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1. Abstract

Simplified design and analysis equations are presented for
multiple-beam reflector antennas based on the Gaussian-beam
analysis of the primary and secondary patterns. The derived equa-
tions are useful for the quick design and performance analysis in
terms of the coverage-area directivity and the inter-beam isolation
of multiple-beam antenna systems. Results of the analysis given in
this paper agree well with rigorous computations based on physi-
cal-optics analysis of the reflector-antenna radiation patterns.
Extension of the analysis to multiple-beam lens antennas, and to
shaped/contoured-beam antennas, is also presented.

2. Introduction

Multiple—beam antennas (MBA) are currently being used to
provide the downlink and uplink coverage for mobile com-
munication satellites, direct broadcast satellites, and personal
communication satellites. These antennas typically provide con-
tiguous coverage over a specified field-of-view by using high-gain
overlapping spot beams. For effective utilization of the frequency
spectrum of these satellite systems, the frequency is reused on a
number of beams. This is done by dividing the available bandwidth
into a number of sub-bands, typically using either a three-cell or a
four-cell frequency-reuse scheme. The design objectives are to
maximize the minimum-coverage-area directivity and to maximize
the co-polar isolation (C/I) among the beams reusing the fre-
quency.

Antenna designs that are suitable and most often used for
multiple-beam antennas are: (a) a single-aperture design with a
single element per beam, (b) a single-aperture design with overlap-
ping feed clusters, (c) direct radiating arrays, and (d) a multiple-
aperture design with a single element per beam. The apertures are
usually offset-parabolic reflector antennas and could also be
dielectric lenses. Design (a) requires small horns (about 1.04
diameter) to be used, in order to achieve high adjacent beam over-
lap, which results in gain values that are 2 to 3 dB lower than what
could be achieved using an optimal size horn [1, 2]. Design (b)
requires a low-level beam-forming network to provide the element
sharing among a number of beams (usually three or seven), and

IEEE Antennas and Propagation Magazine, Vol. 41, No. 4, August 1999

beam-combining functions. Although design (b) provides good
gain and C/I performance, the amplifiers operate in a multi-car-
rier environment, which reduces the efficiency of the amplifiers.
Design (c) is similar to design (b), except that each beam utilizes
all the elements of the array.

The multiple-aperture design with a single element per beam
(design d) typically employs three or four independent apertures, as
shown in Figure 1. Adjacent beams are generated from different
apertures, forming an interleaved spot-beam coverage on the
ground. The closest spacing between adjacent beams from the
same aperture can be increased from 8 to 1.7320 for a three-
aperture design, and to 2.06 for a four-aperture design, where & is
the center-to-center spacing between adjacent beams of the multi-
ple-beam coverage. The larger beam spacing allows a proportion-
ate increase in the horn size, which, in turn, improves the antenna
gain through reduced spillover loss. The scope of this paper is

Apertures

Figure 1a. A three-aperture system multiple-beam antenna
design. I, I1, and III represent the frequency cells.

Apertures

Figure 1b. A four-aperture system multiple-beam antenna
design. I, IT, III, and IV represent the frequency cells.
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mostly limited to multiple-aperture designs where the apertures are
offset-parabolic reflectors.

Design and performance analysis of the MBAs is quite tedi-
ous. It requires several iterations of first computing the radiation
patterns of reflector antennas for all beams, using the Physical
Optics (PO) method, and then performing the minimum-coverage-
area directivity and the C/I evaluations for each beam. The whole
process typically takes a few weeks to arrive at an optimal MBA
design. The objective of this paper is to present a simplified analy-
sis for the multiple-beam reflector-antenna system, such that the
complete design and analysis can be performed very efficiently
within a few minutes, using hand calculators. The analysis is based
on approximating the primary as well as secondary patterns as
Gaussian beams, and deriving simplified equations for the MBA
design and performance evaluation. The results of the analysis pre-
sented in this paper agree well with those computed using the PO
analysis of reflector antennas. The design equations provide a very
good starting solution for the MBA design, and the PO analysis
can then be used for the final design optimization and evaluation of
the MBA performance. It is also shown that the analysis presented
can easily be extended to lens MBAs, and to shaped- or contoured-
beam antennas.

