10dB in the range 82° <8 < 90°,

To obtain a better understanding of the differences between the vertically
and horizontally polarized energy, additional field strength and polarization data
was collected by having the aircraft flown along the 220° radial of the Mannheim
facility. Radiation from the antenna was directed toward a densely wooded area
(Fig.6-2) where the trees are approximately 60 feet tall and in full foliage. The
effect of the trees is either to absorb or randomly scatter much of the energy
radiated below the counterpoise for both senses of polarization. Horizontally and
vertically polarized field strength and polarization data collected for the 2200
radial are shown in Fig. 9-5. From a review of this data it can be seen that both
the field strength and polarization data are less erratic, as might be expected due
to the reduction in the reflected component from the earth.

Referring now to the polarization data plotted at the bottom of each figure
(Figs. 9-1 to 9-5), it can be seen that this data is well behaved from 62° - 80°;
however, in the region of 80° - 900 the polarization error becomes erratic. Upon
close examination of the field strength and polarization data, it can be seen that the
polarization error increases when the difference between the vertically and hori-
zontally polarized field components decreases and vice versa., Figure 9-2 indicates
that the passive polarizer is capable of reducing the polarization errors to tolerable
limits for the standard VOR antenna case. Comparing Figs 9-3 and 9-4, it can be
seen that the passive polarizer is capable of reducing the polarization error for the
parasitic system to tolerable levels in the range 62° <6 < 80°, however, for
6 > 80° the polarization error increases up to about 12°, It appears from the re-
sults shown in Fig. 9-4 that the polarizer field is not strong enough to reduce the
vertical component of the field produced by the parasitic antenna system such that
the polarization error stays within acceptable limits in the range 80° <6 < 90°,

It can be noted also that in the parasitic loop counterpoise VOR antenna system
there are at least two additional sources of vertically polarized energy, each at a
different height above the counterpoise and above ground. Each source of vertical
polarization has a field strength pattern with a distinctive number of lobes. It
was stated in section 9.2 that the radiation pattern of the polarizer should be
identical in shape and magnitude, but opposite in phase, to the vertically polarized
signal that it is required to cancel. Inasmuch as more than one vertically polarized
signal is being generated by the parasitic loop counterpoise system, and because
the field strength patterns of these signals are different in shape, a separate
vertically polarized cancelling signal is required for each vertically polarized
signal generated.
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It is conceivable that the polarizer field may be increased further by increas-
ing the number of parasitic elements in the passive polarizer and/or by using two
passive polarizers in the system. Another alternative is to use an active polarizer
which is described in the next sections.

9.4 The Active Polarizer

Two active polarizer designs were considered: the first choice was to
convert the parasitic polarizer into an active polarizer as shown in Fig, 9-6,
the second choice was to design a polarizer made of dipole elements as shown
in Fig. 9-7. The second choice was to be a four-element dipole array, vertically
polarized, Initially it was thought that the simplest approach would be to con-
vert the existing parasitic polarizer to an active polarizer. The necessary de-
sign drawings were prepared and the conversion made at the NAFEC shop
facilities. Preliminary tests were conducted at the NAFEC antenna range and
the results of these tests showed that the active polarizer (No. 1) radiated equal
amounts of energy polarized horizontally and vertically. This polarizer design
was felt to be unacceptable because of the large horizontal component being
radiated. Therefore, the second polarizer (No. 2) was designed and a full-scale
model fabricated. This model consisted of a four-element vertically polarized
dipole array as shown in Fig, 9-7., The antenna was then installed at the
Mannheim facility and later adjustments were made to reduce the unwanted ver-
tical component radiated by the VOR system.

The large horizontal component being radiated by polarizer No. 1 was believed
to be caused by the horizontal current flowing in the hub of the polarizer (see Fig.
9-6). However, for polarizer No. 2 this horizontal current component has been
eliminated by providing only vertical paths for the currents to flow (see Fig. 9-7).

Polarizer No. 2 consists of four dipoles arranged in dipole pairs (see Fig.
9-7). Excitation for each dipole is the same except as will be noted below. There-
fore, the excitation for one dipole will be discussed. To excite a dipole properly
two RF sources of equal magnitude and opposite phase are required. Because a
coaxial transmission line is used in the VOR system it is necessary to provide a
conversion (balun) from the unbalanced (coaxial system) to a balanced transmission
line for the dipole. 3ince the dipoles are spaced close together ( > ?L/ 10) each balun
was fabricated employing a type BNC coaxial Tee and two lengths of RG—58/ U coaxial
cable whose lengths differed by 180 electrical degrees at 109 MHz. Four coaxial
baluns were fabricated (one for each dipole).

In Fig. 9-7 there are four dipole elements labeled 1-4. Each dipole has two
elements labeled T (top) and B (bottom). To achieve the desired figure of eight
pattern in the horizontal plane, it was necessary to excite a dipole pair 180° out
of phase. To obtain the proper phasing between dipole pairs two co-axial baluns
were required and were attached to the dipoles such that the top element of one
dipole was 180° out of phase with the bottom element and vice versa for the second
dipole element. The two balun tees were then interconnected by a third (BNC) Tee
which functioned as the input for one of the dipole pairs and was fed by one of the
VOR side band excitation sources as noted below. The second dipole pair was
excited in a similar manner.
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Basically polarizer No. 2 consists of two simple arrays each consisting
of two dipoles that radiate two figure-of-eight patterns in the horizontal plane.
The two figure-of-eight patterns are orthogonal to each other and are excited
such that elements one and three are excited by a cosine wave and elements two
and four are excited by a sine wave. These cosine and sine wave excitations are
obtained from the VOR system as noted below, In this manner the figure-of-eight
pattern is caused to rotate in the horizontal plane at the frequency of the sine and
cosine patterns exciting the two dipole arrays.

Excitation for the active polarizer is obtained from the VOR side band exci-
tation sources. The excitation from the VOR side-bands is connectedto the polarizer
such that the vertically polarized figure-of-eight pattern maximum occurs in space
quadrature with the horizontally polarized pattern maximum associated with the
VOR Alford loop system. The active polarizer excitation is fed through a variable
attenuator and phase shifter to facilitate adjusting the amplitude and phase excitation
of the polarizer antennas independently from the VOR side band excitation. This
provides a means for adjusting the amplitude and phase of the signal being radiated
by the polarizer to minimize the unwanted vertical component being radiated by the
Alford loop system. The pattern shape of the active polarizer may be adjusted by
varying the height of the polarizer above the counterpoise.

To completely cancel the unwanted vertical component it would be necessary
for the active polarizer antenna to be located at the phase center of the unwanted
vertical component being radiated by the system. There has not been a
study conducted to determine either the source, or the phase center of the vertical
component being radiated by the Alford loops. Therefore, it was not possible to
know the precise location at which the polarizer should be located. As a consequence
our initial effort was to place the polarizer at a convenient location above the Alford
loop system and to adjust the amplitude and phase of the excitation to cancel out the
unwanted vertical component at specific elevation angles.

9.5 Parasitic Loop Counterpoise Antenna System II with Active Polarizer

In this section flight tests and results using the active polarizer (polarizer
No.2) with the parasitic loop counterpoise antenna (system II) are discussed. The
active polarizer was positioned such that each of the four dipoles was mounted
directly above and on the center line associated with each of the four Alford loops
presently employed in the conventional four-loop VOR. The plane including the
dipole centers was located 40" above the plane associated with the top of the Alford
loops as shown in Fig. 9-8.,  This orientation was chosen partially out of conven-
ience and also to insure that the active polarizer would not be influenced by the
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vertical component radiated from the Alford loop system. Polarizer No. 2 con-
sists of four dipoles that are arranged in dipole pairs (shown in Fig. 9-7) and

its operation is discussed in the previous section. The two inputs associated with
each of the dipole pairs are interconnected through a pair of phase shifters and
attenuators to the side band outputs from the VOR transmitter. The power level
sampled for the active polarizer is approximately 7dB below the power level fed
to the Alford loop system in the side band mode. For example, the power avail-
able for the side band mode is approximately five watts and the power available
to the active polarizer is approximately one watt,

After the polarizer was installed at the Mannheim facility as noted above,
a radiation pattern was measured by having an aircraft flown at a constant altitude
(3220 feet) and from a distance of 35 miles from the station along the 90° radial
over the station. The field strength was recorded and later the pattern was plotted
and is shown in Fig. 9-9 with the range effect removed. In addition, patterns were
also collected for the horizontally and vertically polarized components of the double
parasitic loop counterpoise antenna system II. Figure 9-10 shows the horizontally
and vertically polarized patterns for the 4-loop VOR with parasitic rings at Mann-
heim with the active polarizer unexcited. A comparison of the vertically polarized
pattern for the double parasitic antenna system II and the active polarizer (Figs.
9-9 and 9-10) show that the two patterns do not agree. However, because of the
time element it was decided that additional positioning of the active polarizer should
not be attempted but instead efforts should be made to reduce the polarization error
in a particular direction (§ = 90°) and at a particular elevation angle (6 = 86,99) to
determine the effectiveness of the active polarizer in controlling the polarization
error,

Since much of the previous work had been performed along the azimuth angle
of 90° it was decided that the polarization error should be reduced to a minimum
along this radial and at an angle of 3.1° above the horizon (6 = 86,9°). The aircraft
was flown along a 3.1° depression angle starting approximately 35 miles from the
station to within a mile of the station. During this flight radio communication was
maintained between aircraft personnel and the ground personnel. Instructions were
radioed from the aircraft to the ground as to the settings of the polarizer attenuators
and phasors. The procedure used was first to adjust the attenuators in 1dB steps
until a minimum polarization error was observed. Then the phasor was adjusted
in 10° steps for a similar indication, This procedure was repeated for two flights
after which it was felt that the polarization error had been reduced to a minimum
(+2.59. The aircraft was then flown down the depression angle (third flight) with
no adjustments being made and the polarization error recorded as a function of dis-
tance from the VOR station. A plot of these data is shown in Fig. 9-11, It is inter-
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esting to observe that the polarizationerror is relatively small at low elevation angles,
however, as the aircraft approaches the station the polarization error builds up

to a maximum of +6°, approximately 3 miles from the station. The cause for

this buildup is unknown, A suggested cause may be that to fly along the 3.1°
depression angle it was necessary for the pilot to have before him the altitudes
he should be at as he approached pre-specified mile markers from the Mannheim
VOR. These mile markers were the measured horizontal distances of the aircraft
from the Mannehim VOR. These data were radioed to the pilot from a precision
ground-tracking radar (EAIR) that skin tracked the aircraft. Therefore, it was
necessary for the pilot to keep the aircraft in a shallow dive towards the VOR
station (by adjusting his altitude at the mile markers) and it is conceivable that as
he approached the station he was not able to maintain the proper altitudes necessary
to be on the 3.1° slope. It should be noted here that the 3.1° null associated with
the horizontally polarized energy radiated by the Mannheim facility is approximately
0.5° wide. As a consequence to ensure that the aircraft remains in the null, it
would be necessary for the pilot to adjust his altitude to within + 10 percent.

After the settings of the attenuators and phase shifters associated with the
active polarizer were established as described in the previous paragraph, several
radials were flown while the aircraft was held to a constant altitude of 6575 feet.
The purpose of these flights was to determine the manner in which the polarization
error varied as a function of the elevation angle. Figures 9-12 a-d show the
polarization error as a function of elevation angle for the following radials:
¢ =90° 1809, 220°, and 335°. It is interesting to note that along the 90° radial
a minimum in the polarization error does occur at approximately 3° above the
horizon. However, outside of this region the polarization error is found to be
excessive,

9.6 Discussion

On the basis of the results given in this chapter, it is found that a single
FAA passive polarizer is not capable of reducing satisfactorily the polarization
errors associated with the double parasitic loop counterpoise antenna system II.
A passive polarizer with more than four parasitic elements should be investigated
for further reduction of polarization errors in parasitic loop antenna systems. It
is also recommended that the parasitic loop system II, with passive polarizer
adjusted as in Fig. 9-4, be flight tested for scalloping data. Careful considerations
should be given to the use of two passive polarizers in the antenna system. As
discussed before, a single polarizer whether active or passive is not likely to do
a satisfactory job on the parasitic loop counterpoise VOR antenna system.

With regard to the active polarizer, it can be said that it is relatively easy
to adjust the polarization error in the aircraft when the active polarizer is used
in the VOR ground station antenna system. It has been shown that using this
technique the polarization error can be reduced to a reasonably small value in a
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minimum amount of time and with a minimum amount of effort. This was done
for one specific vertical angle only. However, the results shown in section 9.5
indicate the existence of large polarization errors in certain directions. Time
did not permit us to investigate this problem further, It is believed that
insufficient time has been spent working with the polarization problems associated
with the parasitic loop counterpoise antenna system. It is thus inappropriate to
draw any definite conclusions as to the manner or to what degree the polarization
errors could be reduced for a standard VOR system using double parasitic loop
counterpoise antennas. It is recommended that tests be continued using the

active polarizer. As mentioned in section 9.1, the dominant source of the
polarization error is the cross-polarized radiation from the standard VOR antennas.
We therefore feel that a theoretical investigation of the cross~polarized radiation
fields from standard 4-loop VOR and double parasitic loop counterpoise antennas
will be of fundamental importance here. The results of such investigation will
be immensely helpful in the proper design and adjustments of a polarizer so that
the vertical components of the field produced by the test antenna may be reduced
to the desired value.
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X

APPLICATION OF PARASITIC LOOP COUNTERPOISE
ANTENNA TO VOR SYSTEM

10. 1 Introduction

In the previous chapters we have discussed in detail the radiation char-
acteristics of parasitic loop counterpoise antennas. Sstisfactory theories have
been developed for the radiation fields produced by such antennas operating in
carrier and side band modes. These new antennas are compatible with the con-
ventional VOR systems in the sense that a conventional VOR antenna can be con-
verted into the new system by introducing parasitic loops of proper dimensions
at the appropriate heights above the counterpoise (Sengupta and Ferris, 1972),
We have already seen in Chapter VIII that such a conversion does have some
distinct advantages.

In the present chapter we discuss in greater detail the application of para-
sitic loop counterpoise antennas to conventional VOR systems, It will be shown
that such antennas are capable of bringing out superior performance from the
existing conventional VOR systems,

10.2 Limitations of Conventional VOR Systems

The performance of a conventional VOR system located in idesal terrain has
been discussed in section 1,2. In an actual situation the scattered and/or specular
reflections from the ground and other nearby objects (in-fact whenever there exists
a multipath between the VOR station and the flying aircraft) combine with the desired
signals at the aircraft. The overall effect of this is to disturb the direct relation-
ship between the previously mentioned phase difference and the besring of the air-
craft and thereby produce omni-range course scalloping. This causes siting errors
and scalloping in the bearing indications of a VOR, Detailed discussions on the
scalloping amplitude and frequency under various situations are given by Anderson
and Keary (1952),

In general it can be said that the phenomenon of scalloping and associated
effects depend mainly on two factors: (i) the free space vertical plane pattern
characteristics in the directions near and below the plane of the counterpoise,
and (ii) the nature of the scattering properties of the disturbing objects and of the
multipath sources. The second factor is more or less beyond the control of the
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designer. There are a number of locations where the antenna must be instrlled
at a considerable height above the ground in order to avoid interference from
surrounding objects such as heavily wooded or built-up areas (Winnick and
Brandewie, 1970). In such cases, the first factor, i.e. the verticsl plane
antenna pattern characteristics near the horizon become quite important in
determining the accuracy of the existing conventional VOR bearing indicstions,

From the viewpoint of scalloping effects, the ideal requirement on the free
space vertical plane pattern of a VOR antenna would be such that the response of
the antenna goes abruptly to zero in all directions below the horizon, i.e. the
field gradient at the horizon would be infinite. As mentioned before, the field
gradient obtainable from existing conventional VOR antennas using 52' diameter
counterpoises is about 3dB/6° which may be considered to be rather low. This
is the fundamental reason why an elevated conventional VOR stations located in
non-ideal terrain tend to produce inaccurate results in the presence of multipath
signals.

Another undesirable phenomenon-that is encountered in a conventional VOR
is the appearance of nulls in the vertical plane patterns of such antennas elevated
above ground. Assuming a perfectly conducting infinite ground plane, it is easy
to show that for the horizontal polarization due to reflection from the ground there
will appear some minima and maxima in the vertical plane patterns., “The number
of these minima (or maxima) will depend on the height of the antenna sbove the
ground. Depending on the free space elevation pattern of the antenna, some of
these minima in the pattern may in some cases actually become nulls, It is quite
straightforward to show that the radiation from the antenna in directions below the
horizon are mainly responsible for such minima or nulls in the pattern. Usually
the minimum in the pattern nearest the horizon is deepest, Siting errors and
scalloping effects become most intense in these null directions. It is again obvious
that such undesirable effects are produced by the conventional VOR system be-
cause of the unfavorable vertical plane characteristics of the antenna near the
horizon,

10. 3 Application of Perasitic Loop Counterpoise Antennas

It is evident from the discussions given in the previous section that an antenna
having a large field gradient, if incorporated into the present-day conventional
VOR system, would produce at least two=fold improvement in the overall system
performance: (i) it would reduce the multipath signals caused by scattering objects
in the vicinity of the VOR station, and (ii) it would reduce the depths of the minima
that appear in the vertical plane patterns of a VOR antenna above a perfectly con-
ducting ground plane and thereby improve the accuracy of the system.
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As mentioned before, the field gradient of a conventional VOR antenna
with a 52' diameter counterpoise is about 3dB/ 6°. A much larger field gradient
is necessary if one desires to obtain better performance from the system,
Theoretically it is possible to improve this gradient by incressing the diameter
of the counterpoise (Sengupta and Ferris 1970). This increase is very slow,
e.g. as discussed in Chapter II, the field gradient of a similar antenna with a
150" diameter counterpoise is about 5. 5dB/6°, Such a technique of improving
is thus considered to be unwieldy mechanically and expensive,

From the discussions of the radiation characteristics of parasitic loop
counterpoise antennas given in Chapters III, IV and VII, we single out the
following two properties of an optimum double parssitic loop counterpoise
antenna:

1) the antenna is capable of producing a field gradient of about 23dB/ 6°
at the horizon. This field gradient is much larger than that of a conventional
VOR antenna,

2) the side band mode vertical plane pattern of a double parasitic loop
counterpoise antenna above a perfectly conducting ground has a 3dB minimum
near the horizon whereas for the conventional antenna the depth of the corres-
ponding minimum is about 10dB for the given height of the antennas above ground.

Thus it can be said beyond any doubt that an optimum double parasitic loop
counterpoise antenna when used in a conventional VOR system will greatly reduce
the scalloping and other associated errors that appear in the bearing indications
of a flying aircraft. This should be weighted against possible decrease in
distance range at low altitudes. An additional advantage of the parasitic loop
concept is that it provides a way for easy and inexpensive modifications of the
existing VOR antennas to obtain a large gradient performance.

