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I
INTRODUCTION

This is the first Interim Report on Contract No. DOT-FAT2WA-2882,
Project WA5R-1-056/N113-739. 0 and covers the period 30 May to 31 August
1972,

The present report is concerned with the theoretical investigation of the
effects of ground reflection on the radiation patterns produced by standard and
large gradient VOR antennas. The antennas under consideration are assumed
to be located above a perfectly conducting infinite planar ground. Under these
conditions the radiation fields of the antennas may be obtained from the free
space fields with the help of standard image theory.

The standard VOR antenna consists of four Alford loops located above
a 52'-diameter counterpoise [Anderson et al, 1953; Anderson 1965] . The
large gradient VOR antenna is an optimized double parasitic loop counterpoise
antenna using a 52'-diameter counterpoise B:‘.engupta and Ferris 197 1] . The
operating frequency is 109 MHz (A= 9.028").

The organization of the report is as follovys. At first a brief discussion
is given for the theory of free space radiation fields produced by standard and
large gradient VOR antennas. Since this has been discussed elsewhere [Seng'upta
and Ferris 19713 we only give here some of the relevant theoretical expressions
and computed patterns for future reference. The effects of ground reflection on
the patterns of these antennas are then discussed. In particular, the positions
and the depths of the nulls in the vertical plane patterns are investigated as

functions of the heights of the antennas above ground.
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II
FREE SPACE PATTERNS OF STANDARD VOR ANTENNAS

The free space vertical plane radiation patterns produced by standard VOR
antennas operating in carrier and side~-band modes have been discussed earlier
[Sengupta and Weston 1969; Sengupta 1971] . For the purpose of theoretical analy-
sis, the standard VOR antenna is assumed to consist of a point source with appro-

priate far field variation and located above the counterpoise as shown in Fig. 1.

|

P(R, 6, #)
point source
counterpoise
rO
4 7& o
777777777777 777777777 X

2A

Fig. 1. Theoretical model for the standard VOR antenna.

The free space radiation field of the point source, in the absence of the counter-
poise, is represented by:
i - [ka 2 eikr
E¢ = noIo(——) £(6, ¢) sing=— , (1)
where,
r, 6 and ¢ = usual spherical coordinates ofthe far field point with

origin located at the point source,
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no = intrinsic impedance of free space,

2T .
= —{= free space propagation constant,

Io= amplitude of current in the equivalent circular loop,
a = equivalent radius of each Alford loop,
£(6, @) = source pattern function which is determined by the method
of excitation and orientation of the Alford loops.
The assumed time dependence is e"i(’Jt and will be suppressed. If the diagonally
opposite Alford loops are separated by a distance d and are excited with signals
having equal amplitude but opposite phase (as in the side~band mode operation)

then (6, #) can be explicitly written as:
£(6,9) = 2i sin(kd sin6 cos ) . (2)

In the carrier mode of operation f(6, ¢) = 1. Following the method discussed in
[Sengupta 1971] , it can be shown that the pattern of the antenna valid in the
region 0 <@ <7, 0<P <27 is given by

5 i(kR-%/4)
E¢~n1 l‘f € sA(e, g , (3)

00 R

where,

SA(G, ) = {FO(B) £(6, §) sin6 e—ikA sin 6

Ve

+

. ¢0 .
. lcos Gl s1n(-?) =ikr
e 1%, ¢)} , (4)

'\ﬁ; kro sin@
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p 2
ikr sin(6-@ ) int]
Flo)=e ° ° e Zat

-

p

. . 2 . 2
~elkrosm(6+¢o) I emt A

-Q

dt , (5)

3 3
(90, @) cos T2 ¢o- £(6, @) sin / 6

0 e
L (6, 0)=
2 V1-sinf cos ¢o- sin6

LT .
1(2 KA sin 6) ¢

3/2
e1kA sin6 f(eo, @) cos ¢0

- A— _ , (6)
V1+sin6 cos ¢0+ sin 6

1
kr L p-06-Tho
P =2—0 cos—o———— ) (7)
1 T 2

e
p2-2—7r cos\————/ (8)

tan¢=%, ro=h+ AT, (9)

It should be noted that, in obtaining the above expressions the basic assumptions
of geometrical theory of diffraction have been used. In the present case, it
mainly implies that Eq. (3) is valid for kA >> 1.