3. Design and analysis

The design of a multiple-beam antenna depends on the beam
size, which is related to the minimum-coverage-area directivity
requirement. For MBAs with uniform-size beams, arranged in a
hexagonal grid fashion, the minimum directivity occurs at the tri-
ple beam crossover of the three adjacent beams, as shown in Figure
2a. Typical beam overlaps used for MBA designs are 3 dB for two
adjacent beams, and 4 dB for three adjacent beams. The optimum
overlap level depends on the minimum-coverage directivity,
required co-polar isolation (C/I ) among reuse beams, and the fre-
quency-reuse scheme (three-cell, four-cell, etc.). The spacing
between adjacent-beam centers, &, determines the number of
beams for a given coverage, and the maximum feed size that could
be used for the reflectors. For the hexagonal-grid layout of the
beams, as shown in Figure 2a, 6, is given as

6, = 0.8666,, _ 1)

where 6, is the beam diameter at the triple beam crossover. The
minimum number of beams, N,,;,, for a given coverage area is
given approximately as

N, = Coverage Area/ (0.8660:2 ) 2

The denominator of Equation (2) represents the area of the hex-
agonal cell associated with each beam. The coverage area (in
square degrees) includes the pointing error of the satellite. The
actual number of beams, N, is typically 20% larger than N,
for an efficient layout of the beams over the coverage, such that the
triple beam crossover levels for outer beams occur at the edge of
the coverage. For three-reflector (using the three-cell reuse
scheme) and  four-reflector (using the four-cell reuse scheme)
antenna systems, the closest spacings between beam centers reus-
ing the same frequency are given respectively by

62 =1.7326, 3)

54

62 =2.06,. @

The closest spacing between the reuse-beam edges, 8, , determines
the achievable C/I, and is given by 8, =6, -6, (see Figure 2a).
An important design parameter of the antenna is the feed size. The
optimal feed size that gives the required beam spacing of 8, is
given by

Ayt =03 /sy . : )

The above equation assumes maximum diameter, d,,, of the cir-
cular homns such that adjacent feeds from the same reflector are
touching each other. The parameter S in Equation (5) is the scan
factor, which is defined as the ratio of the electrical scan angle of
the beam to the physical displacement of the feed from the focal
point. The scan factor is related to the reflector geometry shown in
Figure 2b by

1+X(£J2
Sp =3/ pay! [1 +°°592}, ©)
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Beam Dia. = 6o

Figure 2a. The hexagonal-grid layout of a four-cell reuse MBA,
showing the beam parameters.
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Figure 2b. The offset reflector geometry.
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where

X =030 for T<6 @)
=0.36 for T 26,

and T is the feed illumination taper (+ve dB) on the edge of the
reflector. The angular parameters of the offset reflector shown in
Fig. 2b are given by

6, =+l tant| —L*h > |Ftan”! h ~t. ®
(D) o
4F Ar

Using the Gaussian-beam model for the feed horn, the primary
radiation pattern can be represented as

E(6)=exp ~A(6/65)" . | ©

where 8, is the half 3-dB beamwidth of the horn, which is given
by
6,=C 2. (10)
Ay
The constant C; is 35 for a Potter-type horn, and is 31 for the

dominant TE;;-mode circular homn; A is the wavelength; and d,,

is the feed diameter. The constant 4 is obtained using the relation-
ship

E(6,)=0.707 =exp(-4), (1

which gives the value of 4 as 0.3467. The feed-illumination taper,
T, at the reflector edge is given by

T =-20log,o[ £(6))]
(12)

~ 201ogy, [exp {—0.3467[01 (du/2)] 01]2}] .

The secondary pattern half-power full beamwidth for an on-axis
beam is given by

6,(5 =0)=(0.762T + 58.44)% . (13)

where D is the projected diameter of the offset reflector. The above
equation is valid for feeds located close to the focal point of the
reflector, and is modified to include the beam-broadening effect
with scan as given by [3].