10.4 Discussion

In the above we have discussed briefly the performance of existing VOR
systems and their limitations under unfavorable siting conditions. It has been
clearly demonstrated that an optimum double parasitic loop counterpoise antenna
would greatly improve the performance of the existing conventional VOR system
located in environments where multipath propagation of some kind exists. On
the basis of the results discussed in chapter VIII, it can be concluded that such
an antenna located 75' above ground will reduce the scalloping errors of a con-
ventional VOR system by a factor of 6 to 1. Thus, on a given site if it is
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necessary to mount the VOR antenna on a tower, the use of parasitic loop
counterpoise antennas will give superior performance. However, the
polarization errors associated with the antenna has been found to be large.
As mentioned in chapter IX, efforts should be devoted to reduce the polar-
ization error so that the new antenna system may be brought into use in a
practical standard VOR system.
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X1

CONCLUSIONS AND RECOMMENDATIONS

11.1 Conclusions

The radiation fields produced by conventional VOR and parasitic loop
counterpoise antennas have been investigated both theoretically and experimen-
tally. Theoretical expressions for the side band mode radiation patterns pro-
duced by conventional Alford loop counterpoise VOR antennas and by single para-
sitic loop counterpoise antennas have been obtained by applying the concepts of
geometrical theory of diffraction and the results of Sommerfeld's theory of half-
plane diffraction. Within the range of approximation the agreement between theory
and experiment has been found to be very good.

The theory of double parasitic loop counterpoise antennas has been developed
by generalizing the above theory for single parasitic loop systems and by taking
into account the effects of mutual interaction between the parasitic loops. It has
been found that if the separation between the parasitic loops is larger than a
wavelength, the mutual interaction effects may be neglected. The agreement be-
tween theory and experiment has been found satisfactory within the range of
approximation.

On the basis of theoretical parametric studies of the double parasitic loop
counterpoise antenna patterns, we have developed two optimum antennas using
150" and 52' diameter counterpoises. The antennas have been optimized in the
sense that the free space side band mode elevation plane patterns possess maximum
field gradient at the horizon. Theoretical optimum field gradients have been found
to be about 23dB/6° in both cases. These findings have been confirmed by results
obtained from model measurements.

The design and the method of mechanical implementation of a full scale
optimum double parasitic loop antenna with 150' diameter counterpoise have been
carried out. The conventional VOR antenna at NAFEC has been transformed into
the above optimum system by installing two parasitic loops at appropriate places.
The performance of this new antenna has been tested by ground and flight measure-
ments at 109 MHz. The results of the full scale measurements have verified the
validity of the design procedure used and have confirmed the predictions arrived
at from theoretical considerations.

Finally, this new VOR antenna system has been flight tested in order to

compare its performance with that of a conventional VOR antenna. If has been
found that the new antenna system reduces the scalloping errors in the bearing
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indications of a flying aircraft by a factor of 6 to 1. The distance range of
the VOR station with a new antenna has been found to be comparable to that
of the same station using a conventional antenna.

Although the polarization errors associated with the parasitic loop
system have been found to be large in directions of 8 > 80°, we believe that
this error can be reduced to acceptable limits by improving the existing
passive polarizer and by adding an active polarizer.

We have discussed only the essential flight test results which are
pertinent to the application of double parasitic loop counterpoise antennas
to a standard VOR system. Further discussions of the flight test results
will be given in a separate report by FAA,

It is concluded that a properly designed double parasitic loop counter-
poise antenna will greatly improve the accuracy of conventional VOR systems.
Where the terrain surrounding the VOR station is not ideal, the use of such an
antenna mounted at a proper height will definitely bring out superior perfor-
mance from the system.

The most significant contributions and findings of the present research
are enumerated below,

1) Development of an accurate theory for conventional VOR
antenna radiation patterns.

2) Development of satisfactory theory of double parasitic
loop counterpoise antenna patterns and the optimization
of such antennas with regard to the horizontal field gradient
characteristics.

3) Demonstration of the fact that optimum double parasitic loop
counterpoise antennas definitely reduce by a significant amount
the scalloping errors associated with conventional VOR sys-
tems located in a non-ideal environment. In such situtations,
therefore, we feel that the use of a double parasitic loop
counterpoise antenna rather than the conventional antenna
should be seriously considered.

We therefore conclude that the purpose of the present investigation as
given in Chapter I has been fulfilled.
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11,2 Recommendations for Further Work

Although we have discussed in detail the radiation characteristics of
parasitic loop counterpoise antennas and the application of specific antenna
configuration to a conventional VOR system, we feel that further work should
be done to exploit the parasitic loop concept to the fullest extent, In particular
we recommend the following.

1) Investigate the double (or multiple) parasitic loop counterpoise
antennas when the parasitic loops are located in the same plane.
In certain cases this configuration may be preferable mechanically.

2) It is conceivable that desirable performance may be obtained from
a VOR antenna with smaller counterpoise by judiciously placing
one or more parasitic loops above it. Reduced size counterpoise
will provide definite advantages in many cases.

3) Investigate the radiation characteristics of an array of parasitic
loops with VOR Alford loops (or loop) as the only excited element
and having no counterpoise.

4) The polarization error associated with a conventional VOR sys-
tem using double parasitic loop counterpoise antennas should be
studied further.

5) The general application of large gradient antennas to VOR sys~
tems under various situations should be investigated in further
detail.,

Since our polarization error studies are incomplete, we strongly recommend
that the item (4) above be investigated further before making a finalevaluation and
judgement on the application of double parasitic loop counterpoise antennas to a
conventional VOR system.
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APPENDIX A

THE RADIATION FIELD OF A CIRCULAR LOOP CARRYING
A NON-UNIFORM HARMONIC CURRENT

Al Introduction

The radiation field produced by a circular loop carrying a non-uniform
current is discussed theoretically in this appendix. The problem under inves-
tigation has direct bearing on the determination of the radiation field of a para-
sitic loop counterpoise antenna with a figure-of-eight type of excitation in the
azimuthal plane. This type of excitation is used in the double parasitic loop
counterpoise antenna operating in the side band mode. The non-uniform exci-
tation causes the induced currents in the parasitic loops to be non-uniform.
The performance of parasitic loop counterpoise antennas with non-uniform
excitation cannot be explained by the theory developed for similar antennas
with omnidirectional excitation.

A.2 Nature of Excitation

In a practical VOR antenna system, the figure-of-eight pattern in azimuth
is obtained by placing two Alford loops side by side and exciting them with equal
but out of phase signals. Let us consider two small circular loops (i.e. radius
of the loop << A ) carrying the currents of the form

y iots
[el0t g1 o HUETY)
0 (o]

(A.1)

be oriented along the x~axis as shown in Fig. A-1. The two loops lie in the x~y
plane. The two loops are separated by a distance 2d and the phase difference ¥
between their currents is kept arbitrary for the present. It can be shown that
the far field produced by the system at the point P(R , 6, ) is polarized in the
-direction and is given by:

ikR,- ‘g
ka .2 e . . Y
= pishad s ———— kd + - . 2
E¢ noIO( 5 ) R 2 sin6 cos[ sinf cosf 2] (A.2)

where
n_is the intrinsic impedance of free space,
k = 27/X is the propagation constant in free space.
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FIG. A-1: Coordinate System Used.
If ¥ = 7, then eq. (A. 2) reduces to
ikR
. ka 2e . . .
E¢ 12n010( 5 ) —IT(;_ siné sin E{d sinf cosfﬂ . (A.3)

Equation (A. 3) indicates that in the azimuthal plane (6=constant) the far field
pattern is a figure-of-eight having maxima along §=0 and 7. Usually kd <<1
and under this assumption we can simplify (A. 3) as follows:

ikR

. ka .2 e 0
E¢— 12n0(—é-)

2

= (kd) sin” 6 cosf . (A.4)
)

Any parasitic loop placed with its axis along the z-axis will carry an
induced current proportional to the field given by (A.4) or (A. 3) as the case may
be. To simplify our analysis we assume that the parasitic current in the present
case is of the form:
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I=1 cos f, (A. 5)

where I is a constant and § is measured around the loop, the or1g1n being at the
x-axis. ° Equation (A. 5) physically means that I() vanishes at § = X 7/2, where
it reverses direction, so that the currents in the range

s Vs
-§S¢S§
are always counterclockwise when the currents in the range
T 37
5S p<>
are clockwise. This may be looked upon as a dipole mode such that the charge
density on the loop is q(f}) « sinf . This means that the loop is oppositely charged
at §=n/2 and P = -7/2 and the current oscillates in synchronism on the two halves

much as in two parallel dipoles that are driven in phase. Notice that this is true
regardless of the fact whether the parasitic loop is large or small.

A.3 Far Field Expressions

In this section we obtain the far field produced by a circular loop carrying
a current of the form given by eq.(A.5). The loop is oriented in the x-y plane as
shown in Fig. A-2. To obtain the far field it is convenient to determine the vector
potential A produced by the current at the far field point P(R,,6,#) and then obtain
the field from the potential. With time dependence e~wt and using standard
notation the following expressions define the relationships between the fields and
the vector potential.

E = -iw?ox(?oxx)#w [_6A6 +6 Aﬂ] , (A.6)
B =ik (F,x®) = ik[f a- §45), (A.7)

A A
where 1, 6, f are the unit vectors in R,, 6 and @ directions respectively. The
components Ag and A¢ of the vector potential in terms of the rectangular com-
ponents are:

- + ; A.8
A, [Ax cosp Ay smﬂ)J cosf , (A.8)
A =-A sinp+A cosp . (A.9

px pray /

In the present configuration, as shown in Fig, A-2, Ax and A are given by the
following:
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FIG. A-2: Orientation of the circular loop.
4B o 27
s . _d
A:- f 1o kB SO CosP-B) g agn (A. 10)
0
0
4B ikRo 27
o e -ik B sin6 cos(p-p')
A= — I(@e cosf* dg’ (A.11)
y 4w Ro j;

where u, is the permeability of free space. After introducing (A.5) into (A. 10)
and (A. 11), the following two equations are obtained:

ikR 2

u BI ) . .
_ 0o e -ik Bsinfcos(p-@" . ... ..
- f e sin 2¢' ap' , (A.12)
0

o
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u BI ikRo 2r
—‘ i At '
A = o o eR f e lkBSIHGCOS(¢ ¢) (1+cos 2¢1) d¢| . (A.13)
)
0

y 8w

To evaluate the integrals in (A. 12) and (A. 13), we make use of the following
result:
2T

+
f ei(n T g ok Bsind cos(@-9") apt = 21 in =1 ei(ni" g

0

J .. (kBsin6)
+ 3
n7l (A. 14)

where Jn +1 is the standard notation for the Bessel function of the first kind. Using
(A.14), we obtain the following from (A. 12) and (A. 13).

o BIo elkRo

Ax= 7 R_ J2(kB sinf) sin 2§ , (A.15)
o BIo elkRo

Ay: T R [J 0 (kBsin6) -J 2(kB sin6)cos 2¢] . (A.16)

After introducing (A. 15) and (A. 16) into (A. 8) and (A. 9) and with some algebraic
manipulation, we obtain

u BI elkRo 3, (kB sin)
A9= 5 RO "B om0 cosf sinf , (A.17)
Ho BIo elkRo
= 1 i
A¢ 5 R Jl(kB sinb) cos @ , (A.18)

where the prime in (A. 18) indicates differentiation with respect to the argument.

Using eq. (A. 6) along with (A. 17) and (A. 18), we obtain the two components
of the electric field in the far zone as given by the following:

ikR i
KB. e 0 Jl(kB sin6)

E,= moIo(-z—) R B 5ia0) cos9 sinf , (A.19)
ikR
kB, e ©
=3 —— ) com—— ! i . 2
E¢ in I (3 ) R I} (kB sinb) cosp . (A. 20)

With uniform current, a circular loop does not produce any 6-component of the
electric field. Thus, the existence of Eg in the present case is attributed to
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the non-uniform current carried by the loop. Equations (A. 19) and (A.20) have
been used in Section 3. 4 to derive the far field produced by a non-uniformly
excited single parasitic loop counterpoise antenna.

A. 4 Discussion

On the basis of egs. (A. 19) and (A, 20), we make the following comments
with regard to the radiation field produced by a circular loop carrying a non-
uniform current I=I cosf.

(i) Near 6~0° the Bessel functions in (A. 19) and (A. 20) may be replaced
by their small argument values, i.e. J'(x) = 1/2 and J,(x) / x~1/2 . Thus the total
far field may be written as

ikR
0
=_A A ~ k e 1A A
= -+ -1 —) — - i +
E=0E ¢E¢ mOIo( 2B) R 3 (6 cos6 sin + P cos)
ikRo
. kB, e 1A
1noIo(TB) R R (a.21)

Equation (A. 21) means that near the axial region of space (9~ 0°) the far electric
field is not equal to zero and it is polarized along the y-direction.

(ii) In the P=0° plane, i.e. in the vertical plane containing the directions
of maxima of the figure-of-eight excitation, the field is polarized in the -
direction and is given by:

ikR
kB.e °
= =i —— S 4 i
Ee E0, E¢ 1noIO( 5 ) R Jl(kB sin6) . (A.22)

(iii) Inthe P = 7/2 plane, i.e. in the vertical plane containing the directions
of minima of the figure-of-eight excitation, the horizontal (i.e. f-component) com-
ponent of the electric field is identically equal to zero and the electric field is given

by ikRo J 1(kB sin6)

kB, e
E =1 a—— . . 23
E¢ 0, EG 1nOIO( 5 ) R YT cosf , (A. 23)

(iv) Inthe P = 7/4 plane
ikR .
0 Jl(kB sin6) 056

R, (kB sin6) \rz'l ’

kB

g e
E = 177010( 5 ) (A.24)

131



ikR .
kB e © Jl(kB sin6)

E =in I (=) . (A.25)
p oo 2 R 4-21
(v) In the horizontal plane (6 = n/2),

ikR

o
- =3 -l.{g .e___ 1
E 20, E¢ 117010( 5 ) R I (kB)cosf . (A. 26)

The important findings of the present investigation are that the non-uniformity
of the current in the circular loop produces the following two effects: (i) the field
is non-zero in the axial direction, and (ii) there exists a cross-polarized com-
ponent of the field. It is thus anticipated that a parasitic loop counterpoise antenna
operating in the side band mode may give rise to appreciable amounts of cross-
polarized components in certain directions of space. The results given here will
be found useful in the analysis of the cross-polarization characteristics of parasitic
loop counterpoise antenna systems.
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APPENDIX B

MUTUAL COUPLING EFFECTS IN PARASITIC LOOP
COUNTERPOISE ANTENNAS

B.1 Introduction

This appendix deals with the theoretical investigation of mutual coupling
effects in a double parasitic loop counterpoise antenna. In Chapter IV an approxi-
mate theory was developed for the double parasitic loop counterpoise antenna
by neglecting the effects of mutual coupling. There, the far field radiation pattern
produced by the antenna was obtained by simply superposing individual free space
fields. This theory explains with a fair amount of accuracy the far field for the
cases when the spacing between the parasitic elements is large compared to
wavelength, In a situation where the loops are not widely spaced, the interaction
between the parasitic currents may become quite important. I is the purpose of
this appendix to develop theoretical expressions for the parasitic currents and
also for the far field produced by a double parasitic loop counterpoise antenna by
taking into account the effects of mutual coupling.

B.2 Parasitic Currents

Consider a double parasitic loop counterpoise antenna as shown in Fig. B-2,
It is assumed that the antenna is operating in the carrier mode.

Parasitic loops
O

R
. OTH
f b

TTTT T T T 7
j———— A ————

L1

/|
°F

—Alford loop

///////////4-—-——Counterpoise

—— — —

FIG. B-1: Double parasitic loop counterpoise antenna.
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The Alford loop situated at a height h above the counterpoise is the only
excited element. Let Irf and Ig be the total currents in the two parasitic loops
maintained by the excited element. Symmetry of the system and the nature of the
excitation dictate that the distribution of the current along each parasitic element
will be constant. Let us assume that in the absence of mutual coupling between
the parasitic loops, the induced parasitic currents will be represented by I? and
IQ respectively. The method of determining Icl) and IO for the above configuration
has been discussed elsewhere (Sengupta et al, 1968), "By taking the mutual inter-

action into account we can write

T .0 T

11-11+K2112 (B.1)
T O T

I '12+K12 I1 ’ (B.2)

where K9 and K9; may be defined as the coefficients of coupling for the mutually
induced currents. Notice that these are not the conventional coefficients of mutual
coupling and hence K12 #K9; . From (B. 1) and (B. 2) the following are obtained
for the parasitic currents,

0 0
T LYKk
I1 TR K (B. 3)
2112
0 0
I"+K._ I
IT- 2 12 1 (B. 4)

2 1-K12K21

In general K;9,K9; are complex constants for a particular configuration of the
antenna and |Kq3| , |Kg;| <1. Thus the problem reduces to the determination
of these two coefficients. We discuss this in the next section.

B. 2.1 Determination of the Coupling Coefficients K12’ K2 1

We outline here the basic mathematical steps involved in obtaining K12, .
For this purpose we represent the configuration as shown in Fig. B-2. In this
representation the first parasitic loop is replaced by a point source of suitable
strength placed at a height H, above the counterpoise. The current in the first
parasitic loop being IT, the field produced by the current at the point P located
on the second parasitic loop is given by
. . 1]
inc T kBl elkrlz e1kr12 ‘
_’\: — 3 N - . ' S
E¢ (P) noll ( 5 ) Jl(kBlsmOlz) - Jl(kBlsmelz) = :J
L2 12 (B. 5)
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FIG. B-2: Rays contributing to K12.
where
n_ is the intrinsic impedance of free space,

K= 27/X\ is the propagation constant in free space,

2 2 2 ' 22 2

ry =B, +(H2-H1) ; (rlz) = B, +(H2+H1) (B. 6)
Bz B

sing , =—;  sin 9'12 -2, (B.7)
T12 T12

J 1 is the Bessel function of the first kind and first order.

In eq. (B. 5) only the direct and reflected fields due to the parasitic current IT are
used to obtain the incident field at P produced by this current; the contribution to
the field at P due to diffraction effects at the edges of the counterpoise are
neglected for the present. If necessary, they will be taken into account later.

The current induced on the second parasitic loop due to the field E’lbnc(P) is obtained
by using the following relation.

T' & 27 inc

12 iT)okM E¢ (P) , (B. 8)
where .