The theoretical carrier and side-band mode patterns in the § = 0° plane
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for the standard VOR antenna, as computed from the above expressions, are
shown in Fig. 2. The free space pattern characteristics of the standard VOR

antenna that may be found useful later are noted below:

carrier mode side-band mode
position of the principal 580 600
maximum: 6 =60
max
field strength at 6 =6
Iax 10.44 dB 9.47 dB

field strength at 6 = 72 : '
field gradieng at the horizon

a/g/6 3.11 dB 3.05 dB
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111
FREE SPACE PATTERNS OF LARGE GRADIENT VOR ANTENNAS

The large gradient VOR antenna considered here is an optimized double
parasitic loop counterpoise antenna whose theory has been discussed in [_Sengupta
and Ferris 1971; Sengupta 1973:] . The standard VOR antenna shown in Fig. 1
may be converted into a large gradient antenna by introducing two large (diameter
>> wavelength) parasitically excited perfectly conducting loops at appropriate
heights above and parallel to the counterpoise. The parameters of the parasitic
loops are optimized so that the antenna produces maximum possible field gradient
in the side-band mode of operation.

The complete expression for the side~band mode radiation field pattern in

the ¢= O0 plane for the double parasitic loop counterpoise antenna is given by:

i(kR-”/4)
E I k—a)z g S(6) 0<< (10)
6™ olo\ 2 R ’ T
where,
S(6) = sA(e, 0) + slp(e) +s2P(e) . (11)

The three terms on the right hand side of Eq. (11) are respectively the complex
far fields produced by the feed, the first and the second parasitic loop in the
presence of the counterpoise. SA(G, 0) is obtained from Eq. (11) with @ = 0°,
Explicit expressions for SlP (9) are given by the following:

P
s1 (6) = PI(9)+Q1(9) s (12)

where,
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T (kBl )2 eikrl eikr2
P1(9)=T fl(Gl) 2-f(62) 5 Fl(o) . (13)
(krl) (kr2)
ir (ks ))° )
Q.(0) = f (6.) x
1 2M2 (kr1)2 1
Yo i(2kB_+7y) Yo i(eku -7)
x| e ' -2A e ! “*lre, (14
ka])_ <7rkH1> | )
vl B2+ (1 -n?; 1l B2+ (i, + )’ . (15)

M= 0.577 + tn (®)-17, (16)

£(6, ) = 2i sin (kd sin6 cos f)
22ikd sinf cosf = fl(e) cosf , (17)
B, = radius of the first parasitic loop,

1

H 1 = height of the first parasitic loop above the counterpoise,

b = radius of the conducting wire used in the parasitic element,

!
J; (kB

—_ P -

g
|cosel sin<—gl> ikr

+ e po(O) , (18)

krpl sin 6

sin6) ikA sin 6

J1 is the Bessel function of the first kind and first order,
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1/ 1
. . 12
i(To -kAsin6) | cos (¢p )J'l(kB1 cos ¢p )~ sin 2(6) Jl(kBlsinO)

b, e 1 1
L. (6) =

1 \/1-sing cos ¢p - 8in6

1
1/2
ikAsing ¢08 (B ) ) (kB cosf )
- 1 1 | (19)
V1+sin6 cos ¢p + 8in 6

1

. . p
ikr sin(6-0 ) 5 , 2
p Py ( ¢p1 imt/,
F1 (6)=e e dt

-
ikr sin(6+p ) B . 2
Py P it [,
-e e dt , (20)
- Q
1
e 2 g -6-Th
p p
= 1 cos S S (21)
p5 T 2 ’ ‘
. ,
e N2 (3 +o+h
Py Py
p6=2 7/ S\ 5/ . (22)
H
r2= A2+H2; tan @ o . (23)
p1 1 p1 A