6 (5) =6 (0)s10%%5¢%, (14)

where GL is the gain loss due to scan in dB, and is given by

0.001552 0.01152

GL = 5+ - )
[/p, 7 +002]  [(F/D,)* +0.02]

1s)
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& in Equations (13) to (15) is the number of beamwidths, 8;(0),
scanned from boresight; and D, is the diameter of the parent
paraboloid, which is given by D, =2(D+h). Equation (15) is
obtained by interpolating the results of Ruze [4] in a quadratic
form. For dielectric or waveguide lenses satisfying the Abbe sine
condition (the thin-lens approximation), the gain loss in dB [5] is
given by GL =0.075 instead of Equation (15); the feed size can be

obtained from d, =F tan@c“; and the illumination angle,’ 6y, is

given by 6, = tan ™! (D/ 2F ) The minimum directivity occurs at
the triple beam crossover, and the level at the triple crossover point
is given by

B(5)=3[6,/65(5)]", (16)

where B(6) is the overlap in dB (+ve) below the peak directivity.
The above equation for the beam-crossover level assumes a Gaus-
sian secondary radiation pattern.

3.1 MBA performance analysis

The beam directivity and the co-polar isolation (C/I ) among
the frequency-reused beams can be estimated using the following
analysis. The minimum-coverage-area directivity in dBi is given
by

2
Dy =1010g|0{(%) nf:i—GL(é‘m)—B(ém). an

The first term of the above equation represents the peak directivity
for beams close to the antenna boresight, and the second term rep-
resents the loss in directivity due to scan for the worst-case beam at
the edge of coverage. The third term in Equation (17) is the triple

beam crossover level (+ve dB) below the peak directivity. J,, is
the maximum scan ratio, defined as the ratio of the worst-case scan
angle to the half-power beamwidth, 6;(0). Equation (17) gives
better predictions than those using gain-area-product (GAP) values.
The GAP-based estimates do not take into account either the
reflector size or the feed illumination. The variable 7 '+ in Equation

(17) is the antenna-feed efficiency value, which is approximately
equal to the overall antenna efficiency, and is given by [6, 7]

n+1)

n2

" 1y =4cot? (91/2){1 —cos" (6, /2)]2 ( (18)

Equation (18) includes the spillover efficiency, aperture efficiency,
phase efficiency, and polarization efficiency, and can easily be
factored out into these four sub-efficiencies, as shown in [6]. The

feed pattern is assumed to be of the form cos” (6/2) in the above
equation. The value of the variable » in Equation (18) is given by

-0.05T

"= log[cos(el /2)] ' (19)

The maximum value of the feed efficiency n I is about 0.81, and

occurs for feed-taper value of 7 =10dB. Figure 3 shows the com-
puted plot of the antenna efficiency as a function of the illumina-
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tion taper, T. The parameter of the curves is the half-subtended
angle of the reflector. The results show that a smaller 6, (a larger

F/D) results in better performance for an optimally illuminated
MBA.

3.2 C/I analysis

The co-polar isolation of the downlink antenna is defined as
the ratio of the co-polar directivity of the beam of interest to the
combined interference directivity, obtained by adding all the inter-
ferers (that use the same frequency as the beam of interest) in
power over the beam of interest. Figure 4 shows the beam geome-
try for the C/I calculations. The worst-case C/I typically occurs
at the edge of the beam of interest. The directivity of the beam, C,
at the edge is given by

2
Co =1010g10|:[%] nf}—GL(ﬁo)—B(ﬁo) dBi, (20)

where &, is the number of beamwidths scanned from the antenna
boresight for the beam C;. The combined interference signal, due
to N interferers onto the beam of interest, is given by
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Figure 3. A plot of the antenna efficiency as a function of the
feed taper (7). The parameter of the curves is 6.
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2
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10logjo Y (1’1’2} 71071918 19 056 ) | dBi.