M=0.577+£n(1-%3)-1—2-7r . (B. 9)
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After introducing (B.5) into (B. 8) we obtain the following expression for K.
ikr 1kr'

or KB o 12 12
= e ( c——— i 1 ——
K12 iM( 5 ) Jl(kBlsme) krlz -J “‘3151“912) = iz J . (B. 10)

Following a similar procedure it can be shown that the other coupling
coefficient K21 is given by:

ikr ikr!

. sz 21 21

K21 M( 5 —_) J (kB s1n6 ) - -J (kB231n621) = , (B.11)

21 21
where
2 2 2 2 2 2

= + - . =

Ty =B (H,y Hl) 3 () B1+(H2+Hl) , (B.12)

sind. = +b ;5 sing’ = 1 (B.13)
21 1‘21' 21 r'21

This completes the derivation of expressions for the coupling coefffcients. In the
next section we derive the explicit expressions for the parasitic currents due to the
fields produced by the Alford loop carrying a current of magnitude I,

B. 2.2 Expressions for the Parasitic Currents

It can be shown (Sengupta et al, 1968) that in the absence of mutual coupling
the current induced in the first parasitic loop is given by

-1, (2 )’ [p +e] . (B. 14)

where a is the radius of the excited loop and,

ikr;: ikr

27r(kB1) E 1 . 2 J
p=_ - , (B. 15)
P Ler)® kr,)’
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2 ikr

. T . T
o kB) 1 1 Yo i(2kB+3) | Yo i(kH-7)
Q= 5 5 (ka ) e -(WkH ) e , (B.16)
M (krl) 1 1
2 2 2 2 2 2
r = B+ (Hl-h) 3 Ty =B/ + (Hl+h) . (B. 17)

Similarly, the current induced in the second parasitic loop due to the field produced
by the Alford loop only is given by

=1 (22 [pra,], (.18)
where ep!
271'(kB ) I‘ e1 er
P = - , (B. 19)
2 M l:(kri) (kr'2)2
2 ikr!
o T (sz) el r] [( )1/2 e1(2kB2+4 )_(—/2 1(2kH2- ;) (5,20
2
(e)%=Bor (D) ()= BE + (1,4 1) (8.21)

After using (B. 3), (B.4), (B. 10), (B.11),(8.14) and (B. 18), the parasitic currents

Irf and Ig are obtained as follows:

T ka.2 )

007 e [PrepHy ey (B.22)
1221

T__ ,ka,2

I2 'Io('i') e K12K21 [(P +Qo)+ K12(P1+Q )] (B.23)

Equations (B. 22) and (B. 23) are expressed so that they may be computed numeri-
cally. It should be noted that in the absence of mutual coupling, (B.22) and (B. 23)
reduce to (B. 14) and (B. 18) respectively.

B.3 Far Field Expressions

In this section the far field produced by the double parasitic loop counter-
poise antenna will be given. The method of obtaining the expressions is similar to
that discussed in the case of a single parasitic loop counterpoise antenna (Sengupta
and Weston, 1969) and hence will not be repeated here. All the expressions are
arranged such that they may be programmed for numerical computation. The __
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far field is expressed formally as :

i(kR-1 )
ka .2 e 4
E¢~ n I (- ) — S(6) , (B. 24)
where A p p
S(6)= S (6) +s1<e) +S2 6 . (B. 25)

In the above equations S(0) is identified with the complex far field pattern of the
antenna; the three terms on the right hand side of (B. 25) are the complex far field
patterns produced by the Alford loop, the first and second parasitic loops above

the counterpoise. Explicit expressions for the three terms in (B. 25) are given below
for future reference.

P .
O/ s A |cosél sm(—sz ikr
SA(G) ={F (6)sind o 1kAs1n9+ e © LO(O) ’ (B. 26)

2 J;krosine'
i(?-;—kAsinG) 3o 39 39

1°(9)== (B.27)

\/ 1-sin6@

[cos ¢0-sin 67 ikAsind cos ¢
cos?fo-sme m cos¢ +S1n9

p 2 Py 2
ikr sin(6-p ) ! iﬂ% ikrosin(e+¢o) i7r-£2—
F@)=e ° Of e “ dt-e e “d , (B.28)

-00 ‘&)

kr, 1 p-6-3
p1—2(—£-)/ s (%), (B.29)

kr, Yo p '9+7§T

Py= 2( —ﬂo—) cos (-95—) , (B. 30)
2 2 2 h

r =A +h; tan¢o=2\ , (B.31)

kB ] .

S (9) 2-(T-KITK2?' [(P +Q )+K21(P2 +Q2) F (9) (B. 32)

where Pl’ Ql are as given by egs. (B. 15) and (B. 16) and
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J.(kB.sinb) | cos6| sin( T) ikr

p
F1(9)=—-1-——-1—- Fr(g)e KASIRG 1P, (B. 33)
V2! V7kr, 516"
1
g .
p  JaTRASRO T 1/2(¢p1)J1(kB cosfly ) )-sta"%63 (kB sin6)
L1(9)= Vi-sing cos¢p1-sm6
-e1kAs1n9 I (kBlcos¢pp)cos (¢p1)] (530
T+sin6 L cosfp, +8inf
Py 2 - P 42
ikr,.sin(6-9,.) in = ikr,, sin(6+, ) ir —
p P p p
Ff(e)=e ! ! f e Zdt-e 1 f e 2 dt, (B.35)
-0 -00
T
kr py. -6- 5
py Yo p
= 2(—2) " cos (—5—2) (B. 36)
kr ]/ ¢p1+9+ g
Pg* 2( ) cos( 5 ), (B. 37)
rlz) = A2+ H? , (B. 38)
1 H,
P kB,
.40
82 9)= 71':-1'{—1;1{;1' (P +Q2)+K12(P1+Qla F2(9) ) (B. 40)

where P, Q, are given by (B. 19) and (B. 20), FZ(G) is given by (B. 33) - (B. 39) with
the parameters H,, B, replaced by Hg, By and K12 , K21 are as given by (B.10) and
(B. 11)
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B.4 Numerical Results

Expressions for the complex far field pattern produced by a double para-
sititic loop counterpoise antenna in the presence of mutual effects as discussed
above, are:

S5@)= s2(0) + sli ) + s§ © (B. 25)

where
kB

P, 1
5,(6) = TR [P1+Q1+K21(P2+Q2)] F (0) , (B.32)

kB
P, _ 2
32 (6) ——-————Z(I_Klszl) [P2+Q2+K12(P1+Q1)] F2(9) , (B.40)

where all the other notations are as explained in the previous sections. In the

absence of mutual effects, eqs. (B.32) and (B. 40) reduce to (K21=K12=0 ):
P, |
S 0) = (P1 + Ql) F1(9) kBl/Z , (B. 41)
P
s, © = (P2 + Qz) F2(9) kB, I2" (B. 42)

It is instructive to study the orders of magnitudes of the various quantities
K12,K91, Py, Qq, Po and Qo which are constants for a specific configuration of the
antenna. Let us consider the case of a double parasitic loop counterpoise antenna
operating in the carrier mode. The antenna has the following parameters:

kh = 2.75, kb = 0,287, kA =17.69, kH1= 4,02, kB1= 7.759, kH2= 12,06
and kB2= 7.759,

Note that for this antenna H2-H1 ~ 1,3\ and 2B1=2B2= 2.5\, The parameter kb is
deliberately chosen to be large (usually we have considered kb=0.15) for the reason
that large values of kb give rise to large values of parasitic currents which in turn
should increase the mutual effects. The parameter Hgp-Hj is chosen to be larger
than a wavelength because this is the case of interest to us and we intend to study
the quantitative effects of mutual interaction for such values of the separation
distance between the parasitic loops.

For the above parameters of the antenna, the following numerical values
have been obtained for the quantities mentioned above:
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K12 = 0. 146036-i 0.001367

K21 = 0.012024~1 0.047119

P1 = =0, 254652+ 0. 505098
P, =0.140834+ 0. 125070

2
Ql = -0. 105669-i 0, 085823

Q2 = 0,0132312+i 0.010157

It can be seen from the above values, that the mutual interaction terms in eq. (B. 40)
are not appreciably large in the present case. This can also be seen from Fig. B-3
which shows the computed theoretical far field patterns of the same antenna with
and without mutual coupling effects. From Fig. B-3 it is found that over most of
the regions, the two patterns are almost identical. Near the region 90° <6< 110°

where the pattern has a minimum, the two currents are found to be sharply dif-
ferent. It is desirable to consider the mutual effects in-such regions.

The comparison between the theoretical and experimental patterns of the
same antenna is shown in Fig. B-4. It is found that over most of the region of the
main beam of the antenna, the agreement between theory and experiment is excel-
lent and also that mutual effects may be neglected in this region. Careful inspection
of Fig. B-4 indicates that the pattern obtained by taking into account the mutual
effects is in slightly better agreement with the experimental results. It is
anticipated that if Hg - H; <A, the mutual effects need be considered to obtain
accurate patterns theoretically. On the basis of the results given here we
conclude that for (H9-H1) > A, the mutual effects may be neglected for pattern
computations,

B.5 Discussion

Expressions for the parasitic currents and the far field produced by a
double parasitic loop counterpoise antenna have been derived above by taking into
account the dominant effects of mutual interaction between the parasitic elements.
From a comparison between theoretical and experimental results it has been
found that the mutual effects may be neglected for cases when the separation between
the parasitic elements is longer than a wavelength.
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APPENDIX C
DOUBLE PARASITIC LOOP COUNTERPOISE ANTENNA. PATTERNS
C.1 Introduction

In this section we summarize the results of a systematic experimental
investigation of a double parasitic loop counterpoise antenna elevation patterns.
The antenna operates in the side band mode and at the frequency f = 1080 MHz.
The counterpoise size used is 5.2' so that the results will be applicable to a
VOR antenna using 52' diameter counterpoise at the full scale frequency
f = 108 MHz.

The excitation used has been a pair of Alford loops spaced 3. 2" apart
and located at a height 4. 8" above the counterpoise. The two loops are excited
out of phase so that the combined field produced by them has a figure-of-eight
variation in the azimuthal plane. All the parasitic loops used have been fabricated
from 1" wide conducting strips. All the measurements have been carried out in
an indoor pattern range.

The basic purpose of the present investigation has been to develop an
optimum configuration so that the antenna produces a maximum field gradient
at the horizon for the side band mode of operation.

C.2 Preliminary Experiment

An initial radiation pattern investigation has been carried out for a double
parasitic loop system with

H,=22°/8" , 2B, =36" and H., B. variable.

2 2 1’ 71
The purpose of this experiment has been to determine the effects of the para-
meters Hy, By on the pattern and in particular to search for those values of H; and
B which may produce large field gradients at the horizon. The parameters Ho,
Bg where initially chosen on the basis of our previous investigation of single para-
sitic loop counterpoise antennas (Sengupta and Ferris, 1969).

The far field elevation patterns of the antenna have been measured at
1080 MHz with 2B; varying in steps of 4" from 36" to 60" for each value of Hj.
Hl was varied from 4' to 7" in convenient steps. The main conclusion from this
set of pattern results is that for low axial lobe and reasonably large field gradient
H126" and 2B, should lie between 48" - 60" . The important pattern characteristics
obtained from this experimentare shown in Table C-I. The different notations used
in the table are given below:
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Emax Amplitude of the far field in the direction of the principal

maximum,

E("2) Amplitude of the far field in the direction of the horizon
(i.e. 6=n/2).

E(96°) Amplitude of the far field in the direction 6=96°.

Eg Amplitude of the first secondary lobe maximum below
the horizon.

2 Field gradient/6° at the horizon.

E(0°) Amplitude of the far field in the direction 6=0°.

B =E(7/3) Level of the secondary lobe maximum field relative to

the field at the horizon.
All the above results are expressed in dB.

TABLE C-I: PATTERN CHARACTERISTICS OF NON-UNIFORMLY EXCITED
DOUBLE, PARASITIC LOOP COUNTERPOISE ANTENNA
Hy= 22 3/g", 2By= 36", H;=6", 2B, variable.

2B, 36" 40" 44 48" 52" 56" 60"
E o - 3.0 - 5.5 -3.0 -3.0 -50 -50 -6
E(M2)  -28.5 -22.0 -19.0  -25.0 -22,0  -22,0  -32,
E(96°)  -35.0 -25.5 -28.0  -35.0 -29.0  -33.0 < -40.
Eg -27.0 - -32,0  -28.0 --- -35.0  -33
E(00)  -22.0 -17.0 -16.0  -19.0 -19.0  -25.0  -23,
ag 6.5 3.5 9.0 10.0 7.0 11,0 > 8,
E;E(T2) 1.5 --- -13.0 - 3.0 --- -13.0 -1,

The values that are left out in the above table were found to be not applicable to the
measured patterns. Three complete patterns are shown in Figs. C-1(a) - C-1(c)
for three selected cases.

C.2 Optimization of the Lower Parasitic Loop Parameters

The next set of data have been taken for the purpose of obtaining the best
values of the lower parasitic loop parameters H 1 B, for some fixed values Hy, By
of the upper parasitic loop parameters. During this experiment the upper loop
parameters are fixed at Hg = 22 3/8", 2B9= 36" . The diameter of the lower para-
sitic loops were varied from 54" - 60" in steps of 2", For each value of 2By, Hy
was varied from 5" - 7" in some convenient steps. The various pattern charac-
teristics as obtained from the measured elevation patterns are shown in Tables
C-II, C-III and C-IV.
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TABLE C-I PATTERN CHARACTERISTICS OF NON-UNIFORMLY EXCITED
DOUBLE PARASITIC LOOP COUNTERPOISE ANTENNA
2B,=36", Ho= 22 ¥g", 2B= 54", H; variable.

Hl 5 1/211 5 3/41! 6"

Emax -17.0 -17,0 - 7.0

E(T/2)  -22.0 -23.0 -23.0

E(96°) -28.0 -30.0 =32.0
Eg -— _— -
E(00) -217.0 | -28.0 -22.0
Q 6.0 7.0 9.0

g
TABLE C-III ------ 2By = 56" .

H]. 5" 5 1/21' 5 3/ i 6" 6 ]/ 1" il
Emax - 5.0 - 5,0 - 5.0 - 5,0 - 50 - 5.0
E(m2) -20.0 -21.0 -22,5 -23.0 -24,0 -26.0
E(960°) -26.5 -30.0 -32.0 -32.0 -33.0 -35.0
Eg -37.0 - - -36.0 =-33.5 -31.0
E(0°) -22,0  -30.0 -30,0 -24.0 -20.0 -15.0
g 6.5 9.0 9.5 9.0 9.0 10,0
E;E(T) -17.0  --- --- -13.0 - 9.5 - 5.0
TABLE C-IV ----- 2By = 58" .
Hl 5 ]/ " 5 3/ " 6"
Emax - 6.0 - 6.0 - 6.0
E("9)  -24.0 -25.0 -26.0
E(969) -35.0 -35.0 -35.0
Eg -36.0 -36.0 -35.0
E(00) -28.5 -29.0 -26.5
a/g 11,0 10.0 9.0
EFE() -12.0 -11.0 - 9.0
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FIG.C-la: Measured elevation plane side band mode pattern of a double
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FIG.C-1b; Measured elevation plane side band mode pattern of a double
parasitic loop counterpoise antenna.
2A=5,2', h=4,8", £=1080 MHz, 2B2=36",H2=223/8",
H1=6" and 2B1=44".
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FIG.C-1c: Measured elevation plane side band mode pattern of a double

=36", Hy= 22 ¥g",

parasitic loop counterpoise antenna.
2A=5,2', h=4, 8", £=1080 MHz, 2By

H{=6" and 2B;=60"
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From the previous tables it is found that for values of the parameter Hy
between 5 12" and 5 34" the lobe maximum in the direction 6 = 00 is minimum.
Notice that theoretically, for minimum axial lobe Hy=X/2 = 5,465" at £=1080 MHz.

From the results given in this section it appears that the best pattern for
possible VOR application is obtained when 2B9y=36", Hg= 22 3/8", 2B1=56" and
H;=5 34" . The measured elevation pattern for this case is shown in Fig. C-2.

C.3 Optimization of the upper Parasitic Loop Parameters

In this set of experiments the lower parasitic loop parameters were fixed
at 2B;=56" and H{= 5 3/4" . The height of the upper loop was fixed at the value
Ho= 22 3/8 " while the diameter 2Bg was varied from 34" - 40". The results
are shown in Table C~V. Note that the field gradient values shown in Table C-V
have been obtained from the measured polar plots and hence are approximate.
More accurate values for «_ in some specific cases will be discussed in the next
paragraph. A typical measured pattern having desirable characteristics is shown
in Fig. C-3.

TABLE C-V: PATTERN CHARACTERISTICS OF NON-UNIFORMLY EXCITED
DOUBLE PARASITIC LOOP COUNTERPOISE ANTENNA
2B1=56", Hy 5 3/4", Hp= 22 3/g", 2B, variable.

2B, 34" 35" 36" 37 38" 39" 40"
E -50 -5.0 - 6.0 -6.0 -6.0 - 5.0 - 5.0
max

E(72) -19.5 -20.5 -21.0 -22,5 -24.0 -25.5 -24.5
E(960) -26.5  -28.0 -29,5 -32.0  -35.5 -36.0 -34.0
Eg --- - -—- -36.0  -34.0 -32.0 -31.0
E (00) -27,0  -28.0 -28,0 -29,0  -35.0 -35.0 -35.0
oy 7.0 7.5 8.5 9.5 11.5 11.5 9.5
EgE(72) --- --- —— -13.5  -10.0 -10.0 - 6.5

To obtain more accurate esimates for the field gradients, rectangular plots
for the patterns have been obtained in ordinary and expanded scales for some selected
cases. The patterns obtained in a few interesting cases are shown in Figs. C-4,
C-5(a) - C=5(b), C-6(a) and C-6(b). As can be seen from these figures a field
gradient value better than 12 dB can be obtained without appreciably increasing the
field in the axial direction.

C.4 Maximum Obtainable Field Gradient

Two main criteria governed the basis of the investigations discussed in
the preceding sections. These are: (i) the field gradient at the horizon be high, and
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Measured elevation plane side band mode pattern of a double

FIG.C-2
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FIG.C-3:

Measured elevation plane side band mode pattern of a double
parasitic loop counterpoise antenna.

2A=5.2', h=4.8", £=1080 MHz, 2B,=40", Hy= 22 ¥g",

Hy= 5 34" and 2B1= 56" .
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(ii) the axial lobe amplitude be as small as possible. In this section we give the
results obtained from an experiment where the second restriction on the pattern
has been removed. The aim of this part of the investigation has been to deter-
mine the largest value of the field gradient that can be obtained from a double
parasitic loop counterpoise antenna. The results are shown in Figs. C-7(a) and
C-7(b). In this particular case the field gradient at the horizon is found to be
better than 22dB/6° which may be considered to be a dramatic improvement.

