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ABSTRACT

A circularly polarized nine-element (3 X 3) planar array antenna
system has been evaluated for use on a synchronous satellite, The array
elements are mounted on a 104-in. square reflector, and the basic radiating
element is a crcssed open-sleeve dipole with good VSWR and pattern char-
acteristics over a i, 8:1 frequency band (225 to 400 MHz), The electrical
performance of the antenna was measured using a half-scale model, It is
shown that the antenna can provide an EOE gain (gain in the direction of the
edge-of-the-earth) of greater than 14 dB from 225 to 250 MHz and greater
than 11 dB from 250 to 400 MHz, based on the results of the half-scale
model measurements. The measured axial ratio is less than 1,6 dB

throughout the entire operating frequency band.
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, ; ' I. INTRODUCTION

This report describes' the results of a theoretical and experimental
evalua.tmn of a wideband UHF planar array of crossed open-s’‘eeve dipoles.
T}us array is a candidate antenna configuration for a communication satellite
at synchronous altitude ope|ra.ting in the 225 to 400 MHz (1. 8:1 bandwidth) fre-
quency range. The primary objective of this study was to establish the antenna
gain at an ofti-axis angle of 8. 65 deg from the beamn peak. This angle corre-

,  sponds to a line-of-sight to the edge-of-the-earth (EOE) from a synchronous
orbit satellite, The EOE’gain represents an important factor in the system
andlysis of the communication link.

' The expenmental work ‘;as done W1th a half-scale model (450 to 800 MHz),
and all the results are reported with reference to the scaled dimensions. The
: array consists of nine elements (3 X 2 configuration) of crossed open-sleeve
dipoles (Ref. 1) mounted ona 52-in, square reflector., The orthogonal dijpoles
are fed in phase quadrature to acquire circular polarization. Sleeve dipoles
_ were selected to attain the desired bandwidth, The dipole-to-reflector spacing
and the distance between elements were varied during the investigation. The
i dipole configurations and sl;acings were selected to optimize the array per-
formance in the 225 to 300 MHz (450 to 600 MKz, half-scale) band without
substantial deéracfation of antenna gain at the upper frequencies.

' The element paiterns used for'the array pattern and directivity compu-

tations are didcussed, Measured antenna gain and patterns are compared with

_ the éomputed results. The measured VSWR of the individual dipoles and the

array of dipoles are alsc included in ihe report,

}
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II. DESCRIPTION OF ANTENNA SYSTEM

The frequency of operation for the half-scale model is from 450 to
800 MHz, There are no strict requirements on the antenna beam shape and
sidelobe levels, but the off-axis (48, 65 deg from beam peak) gain is to be
maximized. Circular polarization is required.

The array consists of nine crossed open-sleeve dipoles arranged in a
square grid as shown in the photograph of Fig, 1. The elements are fed by
a corporate feed structure and are uniformly excited, The reflector is 52-in.
squzre and is fabricated with 1/2-in. square mesh wire screen.

To achieve wideband impedance and pattern performance, open-sleeve
dipoles (Refs. 1, 2) were used. The VSWR is less than 2,5:1 over the 225 to
400 MHz band. Sleeve antennas generally have wider pattern bandwidth
characteristics than a conventional cylindrical (fat) dipole (Ref. 3). The
dipoles and sleeves are constructed with solid metallic surfaces, although
they could have been constructed in a wire-grid arrangement to minimize
weight (Ref. 2). A close-up view of the dipole assembly is shown in Fig. 2.

The original open-sleeve antenna reported by Barkley (Ref. 4) con-
sisted of a dipole with two closely spaced parasitic elements, the length of
the parasites (sleeves) being approximately one-half that of the center-fed
dipole. Experimental studies of the open-sleeve antenna (Ref, 1) revealed
that the sleeves could have a wide variety of configurations without any de-
gradation to the VSWR response, For simplicity in construction of the crossed
dipole antennas, a flat sleeve arrangement was chosen, Figures 1 and 2 show
the flat metal sleeve construction and the Styrofoam support for the sleeves.