n=1
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6, in Equation (21) is the diameter of the nth interferer. It is
assumed in Equations (20) and (21) that the antenna efficiency,
7y, does not change with scan. This is a valid assumption for
moderate scans (J,, <7), and it is also valid for wide scans, pro-

vided that the feeds are located on a spherical cap with a radius R
satisfying the equation R = Fsec?(6,/2). The dominant interfer-

ence is from the closest three interferers, 1}, I, and I (see Fig-
ure 4), and is assumed to be from the skirt of the main-beam pat-
terns of the interfering beams. This assumption is valid for most of
the practical applications using either three-cell or four-cell fre-
quency reuse. The effect of the sidelobes or coma-lobes due to scan
is not considered here, as the levels are relatively low (typically
around —24 dB to —30 dB relative to peak), and do not significantly
impact the co-polar isolation values. It is to be noted that Equation
(21) is valid for most of the practical values of F/D ratio (in the
range 0.6 to 2.0).

The co-polar isolation in dB is given by

| (22)

Co/il,, =—GL(8y)-B()

2
8,,+0.56,
N —0.1 "[MJ
—1010g10 Z lO-O.lGL(é',,) 10 0.56,

n=1

The above equation is in a general form, and is valid for nonuni-
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form-size beams with nonuniform spacings. For a regular hexago-
nal-grid arrangement of the beams, as shown in Figure 4, the co-
polar isolation can be simplified by considering the closest six
interferers, and is given approximately by

2
N 6| -0.18,(5, )(W]
C0/21n=—B(50)—1010g102 10 PP (23)
n=1 n=1
where
: 013 =0€ —90 (24)
2 5 0.5
Or, =05, =[ 6,2 +0256,7 050,60, =056,  (25)
2 2 0.5
6y, = s, =[0C +0.256, -0.59090] -0.56, (26)

@7

3.3 Shaped-beam analysis

The analysis shown above for the MBAs can easily be
extended to shaped beams. The minimum-coverage-area directivity
of a shaped-beam antenna is typically estimated using the gain-area
product (GAP). The GAP value varies from 13000 to 20000,
depending on the size of the reflector and the extent of shaping.
Obviously, this is not a good method, as the estimated directivity
values can vary up to about 1.9 dB from the actual value, and they
do not take into consideration either the reflector size or the feed
illumination. Shaped beams can be produced either by using a
paraboloidal reflector with multiple feeds, or by using a shaped
reflector with a single feed. The analysis shown here is applicable
to both the configurations. Using the MBA analysis shown in the
previous section, the minimum-coverage-area directivity, D,,;,,
can be estimated to be

- =1010g10|:(7rD/1)2 U/]_M -GL(5,,)-10log;q {@f‘)%;?jl
(28)

where C, is the coverage area of the shaped beam in square
degrees, 6,, is the pencil-beam beamwidth at M dB below the
peak directivity (a typical value of M is 4 for shaped beams), and
GL(5,,) is the gain loss at the maximum scan angle of &,,. The
maximum scan angle, &, , is given by the coverage requirements,
and depends on the actual coverage as seen by the satellite and the
antenna boresight direction. The variable 6,, is given by

0.5
o

3 @9

where 8; is the 3 dB full beamwidth as given by Equation (13).
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4, Results

The simplified design and analysis results presented in the
above sections are compared with those obtained from the rigorous
Physical Optics analysis of the reflector antennas.

4.1 Multiple-beam antennas

The first example for comparison is an unscanned beam
(6 =0) of a 56-beam MBA with four reflectors and using a four-
cell frequency reuse. The antenna parameters are D/A=106.9,
F|D=1324, h/1=5031, 6,=0.545°, and 6, =0.472°. Using
the Gaussian-beam analysis given above, the design parameters are
calculated as dm/l =2.689, T=6.4dB, n=535, ny= 0.741,

6, =0.5923°, and B=2.54dB. The peak and edge-of-coverage
(EOC) directivities, calculated using this analysis, are 49.22 dBi
and 46.68 dBi, respectively. The computed values using the PO
integration of surface currents on the reflector are 49.11 dBi (peak)
and 46.54 dBi (EOC). The calculated and computed values for the
co-polar isolation (C/I') with six closest interferers are 12.0 dB
and 12.5 dB, respectively.