C.5 Discussion

On the basis of the results given above it can be concluded that the
parasitic loop concept has been found to be highly effective in improving the field
gradient characteristics of a non-uniformly excited parasitic loop counterpoise
antenna, From our investigation of the radiation characteristics of a double
parasitic loop counterpoise antenna having figure-of-eight type of excitation we
make the following two important observations.

(i) It is possible to obtain a field gradient at the horizon better than
12 dB/6° while maintaining the field in the axial direction to be less than 25 dB
down from the field in the principal maximum direction,

(ii) It is possible to obtain a field gradient at the horizon better than
22 dB/6° while maintaining the axial field to be less than 16 dB down from the
field in the principal maximum direction.

In all the above cases the secondary lobe maximum below the horizon
has been found to be about 9 - 12 dB down from the field at the horizon.
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APPENDIX D

NUMERICAL VALUES FOR PARASITIC CURRENTS IN
SINGLE PARASITIC LOOP COUNTERPOISE ANTENNAS

D.1 Introduction

In this appendix the numerical values for the amplitude and phase of the
different components of the parasitic currents are given for single parasitic loop
counterpoise antennas operating in the carrier mode. The notations used are
explained in Chapter III,

The basic parameters associated with the feed and the parasitic loop in
all the antennas have the normalized dimensions kh=2, 75, kb=0. 15 at the
frequency 1080 MHz.

TABLE D-I: PARASITIC CURRENT VALUES FOR kA = 17, 92

kB =47 kH=3.7
Real Imaginary Absolute Argument (radians)
Iy 0.235203  0.060884 0. 242955 0.253
I%t 0.000214  0.000635 0.000670 1,246
I%i -0.003516  0.079530 0.019844 1.749
Ip /1 0.231900  0.081049 0.245656 10.336
Py L |

kB = 30 kH =11.9
I%)i -0.053762  0.171890 0. 180102 1.874
131',‘(1) -0.000723  0.000275 0.000774 2.778
139 0028226  0.004028 0.028512 0.142

o

Ip /%,  -0.026258  0.1761%4 0.178140 1.819
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TABLE D-II: PARASITIC CURRENT VALUES FOR kA = 51.69, kB=3x

AS FUNCTIONS OF kH .

kH=3.75
Real Imaginary Absolute Argument (radians)
I%? -0.320886 -0, 174901 0. 365456 -2, 643
1%‘3 -0.000005  0,000008 0.000009 2. 150
3 0.005060  -0.020825 0.021431 -1.332
Ip /1, -0.315831 -0.195718 0.371557 -2, 587
kH = 4. 00
1%% -0.312799 -0, 203302 0. 373062 ~2, 565
3t -0.000006  0,000008 0.000010 2,171
I%?(: 0.016357  -0.000828 0.016378 ~0. 051
Ip /T, =-0.296447 -0.204122 0.359926 -2, 539
kH= 6. 28
I%Di -0.028638 -0.362861 0.363990 -1.650
g -0,000012  0,000011 0.000016 2. 425
I%i -0.022557  -0,034135 0.040915 -2,155
Ip /I,  -0.051207 -0.396986 0.400275 -1, 699
kH =9.424
1%% 0.253751  0.036038 0.256298 0. 161
131’,4; -0.000025  0.000005 0.000026 2. 950
IPO/IO 0.273649  0.016660 0.274155 0.061
kH = 12.5664
1%)?; -0.118024  0.113270 0.163584 2,317
I%‘i -0,000032  -0,000018 0.000036 -2.616
Ii'?)f(i) 0.006505  0.077561 0.018727 1.216
Ip /I =-0.111550  0.130813 0.171917 2,217

(continued on next page)
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kH = 13.00

-0.139680  0.064187 0.153722 2.711
-0.000031  -0.000023 0.000038 -2, 502
-0.002196  0.008552 0.008829 1,822
-0.141906  0.072716 0.159452 2,668
KkH=13.5
-0, 143060  0,005611 0.143170 3.102
-0.000028  -0,000028 0.000040 -2, 367
0.003864  0.001230 0.004055 0. 308
-0,139224  0,006813 0. 139391 3.093
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TABLE D-III:
kH = 3.75AS FUNCTIONS OF kB.
kB = 9. 424778
Real Imaginary Absolute
I%;i -0.320886  -0. 174901 0.365456
1%‘%) -0.000005  0.000008 0.000009
15190 0.005060  -0.020825 0.021431
IPO/IO -0.315831 -0,195718 0.371557
kB = 10. 99557
I%)i 0.107100  -0.277345 0.297631
I%‘i 0.000008  -0.000004 0.000009
1%% 0.040861  0,046749 0.062089
Ipo/ L 0.148868  -0.230599 0.274471
kB = 47
I%)i 0.236309  0.064329 0.244908
Ifff) 0.000004 -0.000008 0.000009
I%i -0.006193  0.017157 0.018240
IpO/Io 0.230121  0.081478 0.244119
kB = 14, 13717
It ~0.036089  0.200639 0.203859
1%‘(*) -0,000008  0.000003 0.000008
1{’{5) -0.031215  -0.034283 0.046364
IPO/IO -0.067311 0. 166359 0.179461
kB = 15,7096
Ill?i -0. 170716  -0.017859 0.171647
3 -0.000004  0.000008 0.000009
I%g; 0.006265 -0.014580 0.015869
Ipo/IO -0. 164455 -0,032431 0.167622

PARASITIC CURRENT VALUES FOR kA =51, 69,

Argument (radians)
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-2,643

2,150
-1.332
-2,587

-1.199
~-0.419

0.853
-0.998

0. 266
-1.057
1. 917
0.340

1.749
2,812
-2.309
1.955

-3.037
2.039
-1.165
-2, 947



TABLE D-IV:

PARASITIC CURRENT VALUES FOR kA = 51,69,

kHi = 13.00 AS FUNCTIONS OF kB

kB = 8. 168161
Real Imaginary Absolute Argument (radians)
on -0.048299  0,128762 0.137522 1.930
1%‘(1) -0.000020  -0,000028 0.000034 -2,178
I%i -0.020082 -0,001074 0.020110 -3.088
Ipo/ I, -0.068003  0.127659 0. 144829 2.063
kB = 8. 796459
Ilpzo -0.098755 0, 107530 0. 146000 2.314
I?i;lo -0.000030 -0, 000031 0.000040 ~2.341
I%i -0.001798  -0.007079 0.007303 -1.820
Ip /I, -0.100583  0.100420 0.142130 2,357
kB = 10,05310
B ~0.160590  0.003433 0. 160627 3.120
1%% -0.000021  -0.000006 0.000022 -2. 856
5 -0.020466  0.017674 0.020522 3.055
Ip,/I, -0.181057  0.0051%4 0.181131 3,113
kB = 10.68142
1520 -0.153549 -0, 064811 0. 166667 2,742
1%‘(1) -0.000005  0.000012 0.000013 1.931
1%% -0.012413  -0,020845 0.024261 -2,108
Ip, /I, -0.16597 -0.085644 0.186762 -2.665
kB = 11.30973
I}fo -0.115851 -0, 126891 0.171822 -2.311
I%i 0.000012  0.000026 0.000029 1.130
1%% 0.010212 -0.015715 0.018741 -0. 995
Ip, /I,  -0.105626 -0.142580 0. 177443 -2.208
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APPENDIX E

COMPUTER PROGRAMS FOR IBM-360, MODEL-67

E.1 Program for evaluating the far field elevation plane side band mode
pattern of a conventional VOR antenna (SA(6) versus 8). The sub-
routines given in this section are also used in all the subsequent

programs,

The following flow diagram applies to the Main program for the VOR
side band mode,

Flow Diagram for the Main Program

Read Kh, Ka, Kb, KB, KH
PrintKh, Ka, Kb, KB, KH

9
TH = 2°

!

Calculation of ¢o’ Kr, F_, by FCAL

Calculation of CF1, CF2, CTA by LFAC

TH = TH+2° ‘

l Calculation of K0, ) by AAA

A

Calculation of lcos 6 ' L0

Calculation of CSA, ACS, DB

Print TH, CSA, ACS, DB

TH ;"170O
T
END
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LIST OF SOME OF THE SYMBOLS USED

SQ2 = square root of two
Pl==%
RCON =
KH = kh
KB = kb
KA =ka
KCB = kB
KCH = kH
TH =6
PHZ = ¢o

L8
180

KRZ = kr
o
CFZ =F
0

TS = sin (6)
TC = cos (6)

CF1 ___‘/-? ei(l’/Z - ka sin 9)
CF2 =0

CXZ=e 11{o

CSA = SA
ACS =|SAJ
DB =20 logIOISA|

CTA = e-Ka sin 6
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CFl = ¢ y1-sié
o i o J205 0L

CF2 = elkasmef“"—‘usine

CLZ = |cos 6| L,

AAA

FCAL Subroutines

LFAC
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LYELICIT FEAL*8(2,B,[-F,F,0=2),CCHELEX* 1€ 1C)

Main

kbal*& CLALS

CIteNSLCN THV (140) ,CS2V (140),CSuaV (14C)

CCliltX*16 LCHMELX,CENEWE,CENEWT
EIX(XX) = DCNELX(DCCS (XX),USLYN (kX))
LCGiCAL TEFEM/.EALSE.y
LATA SQ2/1.6142135623721,, PI/3.14153265358979/
LaTa ECT/1.57C79€3267949/, EGAH/.5772156€4501523,
LATA ECON/.C1745329251692,, PCF/.T7€53C8162357446)

C

L

FEAL*B TH1(10),5.00C,€2.0C,115.00,7%C.C0/,762(1C) /3D.D0, 119.

BIA M1s3,,I1S/1%)

¢ 170.T0,7*C.DC/, THS(10)/5.L00,2.00,5.C0(,7*C.00y
ArELIST sIN/KH,KA,RE,KCB,KCH

1

L - o S TS I

FAL (1,IN,END=10C)

FITE (€,5S9)

CEXAT ('17')

RITE

CokdT(' KE = ',615.7,"
1

KCE = ',615.7,!

KCE =

ko, 1CCO)KE,KA,KE,KCB,KCH

Ka = ',615.7,!
',G18.7/ )

CELnE=LCUNeIX(ECL,EGAN+LLICG (KB*.5DC))
CELPO=DCUELX(EGAX+DLCC (KE*,50C),-ECT)

I

nLlix=1

CrMian=DCYELX(C,L0,1.84L0)

;
i
L
{

o
s

a
CALL

”
4

13

C 1CC i=¢,17C,2

p=l*pCCA

i rCAL (Kh,KA,1H,ERZ,Ke Z,CF2)
411 FCAL (KCH,4A,Td,ELL KEE,CED)

S = L5IN({Ti)
LCUS (TH)

H

C=LCCS (EHE)

LC1=DE0FT (EQ)
ESL1=LJCKE (KCR*ECQ)

a0y 3 U

S12=LulHE(ACE*LS)

Lrac(1s,1¢,KA,C:1,CF¢,CTA)
1E1 = DSLFZ(TS)

T=(eC1*ESL1-TS1*38L2) o (PC-18)

c=LCIRESL1/ (EC+13)
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Czie
£Cz:7
0J38
CCly
Cou
Ccu
Q062
vebg3
Couy
cC45s
Coue
Jeu?
(O04e
JI 49
L LGLeC
peen
0C52

nrc
vle

C. oL T
I SN o

i oen L
~N Coan d

o
tr

illak

tC

(LE=CF1#T1-CF2*T2
EC = L[CCS(Eil2)
ECT = DSy al(2C*PC*PC)
151 = 1S1#151%531
BEC=AMA (EC)
PIS=a2A(1S)
CENEaE=LCMELX (C.LC,AEC)
CPueyT=LCMELX (0.LO,ALS)
Ci1= (CeNeal*PCl1=CENEVI%TS1) / (PC=-15)
CL2=CENEWEAECT, ([C+1S)
L L= CEl*CT1=-CFe®Cl2
T1 = LoIN(FUZ?.5LC) JLSCRT (PIXRRL*TS)
CAL 5 CELX(KRZ)
AT PP CLAPCENERT® LS SUs+CXL*CLENT T
ACE=CLAZRS (CSA)
LE=20.00%LLCG 10 (ACS)
Ih=11/&CCd
WeIlE (n,50)Ti,C3h,ACS,IE

CURFAT (STl 3, TED15.¢)

TCO CuNiadusd

;\

oL oie 111

KIS

el bESENDS Clzdde EAQLES
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b ibas LVOC CLMEILtEe a3\

Cuut FURCLIUH ARA(1S)
NEW: IFLLLICLT BEAL*S (A-2)
HUC3 LATA Ku/CoS2y

SUXLSIN (KL*L3)
T PR R

L]
A
P pliur iy

{
¢

ISR o AhbT 2
L r
(t v ML

LCIAL YEMCRY breydaiwcdtuwTs CCUISE LYIES

Ty r SRR '
S LT LSRG L T Ty
oo ST T T A SR AP SN S B B A R S W Fal
__( i h] “~')‘r'l': '
YT : NY Y LY A D 7wy
v v 1
v * » - EEY
AR T I EEE
Ty ] ('E‘(’('1,—7'\
N . {70y
% N b ¢ N ‘,.1'.1.,,0,) { i ty i
o (T T
; I ERTEEI T RPN
“ - ' LY ‘\-’\T(‘! SN S L |
reo - ’P'V(I;IT")
r ~
O o -« vy I \l\,r{‘ru"r\)
~ b -
3 7 : .
N ¥
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FOOT28N TV % 00apTy el COAL

nod SULRINMITEINE RLALUKE KA, T, MHL R, CF7T)

v bUOLICTT TOA (Aaby = F, iy 1=/ )y COMPLEXE 1A ()
A 7 e A A A B

SER: COTYAYN) = OCUOLX (A0 TS YX), ISTA YY) )

-y ATA SR/, AL A21ARA2RTSY/, D1 /3,1415526535%€79/
anag CATA BAT/T 67706267045/
T 7T = MATALR(KI, A

s MO TORTT (WARKA 4K KK )
N s 2 ERNRT (K /0T

N f1 = '—)2>'»’=\f¢‘;_<~_lIPHE-—TH—D(’;} /2.7
T DR = DO DN (D HATATHAPTT Y /D 000 )

N CALL FOMLLA L7 4PY)
vy T = MDY (A,n) — -
ney g CALL PN (A,7,P2)

RN - R e OFD = DOAPLXLA LR

ERNS LA s CUIX P STNA(TH=DRT Y ) -
Ny O = COTYARPENSIN(THeFRT))
,),.\’ - 2 ‘

D

)‘\":1
AND D

STalo 2!

N,
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SUBROUTINE

2001 T SUARDUTINE FRNLEC, SaXX) ‘ -
0co2 | IMPLICIT REAL*8 (A=H,0-1)
0003 | 77 = XX%1,2533141373155
004 | 2 = 11%11
geas GO0 TG 3
code | CENTRY CS{CySyX)
0007 | 7 = DABS(X)
0008 77 = DSQRT(Z)
0cos |3 IF (7.6T7.4.00) GO TO 4
€010 C = 21
0011 S = 7%C
0012 1 = 1%
0013 L= C*x{{{(((.50998348D-10%2-.10140729D=7)*2+4.11605284D-5)%2
£ =.852246220-4)%2+.369385860~2)%7-,079788405)%2+,79788455)
0014 LS = S -, 9@7774470 9%2+,112253310-6)%7-.105258530=4)%Z
£ +.60435371D-3)%7-,189971100-1)1%2+,26596149)
0015 RETURN
3
0C16 | 4 0 _=.DC0S(7) —_——
0017 S = DSIN(Z)
0Cle | L= 4%.00/2.
0015 | A = (((((((.87682583N=3%=-.41692694D-2)%1+.79709430D0-21%2
S £ =.679280110-2)%2~.309534120=-3)%2+.59721508D~2)%2~,16064281D=4)%2
i £ —.024933215)%{=.444409090-8
0020 ! Bz (((({=.66335256D0-3%2+,340140900-2)%2Z=,72716901D=2)%Z
; & +.742324590D-2)1%1=,402714500-3)%2~.931491050~2)%2=.120799840~5)*Z
i & +.19547115
0021 | 7 = DSIGN(.5D0,21)
922 77 = 2.00/11
"C023 C = 1 + 2I%(D™A+S%3)
0024 S = I + I2%(S*A=D%B)
0025 | RETURN
0\426____} END

172



SUBROUTINE

0001 FUNCTION_DJONE(X)

0002 ~ IMPLICIT REAL*8 (A-2)

0003 REAL*8_CJ1(7)/.500,=.56249985,+21093573y~039542890~1,,4433190-2,
£ -.31761D-3,.11090-4/ ‘

0004 REAL®*8 CY1(7)/~.6366198D0,.221209100,2.1682709,-1.3164827,
& .3123951D0,-.4009746D-1,.27873D~2/ - ‘

0005 _REAL*8 CF1(7)/.797884564.156D0-5,.16596670=1,.171050-3,-.249511D-2,
£ .1136530-2,-.200330-3/

0006 REAL®S8 CT1(7)/=2.35619449,.124996124.565D~44=,637879D=2,,743480~-3,
€ .79824D~3,-.291660-3/ .

0007 ENTRY JONE(X)

0008 IF (DABS(X) .LE. 3.00) GO YO 600

0009 TOX = 3.00 / X

0010 F1 = PILTOX,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/9.00

0016 9 JONE = X*P(TOXyCJl,y7)

0017 GO TO_98

0018 ENTRY YONE(X)

0018 IF {X .LF. 3.00) GO T0 700

0029 TOX = 3.00 / X '

0021 _ Fl = P(TOXsCF1,7)

0022 Tl = X + P(TOXyCT1,7)

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

0024 RETURN

0025 __700 TOX = X*X/$.00

0026 Fl = .6366197723676%X%DLOG(X/2.D0)%P(TOXyCJlsT)

0027 YONE = F1l + P(TOX,CY1,7)/X

0028 RETURN

0029 ___ .__END

173



E.2 Program for evaluating the far field elevation plane carrier
mode patterns of conventional VOR and smgle parasitic loop
counterpoise antennas ES (6), S(0)

Main

RO THMPLICTT REALXR{A, Ry P=F,K,0=7), COMPLEX*1A(T)

anny PEALE R COARS '
neng COMPLEYT1A DOMPLX

Nnag CEIX{XX) = DOMPLX(DCNRSIXY),DSTIN{XX))

A LOCICAL TERM/ L FALSEL/

Y NATA SO?2/1,4142135623731/, P1/2,1415926535R979/
anay DATA PNT/1,5707963267°949/, FGAM/ ,R77215664901533/
ai g VATE RCIN/NLT45329251692/7, PNF/,785398) 63397448/
nena CATA MTL/3/,17TS/1/
Arn NEALEA THL(10)/5.DN382.00,115.00,7%0 .00/ ,TH2(101/80.0),117.00,

