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Abstract—This paper reviews multiple beam antenna
(MBA) technologies that are applicable for satellite
communications payloads. It provides design,
performance analysis, and hardware implementation
aspects of various types of MBAs that include reflector
MBAs, phased array MBAs, and lens MBAs.
Parametric design of these MBAs and RF analysis for
coverage gain and inter-beam isolation are given.
Recent advances and trends in MBA technologies for
space applications are discussed.

Index Terms—Antenna arrays, lens antennas,
multiple beam antennas, reflector antennas

I. INTRODUCTION

HERE has been a tremendous growth in the use of

multiple beam antenna (MBA) payloads for both
commercial and military communications satellites over
the last decade [1-6]. MBAs are currently being used
for direct broadcast satellites (DBS) such as EchoStar-
X, DirecTV-4S, DirecTV-7S  etc.,, personal
communication satellites (PCS) such as Anik-F2,
SpaceWay, CIEL-2, etc., mobile communications
satellites such as ACeS, Thuraya, MSV, TerraStar,
ONDAS, etc., military communications satellites such
as WGS, MUOS, TSAT etc., and navigation satellites
such as GPS-2, GPS-3, etc. These antenna systems for
most cases provide a contiguous coverage of a
geographical region as seen by the satellite by using
high-gain multiple spot beams that provide downlink
(satellite-to-ground) and uplink (ground-to-satellite)
signals. Main advantages of the MBAs when compared
to conventional contoured beam antennas are:
e Significantly higher antenna gain due to smaller size
of the beam, resulting in improved effective isotropic
radiated power (EIRP) for the downlink and improved
gain-to-noise temperature (G/T) for the uplink,
e Increase in effective spectral bandwidth by several
folds due to re-use of the frequency channels over
several spot beams,
o Allows the use of much smaller ground terminals.

Fig. 1 illustrates typical contoured beam coverage and
multiple beam coverage of the continental United States
(CONUS) from a geo-stationary satellite. Contoured
beam antenna shown in Fig. la has typical edge-of-
coverage (EOC) gain of 30 dBi and has no frequency
re-use (frequency re-use factor FRF is 1.0). The MBA
shown in Fig. 1b has 68 overlapping spot beams
arranged in a hexagonal grid lattice with an adjacent
beam spacing of 0.52 degrees and beam diameter of 0.6
degrees at the triple-beam crossover point. The EOC
gain is about 45 dBi (15 dB more than the contoured
beam antenna) and has FRF of 17 with a 4-cell
frequency re-use scheme. FRF is defined as the ratio of
the number of beams to the number of frequency cells
(typically 3, 4 or 7) per polarization. The multiple
beams can be formed using either a single aperture or
multiple aperture antennas and could use different
frequency cell re-use schemes. Fig. 2 illustrates the
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Fig. 1. Comparison of CONUS coverage beams with (a)
conventional contoured beam antenna, and (b) multiple
beam antennas (X-axis: Azimuth & Y-axis: Elevation).
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aperture and frequency re-use concepts for MBAs. The
aperture concepts include single, three, or four antenna
apertures (reflectors or lenses), whereby adjacent beams
are generated by different apertures and form an inter-
leaved spot beam coverage on ground. The advantage
of multiple aperture MBA is that it allows increasing
the spacing between beams produced by the same
aperture by a factor of 1.73 for a 3-aperture MBA and
by a factor of 2.0 for a 4-aperture MBA.

Fig. 2. Aperture and frequency re-use concepts for
MBAs: (a) single-aperture MBA with 3-cell re-use
scheme, (b) three-aperture MBA with 4-cell re-use, and
(c) four-aperture MBA with 7-cell re-use.

The larger beam spacing allows increase in the feed
horn size such that it optimally illuminates the reflector
with increased beam EOC gain and reduced side lobe
levels. Fig. 3 shows typical plot applicable to reflector
or lens MBAs showing the impact of feed horn size
(assuming single feed per beam without beam-forming
networks) on the MBA performance. Single aperture
MBAs have typical feed sizes of less than 1 wavelength
and therefore have low efficiency values of around 45%
and high sidelobes. On the other hand, a 4-aperture
MBA has typical feed size of more than 2 wavelengths,
resulting in antenna efficiency values of more than 75%
and sidelobe levels of —25 dB. An increase in antenna
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gain of more than 2.2 dB and sidelobe improvement of
about 8 dB are achieved with a 4-aperture reflector/lens
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Fig. 3. MBA performance as a function of feed horn
size.

MBA when compared to a single-aperture MBA (both
employ single feed per beam). The main objectives of
the MBA design are:

e Maximize the minimum coverage gain of each beam
including pointing error,

e Minimize the gain loss due to beam scan effects,

e Maximize the aggregate co-polar isolation (C/I)
among beams that re-use the same frequency,

e Maximize the cross-polar isolation (C/X) for each
beam, and

e Maximize the beam congruency among uplink and
downlink beams (for PCS, MSS applications).