Figure 3 shows the construction details of the crossed open-sleeve
dipoles and balun. A coaxial line was used to feed the dipole, and the antenna
structure was made to incorporate a balun, The feed line consisted of a
copper-clad, 0,141-in, diam semirigid coaxial cable. The balanced line of

the balun was also a length of the semirigid cable, but without the center

‘ Preceding page blank
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Figure 1. Overall View of 3 X 3 Crossed Open-Sieeve Dipole
Planar Array
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FEED POINT DETAILS

DIMENSIONS ARE 0.141~in. SEMIRIGID
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0.141 DIAM, TP |
0875 410362

0.50 0D 5,—, #—1—0.250

e ————1
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i D
REFLECTOR SURFACE f

Figure 3. Crossed, Flat Open-Sleeve Dipole Model
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conductor, and the short circuit of this line was coincident witl, the reflector
surface. The dipoles were screwed into the feed terminals and the sleeves

were supported by Styrofoam, '

The array feed network schematic diagram.is shown in Fig. 4. Four
3-way power dividers are used to feed the "Y' dipoles and another four to,
feed the "X'" dipoles, The X and Y dipoles are fed in quadrature by a 90-deg

hybrid to provide circular polarization, '
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III. RESULTS

A. COMPUTED PATTERNS AND DIRECTIVITY

Measured patterns of an isolated element were used for the array pattern
computations., A single crossed open-sleeve dipole assembly mounted in the
center of a 52-in. square reflector was used to measure the element pattern,
E and H plane patterns (linear polarization) were recorded. To derive the
response for circular polarization, the RSS of the two measured field com-

ponents was calculated; i.e.,

oo

where EH and EE are the H and E plane patterns, respectively. The resulting
circularly polarized element patterns for 450, 500, 600, 700 and 800 MHz are
shown in Fig. 5 for dipole-to-reflector spacings of 4.31 and 5 in. The pat-
terns in the backlobe region (90 < 6 < 180) are not shown, since they are
neglected in the array computations. Mutual coupling effects were also
neglected in the array analysis, but they will be considered in a forthcoming
companion report.

The coordinate system used for the array analysis is illustrated in
Fig. 6. The general equation for the field pattern of an N X N planar array

with uniform distribution may be written as

sin(NTr—i- sin 0 sin ¢) sin(Nn-)S: sin © cos tp)

E(6, ) = E_(6) (1)

N si.n(lr')\?- sin 6 sin ¢) N sin(l;:-s- sin 6 cos ¢)

where s is the element spacing, Ee(e) is the measured element
pattern (from Fig. 5), and 0 is measured from the broadside

direction of the array. The computed patterns for N =3
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Figure 6., Array Geometry

are plotted in Figs. 7, 8, and 9 for a 5-in. dipole-to-reflector spacing and
an element spacing of 16 in. and also for a 4.31-in. dipole-to-reflector spacing
with element spacings of 16 and 18 in. Because of symmetry, patterns in the
¢ = 90 and ¢ = 135 deg planes are identical to those of the ¢ = 0 and ¢ = 45 deg
planes, respectively.

The directivity was determinel by integration of the power pattern over
the visible space (0 = 6 = w/2), since the radiation characteristics in the

region /2 < 6 < 7 are not known. The directivity is expressed as

4n

D=
2w /2
j; .L- EZ(B, ¢) sin 6 dO d¢

(2)

Figure 10 shows the peak directivity and the EOE directivity values as

functions of frequency for dipole-to-reflector spacings of 4.31 and 5 in. with

~11-
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the element spacing as a paranieter.‘ At the low end of the frequency band,
the direcfivitieslare lesseﬁtially the same for the two dipole-to-reflector
spacings. At 800 MHz, the 4.?;1-in. spacing provides an enhanced directivity
of approximately | dB. This was expected, because the 4.31-in. spacing
corresponds to 0.29\ at 800.MHz and is the position where the radiation pat-
ternlbeam bifurcation begins to become noticeable. At 5-in. dipole-to-
reflector spac’ng, the spac‘ing‘.is 0.34\ and beam splitting definitely exists,
resulting in @ lower element directivity and thus a lower array directivity.