£177,00, 7E0, 00/, THS(1N}/5.01,2,N07,5,D00,7%0,D0/

NNy 10 MRITE {4,299)

N2 ki FARMAT (1101)
'~!1z'“”” i T UMAMELTST /IN/KH KA LKR,KCByKCH

14 DIAD (1, TN, FND=50A)

~'1w R KrR=K(R%2,1415927

Y6 YRTTE {6, 1700 Y KH KR,KA ZKCE,KCR

o7 177 FORMAT(Y KH = ' ,0G15,7,7 KRB = 1,G615.7,' KA = ',G15,7/

Y KCH = 1,615,7,% KCB = ,615,7/1¥%)

an1rTF (LT, TEOM) WRITE 6,2001]

nrqo 2NN ERRMAT( V=1  BX JVTHETA! 44X, RE(SA) Y ,OX, P IM{SA)? ,8X, "RE{SP+SP2)",5X,
o o &'YN(‘P+<”?I' TXy PRELS) Ty 10X, *TMIS) 'y 10X, 1SQISI s 10X, 1S DRY /1X)
N CPLKR = NCUMPIX(POT,FARAMDL CG{KB%,500))

0o D010 TTETTS,NTL

nro g THSTT = THS{IT)

a3 T (THSTT) T5,76475

nnYg 75 FOT = (THA(ITI=THILIT))/THSIT + 1.5

O"\ﬁﬁ - T - ;‘7‘7%777

g 75 HoT = 1

Akl 17 T = THI{IT)I=-THSTT

nH2K NN 1NN IT=1  MRT
NP0 TH = (THL+T*THSTT)*RCON

an3n oAl FCALLKH,KAGTH,PHZ,KR7,CFZ)

BRES CALL FOALUKCH,KA3TH, PHF,KRD, CFP)

nnan TS = NSTMITH)

nn13 TC = PROSITHY
AnRE AL LFACITS,,TC,KALCF1,CF?2,CTA)

nrag TS1 = DSOPT{TSY

neag PC = 7r7\qhno)

nr21 T PR = DSOPT(PC)

9028 RSl = DJANE(KCB %PC )

NG QSL2 = NJONCAIKCBATS)
An4™ Tl = (PCYEBSLI-TSI*BSL2) /(PC-TS)
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nre T2 = PCIXRSLI/(PC+TS)

nnap 1P = (FP1%T] - CF2%T2

g3 S °C = [CNS{PHT)

Nkl PC1 = NGIRT {PC*PCRPC)

A TS = TSIXTSL*TS1

A Lh Tl = (P01=TS1)/(PC-TS)

nng7 T T T 1 = ey 7 (PraTsS)

neLs ) CL7 = CFI*TY - CF2*T2

aga T1 = NSTINPHZ%,5DN)/NSART(P[AKR7*TS)

ar5A (X7 = CFIX{KR7)

3 CSA = (TS/SO2VXCFI¥CTA + TI4CX7%CLZ

nrg5o TY = N2l S
Y . B R e e

54 KP1S = TV + (KCH-KH)#%2

nN55 C¥1 = CFIX{DSOFT(KRIS)) /KRS

nOGe KP2S = T1 4 (KCH4KH)%#D

N5 T2 = CETX(OSORTIKP2S))/KR2S

N7 5a CT1 = (T2/0PLKR)YA(CX1~CTR)

ne50 B 12 = (KSL2/SC2)*CFP*CTA

CIrs T1 = DSIM{PHPX,5DN) /DSORT{PT*KRPXTS)

gy ) CT2 = €72 + TI#CLP*CETX{KPP)

6D CeP = CT1 * CT?

NGAT T1 = PI+KCA

A T1 = NSOPT(TI*T1%T1) ‘

Y- CT1 = CrIX{KCR+KCB+POF) = NSORT(KCB/KCH) *CETX (KCH+KCH-POF)
s CT1 = €T1 % X1 * T :

1"

11 FTY / (=2.D0%CPIKB%C PLKR)

0SP2 = CTIRCT?

_ASA = COHARS{CSA) %%

NRCSA = 10,NVRNLNAGIA(ASA)

CSUM = CSP4+(CSD2

ASUM = (COARS(CSUMY &%)

ATCSUM = ARGCICSUM)/PCCN
o DASHIM = 17 ,DAXNL OG1N(ASUM)
£S = CSA+CSP+CSPD
ACS = COARS({CS )y %D
SOSUM = 10, DOXDLOGIN(ACS) |
T = TI/PCON ;
1F_(TERM) AN TO 79

alak VRITF(A,291) THyCSA,CSUM, CS,y ACS, DRSUM

N3l 20701 FORMAT(F12.3,1PAD15.6)

[ARS R ST YN

a3 77 WEITE (5, 1001) THyCSA,CSUM,CSyACS, DBSUM

ANe4 AT FRPMATIYOTH = 1,G15,7,' SA = 1,2015.7/% SP+SP2 = ',2C15.7/

e BT S = Y O015,T/Y /S SO = ',615.7,' /S/ DR = ',615.7)
RS 17 CONTINGE !

1090 iy TN 19 |
neey BIARR CALL SYSTEM i
nnan ENN B |

175



E.3

-~ N
>
~

~ b d

s

~

o o

N ’

-~ .

R -
o Y
PR
~ - -~

R O

~ o~ s

N PO

IR

el S

Ay

[N

“ aD

AR

O
-~ -~
.-

(VU

AT N

RN Y

DR A

“eomy

vl .

TSoT
ot

Program for evaluating the far field elevation plane carrier
mode pattern of a double parasitic loop counterpoise antenna,
(Mutual effects neglected.)

AT T LN A g mH Ky 0= L)y COMTLEX®L6(C)

Talma L 0NAS
YoUONSIOMN T VTG V((F”' y \,SU"-Vl(QO)v SJiV2(9n)
KLy

ANAY L IST /I\/K\AvKA KL 1)

_~l n?& (lyI: ”\)—1\0)
MU TAG R KA, KC y KOH THY L, CSAVLCSUMVL 4y KB)
e NSy Ty, C’r\’;)=l'ﬁ( )
CAll TAR{HEH ,XA,RKCHR yKCity THV s CSAV,CSUMV2,n3)
SITE5,30)
s FORMAT (8 2 VT HGCSYyACS, C3SUM= 1)
B S I=1,85

SASUMEL N LNENLGGLS(ACS)

. 3
:¢i(ﬁy“ )T‘yc 1NC§1bRSUw
2T AT{RE LI 3, 1P401%.0)
T T INUE
SLT7T0 1
LoC ALl SYSTES
N

AL #3MORY RLQUISCMENTS 001722 BYTES
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10030

Tab

SURRCUTINE TAR(KHKAZKCB  §KCH, THV, CSAV,CSUMV ,KE)

IMPLICTIT REALX*B(AyByD=HyKy0=2) ,CUMPLEX*16(C)

REAL*8 CDARS
DIMENSION THV(S0) s CSAV(9C),
CCMPLEX*16 DCMPLX

CSUMVIng)

CEIXIXX) = DOCMPLX{(DCCS(XX)yDSINIXX))

LOGICAL TERM/.FALSF./

DATA SQ2/1.4142135622731/, P1/3.14159265358979/
DATA POT/1.5T0756326794C/, EGAM/ 5772156649231533/
PIF/.T7853933163397448/

DATA RCON/ 4C1T74532G251692/,
DATA NTL/3/7,1ITS/1/

REAL®E THI(1C)/5.D0982eD09115.00,7%0.N0/,TH2(10)/80.D0C,110.DC,

& 17C4DC,y 70400y THSU10)/540239240095402,7%Ca 00/
WRITE (64,1000 ) KHyKH ¢KAZKCH,y KCEB

FIRVMAT(! KK = ',6G15.7y" K3
&' KCH

'!Glso 7"

'yGlS.Ts" KCR = '4yG15.7/1X)

CPLKB = NDCMPLX{POTFGAM#DLOGIKE®*.5N0))

INDEX=1
DN 130 1=24,170,2
TH= [%*RCOUN

CALL F‘CI\L (KHv KﬂvTH, PHZ 7KRZ,CFZ)
CALL FCAL(KCHsKAyTH,PHP,KRP,CFF)

TS = DSIN(TH)
TC = DCCS(TH)

CALL LFAC(TS,TCyKA4CF1,4CF2,CTA)

TS1 = OSQRT(TS)
PC = DCCS(PHP)
PCLl = NSQRT(PC)
BSLL = CJOME(KCR*PC)
BSL2 = DJICNE(KCBXTS)

TL = (PCY%3SL1-TS1*RSL2)Y/(PC-TS)

T = PCLAPSLL/(PC+TS)

CtP = CFLI*TL = CF2%T2

PC = NCAS(PHZ)

PCL = DSQRT(PCx*PC*P(C)

TS1 = TSI*TS1I*TS1

Tl = (PC1-TS1)/(PC-TS)

T2 = PC1l / (PC+TS)

CL?2 = CFL1%T]1 = CF2%T2

Tl = DSIN(PHZ*.50C0)/DSQRT(PI *{R7*TS)
CX?7 = COIX(KRZ)

CSA = (TS/SQ2)*CFZ*CTA + T1*CXI*CLZ
Tl = KCH*KCR

T2 = PI*T1

KR1S = T1 + (KCH=KH)*%2
CX1l = CCIX(NDSORT(KRLIS))/KRI1S
KR?2S = T1 + (KCOH#KH) %%

€T3 = CRTX(NDSAPT(KFZLSY) /KR2S

CT1 = {T2/7CPLXB)YX(CX]1-CT2)

CT2 = (5L2/SC2)*CROXCTA

T1 = NSIN(PHPRGS5DC) /DSORTIPIRKRPETS)
CT2 = CT2 + T1*CLP¥CEIX(KEPR)

€SP = CTL # €77
TL = PI¥YCH
T] = DSQAT(TL#T1#T1)
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Tal

FAD

UL E CLAXH RO RRCo+ 20T ) = DSURTUKCB/KCH)* L TA(KLH+KS 4=POF)
U G U N O & SR I |

CT o= CT 1/ A=2e00%0PLRB*CPLKTS)
CoPe = CTINCT?

ASY = DAIS(CCA )Y

YAlsA = 10, _‘“JLQCIH(ASA)
Cottn = OSSP+ 5P

ASUY = CUAASICSHN) x4

A CSU = ARGC(CSUMI/RCIIN

CASUM = T0.O0EDLUSGLI0(ASUM)

5 = (SA+CSP+CSP2

ACS = COIASSH{CS ) *x

DOSUM = 10.DYI%DLOGLOCACS)
TH=TH/RCON

THVINDEY ) =TH
CSAVIINDIX)Y=CSA
CSURVINTZIX)=CSUH
INVIEX=Tn0EX+]

IF (TFEX) 50 TO 79

IR F T

7¢ WwRTTe (691°C1) TH,CSAL,CSUNM,CS,ACS, OBSUN
1001 FORMAT('.TH = Y,G15.7,"' SA = 9,2515.7/% SP+5P2 = ',2G15.7/
At S = 1,2G1547/ /S7 SQ = w6157, /S/ DB = '4615.7)
JRORE COANTINUE
2ZTURN
£ND

MEMORY RTQUIRENMENTS COL03R BYTES
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Program for evaluating the far field elevation plane side band
mode pattern of a double parasitic loop counterpoise antenna
(mutual effects neglected).

Main

I OLICIT RUAL¥A( Ay 0= K y(=2) 3 CONMPLEX*16(C)
<AL 28 CTAaS
CIMENSION THV(SO ), GSAVION), CSUMWILI90), CSJIMV2(90)
A ELTIST TN KH o KA o KB o KCB o KC i
L1 ReAD (1, Live LND=1C0)
WRTITE (H049)
c) FOJIPAT (1)
WRITE(6y 1000 ) kHy KA KR KCByKCH
103 FORMATIY KH = ' ,G1547," KA = *,G16.7,' KB = V,G15.7/
1 ' KC = '5G15.7," KCH = ',615.7//)
CALL TASIKH G KA,KC3  oKCHeTHV,CS AV, CSUMVIoKS)
RTAN( 1, INJEND=10)
WRTTE(6y 1000 IKH KA g KR y KCB o KCH
CALL TAQ(KH,KAGKCH  oKCH oTHV 9 CSAV 4CSUMV 24K B)
D3 20 1=1,85
TH=THV (1)
CS=CSAVII) #CSUMVL(T)+CSUMV2(T)
ACS=CDARS(CS)
DOSUM=23 . DOXDLGGLO (ACS)
WRITF(6,50) TH,CSoACS, DBSUM
5¢ FORMAT(F12.3,1P4D15.6)
20 COMTINUE
GooTO 111
1CC CALL SYSTEM

[eR X1a}

[ &

RCQIUIREMENTS G017C6 BYTES
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10
)

L I T T S S A S
S L NT N g w

AL B BN G |
Cr O3 YYD YD

|
RN SR CY I AVE SR

R GVEESP B
D,

ARG IS IS AU NERE A G IR O BN |
G

Cy Tt
J O
*

CIC G IRCI
N e

]
™

Sy
ANY]

. R N RN G E RS W ot 9 <Oy THV, CSAVL,LSUAV LK)
E“.\Lf\ Z T "'TIA-L;:";(Aptiyf\.‘-'f‘vyf/\vl.f‘l)1C]V-“L-~’(*}.~)(L)
’ v.\‘LV:'«.“ \- \I'Q

LUENSTON r1¢(~ e CSAVIIC), CAUMV(90)

CaN DL TN A DO NGUFRENERD  CENE WY

O ININYY = .C’P{K(LC"(XX).@QIV(KX))

LOGTCAL TT e/ EALS ./

JATA SQ2/71.4142135023731/7y PI/3.14159265353979/

AT A PAT/1LSTLTGO52H1569/y EGAY/ 05TT21566453 1533/

VAT POOM/G0L1T459326251692/y PUF/.785398163397448/
1

DATA NTU /37, 17571/

STALFS THLOID ) /5 aD0 382400 ,115.00,7%0 N0/ 3 TH2{10)/8G. DCy110.00
L 17007750000/ THS(IC) /5003920079500, 7%0.00/7
CPLKS=TCYPLX{POT y COCAMHUBLOGIKA *452G))
CW'K”—“”‘rLX([GAN+ULf((KB“.SUO)v’PUT)

NDEX=]

Ff“‘ CWA=JCMPLX (O or) yle84D))

DU TG T=2,17C,

Th= [%PCON

CALL FCALIRA KAWTHyPHZyKRZ,CF7)
C-ALL FC\L(‘\\,!’“ l’\/\yTH phr‘ﬂ(RP CFP)

IS = CSIN{TH)

TC TCIS(TH)
Call LFACITS,TCyKALCF1,CF2,CTA)
TSL = ISNATATS)
PC=0CLS(PRD)

PLI=0SnRT{PL)

ﬁSL3=“JFNE(KCB*PC)
ESL?2=DUNFIRCo*TS)

“(PLl ASL1-TS1#%3SL2)/(PC~-TS)
5L]/(PC+TS)
1»T1-CF2*T2

3.

"

U
]
,_.

el
L]
-

i
O |
=7
-

L
P (QC D CHPC )
S51%TS1

y—
!

1
I> )

LM MY 4 T Y

V)r-l

3

TG Oy e

o

LX{ODDyAPC)
= *)LY(».QL ATS)
Fﬁfgﬁ <PCI-CFNEWT*TSL1)/(PC-TS)
H:"“’Cl/(PC+TS)

-—
>

e Bt T £ Tt B BN VG UG T andlil G
-

W 4 N

-4
~NOR e T

ot

Y O~

1-Cr2%CT2
PHZ*STCO)Y/NSCRTIPIXCRZI*TS)
(KR7)
AXCFNEWT®TS/SQ2+CXZ*LI*T1

>~
ﬂJH:xf~ﬂ

ﬁ(‘\—«

e ™M

R R R NN o W N e Ta il S SURT IR Ul S g

-

(KCh=KH) %%

F{NSGRT(XPLIS)) /KRLS
{KOH+KH ) x5k
{
4

)

XX N > e
i

00F WY e
[ ot

DS GRT(KR2S))/KR2S
/OSOETIKRLS)

DA/ ISOET (KR 2S)
»m;ﬂ?x ~CT3%KCBRZ

Y HRCFNEANAXT2/CPLKM

I om -4y -
)(W)(-f 4 e X

DY RN OARA Yy
R I B B B

W = A g v »Tx
OOV = OO ) e YO N
-_ ¢t

P“ P N

—
1"

180



Q055
NoR A
NS
JC68
(59
ac6)
clel
CO05s2
NC63
0764
QCEs
REEEY)
CChT
368
oCceo
CC73
aC71
T2
CC73

10¢

TAB

CT2=CFPRCTASBSL2/502

T1=DS IN(PHP%,SDC)/DSCRT (P I#KRP%TS)
CT2=CT2+T1&CLP*CF I X(KRP)
CSP12=CT1*CT2

T1=P1%KCR

T1=DSQELTITLI*T1%T1)

CT1=CEIX{KCB+KCB+PUF )~DSQRT(KCB/KCH)*CEIX(KCH+KCH=-POF)

CT1=CT1*CX1*T1
CT1==CT1#KCBR1/2.D0/CPLKB/CPLKM
CSP56=CT1*(T2
CSuM=CSP12+CSP56
TH=TH/FCON
THVIINDEX)=TH
CSAV{INDEX) =C SA
CSUMVIINDEX)=CSUM
INCEX=INDEX+1
CONTINUE

RETURN

END

TOTAL MEMORY REQUIREMENTS 001104 BYTES

FIFTRAN IV G COMPILER AAA 04-13~71

0Co1 FUNCTION AAA(TS)

cog2 IMPLICIT REAL®8 (A-2)
neo3 DATA KD/0.9276/7

(G4 AAA=2,DC%DS IN{KD*TS)
oCes RETURN

ccCé END

TOTAL MEMORY REQUIRCMENTS COO015E BYTES
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E.5

Program for evaluating the mutual coupling coefficients K12 , K21
and also the far field elevation plane carrier mode pattern

of a double parasitic loop counterpoise antenna taking into account
the effects of mutual coupling.