The coverage region for most applications needs to be
contiguously covered by the satellite with multiple spot
beams. A hexagonal grid layout is usually preferred due
to tight packing of the beams. The optimum beam
diameter for circular coverage with uniform beams,
total number beams, and adjacent beam spacing are
given approximately as

6, =0.61556. /N, (1)
N, =1+3N(N +1), 2)
6. =0.8666, A3)

where 6, is the beam diameter at triple-beam crossover
level, N is the number of rings of the hexagonal layout
excluding the central beam, Ny is the total number of
beams, 6. is the coverage diameter, and 6, is the spacing
between adjacent beams.

The typical beam layout of an MBA for global
coverage from a geo-stationary satellite is shown in Fig.
4. Tt employs 91 overlapping spot beams with a
hexagonal grid layout. The spacing between adjacent
beams is 1.732 degrees and the beam diameter at triple
beam cross-over is 2.0 degrees. Table 1 shows the



design variables for a global coverage with 17.6
degrees diameter.

Elevation (degrees)

Azimuth (degrees)
Fig. 4. Global coverage of an MBA with 91 over-
lapping spot beams.

Table 1. Beam size versus number of beams for global
coverage.

Beam Diameter | Beam Spacing No. of Rings Totaé:aoﬁqu
(2,) (2y) (M) (My)
0.7 0.606 15 21
08 0.693 14 631
0.9 0.779 12 469
10 0.866 1" 397
11 0.953 10 331
12 1.039 9 27
14 1.212 8 217
1.8 1.559 6 127
20 1.732 5 91
24 2.078 5 91
2.8 2.425 4 61

For national coverage with non-circular shape, the
number of beams is obtained using the equation

N, =1274./6,) (4)
where A is the area of the coverage region in square

degrees. Multiple beam antennas for satellite
communications can be broadly classified into three
categories: a) reflector MBAs, b) lens MBAs, and c)
phased array MBAs. These three types of MBAs have
been employed in the past for satellite communications.
Both reflector and lens MBAs require feed arrays,
where each beam is generated with single or multiple
feeds. The phased array MBA employs the complete
array to generate each beam. Waveguide lens MBAs
have been used on DSCS III satellite [7, 8], but suffer
from the disadvantages of limited bandwidth due to
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zoning of the lens to reduce mass, high mutual coupling
among waveguide elements of the lens, and poor return
loss. Dielectric lens MBAs are not preferred for space
applications, especially for the transmit downlink,
because of the electro-static discharge (ESD) and out-
gassing associated with dielectric materials in vacuum.
Reflector MBAs are most frequently used in the space
industry due to their superior RF performance reduced
mass, reduced cost, and mature technology. Multiple
aperture reflector MBAs, where adjacent beams are
generated from different apertures, are preferred over
single reflector MBAs at higher frequencies such as Ku,
Ka, and EHF bands where multiple reflectors (3 or 4)
can be accommodated on the spacecraft. However, for
mobile satellites at L-band and S-band frequencies, a
single reflector MBA with beam-forming network is
more commonly used due to spacecraft accommodation
issues associated with large unfurlable mesh reflectors.
Phased array MBAs have been developed mostly for
military communications, where extensive on-orbit
beam re-configurability is required. Details of these
MBAs are given in the following sections.

II. REFLECTOR MBAS

Reflector MBAs are most commonly used for satellite
communications due to better RF performance in terms
of coverage gain and C/I, payload simplicity, reduced
cost, and mature technology. These MBAs are
classified into the following types: (a) single reflector
with a single feed per beam, (b) single reflector with
over-lapping feed clusters, and (c) multiple reflectors
with single element per beam. The reflectors are
typically offset-fed parabolic reflectors and the feed
elements are usually horns. Type (a) requires
electrically small feed horns of about one wavelength in
diameter in order to achieve high adjacent beam
overlaps, which result in gain values that are 2 dB to 3
dB lower than what could be achieved using optimal
horn size as shown in Fig. 3 [1]. Type (b) design
requires low-level beam-forming networks (LLBFNs
where beams are formed before the high power
amplifiers for transmit and after the low-noise
amplifiers for receive) to provide element sharing
among beams (typically shared among 7 beams) and
beam combining functions (typically 7 elements used to
form a beam). An advantage of LLBFN is that the
network losses do not impact EIRP or G/T performance
of the MBA. Type (b) MBA is typically used for
mobile satellites at low frequencies such as L-band and
S-band due to large physical sizes of the reflectors
(larger than 5 meter) and feed arrays. These
applications employ typically one large deployable
mesh reflector and a feed array due to limitations of the
spacecraft bus to accommodate multiple large
reflectors. Type (c) employs multiple reflectors, each
being illuminated with its own feed array, with three or
four independent apertures. Each beam is generated
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with a single feed horn of more than 2 wavelengths in
diameter that provides optimal illumination on the
reflector. Type (c) MBAs are used at Ku-band, Ka-
band, and EHF, where smaller physical size of the
reflector (typically less than 100 in. diameter) allows
accommodation of multiple reflectors on the spacecratft.

a) Design and Analysis

Design and analysis of reflector MBAs are addressed in
this section. Closed form equations are presented for
the design of MBAs and their performance analysis,
based on Gaussian beam representation of primary and
secondary patterns. The beam parameters and the
reflector parameters are shown in Fig. 5. Typical beam
layout of a four-reflector MBA with 4-cell re-use
scheme is shown in Fig. 5(a). The two “A” beams come
from the same reflector in this example. It is to be noted
that the feed horn size depends on the number of

