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I. INTRODUCTION

1.1 Preliminary Remarks

The objective of the research reported herein is to determine the best
arrangement of elements for an antenna to produce a single beam pattern for
applications on electrically small aircxjaft or missiles. The antenna is to
operate in the low VHF range (30 MHz - 200 MHz; A = 10m - 1.5m). The
electrically small vehicle is approximated by a perfectly conducting circular
cylinder of diamter ~ 2 meters and length ~13 meters. For obtaining patterns
in a plane normal to the axis of the cylinder produced by elementary slot radia-
tors placed on its surface, the cylinder is assumed to be of infinite length. This

assumption simplifies the theoretical analysis considerably.

1.2 General Considerations

Let us represent the fuselage of the aircraft by a conducting infinite cylinder
of radius a . The coordinate system used and the orientation of the system are
shown in Figure 1 where the axis of the cylinder is oriented along the z-axis.

We shall refer to the x-y plane as the vertical or elevation plane, the y-z

plane as the horizontal plane and the x-z plane as the longitudinal plane.

The desired beam produced by the antenna should be normal to the z-axis
and be directed as shown in Figure 1. The antenna should also have some
directivity in the y-z plane. Ideally, there should not be any radiation

beyond the range

where A ﬁo is the beamwidth between nulls in the x-y plane pattern.



CROSS SECTION OF
AIRCRAFT FUSELAGE

Figure 1: Idealized pattern and the coordinate system used.

We assume here that the sidelobe levels, if any, should be about 15 to 20dB
down from the main beam.

The antenna system should have a bandwidth of 5 MHz with a VSWR equal
to 3.0:1. This implies that at 30 MHz the required bandwidth would be about
+ 8 p.c. and about + 1,25 p.c. at 200 MHz.

The bandwidth requirements at the lower frequency end appears to be quite
severe. From this consideration alone it may be advisable to use antennas
such as the log-periodic, the yagi or zig-zag antennas. If circular polarization

is acceptable one may also consider the use of flat spiral, conical spiral or



helical antennas, However, all these antennas would require an excessive
amount of protrusion from the cylinder or require a large amount of cylindrical
surface area at the lower frequency end. Because of this we have ruled out

the use of such antennas for the present study.

To obtain the desired patterns we use the technique of arraying a number
of elementary radiators around the circular cylinder. Axial slot radiators are
considered for the reason that they need minimum amount of protrusion from

the cylinder surface.

1.3 Outline of the Report

In Chapter II we derive the expressions for the desired far field patterns
produced by arrays of axial slots on a conducting circular cylinder of infinite
length. The required phase of excitation of elements to produce a beam in a
certain direction are obtained by assuming that the array consists of a section
of a circular array of isotropic sources. For the given radius of the cylinder
and the frequency band of interest, the approximation is found to yield satis-
factory results. Radiation patterns produced by arrays of 2, 3 and 4 slots on

the circular cylinder are numerically computed and discussed.

Chapter III discusses the experimental results. The agreement between

the theoretical and experimental results are found to be satisfactory.



II. THEORETICAL AND NUMERICAL ANSLYSIS

In this chapter we develop theoretical expressions for the radiation field
produced by a number of axial slots located on the surface of a conducting cir-
cular cylinder of infinite length. The far field patterns produced by such
elementary radiators are discussed thoroughly in the literature [1 - 3] . Here
we write them in a manner suitable for our purpose and use them to obtain
the array pattern expressions. The radiation patterns produced by arrays of
monopoles or stub radiators located on a circular cylinder have been dis-

cussed in our first quarterly report [4] and will not be repeated here.

2.1 Theoretical Pattern Expressions

Consider a narrow axial slot of length L located on the surface of the
cylinder at § = ¢ I and z =0 as shown in Figure 2. Let the excitation of

the slot be represented by:

iy
i
_1«:: _ Vle S Ta A (1)
s 2aAg°® L %
where,

A" 4 v , are the amplitude and phase of the excitation,
2A@ is the width of the slot,

én‘)t is the assumed time dependence,

3¢ is the unit vector in the @-direction.