Main

R FUPLICTT REALXR(A,8,0-KyK,0=7), COMPLEX%156(C)
BT PEALER COABS
a0 B COMDLEX 1A DCMPLYX
nang CRIX(YX) = DCMPLYLDCOSIXX)yDSIN(XX))
N LNGICAL TEPM/ JFALSE./
A NATA SN2/1.414213%A237317, P1/3,1415926535837Q/
nNen T SATA PRT/1,5707963267949/, EGAM/.577215664901533/
neAg ©OPATA RGON/LN1T45320251962/, POF/, T853901623Q7448/
fmne DATA NTL/3/7,17S8/71/ e i ] .
A1 ROALAR THICI2)1/5D0y 022,00, 115,00, 7% N, N0/, TH2{1N) /30, D0,1103.D00,

§ 17007, 70,00/, THS(1N)/5.02,2.09,5.37,7%0.D0/
101 MAMELTIST /TN/ KHoKByKALKCRT g KOHT ,KCD2, KCH? ’ |
AN12 Y PEAR(), )
S 1" WPITE (£,0790)
N4 Qe FOEMAT (1) ] -
n~ye B WETTELAy IOV YK H KBy KAGKCHT G KO3T y KOH? KR 2
nrls 1700 FORMATIC KH = ',G15.7,' KB = ',G15,7," KA = %,G15,7/

61 KLHL= 1,015 7," KGO1= ' ,G15.7/7

Y KCH2= 'H615.7,' KCR?P= ', G15.7/1X)
N7 - 16 { MNOTLTERMY) WRITE (A,2070)
nege 200 TENDMAT (=Y, SX, PTHETA® , 4X, PRE(SA) 14 OX, 1 TMISA) ', BX, *RE(SP+SP2) 45X,
NSRS ) G TX L YRE(S) 10X, FIM(S) L, 10X, 'SR ST, 10X, St DB /1X)
V10 COLYB = NCMPLXIPOT,FGANM+DLCG{KA%X.ANN) )
YR COLKM=0r DL X (EGAM#DL OGIKB*N 50N ) ,~POT)
o) Krnz {KOCHY =KH) 2 (KCH1 =K H) o I
neoao KR 1=KORTHVCHT4KRD
N2y i KOAP= {KOI2 =K H)%%D .
ERITA KPID=KERIHKLADHKRIP
S K= (KOHP2=KCHT )% (KCH2~-KC!{1)
AREYS K12 =(KORT=KCR2 ) # (KO P1=KCR2)+KD)
N7 K120=(KON14KCB2) ¥ (KCRI4KORA2) KD
o KB =ZnSORT (KR
anpoe W C_KFP=RSORT (KRIP) _ N
SREDS KPN=NSEOT (XN 12)
1121 FP=NSOFT{KD12P)
nn3RD PKN=NSORTI?,D/PT/KN)
AR PEDPENSOT(2.DY/PI/KDP) W¥_-!—__~A_4—wi
AT CT1=rEIXY({KD+DPOF)
anag (I 2=CIX(KDDP=DPOF) _ _ I —
LA TN CT3=PKNECT1-PKDP*CT?
ne3y K21p2=DSNPT(KCRL/KLR?)
A0 Ka2R1=NSI8T(KCA2 /KCRY )
nn3q9 _ (74=CrIX(KR)/KR

8] :‘ Hn T

CYIS=CETX{KR?) /KRP
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E.6  Program for evaluating the far field elevation plane side band
mode pattern of a conventional VOR antenna above ground.

Main
09Ul IMPLICIT REAL*B{AyByU~HyK,0-2),COMPLEX*16(C)
VUl 2 REAL*8 CDABS
UJdu 3 UIMCNSIUN THVI(90), CSAVI9U )y CSUMVI90)
C0V4 COMPLEX¥10 DCMPLX yCENLWPCFNEWT
o0ud CELX(XX) = DCMPLX({UCOSUXX) yOSIN(XX))
Uuubd LCOUICAL TERM/.FALSE./
ouu7 DATA 502/1.4142135623731/y P1/3.14159265358979/
gous UDATA PUT/1.5T07963267949/, EGAM/.577215664901533/
guuy UATA RCON/.01745329251992/ 4 POF/.785398163397448/
0ulo DATA NIL/3/,1T5/71/
00ll ReAL®8 THL(10)/5.00,82.0091150047%0.D0/9TH2110)/80,004110.D0,
& 1TU.DU,7%¥0.00/5 THS(10)/54D092¢005,5+0047%0.00/
0o1l2 NAMELIST /IN/KHKAyKBoKCByKCH
Udl3 RAT=1.09/71.08
00l4 111 ReAD(L1,IN,END=100)
Quls Kh=kH*KAT
Jolo KA=KA%XRAT
0vl7 Ko=Kb*RAT
Quls KCB=KCB*3.1415927
uJlo9 ARITE (6,999)
Qu20 G99 FCRMAT (t*l1¢)
o2l WRITE(6, L1OUO)IKHyKAJKB,KCBy KCH
Ouel 1000 FURMAT (' KH = '"405l5.79¢ KA = ',Gl5.7," KB = *,G15.7/
1 * XCB = *,G615.7," KCH = Y ,G1l5.7/7)
QJ23 CFLKB=DCMPLX(PUT EGAM+DLOG(KB*45D0) )
Qu24 CPLKM=0CMPLX(EGAM+DLOG(KB® ,500) ,-P0OT)
0025 INDEX=1
Quee CFNEWA=DCMPLX(0.D0,1.84D0)
uoet 0oC 100 J=1,90
00238 IF((J/2)%2.NE.d) TH={J+1)*RCON
00329 IF{(J/2)%2.EGQed) TH=PI-J%*RCON
00>y CALL FCAL(KHsKATHyPHZ,KRZ,CFZ)}
0051 CALL FCAL(KCH KA TH,PHPKRP,CFP)
0032 TS = DSIN(TH)
UJ33 TC = DCOUS(TH)
0034 CALL LFAC(TS,TCsKA,CF1,CF2,CTA)
0035 TSL = DSQRT(TS)
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(VIVIL RN PC=uCuds(PAP)

JUOT PLLi=0SunT(P0)

Jiie SSLLI=uJddie{ Keo¥ Pl )

U3y BSL2=UJUNE(KCB*TS)

Uu4au Toi={(PCLi*35LLl-TS1*p5L2)/(PC-TS)

uial TZ=PLi*odLLI/(PC+TS)

o4l CLP=CFHLlxTi=CF2% T2

vub s Pe = DLuWs(PHL)

Jubah PLl = udunT({PCxPL%PC)

Ud4 o Tsh = TS1*TS1%T7S1

0u4d APL=AAA(PC)

uua 7 ATS=AAA(TS)

UJ4 o CracaP=00mPLX(0.DVUAPC)

Jub 'y CENEWT=UCMPLX{O .00y ATS)

UusC CIi=(LENEAPFPCL-CrNeWI*TSL)/{(PC-TS)
uusl CT2=Chncub%xPC )/ (PC+TS)

Juse CLl=CFrLl*CTL-CrexCT2

U0ss TL = ODSIN(PHI*.5D0) /OSWRT{PIXKRZ%*TS)
UJdDw CAL = Ll XIKRZ)

“y oD NPT W] é*ﬂ;]ﬂ"‘Ct’NCWI*TS/SQZ" CXL*CLL%T]
vuoo COAVIINOEAR) =LSA

vud [ THVINOLX)=TH

Uuou INvEA=INUEX+]

VIR LtIdu cind [hvue

Cuou AaR[TElOO])

JvJo l ol FURMATLY 9, ' TH,CSAACS,yLB=")

vool JC 2y 1=1,90,¢

JJo 3 THA=THV (1)

JJoa L120.89% 7 O%RAT*OCUSITHA)

JUo D Th=1nv(]})/RCON

Juoo Coa=Ce IX(=LT)*CSAVII)-CeIX{LI)*CSAV(I+]1)
Juo 7 ACS=CUAUVS (CSA)

Jooo [F(ACS.LTeleU-4) ALS=leD-4%

guoY ULB=20.00%0LOUV1I0(ACS)

Juiu HRITE(O150)TH7CSA:ACS)DB

Juill S50 FCMAT(FLR2.3,1P4D15.6)

JuTle 2u couNT INuE

UJd73 oL TO 111

Quls £ N

TUTAL McMURY RKoww IREMENTS v0lCFE BYTES
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$RUN =LUAUR+SUL+RLIB 1=%SUURCE*

cXECUTIUN BEGINS

FURTRAN IV o COMPILER AAA 04~07-71
0JOL FUNCTIUN AAALTS)

0uo2 IMPLICIT REAL*8 (A-1)

0003 JATA KD/0.9276/

0004 AAA=2 . DU%DS IN(KD*TS)

(VI V)] RETURN

V06 END

TOTAL MEMORY REQUIREMENTS 0001%E BYTES

eXECUT IGN TERMINATED
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FUORTRAN

0ael
GL62
003
v
oens
LiG06
SCuT
1103
[SERVES]
1010
¢rrll
tnele
13
0014
015
G016
cGY7
(18
519
20
021
22
a2l
U2 4

UeZz5
U224
ne27
028
-229
30
031
e 52
033

TUTAL

E.7 Program for evaluating the far field elevation plane carrier
mode patfern of a double parasitic loop counterpoise antenna
above ground,

. ]
IV G CUMPILER MATN

[MPLICIT REAL*BLAWB,D=-H,K,0=2),COMPLEX*16(C)
FEALXE CDABS
DIMENSTION THVI90) s CSAVISO), CSUMVLI(9C), CSUMV2{90)
NAMEL IST /ZIN/KH KA KB9KCB,KCH
CPIX(727)=DCMPLX(DCCS(ZZ)Y,CSINIZT) )}
RCUN=0.01745329251992
RAT=1.79/1.,08
111 READ(LINLJEND=100C)
KH=KH* AT )
KA=KARRAT
K= KR AT
CALL Tﬂﬁ(KHvKA'KCB 'KCH'THV'CSAV'CSUMVI'KB)
READ(]1 ,IN,END=10C)
KH=KH*RAT
KA=KAXAT
RBI=Ku*RAT .
Call TAGBLKHZKALKCB  oKCHsTHV,CSAV,CSUMV2Z,KB)
WRITEA e, 30)
306 FORMAT (Y, v TH,CSyACS,DBSUM=")
DI} 20 1=14990,2
THA=THV ()
11208757 ,5%RAT*DCGS(THA)
TH=THV( I} /RCUN
CS=CPIY(=ZD)%(CSAVLT) +CSUMVILT) +CSUMV2 () )-CPIX(ZI}*(CSAV(I+1)+
1ICSUMVIL T+ L) +CSUMV2TT+L))
ACS=COADS LLS ) *%2
IFUACS.LTelaD-4) ACS=1.0-4
DRSUM=14.00*%LOGLOLACS)
HRITE{H250)TH,CSyACS, DBSUN
50 FURMAT(FI1.341P4D15.0)
200 CONT INUC
G 70 111
102 CALL SYSTEM
END
MEMURY ReQUIREMENTS UQL9C6 BYTES
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FORTRAN TV G CUMPTLER TAB

, Qeol SUBROUTINE TAB{KH,KA,KCE yKCHgTHVvCSAV,CSUMV,KB)

L QL2 IMPLICIT REAL*8(AyB9yD-HyKy0-2 ) COMPLEX*16(C)

onns REAL*2 CDABS

VN DIMENSICGN THV(90), CSAVI9C), CSUMV(9D)

005 CUMPLEX*16 DCMPLX

1 N06 CEIX{YX) = DCMPLX(DCOSIXX) DSIN({XX))

2007 LOGICAL TERM/,FALSE./

oces DATA Su2/71.4142135523731/, P1/3.14159265358979/

OCe9 DATA POT/1.5707963267949/, EGAM/.5T7T7215664901533/

CC10 OATA PCLON/.01745329251992/, POF/.785398163397448/

CCell DATA HTL/3/,1TS/1/

ne12 REAL*S TH1{10)/5.DCy82.D004115.120,7%0.,DC/,TH2{10)/80.D0,110.,00,
B 17D0.0DC 720,007y THS(10)/5.D042.D095.,D0047%0.00/

NOL13 WRTTE (541000) KHKBaKAKCH,KCB

cula 10D FORMAT(Y KH = ',G15.79" KB = ',G15.7y' KA = *,G15.7/
L1 KCH = ' ,G15.74% KCB = *,G15.7/1X)

Go15 CPLKb = DCMPLX{POT,EGAM+DLOG{KB%*,500))

nnls IMNDEX=1

Ne1Y D3 1CU 1=1,90

0eLs IF{(1/72)%2.NET) TH=(141)*%RCON

0019 IF({1/72)%2.EQs1) TH=PI-T*RCON

0ez2d CALL FOCAL{KH KA TH,PHZ,KRZ,CF2Z)

0G21 CALL TCAL(KCHyKAsTH,PHP4KRP,CFP)

02?2 TS = DSINITH)

n0e3 TC = DCBS{TH)

0G24 CALL LFAC(TSTCyKA,CF1,CF2,CTAY)

np2s5 TS1 = DSARTITS)H

UC26 PC = DCAOSLIPHP)

0g27 PLL = ISQRT{PC)

023 BSL1 = DJONE(KCDR%P()

o029 PSL2 = DJONE(KCB*TS)

O30 Tl = (PC1*BSL1-TS1%8SL2)/(PC~TS)

0031 T2 = PCL¥BSLL1/{PC+TS)

L0032 CLP = (F1%T1 = (CF2%T2

N33 PC = GCUS{PHZ)

nC34 PCl = NSWURT{PC*PL*PC)

035 TSI = TS1*TS1*TS1

Q36 Tl = (PCL=-TS1)y/{PC~TS)

037 Te = PL1 / {PC+TS)

3038 CLZ = (F1%T1 - CF2%T2

0039 Tl = DNSINIPHZI*,5D0) /DSQRT(PI*KRZ*TS)

040 CXZ = CEIX(KRZ)

CGal CSA = (T5/SQ2)%CFZ*CTA 4+ T1*CXZ*(CLZ

42 Tl = KC3*KCB

L(43 T2 = PI*T1

Q044 KR1S = T1 + (KCH=-KH)**2

H0U4s CX1 = CEIX{DSQRT{KR1S)) /KR1S

G046 KR2S5 = T1 + (KCH#KH) *%2

Cont CT3 = CEIX(DSQRT(KR2S)) /KR2S

0048 CT1 = (T2/CPLKB)Y*(CX1-CT3)

0049 CTe = {5BSL2/SQ2)*CFP*CTA

(150 Tl = DSIN(PHP*,500) /DSQRT(PI*KRP*TS)

~Cs1 CTe = (T2 + TI*CLP%RCEIX{KRP)

0052 CSP = CT1 * (€72

0es53 Tl = PI*KCB
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goC1
202
S er
2C04%
)
CLob
Jeet
oces
Q009G
cC19
0011
Gole2
2C13
CcCle
Juls

OUlo
oul7
CCls
CCly
aC20
6021
0022
oC23
CC24
2C25
26
cec27
[epac
(C29

CC3u
v031
aC32
2C33
I(34
2C35
0036
Q037
3C33

E.8

999

1090

30

Program for evaluating the far field elevation plane side band
mode pattern of a double parasitic loop counterpoise antenna.

Main

JAPLICIT REALRBLAR ¢D=H Ky 0=2), COMPLEX*16(C)
QAL *L CDAGS

OTFENSIUN THV(90), CSAV(9C), CSUMV1(90), CSUMV2(90)
NARELLIST ZIN/ZKH KA KBy KCB ¢KCH
LPIX(22Z)Y=DCMPLXIDCOSEZ2Z)yDSINIZZ))
RCUN=(,31T745329251992

RAT=1.09/1.08

REAU(L+IN,END=100)

WRITE (6,999)

FORMAT ('1%)

KH=KH®RAT

KA=KA®RAT

KB=Kg*RAT

WRITE(6 1000 KHy KAy KB 4K CB yKCH

FURMAT(Y KH = '4G15.79* KA = ',G15.7+* KB = '4Gl5.7/
1 * KCB = "9y061547+" KCH = *,G15.7//)

CALL TAB(KH KA+KCB yKCHoTHVCSAVyCSUMV1,KB)
READ( L, INJEND=1GC)

KH=KHERAT

KA=KA%XRAT

KB=KB*RAT

WRITE(6+1000)KHoKAyKByKCB,KCH

CALL TAB(KH KALKCB vKCH,THV)CSAV.CSUMVZ'KB)
AR ITE{OH, 30)

FORMAT(? ¢ ,9v722,THyTHRCS+ACS»DBSUM=1)

D0 20 1=1,9(042

THAZTHV ()

11=6.89%7,5%RAT*DCOS (THA)

TH=THV( 1)/RCON

CS=CPIX(=Z1 )% (CSAV {I)+CSUMVL (I)+CSUMV2{ 1) )=CPIX(ZII*(CSAV(I+1)+"
LCSUMVI(TI+1)+CSUMVZ(1+1))

ACS=CCABS (CS)

IF(ACS.LT.1.0-4) ACS=1.0-4
DBSUM=20.00*DLOGLCIACS)
WRITE(6,50)THyCS4ACS, DBSUM

50 FORMAT(F12.3,1P4D15.6)

100

CUNT INUE
60 TO 111
CALL SYSTEM
END

TOTAL MEMORY REQUIREMENTS 0C1AA2 BYTES
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A N I VA S FAD co=10~-11 Goidlevn PAG

. R DU N G ]I’\E'v(:\iivf\/\\'i‘\‘:l) "(':.‘1' THVyCSAV Sd‘4V,r.u)
o0 IO ET RN LA e Hy K= ) g LOUMPLU XL 6 (L)

NI AT RN

oL o sotr el ThVES 0 e LSAVENUY,, LSUBVIEDD)

DR ool X ) oue L Xe LNt »\P.(.l"\l-"ﬂ']’
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015 LOLne=nuMPLX I PUT e GAMHOLOG{KB%e50() )

cllA ColRE =002 L X (EGAMTLLUGIKIE®,500) y=PCT)

SRR TaooX=}l

TR CPNTWAENC O PLX(Z2eDuyle86UL)

J017 Co 1ol I=1l,90

o1 l*(( h)*?.NF.I) Th={I+1)*%2CUN

cul) F I/L) 2.0 1) Tri=PI=I%0CuUy

AP CHLL FUALL o KA Ty PHIWKRZyCFZ)

o2l LAl FUAL (RCH KAy TH»PHP yKKPLCFP)

w22 TS = 0SIa(TH)

(25 TC = 2Cus(TH)

SU2N CALL LraCliSsyTUIKAZCFL1,CF2,4,CTA)

U225 TSsio= ’QJTT(tS)

{723 Pu=tlls (o)

w7 POLI=0S Tl

(23 SSeizodn oK OsRr)

Loen S5L2=Cduia (KL nTs)

SC A Tiz(rpo LS I=TSL®28L2)Y/{PC-TS)

JU3l T =201x JELL/(Fu+TS)

w032 CLeR=CrixTi=CF2%T2

0ez3 REGEE NV Si’HZ)

S L34 2L = )SJ< (PL*xPLXPC)

cC35 TSI = 7TSI#TS1%TS1

D35 APC=2AM(PC)

(\C:S? "sT.S:'A\A"«(TS)