" The diiiectivity represents the gain of an antenna withnolosses, andthe
actual gain of the planar array is determined by subtracti:ng out the variouslosses.
The measured feed network, polarizer, and mismatch losses are presented in
Section III-B. The antenna ohmic, balun, and other unknown losses cannot be
measured directlyand are inferred fi‘om the difference betweenthe computed
'and measured gain values. .

For the 3 X 3 array, a 16-in. elernént spacing provides optimum EOE
directivity‘ ( >}15.2 dBl) in the frequency range of 450 to 700 MHz; however, at
| .

800 MHz, the EOE directivity drops to 13.9 and 12.9 dB for the dipole-to-
neflector spacings of 4.31 and 5 in., respectively. With an element spacing

of 18 in,, the EOE gain at the low end of the frequency band may be enhanced
by about 0.5 dB but only at the expense of a gain degradation of about 1.5 dB

at the higﬁ end of the band. A 14-in. element spacing provides a more uniform
EOE directivity, as compared txo s = 16 and 18, but the overall directivity is

lower, particularly in the more imgﬁorta.nt 450 to 600 MHz band.

B. MEASURED DATA | ,
{. FEED NETWORK CHARACTERISTICS

The measured losses of the feed network (Fig. 4) and its individual
components are shown in Fig. 11. The circles represent data peints, and
the dashéd-straight line is a least squares fit to the data points with the
standard deviation, 84

. Figure 1i(a) shows the overall losses of three cascaded lengths of
RG-SBC/U cable, each approximately 20-in. long, complete with TNC con-

nectors. These connector-cable assemblies, as used in the teed network,
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have an overall length of 5 ft, The cable lcsses for a 5-1t iength of RG-58C/U
cable, as given in the Amphenol catalog, are lso shewn for comparison.

The Radiation Systems, Inc. (RSI) 3-way power divider losses shown in
Fig., 11(b) represent the average of the three output zorty and the average
of eight units, The stripline units have an average inscrtion loss of less
than 0.22 dB. The maximum deviation among the power dividers was less
than 0.2 dB, From port-to-port for th~ same unit, the deviaiious weve
less than +0.1 dB. The phase deviation between each port for a single urit
was less than 0.1 deg.

The insertion loss of the polarizer is the average of the losses at the
two output ports. The compact unit with OSM connectors has an insertion
loss of less than 0.27 dB. The differen.ial phase from 90 deg between the
twd ports was less than 0,6 deg and, as an average, less than 0.2 deg over
the frequency range. The power imbalance between the two output ports is
given in Section III-B(5), The performance of the hybrid was satisfactory
at 450 MHz, even though the unit war advertised by the manufacturer for
operation in the 500 to 1000 MHz frequency range.

Figure 11(c) shows the overall loss of the feed network from the polari-
zer input to the antenna-balun ports. The data represent the average for the
18 output ports. The maximum deviation among the ports was 0.3 dB, The
st..rdard deviation of the regression line is 0.25 dB. When summing up the
losses of the individual components that comprise the feed network, the total
loss is usually represented by a straight line such as the regression line.
The deviations from a straight line are caused by the unpredictable mismatch
effects and other unknown factors, As a comparison, the regression lines of
each of the individual components were summed, with the result as shown by
the dotted iine of Fig., 11(d). here is a reasonable agreement with the
exper.mnental regression line. The differential phases arnong the 18 output ports
were less than 5.8 deg, which is an indication of how well the cables were cut
to identical lengths. As an average, the differential phase from 90 deg between

the X and Y dipole ports was less than { deg. The power imbalance between
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the X and Y Jipole balun ports was essentially the same as that of the hybrid

outputs, which will be evident from the axial ratio discussion (Section III-B(5)).
2. VSWR

The VSWR of a single isolated dipole, the dipoles embedded in the
3 X 3 array, and the inputs to the 3-way power dividers and to the polarizer
were measured prior to making any pattern and gain measurements. The
results for a dipole-to-reflector spacing of 5 in. and with a 16-in. element
spacing are shown in Fig. 12. The VSWR of one isolated dipole is less than
2.3:1. Both the X and Y dipoles of elements No. 5, 7, and 8 (see Fig. 4)
were measured at the balun input port, with the remaining elements terminated
in 50-ohm loads. These three elements were chosen for the measurements
because they have different neighboring dipole arrangements, and the VSWR
characteristics would provide an indication of mutual coupling and reflector-
edge effects. Rather than plot each curve individually, the maximum spread
in the VSWR values is shown (Fig. 12(b}).