It can be shown [ 2] that the far electric field produced by such a slot of
length L =2/2 has only a @-component and is given by:
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Figure 2: Axial slot on a circular cylinder and the coordinate
system used.
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where,

= % is the propagation constant in free space,

r, 0, ¢ are the usual sphereical coordinates,

H1(11) represents Hankel function of the first kind and order n,

' indicates differentiation with respect to the argument,

€n=1forn=0
=2for n#0 .

i A
For a narrow slot, A 20, so that we can assume %‘Q =~

in Equation (2). Thus the far field in the x-y plane (6 =« / 2) may be

represented by:

eikr
E¢ = T I} (¢) 2
where,
® n
iy € (-1) cosn(f-¢)
Pl v,e | D B ! (9
7 (ka) n=0 H = (ka)

| Pz (¢)l is the x-y plane pattern produced by a single axial slot located
at ¢ =§ g The pattern produced by an array of such slots located on the
cylinder may be obtained by summing Equation (4) over the index { and may

be written formally as:

P - ) B, . (5)

L



Equation (5) assumes that there is no mutual coupling between the slots which
would be a valid approximation as long as the slots are not too close to each

other. In our analysis we neglect the mutual coupling between the slots.

2.2 Excitation of the Array

It has been assumed in the previous section that the array is obtained by

locating a number of axial slots on the cylinder at z = 0 plane and at § = § T
iy
the excitation of £-th slot being V € l.

interest and for the given size of the cylinder, it appears that the physical

Within the range of frequencies of

extent of the array should be confined approximately to one quarter of the
cylinder circumference in order to obtain a desirable pattern. From this con-
sideration it seems that the maximum number of slots that can be used for the
array may be 4 or 5. For larger number of slots the mutual coupling effects
would become appreciable and the analysis of the array pattern will be very

complicated.

The array pattern expressions given by Equations (5) and (4) are in the form
of double series, one of them being infinite. It is quite difficult, if not impossible,
to obtain the array excitation coefficients V IE 1[11 for a given beam direction

from these series expressions.

We use the concepts of the section of a circular array of isotropic sources
to obtain the excitation coefficients in the present case. Consider a section of
a circular array of isotropic sources in the x-y plane, as shown in Figure 3.

It can be shown that the far field pattern in the x-y plane is given by:
wz
) - 2 Ve e
£

2 v e—i [ka cos (¢-—¢£) - (//l]
y
4

-ika cos (-§)

(6)
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Figure 3: A circular section array with typical
elements at § = §, .

Let the desired direction of the beam maximum be § = ¢o' Equation (6)

indicates that the phase of the excitation ¥ . must then satisfy the following:
ka cos (¢0 -f)=y, . (7)

We shall design excitation coefficient ¢ f for the slot array on the cir-
cular cylinder on the basis of Equation (7).

For example, let us design a 3-slot array which is required to produce
maximum field in the direction ¢o =7 [4. For convenience we assume that
= 7 [4 and ¢3 =7/2. The phase

2
of excitation of the slots are then given by ¢1 = }{T; , (//2 = ka and :,03 = ka//Q' ,

the three slots are located at ¢1 =0°% ¢

respectively. If the slots are excited with uniform amplitude, V1 = V2 = V3 =1,

‘It may be found necessary to use non-uniform amplitude of excitation to modify

the pattern in directions away from the main beam.



2.3 Discussion of the Element Pattern Expression

The pattern produced by an individual slot element located on the cylinder
is given by Equation (4) which is an infinite series. The convergence of the
series depends on the parameter ka. Within the range of frequencies of
interest the maximum value of ka is k: m. It has been found that for proper

3

. 4 s . .
convergence with ka =— 7, it is necessary to consider at least ten terms in

3
the series. Therefore in all of our pattern calculations we have used the

first ten terms of Equation (4).