D033 LoNSWRENLYPLX{2.0CyATC)

-L 39 CriEuT =000 Xl 00, ATS)

D060 CTi=(LfnaP®Pll =0 Nk T*TSLI/ (PC-TS)

2041 CTe=LFia =Pl 1/(PL+TS)

o4z Ced=Cri™{T1L=-CF2xCT2

JL 43 Vi = D510ARAL2,500) JOSORTARIRKRZ*TS)

OC4 X7 = CHEIYAIKEFEZY

Liéo oA=L 7T ARCFANIWTATS/SA2+ A% CLL*T L

46 Til=xXOowKOs

aLeT Te=pPinT 1

Gube Arlo=Tl+ =K ) xk,

4G CXLI=CE DX (i TIKRLIS) ) /KRLS

VIV A Kb =T L {RCH+AKH) %2

cesl Ci2=CliX{LoQiT(KRrRZ2S) ) /KR2S

o Lo 10 JSIATLKRLS)

{87 ACERZ= 0/ DS TIKEZS)

GCSh CTi=CRL1%K (3&1 CT3xKCERZ
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FORTRAN 1V G CUMPILER TAB 02-16-71

2065
0056
0C57
0053

(oG

IRV
Lol
2063
004
J06Y
2C66
0067
0063
069
QC70C
sU71
SC72
073

100

CTl=CTI*CFANLWAST2/CPLKM
C12=CFP=CTA*3SL2/5Q2 :
T1=DSIN(PHP*,5D0)/DSCRT(PI*KRP%TS)
CT2=CT2+T1*CLP*CEIX(KRP)
CSP12=CT1*CT2

Tl=PI*KCD

T1=DSCRT(TL*T1*T1)

CTi=CtIX (KCB+KCB+POF)=DSORT(KCB/KCH)*CEIX(KCH&KCH=POF )

CTi=CTi®CX1*T1
CT1==CT1*KCBR1/2+D0O/CPLKB/CPLKM
CSPS50=CT1%*CT2
CSUM=CSPL2+CSP5S6
THVIINDEX) =TH
CSAVUINDEX) =CSA
CSUMV (INDEX)=CSUM
INDEX=INDEX+1
CONTINUE

RETURN

END

TCTAL MEMORY REQUIREMENTS 001162 BYTES

FIRTRAN IV 6 COMPILER AAA 02-16-71
JC01 FUNCTTUN AAA(TS)

0Cc2 IMPLICTIT REAL*8 (A-2)

ICG3 DATA KD/0De92/ ' '

Gul AANA= 2 DO%DS IN(KD*TS )

OCo5 RETURN

ceeé END

TOTAL MEMOUORY REQUIREMENTS GOOL1S5E BYTES
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Program for evaluating the quasi far zone elevation plane side
band mode field of conventional VOR antenna above ground.
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NONTLZ3 L0080/
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St TENLOC,

VELALDT T TN/ K g KA KEyKLCHWKCH

=l /17 5

SUle DT ENB=1ION)

i AT

KAxNAT

SpEm AT

=KC8%G 14165927

TE {5,000)

MAT (YY)

TilO e LU KL KAy Kid g KLR yKCH

LY K = L, 0L, T, KA =
“CToE Y, 018,77,y KCh o= ', i5156.7/7)
K(:nfijX(qu';SAV*PLLb(K 1% ,500))
NS APLXAESAM+ LI G(K3 % 500
CY=l

L= PLX (2,00, 1. 24D0)

e 7 I=1,22

{1+1)/2

=5 0wl

Aol =asl

{I/7)“ keI Y Th=

(f/f)*?.ff.f)

L va«L(K'*y(Q,TLiyPH7"<Q77CFZ)
L FOALIKCOr yKAZTH«PHDPyKRP,CFP)
= S ITMN(TH)

= COTS(TH)

L LFACITSyTC KA LLFL,CFR2,CTA)
= OSTNRETA(TS)

TLTSPHD)

=NSTAT(DC)
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0C&1
0042
lofeX !
(Co4.
0048
0C46
0047
0C48
0(49
cnsn
nGs51
cCs2
2053
1054
rres
nesh
nes7
053
059
ccen
0061
C062
07063
oG4
CQ65
ATOF Y
a7
(R
o509
2072
c071
CQ72
cC73
3074
CO75
o076
0077

100

51

BSLI=DJCNE(KCBR*PC)

BSL2=DJONF{ KCR&TS})

Tl={(PC1*8SL 1-TS1*BSL2)/(PC-TS)
T2=PC1*¥3SLL/(PC+TS)
CLP=CF1*T1-CF2%T2

PC = DCOS(PHZ)

PC1 DSORT(PCH*PCxPC)

Ts1 TS1%TS1%TS})

APC=ALA(PC)

ATS=AAA{TS)

CFNEWP=DCMPLXIG.DCyAPC)

CENEWT =DCHPLX(Q.00,ATS)
CT1=(CFNEWP*PCL=CFNEWT®TSL)Y/{PC~TS)
CY2=CFNEWPXPL I/(PC+TS)
CLI=CP1*CT1~-CF2%CT2

11 = DSINIPHZ*.,5DO)/DSQRT(PI*KRZ2%TS )
CXZ = CEIX(KRZ)
CSA=CP7xCTA*CFNEWT*TS/SQ2+¢CXZ%CLZ*T]
CSAVIINDEX)=CSA

THVUINDEX)=TH

INDEX=INDLX+Y

CONTINUE.

WRITE(6451)

FORMAT(Y *,972,THyTHR,CSA, ACS,DB=")
DD 2C 1=1432,2

TH=THVY (I }/CON

THR=THV(I+1)/RCCN
22=8.0-({1+1)/72)%0.5
CSA=CSAVII)=CEIX(Z2%6.89%RAT/2.)*CSAV(I+1)
ACS=CDABS(CSA)

[F{ACS LT 1oD=4) ACS=1.D-4
CR=2C.0D0%*DLOGLO (ACS)
WRITE(6,50)224TH,THR4yCSA,ACS,DB

Hou

3 FORMAT(F11.3,1P6D15.6)

CONT INUE
GO 10 111
END

TOTAL MEMORY RECQUIREMENTS 0O01D6A BYTES

oral
cnn2
oee3
0cCs
Ccoes
C20s

TOTAL

AAA

FUNCTION AAA(TS)
T¥PLICIT REAL*8 (A-Z)
ATA KD/Ce9276/
AAA=2.DO*DSINLKD*TS)
RETURN

END

MEMORY REWUIREMENTS 00015E BYTES

EXECUTION TERMINATED

195



E.10 Program for evaluating the quasi far zone elevation plane
carrier mode field of a double parasitic loop counterpoise
antenna above ground.

Main
2001 IMPLICIT REAL*8(Ay8,D-HyK,0-2),COMPLEX*16(C)
aee2 REAL*8 CDABS
Co03 : DIMENSION THV(90), CSAV(90}, CSUMV1(90), CSUMV2(90)
2004 NAMELIST /IN/KH,KA,KB,KCB,KCH
0005 . CPIX(ZZ)=DCMPLX(DCOS(ZZ),0SIN(ZZ))
0006 RC(ON=0.01745329251992
a6e7 RAT=1.09/1.08
co08 111 READ(1,IN,END=100)
00C9 KH=KH*RAT
0010 KA=KA%*RAT
0011 KB=KB*RAT
0012 CALL TAB(KHyKA,KCB yKCHyTHV,CSAV,CSUMV1,KB)
0013 READ(1,IN,END=100)
0G14 KH=KH*RAT
gcols KA=KA*RAT
0016 KB=KB*RAT
0017 ' CALL TAB(KH.KAyKCB yKCH,THV,CSAV,CSUMV2,KB)
co18 WRITE(6,30)
0Cl19 30 FORMAT(Y ¢ ,'22,THyTHR,CS+ACS,DBSUM=")
2020 DO 20 I=1,3242
0021 TH=THVI(I)
0022 THR=THV(I+1)
0023 L2=8.0-((1+1)/2)*0.5
0024 . CS=CSAV(I)+CSUMVL{T)+CSUMV2(I)=CPIX(22%6.89%RAT/2.)*(CSAV(I+1)+
ICSUMVI(T+1)+CSUMV2(I+1))
0025 ACS=CDABS (CS ) *%2
0026 IF(ACS.LT.1.D-4) ACS=1.D-4
0027 DBSUM=10.D0*DLOGL1O(ACS)
0028 WRITE(6450)Z2yTHyTHR+CSyACS,DBSUM
co29 50 FORMAT(F11.3,1P6D15.6)
0030 20 CONTINUE
0031 GO TO 111
0032 100 CALL SYSTEM

0033 END

TOTAL MEMORY REQUIREMENTS 0019BE BYTES
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c;3TIAN IV G COMPILER TAb 02-19-T1 10:46.58

2001
gcez2
co03
3004
90C5
00C6
0007
cces
0Co09
0010
0011
0C12

3013
o014

0C1l5
Jo1é6
0017
0018
0C1s
¢020
o021
cc22
0023
ce24
0025
0026
oca7
0cze3
0029
GC30
0031
0032
0033
0034
6C35
0026
0037
ce38
aC39
0040
0C41
0042
0C43
JCa44
045
0046
CCsa7
0048
0049
0050
0051
0052
0053

1000

SUBROUTINE TAB(KH,KA,KCB  yKCH, THV,CSAV,CSUMV,KB)

IMPLICIT REAL*8(AyByU-HyK,y0-2),COMPLEX*16(C)
REAL*8 CDABS :

DIMENSION THV(90), CSAV(90}, CSUMVI(90)
COMPLEX*16 DCMPLX

CEIX{XX) = DCMPLX(DCOS({XX) DSINI{XX))

LOGICAL TERM/.FALSE./

DATA SQ2/1.4142135623731/, P1/3.14159265358979/

DATA POT/1.5707963267649/, EGAM/.57T7215664931533/
DATA RCUN/.01745329251992/, POF/.785398163397448/

DATA NTL/3/41TS/1/

PAGE 000

REAL*8 TH1{10)/5.N0,82.D0,115.D00,7%0.00/+4TH2{10)/80.00¢110.D0,

€ 170.00,7%0.,00/, THS(10)/5.0042.D00¢45.0047%0.D0/
WRITE (64,1000} KH,KB,KA,KCH,KCB

FORMAT(® KH = "4,G15.74% KB = *y615.7,' KA = ',G15.7/

&' KCH = ",G15.7,' KCB = *,G15.7/1X)

CPLKB = DCMPLX{POT,EGAM+DLOG(KB*.5D0))

INDEX=1

DO 100 I=1,32

Il={1+1}/2

DEC=C.5%I1

12=8.0-DEC

IF({1/2)%2.NE.I) TH=DATAN2((7.5-22),30.0D0)+POY
IF((I/2)%2.EQ.1) TH=DATAN2((7.5+72)430.000)+P0OT
CALL FCAL(KH,KA,TH,PHZ4KRZ,CFZ)

CALL FCAL(KCHyKAyTHsPHP,KRP,CFP)

TS = DSIN(TH)

TC = DCOS(TH)

CALL LFAC(TS,TCyKA,CF14CF2,CTA)

TS1 = DSQRT(TS)

PC = DCOS(PHP)

PC1 = DSQRT(PC)

BSL1 = DJONE(KCB*PC)

BSL2 = DJONE(KCB*TS)

T1 (PC1*BSL1-TS1#BSL2)/ (PC-TS)
p

T2 =

C1*¥BSL1/(PC+TS)
CLP = CFLI*T1 - CF2%T72
PC = DCOS(PHZ)
PCl = DSQRT{PCxPC*PC)
TS1 = TSL*TS1*TS1

Tl = (PC1-TS1)/{PC-TS)

T2 PCl /7 (PC+TS)
CLZ = CF1*T1 - CF2*T2
T1 = DSIN(PHZ*.5D0)/DSQRT (PI*KRZ*TS)

CXZ = CFIX(KRZ)

CSA = (TS/SQ2)*CFZ*CTA + T1¥CXZ*CLZ
T1 = KCB*KCB
T2 = PI*T1

KR1IS = T1 + (KCH=KH)**2
CX1 = CEIX(DSQRY(KR1S))/KRLS
KR2S = Tl + (KCH+KH)*%2

CT3 = CEIX(DSQRT(KR2S))}/KR2S
CTl = (T2/CPLKB)*(CX1-CT3)
CT2 = (BSL2/SQ2)*CFP*CTA

Tl = DSIN(PHP*.,5D0)/DSQRT (PI*KRP*TS)
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FORTRAN IV G CCHMPILER TAD 02-19-71 10:46, 58 Pi

CT2 = CT2 + T1xCLP*CEIX(KRP)
CSe CTL *= CT2
Tl = PI*KCH

S/ o NN (IS

T DSART(TLI*T1%T1)

CT1 = CEIX(KCR+KCB+POF) -~ OSQRT(KCB/KCH) *CEI X(KCH+KCH=-POF)
CTi = CT1 * CX1 * 71

CTl = CTL /7 (-2.D0%CPLKB*CPLKB)

CSP2 = CT1*xCT2
ASA = CDABS(CSA)*%?

CC- T C AU D an
O

YOy D Cr QoD CHrd o oy i,

R
0
C
ol
(ol
Qo2
CoH3 DBCSA 10.00*DLOG1C(ASA)
Cea CsSuM = CSP+CSP2
Co65 ASUM = CDABS{CSUM)*%2
Coé ARCSUM = ARGC(CSUM)/RCON
267 OASUM = 10.D0%DLCG1I0(ASUM)
a0a8 CS = CSA+CSP+CSP2
CloQ ACS = CCABS({CS)x%2
oe70 53SUM = 10.D0*DLOGIO(ACS)
71 TH=TH/RCON
cC72 THV(INDEX)=TH
G373 CSAV{INDEX) =CSA
o074 CSUMVIINDEX)=CSUM
3C78 INDEX=INDEX+1
Cl76 IF (TERM) GO 7O 79
0077 GO 70 100
SRS 79 WRITE (6,1001) TH,CSA,CSUM,CS,ACS,DBSUM
CC79

1001 FORMATI'0TH = ',G15.79" SA = *4,2G15.7/* SP+5P2 = ',2Gl15.7/
&* S = ',2615.7/* /S/ SQ = '",G1l5.7,"' /S/ DB = *'4G15.7)
0C80 100 CONTINUE
oC81l RETURN
862 END

TCTAL MEMORY REQUIREMENTS 001114 BYTES
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E.11 Program for evaluating the quasi far zone elevation plane side
band mode field of a double parasitic loop counterpoise antenna

above ground.
Main
RIVIVR IMPLICIT REAL*B(AWBsD=HyKo=2) yCOMPLEX*16(C)
QLo SEALER COABS '
STRRE DIMENSIUON THVI(90), CSAVIO90), CSUMVLII(90), CSUMV2({G0)
a0C4 NAMFLIST ZIN/KHoKAZKBKCBoKCH
NI CPIX(Z2)=DCMPLX(DCOS(Z2Z),DSIN(ZZ))
colH RAT=1.3¢/1,08
20T 111 READ (L. INsEND=100)
0CGoR WRITE (6.,999)
GGO9 999 FORMAT (1Y)
0010 KH=KH%*RAT
GOl KA=KAXRAT
ne12 Ku=KR*RAT
0013 WRITE(6,1000)KHs KAJKBoKCBoKCH
0C14 1000 EURMAT(Y KH = *43G15.7+* KA = ',G15.74" KB = '4Gl5.7/
’ 1 * KCB = '2G15.7¢" KCH = *,G15.7//)
[¢10R B CALL TAD(KH KAWKCB oKCHyTHV,CSAV,CSUMVL1,LKB)
2016 READ( 1, INJEND=100)
1o ird KH=KH*P AT
018 KA=KA%RAT
0G1S Ks=KB*RAT
goz2e WRITE(6 ¢1CNDO)KH KAy KB KCB yKCH
GOo21 CALL TAD(KH KALKCB +KCH,THV,CSAV,CSUMV2,KB)
o0c22 WPITE(6,30)
0023 30 FURMAT(' ' ¢'22,THsTHR,CSyACSsDBSUM=")
C0?24 Do 20 1=1432,2
0625 TH=THV( )
Q0256 THR=THV{1+1)
0C27 22=8.,0-{(1+1)/2)%0.5 _
o028 CS=CSAV(I)+CSUMVL(T)+CSUMV2( 1)-CPIX(Z2%6. 89%¥RAT/2.)%(CSAVII¢1#
1CSUMVITTI+1)Y+CSUMV2{T+1))

6e29 ACS=CDABSI(CS)
CC30 IF(ACS.LT.1.0~4) ACS=1.D-4
0031 DESUM=20.D0%DLOG1O(ACS)
cGe32 WRITE(6+450)22¢THsTHR+CSsACS,DBSUM
033 5 FORMAT(F11.3,1P6D15.6)
(34 20 CONTINUE
0C25 GO 70 111
CC36 100 CALL SYSTEM
0037 END

TOTAL MFMORY RECUIREMENTS O0L1A76 BYTES
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FUFTRAN

AR
nrep
STORARE
Coes
D0 n
A
aceN?7
acon
0C09
ce1n
3C11
Q012

013
CCY4
ac1s
aC16
CC17
CC1R
el 9
oec20
o2l
2022
023
CC24
0eas
00?0
acr27
aces
0029
GC30
0e3
2032
0Cc33
3034
035
G036
cC37
C0O3R
Ce39
NC4&0
0041
oC 4?2
043
CG4s
ocas
0C4s
9047
0048
0049
neso
COos1
06s?
0053
GC54

v

G

CCHPIL

&

R TADR 02-009~-T71 16:12.34

SUBRUUTINE TAB(KHoKASKCES  yKCHy THVy CSAV,CSUMV KB )
TUPLICLIT ROAL*BLAWBD=H Ky 0=2)COMPLEX*16(C)
rEAL®8 CUABS

DIMENSTON THV(90)s CSAV(90), CSUMV(90)

COMPLFEX®*16 DOCMPLX,CFNEWP,CFNEWT

CEIX{XX) = DCMPLX(DCOSIXX)4DSIN(XX))

LOGICAL TERM/.FALSE./

DATA SN2/1.4142135623731/, PI1/3.14159265358979/
DATA POT/1.5707963267949/,y EGAM/.577215664901533/
DATA RCON/.01745329251992/, POF/.785398163397448/
DATA NTL/3/.1TS/1/