3:14:58P
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Figure 5. Computed directivity contours of a shaped-beam
antenna using the PO method.
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Table 1: Comparison of the Analysis Results with Computations Based on the PO Software.

Antenna Case Peak Directivity, dBi | EOC Directivity, dBi C/I,dB
) Analysis | Computed | Analysis | Computed | Analysis | Computed
Case 1 (MBA) 49.22 49.11 46.68 46.54 12.00 12.50
Case 2 (MBA) 48.84 49.01 46.51 46.45 13.49 13.03
Case 3 (MBA) 46.97 46.70 42.33 41.92 21.20 19.80
Case 4 (Shaped Beam) -- -- 27.66 27.60 --
Case 5 (Shaped Beam) -- -- 21.33 21.70 -

The second example has the same antenna parameters as the
first, except that the beam is scanned to 1.666° (6 =2.81). The
feed-design parameters are same as the first, and the beam
parameters are calculated as 6(5)=0.6187° and B=2.33dB.

The peak directivity, EOC directivity and C/I (with three interfer-
ers) values calculated using this analysis are 48.84 dBi, 46.51 dBi,
and 13.49 dE, respectively, while the computed values using PO
analysis are 49.01 dBi, 46.45 dBi, and 13.03 dB.

The last example uses a 24 beam MBA with four reflectors
and four-cell frequency reuse. The antenna parameters are
D/A=7932, F[D=1.667, h/1=39.66, 6,=1.07°,
6, =0.923°. Design parameters are calculated as d,,/1=4.45,
T'=13dB, n=159, 7,=0.802, 6;=0.862°, and B=4.62dB.
The calculated values for the peak directivity, EOC directivity, and
C/I (with six interferers) are 46.97 dBi, 42.33 dBi, and 21.2 dB,
while the respective values using the rigorous PO computations are
46.70 dBi, 41.92 dBi, and 19.8 dB. The calculated directivity val-
ues agree with computations within 0.4 dB, while the C/I values

agree within 0.5 dB at the 13 dB level, and within 1.5 dB at the
20 dB level.

and

4.2 Shaped beam antennas

The first example for shaped beams is a contoured beam cov-
ering South America. Antenna parameters for this case are
D/A=2845, F/D=0824, hfA=3.18, T=14dB, M =4dB,
and a coverage area C, of 23.7 square degrees. The design
parameters calculated are &3 =2.43° and GL =0.45dB. The cal-
culated minimum-coverage-area directivity using the analysis
shown is 27.66 dBi, while the computed value using the PO
method (the coverage contours are shown in Figure 5) is 27.6 dBi.

Another example for shaped beams is a wide-area-coverage
beam (semi-global), with antenna parameters of D/A =29,
F/DP =0.3125, T=13dB, M =4dB, and C,=79.7 square
degrees. Design parameters calculated are GL=1.57dB,
ny =079, and 6; =2.383° degrees. The calculated and PO-com-
puted minimum directivity values are 21.33 dBi and 21.70 dBi,
respectively. It is shown that the extension of the MBA analysis to
shaped-beam antennas can predict the coverage directivity values
within 0.4 dB of the PO computations. Comparison results for the
multiple-beam antennas (shown in Section 4.1) and for shaped
beams (shown in Section 4.2) are summarized in Table 1.
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5. Conclusion

Design and analysis methods for multiple-beam antennas
shown in this paper can be employed for accurate design and quick
analysis of MBA performance in terms of coverage directivity and
co-polar isolation, without the need to compute the radiation pat-
terns. This method is based on Gaussian-beam analysis of both
primary and secondary patterns, and it gives performance-evalua-
tion values very close to software predictions for moderate scans
(+7 beamwidths). It is quite useful for initial design, design trades,
and performance evaluation of MBAs. Extension of this method to
shaped-beam antennas was also shown to predict performance
close to software computations using PO integration of the surface
currents.
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