Since the X and Y dipoles in the array were fed with separate sets of
power dividers, the input VSWR to each set (Ports A and B, respectively,
Fig. 4) was measured. The results are shown in Fig. 12(c). The VSWR
response is considered good. The VSWR measured at the input of the polarizer
with all the dipoles connected is shown by the dotted line, This VSWR is low,
as expected, since most of the reflected energy is dissipated in the fourth port
of the 90-deg hybrid.

Figure 13 shows the VSWR characteristics for a dipole-to-reflector
spacing of 4.31 in. and element spacings of 16- and 18-in. The maximum
VSWR of a single dipole is 2.8:1. It should be pointed out that the VSWR
can be significantly reduced by making the dipoles fatter and by varying the
sleeve parameters, as discussed in Ref. 1. For the purposes of this
study, the change in diameter was not considered necessary. The VSWR at
the input to the power divider network feeding the X and Y dipoles for element

spacings of 16 and 18 in. are shown in Figs. 13(b) and 13(c), respectively.
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+ The power loss due to the VSWR, which is not transmitted by the antenna

system, is referred to as the mismatch loss., The exact m1sma.tch loss for the

-array is difficult to determine from the VSWR data. However, for purposes

of the present study, the VSWR of a single isolated element was 'used to
determine the mismatch losses. In this manner, the effects resulting from
the interactions between the various components in the feed network and the
array are not accounted for, but from an examination of F' igs. 12 and 13 it
appears that thxs error is qu1te small. F1gure 14 depicts the mismatch losses
for the dipole-to-reflector spacings of 4.31 and 5 in., which are used to
determme the array gains from the computed directivities.

I

N

o ] [
= SINGLE ELEMENT VSWR i
! A , ‘  —Dg =.4.3l
Ol
Lo ' _— - —— '
T - : ’ - ]
= T ~Dg= "
= | / 4 _
N N
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0 ' e ,
400 - 500 . 600 700 . 800
FREQUENCY, MHz ,

| Mismatch Losses for 4.2%i- and 5-in..

! Figure 14,
w Dipole-to-Reflector Spacings

3. RADIATION PATTERNS

Radiation patterns of the 3 X 3 array were measured for an elermhent
spacing of 16 ih., with dipole-to-reflector spacings of 4.31 and 5 in., and
for an element spacing of 18 in. with a 5-in. dipole-to-reflector spacing.
A summary of the computed and measured pattern characteristics is pre-

sented in this section. »
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Until a circularly polarized transmitting antenna was made available
for the array radiation pattern measurements, a 6-ft parabolic reflector
with a rotating linearly polarized dipole feed was used as an illuminating
source. With the rotating linearly polarized source, the axial ratio can be
determined for any aspect angle. The pattern response to a circularly
polarized wave can then be determined by taking the RMS value of the maximum

and minimum signals for a given angle:

£  +E%,
E - max miln
cp 2

By using this RMS technique, the measured circularly polarized response

was established, and the principal radiation characteristics such as beamwidth,
EOE correction factors, and sidelobe levels were compared with the computed
values and with the measured patterns for a circularly polarized source.

Figure 15 shows representative patterns recorded with both a rotating
linearly polarized and a circularly polarized source for 450, 500, 600, 700,
and 800 MHz. These patterns are for an element spacing of 16 in. and a dipole-
to-reflector spacing of 4.31 in. The distance between the transmitting and
receiving antennas was approximately 60 ft. Only the patterns in the ¢ = 0 deg
plane (in the plane containing a row or column of elements) are shown, since
this plane has the most pertinent information for comparison with the computed
results. The ¢ = 45 deg plane pattern has approximately the same beamwidth
as the ¢ = 0 deg plane, but the sidelobe levels are less than -20 dB as shown
by the computed patterns and confirmed by the measured patterns. One ¢ = 45
deg plane measured pattern for 450 MHz is shown in Fig. 15(b).