2.4 Numerical Results for Single Slot Radiation Patterns

In this section we discuss the far field patterns produced by an axial slot
located on the surface of the conducting cylinder at ¢1 =0°. The patterns
have been obtained by numerical computation of Equation (4) for three selected
values of ka. Figures 4(a)-(c) show the x-y plane patterns for three values
of ka which correspond to the normalized radius ka of a cylinder of diameter
2m at 30 MHz, 60 MHz and 200 MHz respectively. It should be noted from
Figure 4 that towards the lower end of the frequency band, the pattern is
approximately isotropic over most of the range of § . More importantly, it
has been found from our numerical resu.]ts, the phase of the radiation stays
almost constant for small values of ka, and over an appreciable range of § on
either side of = 00. This appears to justify the assumption of using isotropic
sources for the calculation of the excitation coefficients for an array of such

slots, as discussed in section 2.2.

2.5 Patterns of an Array of Two Slots

Figure 5 shows the pattern produced by a pair of axial slots located at
¢1 = 0° and ¢2 = 1[4, The two slots are excited equally, i.e., V =V, =1
and ¥, =y, = 0°. Observe that the beam maximum occurs at § = 7 /4 which is

in agreement with Equation (7), Observe, also that the pattern maximum in the
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Figure 4(a): Theoretical pattern of an axial slot on the surface
of a conducting cylinder, ka = 0.27,

10




2]

orT.

02 14 o€ GE — €.

[=)
T

il
MOd 3AILY13Y

L
L
T
L1

(=}
T
qp M

_,_

1
g =0°

Figure 4(b): Theoretical pattern of an axial slot on the surface

of a conducting cylinder,

11

0€ 14

ka = 0.47.

02

ST

0l




1]

o
—.

14

0€

01

) 0z 5z o€ GE & € o€ gg4+oz ST

0l

o]

V]

IMOd 3AILYV3N

1
) |
i

P

g=0°

Figure 4(c): Theoretical pattern of an axial slot on the surface
of a conducting cylinder, ka = 4/37.
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direction §§ = 7 /4 is about 15dB larger than that in the direction @ = 37/2,

It appears from the results that by using third slot located at ¢3 = 371/2, the
beam direction may be changed from @ = z/4 to §§ = -7 /4 by exciting slots

1 and 3 only.

2.6 Patterns of an Array of Three Slots

Figure 6 (a) - (¢) show the patterns produced by an array of three axial
slots located at ¢1 = 0°, ]62 = 7 /4 and ¢3 = 7 [2 with uniform amplitude
excitation, i.e., V1 = V2 = V3 =1.,0. The phase of the excitation is chosen
such that ‘”1 = ¢3 = ka/ 2, l//z = ka obtained from Equation (7) for a beam
maximum in the direction ¢o = 7 [4. Figure 6 indicates that appreciable
amount of directivity may be obtained in the upper half of the frequency band
of interest.

Figure 7 (a)-(b) show the patterns produced by the same 3-slot array, but
with non-uniform amplitude of excitation such that V1 = V3 = 0.5 and V2 =1.0.
Comparing Figures 7 (a) and 6 (a), it is found that the patterns are quite
similar. The pattern shown in Figure 7 (b) is for ka = 0.7077 and is found to
be clean in the shadow side of the antenna. This may be found interesting for

some applications.

2.7 Patterns of 4-Slot Array

The results discussed in the previous sections indicate that it is possible
to obtain appreciable directivity in the upper end of the frequency band with a
3-slot antenna configuration. In general, it has been found that for such an
array with ka 22 0, 8x the pattern has a principal maximum in the direction
¢ = 45°. In directions + 90° away from the main beam, the field is about
13dB down from the maximum (Figure 6 (b)). To reduce the field in the direction

90° away from the main'beam, we have used a fourth slot with proper exciation.