PAGE 000

REAL*8 TH1(1C0)/5.D00+82.00,4115.00,7%0.,00/,TH2{10)/80.00,110.00,

170.D0+47%0.00/+ THS{10)/5.0042.D045.,D00,7%0.00/
CPLKB=DCMPLX(POT s EGAM+DLOG(KB*.5D0))
CPLKM=DCMPLX(EGAM+DLOG(KB*,5D0),=P0T)
INDEX=1
CENFWA=DCMPLX (0.D0,1.84D0)
DO 100 1=1,32:
I1=(1+1)/2
DEC=C.5%11
22=8.0-DEC
IFL(1/2)%2.NELT) TH=DATAN2{(7.5-22),30.0D0)+P0T
IFCL1/72)%2,EQ. 1) TH=DATAN2((7.5+22),30.0DC)+PQT
CALL FCAL(KHsKA+THPHZ+KRZ,CFZ)
CALL FCALtKCH,KAsTHsPHP,KRP,CFP)
TS = DSIN(TH)
TC = DCOSITH)
CALL LFAC(TS+TC+KA,CF1,CF2,CTA)
TS1 = DSQRTATS)
PC=NCCS (PHP)
PL1=DSCRT(PC)
8SL1I=DJONE(KCB*PC)
BSL2=0DJONE (KCB*TS)
T1=(PC1*BSL1-TS1%*BSL2)/(PC~TS)
T2=PC1%3SL1/(PC+TS)
CLP=CF1%T1-CF2%T2
PC = DCOSIPHI)
PC1 = DSORT (PC*PC*PC)
TS1 = TSI*TS1*TS1
APC=AAALDPC)
ATS=AAA(TS)
CFNEWP=DCMPLX(0.DO,APC)
CENEWT=DCMPLX(Q0.DCWATS)
CTL=(CENEWP*PC1-CFNEWT*TS1)/{PC-TS)
CT2=CFNEWP*PC1/{(PC+TS)
CLZ=CF1*CT1-CF2%CT2
Tl = DSIN(PHZ*.500)/DSCRT (PI*KRZ*TS)
CXZ = CEIX{KRZ) :
CSA=CFZ*CTAXCFNEWT*TS/SQ2+CXZ*CLL*T1
T1=KCB*KCB
T2=PT1%T1
KR1S=T1+(KCH=KH)*%2
CX1=CEIX(DSQRT(KR1S)) /KR1S
KR2S=T1+{ KCH+KH) %2
CT3=CEIX(DSQRT(KR2S))/KR2S
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Yoy 3
73
T
12
73
T4
175
*ThH

17

MMTAL

Mol
RSO
GO03
2004
aC05
DTONRY

IV O oM lLbEs TAL

St e/ OOSGNYIRRLS)
RGLRZ2=00/IS0F T (KRZS)
CTI=CA L »RUBRY=CT 3K P2
11=0C Tl GENDRART2/7CPLKM

CSPS6=LTixCT2
CSUM=(SPL12+(SP56
TH=TH/ROON
TV INDEX)=TH
CSAVIINDEX) =CSA
CSUMVIINDEX) =CSUM
INCEX=INCEX+]

100 COMTINUE
KETURN
END

MEMORY KEUUTREMENTS OOL1EQ BYTES

AAA

FUMCTION AAALTS)

[P0 TCIT REAL2B (A-L2)
DATA KD/Z092/

ANAS? JDOXDS IN(KDETS)
RETURIN

N

TOTAL MENMORY REQUIREMINTS COOLSE BYTES

201

(a8}

~N

?=04=-T1

CT2=0 20 TARESL2/S02

TL=05T0PHDE 580 )/ DSCPTIP I*CRPXTS)
Cid=CT2+T15CLP=CCIX(KRP)

COHPL12=CT (T2

T1=PT%KCH

TL=080RT{T > Tl*Tl)

CT1=Cr IX(+C

CTT=CT inOXLI*T]
CT1==CT1#KC0R1/2.DC/CPLKB/CPLKM

16:12.34

p
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APPENDIX F

THEORETICAL ELEVATION PATTERNS OF CONVENTIONAL
VOR AND DOUBLE PARASITIC LOOP COUNTERPOISE ANTENNAS

The complex far electric field pattern functions are expressed

as.
S(8) =ReS(6) + i Im S(O) ,

where ReS(6), Im S(6) represent the real and imaginary parts respectively
of S(6). In all the tables the different columns represent the following:
Column 1 gives the angle 6 measured from the vertical axis,
Column 2 gives the real part of S(6),
Column 3 gives the imaginary part of (6),
Column 4 gives‘ S(6)|2 which is the power pattern,
Column 5 gives 20 log1 0 ‘ S(G)’ i.e, gives the pattern in dB.

The phase of the far field can be easily obtained from Columns 2 and 3.
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TABLE F-la: FREE SPACE ELEVATION PLANE SIDE BAND MODE
FAR FIELD PATTERN OF A CONVENTIONAL VOR
ANTENNA, kh=2,75, kA=51,69, kd=0. 92, kb=0, 15, £=1080 MHz.
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TABLE F-1b: FREE SPACE ELEVATION PLANE SIDE BAND
MODE FAR FIELD PATTERN OF A CONVENTIONAL

VOR ANTENNA. kh =2,75, kA =17,92, kb = 0,15, kd=0.92
f = 1080 MHa.
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TABLE F-II: FREE SPACE ELEVATION PLANE CARRIER MODE
FAR FIELD PATTERN OF AN OPTIMUM DOUBLE
PARASITIC LOOP COUNTERPOISE ANTENNA
kh = 2.7755, kb = 0.1514, kA = 52,1686, kd = 0.9276,
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1e274203D=-01
1.80623925-31
d.8122500-02
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242465393 CC
2.C0118240 Q0
1.8557580 0C
1.73841350 J0
1.728237) (0

1.8249550 00

16753190 20
2.,1036%45 JC
2.140334D J0

= 12,7671,

20 log10|8(0)|

145062260
-9.7L89340
~-7.657T335D
~Teal137650
=-3.1377600
-8 ,9476240
-5 819639
-1.05431 50
-1.0751370
-1.08687L0
-l.lub367)
-4%.96u5490
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Re §(6) Im §(6) ROK 20 1og, , |3(6)l

e LG 20 2700=110 = 1a2451640 00 2063463450 00 3.1460371 S0
et Tl 35-00 —1.2215525 0, 1.9C060175 58 28020343 L0
Senz74570=-5 =1a136151 o] 17327613 0 243R2372) 20
= GL T TIn=00 =1.15725%00 )0 1.5843723, oC 1a997073, 2C
s I =1e127CC060 O Lo 199420 ol lel7ul2440) OC

Lo =l.0901inh oo 1e321970H D0 le4b00 70l OC

I = Llec3?2290, o 1e322337%0 Jvu le 2123955 (C

L= 0.303777p-01 1.2177 30 3C 149325 20D=01

I = AR 220=-01 12779595 O Be2602200=0 ]

i ~H ez Y0l l=01 GellEaa20-21 =4.,0174040-{1

L 4. 1935530 -] Te363534)-)1 -—-1.3%05452 CC

L =2 0h268 0501 566430290 -01 =2.43711.,0 (O

L 1 —h o H21472TN=-07 G163 7s0=01 -3.,8262500 Q0
Seldesl o n=0 195993850 =-0C1 29243C50=71  =5.3308020 LC
DS P STl | 2.0, 138050 =00 1.6933300=-01 =TW0J30is G
Le it L= et 143001 Le31G8a10-01 =-8,7947170 (0
Sedu=T20D=072 20137340 -31 8%9269231)0=-32 =1l.l¢vu9r C1
DL S IIn=-07 2L26HEE50-01 5403233002 =1.2006%%00 L1
Le22122727="1 1e3744240~ Ci 3.380423)-32 =l.alic290 (1
Leo3s6Tnzi~ul he 54631002 2.N615535-D2 =1le07¥530D C1
i U SRV R AP O SL AR TR R L.2RO0A0L =52 =l.a0.,%4100 o1
R T R b L R TV R T.9102590=03  =2,1L1%4%, (1
—he 1V LR ISR N RV God AL 30G=T 5 =203 03950 (]
e = 0D =4 85I RS-0 3086406050 =03 =2,5L9.65%0 (1
. o7 TN=" 0 = Ll 26T =0 LeC4LS 5 =04 =2,027%5410 1
PR 7= Le2ubH1500 =0 TelB4n933=03  =24.9205048%5 U1
R R T 2o YRR =D PoSTHTTEN=-534  =301gu630L 41
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—lel 750G T0N=00 =1 242165000 LeDT47230 =04 —%.RQQ@&G; {1
TelDAG LN =03 =T a1 Ton=0 % Le2457TTT75=-246  =3.9045.00 (1
SRR SR TUPD R VoS54 TSH/ D=0 RoG1C1TD=25 =4.0715%25.0 (1
Le il =0R 3 183970 In=07% TooTETHAD-)9 =4 1lv00u4l U1
N NI T D556 4 600="3 7Te215560=2 4 elD3%5yvs L}
S D PTNNIN=T s =2 0340676003 44904 345 , -4 43,9370 1
DA 2T =T e TG0~ 566523875 -235 =4,2477053. (1
S BV IR I LD (T R240 30)=03 S50/ T)=05  =4,2556100 C1
S 23 2 Dert VAL AL =73 L,32037.0=05  =4.36446T7103 i1
-, > 95 eD21006T70~-02 5.,63974T75-05 =44.240T915 1
-, T =385 1524 0=-070 3.57330610-05 =4.440%600) U1
1, 3 =6 1 RF690-"1 5.5885M10-15 =4,2519z05 (1
S 3 241252726003 34095036005 =4 554010 o1
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Re $(6)

-3.22%2150~-773
=2.,e03NE3D=-r 2
3.70L6LTE=C3
1.1338470-23
—64, 357700-(3
189326004
5e 0l [5G TD=-03
-3.1126310-3

Im S(6)

5.¢253341N0=03
Ce24b664TD=-73
=5.246364203=-03
3.4274005C-013
4 42T R 45N=D3
=4 432 33841)=-03
“2 e /3LG63ARN=(T
6.61839540-C2
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4.510)4390-15
1.293267D-25
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1.3032553D0-25
3.457393)-25
2.5C864163=25
2.08G6233H=-C5
5.3499020-)5

20 log, |5(6)]
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TABLE F-III: FREE SPACE ELEVATION PLANE SIDE BAND MODE

2.009
4.000
6+000
2.000

10.000

12.000

14.000

16+000

1].000

2n0.000

22.000

24.000

26.000

22.000

30.00N

32.009

34.000

36.000

3%.000

40.000

42.000

4£4.000

45100

48,000

50% 009

52.000

54.000

56.000

58.0N0

60,000

FAR FIELD PATTERN OF AN OPTIMUM DOUBLE

PARASITIC LOOP COUNTERPOISE ANTENNA
kh = 2.7755, kb = 0.1514, kA = 52,1686, kd = 0.9276,

kH, =3.4819, kB1 =16.3363, kH

1

kB, =11.3097, f = 1090 MHz.

2

Re S(6)

“3«7113743=-01
-6+ NAR9BI-0N]
=T« RS RQALN~() ]
=7 .0202277)=-01
-5.320%N%)=-01}
=2.9552140=01
-T76N0IRZND=-D2

1.01A7703-01
L.54497210-01

3.9791470-01

S.¢18894an=01
7.%223060-01

10444NAD 00

1.282815D 00
14349200 0O
1 4A3T24D 00
1.3567560 00
1.1231400 00
8.37%4390-01
6.0564253=01
5.0317110-01

5.509472D-01

7.344021D=01
1. N25913D 00
1.379495D 00
1.7276590 00
2.0097470) N0
2.20902]D 00
2.357122D BO
2. 4094020 N0

Im S(6)

4¢4735%00=-02
5.9927260-02

6337945D=-02

8.505561D-02
9.7920230-02

9.063049D0-02,
9.512080D-02

1.155412D-01
1.231929D-01

1.184365D-901

|.232012D~01
| +3327350-01
l.38135%D-01
1.5949970-01
2.243197D-01
3.271613D0-01
4e494526D0-01
5¢893333N-01
7+476324D-01
9.025624D-01
1.023021D 0OC
1.1037705°0C
1.169603D 00
1.942132D 00
1.317015D-00

1.380283D° 00

144346300 00
1. 4972360 00
1.574348D 00
15469850 00

210

, = 12,7671,

ROk

3.738251D-01

6+335303D-01

7.423N01N=01
7.073601D=01
5.410157D-01
3.0912130-01
1.218060D-01
1.539158D-01
©.827477D=-01
4.151685D=01
$.752377D-01

7.935027D-01
1.053699D-~00
1.2926920 00

1.452343D°00)

1.501792D 00

1.4292637) 00

1.2683850 00.

141229140 00
1.0869360 00
11400670 00
1.2336330° 00

1381057000

1.611024D 00

"1.907232D 00

2.211332D°00

2.4692600 00
2.668667D 00
“2.834591D 00
2.993259D 0N

20 logw Is(e)f

~%.546631D N0
-3.9645530 00
-2.5832409) NN
-3.0071330° 99
-5.335%023 09

-1.01974210 01
-1.%28562D 7 01
-1.625434D .01
-1.097202) N1
~7.6355120 00
-4.%030530 00

-2.009032)_ 090
24.5433382-01
2.229904D 0H
3.2414139 90
3.5321972 00
3.19224>5 00
2.065023 00
1.006932D7 00
7.240760D-01
113351170, 00
1.8237212-00
2.%042335 00
4.152042D 00
5+6020720 00
6+8330770 00
7-851337D .00
8+ 52581899. .00
9.049839D0 09
95228877 00



6 Re §(6)  Im S(0) 1so) 20 1og,  {8(6)|
62.000  2.455125) 00 1.684207D0 00  3.144240D,00 9.950313d 00
£4.000  2.3034020 0N 1.66%176D 00  3.2623610 00 1.0270640 01
66.000  2.]9]3190 0O 1:606974D°00  -3.314178D700 <1<0N407520=01
62.000  2.8935940 N0 1:527080D 00  3.2718290 .00 1.0295819.-01"
70.000 2.7419230 00 124550450 00  .3.121758D N0 28879845 00
72.000 2,5027797% 00 1.402477D 00 2.868944D 00 9. 1544420, 00
74.000 2.13%5317 00 1.3620230.00 . 2.5335179.00  8.081332:) 0%
746.000 1.70739%) 00 1.3135370 N0 2.1543610 .00 #.564371D.00
7%.000 1.2549910 N0 12349330 ,00 1.760699D 00, 4.913793D 00
20.000  %.2551370-01  1.112030D0 00  1.3%4949) 00 2.828675D 00
2.000  4.5647200-01 9.439%6%D-01 1.048647D° 00  4.125R63D-01
34.000 1.738142D-01 7.434930D-01 7.635404D-01 =-2.343359D 00
Q6,000 =1.26654%0-02  5.327631D-01 5S.329137D-01 =5.466353D 00
83.000 =1.0759463)-01 3.372245D-01 3.539736D-01 =9.0205%2) 00

0.0NH  =1.2%6373D-01 1.788920D-01 2.203521D-01, =}313766D--0-1-
92.000 =1.N18351)-N1 7.112899D-02 1.2421640-01 =1.811642D0 Q1
94.000 <-5.5463320-02 1.568607D-02  5.763882D-02 =-2.478570D 01
96.000 =1.4041%4D-02  3.043054D-03  1.4367790-02 -3.5%52200.01
93,000  4.9253%90-N3 1.554945D-02 1.702194D-02 =~3.5379%2D .01
NN.ONN  3.7522320-03 3.292354D-02 3.313667D-02 -2.9593%2D 0}
N2.00N =1.595015N-N2  3.8711200-02  4.1868420-02 -2.756227D/ Ol
04.NN0  =3.T74457ND=N2 2.576506D=-02 4.545348D-02 ~2.6R48466D NI
TALNANA L ALR0ANRN-N2 =1, 4240095-03 4.588243N=-02 -2.6767070 Q1-
-~ - - .
110.900  =5.44427°0-03 =4+ 1883030=-02  4.226173D-02 =2.7481050 01"
112.000 2.3107020-02 =3.145163D-02.  349027420-02 =-2.217260D 01
114000 3.3147440=02  =3.86%471D=-03  3.5380770=02 -2.9024440 NF
116.000 2,.3044%°0=-02  2.268032D-02  3.2333580-02 =-2.9%0692D 0}
TIR.NAD  =R.4512%63D-03 © 2.952749D-02  2.974769D=02 =3.053093D 01
120.000  =2.33245%0-02 - 1.255393N-02  2.648%520-02 <=3.153%%34D 01
122.000 =2.0055990-02 =-1.233746D-02- 2.35468%0-02 =-3.256133D 0l
124.000 1.1327700-03 -2.191972D0~02  2.1948970-02 =3.317172D 01
126.000 1. 7509%7D-02 =8.295272D-03  1.937453D-N2 -3.425533D.Q1.
12%.009 1.2242690-02 1.176176D-02" 1.699155D-02 =-3.539334D 01
130.000  =5.972004D=-03  1.50666%8D-02. 1.620709D-02 -3.580590D 01
132.000 =1.35234%0=02 =1.613156D=~0D4: 1.352464D-02 =-3.737748D_ 01
134.000  =-2.377370H-03 ~-1.238469D-02 1.26,1080D-02 -3.79%515D 01

1356009 Fe5945590-03 =6.045106D-03 1.1424880-02 =-3.8842975 01

138.000

170.009

S.494179D-03

~3.322334D-03

7.420672D-03

8.261237D-03
2t1

9.353A11D-03

"B 904265D-01

= 4.058041D 01

140.000 -5.333@800-03  7.742724D-03  9.6945310-03 -4.0269460 01
142.000 =-6.03R8993D-03 =3.647054D~03 7.054817D-03 =4.303023D 01
144.000 3.5445250-03 =7.438505D-03 B.249330D-03 '<4.1671430 01
146.000 5.3]40150=-03 1.689846D-03  5.644886D-03 =-4.4964690D 01
148.000 =-2.797948D-03 6.800710D-03 7¢353793D-03 =-4.2669770 0Ot
150.000 =~4.650459N-03 =-1.150202D0-03" 4.790588D-03 =4.5392220 01
152.000 3.N23199D-03 =6+426670D0-03 7.1022410-03 -4+.297209D N1
154000  3.9235150-03 1.566301D-03  4.224603D-03 -4.7484283 01
156.000 -3.773752D-03  6.258%2400=03  7.307994D-03 :4.27240D4D .01
15SR.000 -2.934382D-03  2.639695D-03  3.946972D-03 -4.8074720 01
160.000 4.421776D-03 5.990313D=03  7.566021D-03 -4.2422653D 01
162.009 1.418581D-03 4.1980770-Q3 4.4312780-03 -4“70604/0,01
164.000 =5.131574D-03  5.274048D=03 . 7.358576D%03 266412D:01
166+000 7.109189D-04 6.126476D-03  6.167585D-03 -4 4197793 ~01
168.000  4.833254D-03  3.718943D-03 .6. 098432D-03 -4:429564D. 01

-4.100204D - 01
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