P
82 (6) may be obtained from Egs. (12)~(23) by interchanging the subscripts cor-
responding to the parasitic loop 1 to those corresponding to the parasitic loop 2.
The expressions given above have been obtained by neglecting the effect of

mutual interaction between the parasitic currents. If (H2- Hl) 2A thisisa



011218-1~T

fairly accurate approximation [Sengupta and Ferris 1971] . The carrier mode
pattern of the same antenna may be obtained from the above set of equations with
f1(9) =1.

Figure 3 shows the theoretical free space carrier and side-band mode
patterns in the @ = 0° plane for an optimized double parasitic loop counterpoise
antenna. The free space pattern characteristics of a large gradient VOR antenna

that may be found useful later are noted below:

carrier mode side-band mode
position of the principal 58° 60°
maximum 6 =06
max
field strength at 6 = emax
7.40 dB 16.50

field strength at 6 = 7/2 dB
field gradient at the horizon

ag/Go 3.11 dB 21.22 dB

10
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Iv

PATTERNS OF STANDARD AND LARGE GRADIENT VOR ANTENNAS ABOVE
GROUND

In this section we discuss the method of obtaining the elevation plane radia-
tion patterns produced by standard and large gradient VOR antennas located above
a perfectly conducting infinite planar ground. Assuming that the counterpoise is
located at a height Z 1 above ground, it can be shown that the complex pattern of
the antenna in the presence of ground is given by:

- ikZlcos 6 ikZlcos 6

sT(e) =e S(6) - e S(z-0) , (24)

where S(0) is the free space pattern of the antenna. After substituting the
appropriate expressions for S(0) into Eq. (24), the effects of ground on the
antenna radiation pattern can be studied. In the following sections we discuss

some of the numerical results obtained so far.

12
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Complete side-band mode patterns for standard VOR antennas have been
computed by using Eq. (24) with S(8) given by Eq. (4), for selected values of
Z1 in the range 0<Z 1 <500'. During this part of the computation the patterns
have been calculated in the range 0 <6 <7 at 1° intervals. Some of the computed
patterns for selected values of Z, are shown in Fig. 4(a)-4(e). It can be seen
from Fig. 4 that as the height Z 1 of the antenna above ground is increased, the
number of minima in the pattern (particularly in the region Bm <6< 900, where
Gm is the direction of maximum for Zl= 0) increases. It can also be seen from
Fig. 4 that with increase of Z 1’ the depth of the null nearest to 4 = 7r/ 2 increases.
The depth of a minimum in the pattern is defined locally to be given by (B ~-A)
expressed in dB (see Fig. 4(b)).

In order to study the positions and depths of the minima in the patterns as
a function of Z L ST(G) has been computed by using Eq. (24), in the range of
70° <6< 90° at 0.1° intervals. The 0.1° interval has been found to be sufficient
to resolve the minima in the pattern for the largest value of Z =500' used during
the computation. Fig. 5 shows the positions of the first few minima above
horizon (@ = 7/2) as functions of the antenna height. Notice that the positions
of the minima are expressed in angles above the horizon (i.e., above 900). The
curves shown in Fig. 5 are self-explanatory. It is interesting to observe that
for Z_>200' the position of the nth minimum above the horizon may be obtained

1
with sufficient accuracy from the formula, 6;1= sin znzk

1
to the case of a horizontally polarized isotropic antenna located at a height Z

), which corresponds
1

above ground.