14



ST

0ot

G 0z G2+ (¢15 GE T

1

1

0E

14

]

G

01

n

1o

[=]
T N

(2]
3IMOd 3AILV)3Y

1

O
T
qp. N

pe o

Figure 6(a): Theoretical pattern of three axial slots located on the
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Figures 8 (a)-(c) show the patterns produced by the 4-slot array located on a
cylinder for various values of ka. Observe that for ka = 0.8 (Figure 8(b))
the field in ¢ = - 45° region is about 30dB down from that at the maximum.
For ka = 1,07 (Figure 8c)) the field in the § = 45° region is about 17dB
down while for ka = 0.47 the pattern is not much different from that of a

single slot on a cylinder discussed earlier.
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III EXPERIMENTAL RESULTS AND COMPARISON WITH THEORY

3.1 Elementary Slot

As mentioned earlier, the elementary radiator used is a magnetic dipole
or a slot. The experimental model may be fabricated out of stripline. The
slot has the advantage that it requires minimum protrusions when mounted
on the cylinder surface. Figures 9a and 9b show the photographs of the
front and back sides of the stripline slot radiator. The measured x-y plane
pattern of the slot on a cylinder with ka = 1,3877 is shown in Figure 10. The
corresponding theoretical pattern is also shown in Figure 10. The agreement
between theory and experiment may be considered to be satisfactory. It has
been found that for a slot of length approximately equal to a wavelength, the input
VSWR stays within 1:3 in the frequency range of 2.8 - 3.4 GHz.

3.2 3-Slot Array
A photograph of the 3-slot array mounted on the cylinder is shown in Figure

11(a). An array of 3 axial slots mounted on a cylinder with ka —1.47 has been
fabricated. For mechanical simplicity the individual slots in Figure 11(a) are
made of reduced height waveguide sections. Figure 11(b) shows a sketch of

a slot on the broad wall of a cavity made of reduced height waveguide. The system
is fed by a coaxial probe as shown. The impedance characteristics of the slot
depends critically on the locations of the slot and the height of the waveguide.
The measured x-y plane pattern of the antenna is shown in Figure 12. The
results shown in Figure 12 agree fairly well with the theoretical pattern dis-
cussed in section 2,6. During the experiment the three slots were fed by a
3-way power divider and phasing of the slots were done with the help of
appropriate length of transmission line, The measured input VSWR as a

function of frequency for the 3-slot antenna is shown in Table I.

24



Figure 9(b):

S

Photograph of the back side of the stripline slot radiator.
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cylinder, ka = 1.3977, — theoretical ----- experimental,
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Figure 11(a): A photograph of the 3-glot array mounted
on a conducting cylinder.

a1



4y — 1/41:—» -1———
/AL'*— Short

Coaxial
Short R ] |
0
~—s* O

3" 2—1/8"

—»| [e— | 1/32"

- Xg/4

Ty
N

Figure 11(b): Sketch of a slot on the broad face of a reduced
height waveguide cavity.
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Table I. Input VSWR for the 3-slot array.

Frequency (GHz) VSWR
2.9 1,06
3.0 1,06
3.1 1,06
3.2 1,08
3.3 1.14
3.4 1,18
3.5 1,31
3.6 1.36
3.7 1.43

It may be of some interest to know the VSWR at the input of each slot and

this data are shown in Table II below.

Table II, VSWR at the input of each slot.

Fr(‘gl}‘llz;“’y Slot 1 Slot 2 slot 3
3.0 3.9 3.8 3.6
3.2 1.95 2.4 1,95
3.3 1.39 1.56 1.34
3.4 1.65 1.60 1.57
3.5 2.4 2.39 2.4

The results given in Tables I and II indicate that the input end of the
power divider is well matched. This was achieved by designing the power
divider such that the impedance of each slot is properly matched to the

power divider.

3.3 The 4-Slot Array

The individual slots of the 4-slot array are made of reduced height

waveguide as in Figure 11(a). Figures 13(a)-(e) show the experimental and

theoretical x-y plane patterns of the antenna at different frequencies., The

30



slots were fed by 4-way power dividers to provide the appropriate amplitude
of excitation. The phasing was done by appropriate amount of line length.
The agreement between theoretical and experimental patterns shown in Figure
13 may be considered to be satisfactory. The measured cross-polarization
patterns of the antenna over the same frequency range are shown in Figure 14
(a)-(e). Typically at f = 3.1 GHz the cross-polarization component is about
25dB down in the direction of the beam maximum. In other directions the
cross-polarization response is lower than 25dB. The input VSWR as a

function of frequency is shown in Table II.