Figure 16 shows the measured patterns of the main lobe region (expanded
abscissa, #30 deg) taken with the rotating linearly polarized source. The
element spacing was 16 in., and the dipole-to-reflector spacing was 5 in.

The half-power beamwidth, EOE correction factor, and axial ratio can be

accurately determined by using the expanded patterns.
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(Sheet 2 of 3) Measured Radiation Patterns with

Expanded Abscissa Scale, Using a Rotating

Linearly Polarized Source

p—— . — e e st e mpe s - e - -

et — — — ‘;04 I S o s T e - et e et o
R : : R ; STV
L ) LY
T v ! T : .
- USEIG i U A AN RSN SN SN S N S I
- ls S IS ' V v Ly O
g T U - -y R TR EREREE PR MO e
3 UEURIL SIS S 3 S
H IR IR PO Y )
- B ISR SRS SRS S S e e ——
N ; Hial M : T =
- . - . . . M M u
. e e B st SR g I 1y
L - PRSI 5y e — —
v b

3.

(c) 600 MHz
i
!

(d) 700 MHz

=T




o e

Fasiepme o

x

-

~=

857 ..
IOD%MN
F3¥., =2
8% - &%
“w W o -

| -30-1

"

e TN TR

H R TR

. . - !
. H H . v
Ll NN
: v — |
RESEES RS T
SRR SRS SRS *
S T

[l ‘ '

il

(e) 800 MHz

(Sheet 3 of 3) Measured Radiation Patterns with

Expanded Abscissa Scale, Using a Rotating

Lincarly Polarized Source

Figure 16,
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A summary of the measured half-power beamwidths (HPBW), EOE
(6 = 8.65 deg) correction factors, angles to the first null, and sidelobe levels

is shown in Figs, 17, 18, and 19 for 3 array configurations, as follows:

Dipole-to-Reflector Element
Figure Spacing (D;), in. Spacing (s), in.
17 5.00 16
18 4.31 16
19 4.31 18

Comparisons are also made in these figures with the computed patterns.,
The measured values represent the average of several patterns. Since the
computed HPBW and EOE ccrrection factors for the ¢ = 0 and 45 deg planes
are essentially the same, only the values for the ¢ = 0 deg plane are plotted.
The HPBW in the ¢ = 45 deg plane is approximately 17 wider, while the ECE
correction factor in the ¢ = 0 deg plane is slightly worse than the ¢ = 45 deg
plane (differential less than C.05 dB), The HPBW and EOE experimental
data points for both principal planes compare very well with the predicted
va'ues, as shown in the summary curves. Also, there is a good correspondnece
between the computed and measured first null positions in the ¢ = 0 deg plane,

and the measured sid=lobe levels are comparable to the computed levels.
4. DIRECTIVITY AND GAIN

A complete set of radiation patterns was taken for an element spacing
of 16 in. with a dipole-to-reflector spacing of 5 in. and another set for s = 18
and Dr = 4,31 in, The purpose of these measurements was to determine the
directivity by integration of the measured patterns, Great circle pattern
cuts were taken in the ¢ = 0, 11,25, 22,5, 33,75, and 45 deg planes for
frequencies of 450, 500, 600, 700, and 800 MHz. The measured directivi-

ties are compared with the computed values as shown in Fig, 20. For the
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Figure 17. (Sheet 1 of 2) Comparison of Measured and Coraputed
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s = 16, Dr = 5 case, a linearly polarized rotating dipole was used in the
pattern measurements, and the circularly polarized response was determined
by taking the RMS value at each angle. For the second set of patterns, a
circularly polarized source was used. The computed directivities are shown
in Fig, 10, as determined from the array pattera using the measured isolated
element patterns.

The predicted gains for the three array configurations tested (s = 16,
D =5s= 16, D.=4.31;and s = 18, D_ = 4.31) were computed by using the
theoretical directivities of Fig. 10 and subtracting the mismatch (Fig. 14)
and the measured feed network losses (Fig. 11). Figure 21 shows plots of the
predicted peak gain curves as well as the measured data points, The dotted
line is the least squares fit of the measured data, with the standard deviation
designated by Sq° The measured EOE gain curve is the peak gain less the
com