Figure 6 shows the depths of the first few minima above the horizon as a

13



IST( e)\ IN dB

011218-1-T

6 IN DEGREES —>»

30 40 50 60 70 80 90

Fig. 4(a): Theoretical free space side-band mode elevation
plane patterns of a standard VOR antenna for
selected heights above ground.
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Fig. 4(b): Theoretical free space side-band mode elevatio
plane patterns of a standard VOR antenna for
selected heights above ground.
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Fig. 4(c): Theoretical free space side-band mode elevation
-8 plane patterns of a standard VOR antenna for
selected heights above ground.
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Fig. 4(d): Theoretical free space side=band mode elevation
plane patterns of a standard VOR antenna for
selected heights above ground.

17
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Fig. 4(e): Theoretical free space side-band mode elevation
plane patterns of a standard VOR antenna for
selected heights above ground.

18
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function of the antenna height. The depths of the minima are defined as explained
before. In general it can be said that the depths of the minima increase contin-
uously with Z P for a given Zl’ the minimum nearest to the horizon is deepest

and the depth decreases with the order of the minimum.

21
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VI

GROUND REFLECTION EFFECTS ON LARGE GRADIENT VOR ANTENNA
PATTERNS

Complete side-band mode patterns for the large gradient VOR antenna
have been computed by using Eq. (24) with S(6) given by Eqgs. (10)=(23), for

selected values for Z. in the range 0 < Z, <500'. As before, during this

phase of the study thelpatterns have been jomputed in the range 0 <O <7 at
10 intervals. A few of the calculated patterns for selected values of Z1 are
shown in Fig. 7. On comparing Figs. 7 and 4 it is found that the depths of the
minima near the horizon in the large gradient antenna patterns are less than
those in the standard VOR antenna patterns. This is attributed to larger field
gradient produced by the former antenna.

In order to investigate accurately the positions and depths of the minima
in the patterns as a function of Z1 s S,I(G) has been computed in the range
70° <6< 90° at 0.1 intervals. Figure 8 shows the positions of the first few
minima above horizon as functions of the antenna height. The comment made
with regard to Fig. 5 also applies to Fig. 8. This indicates that for sufficiently

large values of Z., the positions of the pattern minima may be obtained by

assuming the anteima pattern to be isotropic.

Figure 9 gives the variation of the depths of the minima as functions of
the antenna height. On comparing Figs. 9 and 6 it is found that depths of the
minima in the patterns for the large gradient VOR antenna are less than those
for the standard VOR antenna. This observation has important bearing on the g

performance of a standard VOR system using a large gradient antenna.

22
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Fig. 7(a): Theoretical free space side-band elevation plane
patterns of a large gradient VOR antenna for
selected heights above ground.
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Fig. 7(b): Theoretical free space side-band elevation plane
patterns of a large gradient VOR antenna for
selected heights above ground.

A



HT

101

(9)! IN dB——>
el e w
1} 11 | ]

K
n

011218-1-T

ANGLE IN DEGREES —

L L 1 1 1 ] 1 L l

1 T 1 | ] L] L] ] I

10 20 30 N\40 50 60 70 80 90

Fig. 7(c): Theoretical free space side-band elevation plane
patterns of a large gradient VOR antenna for
selected heights above ground.
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Z = 925!
125

ANGLE IN DEGREES

10

Fig. 7(d): Theoretical free space side-band elevation plane

30 50 60 70 80 90

patterns of a large gradient VOR antenna for
selected heights above ground.
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Fig. 7(e): Theoretical free space side~band elevation plane
patterns of a large gradient VOR antenna for
selected heights above ground.