Table II., Input VSWR for the 4-slot array.

Frequency
(GHz) VSWR
3.1 1,38
3.2 1,05
3.3 1.26
3.4 1,60
3.5 1.68
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Figure 13(a): Patterns of an array of 4 axial slots on the surface
of a conducting cylinder, ka = 1.3127, f = 3.1 GHz,
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Figure 13(b): Patterns of an array of 4 axial slots on the surface of a
conducting cylinder, ka =1.354w, f=3.2 GHz,
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Figure 13(c): Patterns of an array of 4 axial slots on the surface of a
conducting cylinder, ka = 1,3967, f = 3.3 GHz,
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Figure 13(d): Patterns of an array of 4 axial slots on the surface of
a conducting cylinder, ka = 1.4397, f = 3.4 GHz,
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Figure 13(e): Patterns of an array of 4 axial slots on the surface
of a conducting cylinder, ka =1,48lw, f = 3.5 GHz,
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Figure 14(a): Measured cross-polarization pattern of an array of 4
axial slots on the surface of a conducting cylinder.
ka = 1,3127, f=3.1 GHz, V1= V2 = V3 =1.0,
V,=0.4, ¥ =y, = ka//2, Wy =ka, ¥, =0.

Maximum cross-polarization 2 -25dB down.
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Figure 14(b): Measured cross-polarization pattern of an array of
4 axial slots on the surface of a conducting cylinder.
ka =1,354%, £=3.2GHz, V., =V_=V_=1,0,

1 2 3
V4 -0.4, ¢/1 ‘¢3 ‘kalﬁa Kl/z 'kaa (/j4_ 0.

Maximum cross-polarization 2 -26.5dB down.
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Figure 14(c): Measured cross-polarization pattern of an array of

4 axial slots on the surface of a conducting cylinder.

ka =1,39m7, f= 33GHzV V2-V3-10
v, =0.4, ¥, w-ka/f ‘”2 ka, ¥/,
Maximum cross—polarlzatmn &~ 227, 5dB
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Figure 14(d): Measured cross-polarization pattern of an array of 4
axial slots on the surface of a conducting cylinder.
ka =1.4397, f = 3.4 GHz, V1 = V2 = V3 =1.0,
V,=0.4, ¥, =y = ka2, y, = ka, ¥, = 0.

Maximum cross-polarization < -26.0dB.
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Figure 14(e): Measured cross-polarization pattern of an array of 4

axial slots on the surface of a conducting cylinder.
ka =1.4817, f = 3.5 GHz, V1 = V2 = V3 = 1,0,
V,=0.4, ¥ =y, =kapf2, y, = 0.

Maximum cross-polarization 2 _30.0dB.
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IV. CONCLUSIONS

The results of the theoretical and experimental investigation discussed
in the previous sections indicate that it is possible to obtain a single beam
pattern with the help of an array of axial slots on a circular cylinder. How-
ever, it appears from the results that the pattern will not be optimum at the
lower end of the frequency band for the given size of the cylinder. The VSWR
results indicate that it would be possible to achieve the design goal of 1:3

VSWR over the band of frequencies of interest.

In an extension of this work it is recommended that the following studies
should be performed:

(i) Re-design the array so as to illuminate a region, perhaps 30° to 750,
as measured from the nadir.

(ii) Establish a lower frequency limit in terms of cylinder diameter/),
for which it is possible to obtain a 10dB difference in the illumination over the
30° to 75° angle spread. The discrimination is to be between the illuminated
side and the corresponding same angle on the shadowed side.

(iii) Slot spacings other than 7 /4 investigated.

(iv) Determine the effects of the waveguide height on the impedance
characteristics of the individual slot.

(v) Experimental studies to verify some of the findings of the theory for

the re-designed array.
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