27



00S

00¥ 00€e

00t

414

-

E o
b

LIdJd NI LHDITH

*BUUSIUE MOA juorpead o3ael oY) J0J
1yS1oYy °‘sA rwruiw uxajped ayj jo suonyrisod ‘g ‘It

-

STIYOIA NI WAWININ 40 NOILLISOd




011218-1-T

LHAA NI LHOIHH
00€ 00¢

00t
-1

*BUUSUR YOA Iuaipead adael 9y} I0¥
1y3d19y *sA puwrutw uxajjed ayj jo syidoaQ

‘6 "3td

dP NI WAWININ 40 HLddd




011218-1-T

VII

BEHAVIOR OF THE PATTERN MINIMA FOR STANDARD AND LARGE GRADIENT
VOR ANTENNAS

The rr]1mma in the elevation plane patterns near the horizon are of con-
siderable importance in studying the performance of a VOR system. For this
reason we give here a comparative study of the behavior of the pattern minima
near the horizon for standard and large gradient VOR antennas located at various
heights above ground. Figures 10~15 show the behavior of the side-band mode
patterns, in the range 86° <6< 900, for large gradient and standard VOR antennas
located at various heights above ground. Ideally all the curves shown in Figs.
10-15 should terminate at - oo at 0= 90°,

From a study of Figs. 10-15 it is found in general that for a given height
Zl’ the depth of each minimum in the pattern of large gradient antenna is less
than the depth of the corresponding minimum in the pattern of the standard VOR
antenna. Thus it may be said that the large gradient antenna has a ten&ency to
fill up the minima in the pattern. We define the '"filling factor' as the difference
between the depths of a given order of minimum in the patterns of standard and
large gradient VOR antennas. Thus the filling factor gives an indication of the
amount of reduction in the depth of a minimum in the pattern obtained by using
a large gradient antenna as compared with that obtained with a standard VOR
antenna when the two antennas are located at the same height. Figure 16 gives
the variation of the filling factor for the first few minima in the pattern as a
function of tile height of the antenna above ground. It is found that initially the
filling factor increases rapidly with height and then it approaches a constant

value of about 10 dB.

30
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Fig. 10(a): Side-band mode elevation plane radiation

61 patterns near the horizon for Z = 450"

86 817 88

(large gradient VOR antenna).
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Fig. 10(b): Side-band mode elevation plane radiation
patterns near the horizon for Zl= 450"
(standard VOR antenna).
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Fig. 11(a): Side-band mode elevation plane radiation

patterns near the horizon for Z_ = 350*
(large gradient VOR antenna).
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Fig. 11(b): Side-band mode elevation plane radiation
patterns near the horizon for Z,= 350!
(standard VOR antenna).
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Fig. 12(a): Side-band mode elevation plane radiation
patterns near the horizon for 7 = 200t
(large gradient VOR antenna).
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=107

-117
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s

Fig. 12(b): Side-band mode elevation
plane radiation patterns near
the horizon for Zl= 200°,

(standard VOR antenna).
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-Fig. 13(a): Side-band mode elevation plane radiation
patterns near the horizon for Z,= 150"
(large gradient VOR antenna).
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Fig. 13(b): Side-band mode elevation plane radiation
patterns near the horizon for Z 1" 150'
(standard VOR antenna).
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Fig. 14(a): Side-band mode elevation plane radiation
patterns near the horizon for Z. = 75'
(large gradient VOR antenna).
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Fig. 14(b): Side-band mode elevation plane radiation

ﬁ

patterns near the horizon for Z1- 75!
(standard VOR antenna),
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Fig. 15(a): Side-band mode elevation plane radiation
patterns near the horizon for Z = 15'
(large gradient VOR antenna).
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Fig. 15(b): Side-band mode elevation plane radiation
patterns near the horizon for Z1= 15!
(standard VOR antenna).
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VIII
CONCLUSIONS

In the above we have discussed the behavior of the minima in the elevation
plane patterns of standard and large gradient VOR antennas located above a
perfectly conducting infinite planar ground. When the two antennas are located
at the same height, it has been found that the depths of all the minima for the
large gradient antenna are less than those for the standard VOR antenna. In
general, the reduction in the depths of the first few minima increases i:éipidly
with height up to ébout 200* (~~ 21)) and then it assumes a constant value.

For the minimum nearest to the horizon (first minimum) a maximum reduction

obtained has been found to be about 10 dB.
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