Beam
Dia.=60
Beam size
expanded with
pointing error

®) W

Fig. 5. (a) Beam Parameters with 4-aperture MBA with
4-cell re-use, and (b) Reflector Parameters.

reflectors used for the MBA and is independent of the
frequency re-use scheme. The spacing between adjacent
beam centers coming from the same reflector for a
single reflector, 3-reflector, 4-reflector, and 7-reflector
MBAs is given as

02:3,4,7 — G1,3,4,79S ) (5)

The constant G in the above equation is 1.0, 1.732, 2.0,
and 2.646 for a single-reflector, 3-reflector, 4-reflector,
and 7-reflector MBAs, respectively. The beam
diameters shown in Fig. 5(a) need to be expanded with
the satellite pointing error in order to evaluate the
coverage gain and isolation into the re-use beams. The
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closest distance of the re-use beams from the beam peak
is given by

0, =0.-0.50,-A0". (6)
The design of the MBA starts with the beam size
requirements or the number of beams over a desired
coverage region, and the frequency re-use plan. The
beam size is defined as the diameter of the beam at the
triple-beam crossover point, and is X dB below the
beam peak (a typical value for X is about 4 dB). For a
four-aperture MBA, the reflector size can be
determined using the following equation

XO‘S/I
0F =65 — L 7
° {3} (DJ @

where 6’0X is the full beam-width at X dB below beam

peak, ZL is the wavelength at the lowest frequency of

the band, and D is the reflector diameter. The constants
relating the beam-width to the normalized reflector size
are 65.0, 75.0, and 83.9 for X=3, 4, and 5, respectively.

The focal-length to reflector diameter ration (F/D)
depends on the coverage size and the maximum number
of beam-widths scanned from the bore-sight direction.
It also depends on the mechanical packaging issues on
the spacecraft. For large scans (more than 4 beam-
widths), a larger F/D ratio is desired to minimize the
beam distortions caused by the coma lobes and to
minimize gain loss due to scan. Typical F/D ratio for
satellite antennas is in the range 1.0 to 1.6. The offset
clearance h is selected such that the blockage-free
condition is maintained for the maximum scanned
beam, and is given approximately using the equation

h>2Ftané,, ®)

where € is the maximum scan angle towards the

reflector offset from the bore-sight direction. The feed
size and type of feed are the key design parameters for

the MBAs. The feed diameter d, depends on the beam

spacing, number of apertures, and the reflector
geometry, and is given as

drln,3,4,7 — GI,3,4,7HS /SF (9)

where S r 1is the scan factor that depends on the
reflector geometry and is given by:

7 (10)

2
1+ X D
_ 4F {l+cos02}

- (DT 2F
I+ —
4F

and X =0.30 for T <6, and X =0.36 for T > 6, and T is
the feed illumination taper (positive dB) on the edge of



the reflector. The angular parameters 6, of the reflector
geometry are given in [2].

The feed size and type of feed are critical to MBA
design. For multiple-reflector MBA, the types of feeds
applicable are Potter horns, high-efficiency horns, and
corrugated horns. Corrugated horns are rarely used due
to the thick walls required that make the electrical
aperture smaller. Potter horns have broader beams and
lower efficiency of about 70%. High-efficiency horns
employ TE;;, TE;,, TE;3;, etc. modes that make the
aperture illumination uniform in both E-plane and H-
planes and provide high efficiency values of up to 93%
[5, 10]. The feed horn pattern can be modeled using a
Gaussian beam representation which is given by

E(0) = exp[-4(0/6,)] (11)
where 8, is the half angle of the 3 dB beamwidth and is

expressed as a function of efficiency as

6, =[31-0.0041(93—7)* +0.341(93-m)](A/d,) (12)
where 77 is the efficiency of the feed horn. The feed

illumination taper on the edge of the reflector T is given
as

T =-20log, [exp|-0.3467(6,/6, V. (13)

The minimum coverage area directivity, taking into
effect the scan loss, peak to edge gain variation of the
beam, and the satellite pointing error is given as

2
D, =10log,, [ZDJ n, |—GL(5,)-B(5,)
‘ (14)
0505 +A0" Y
0.50;" ]

where 5m is the maximum number of beamwidths

—1010g10(

scanned from boresight, GL is the gain loss due to scan,
and 77,is the antenna efficiency. GL and 77, are given

as
GL(5) = 0.00156> 00115 (15)
[(F /D,) + 0.02]2 l(F/DP Y+ o.ozj
n +1
n, = 4cot’(6, /2)[1 —cos" (6, /2)]2 {nnz} (16)

[1.025+0.5119(, —0.74)-7.542(7, —0.74)°]

and n is related to the feed taper as

= —-0.05T
log,,(cos(6, /2))

amn

The 3 dB beamwidth of the reflector MBA at boresight
and as a function of scan is given by
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0; = (0.058T7% +0.171T +58.44)(A/ D)

93 (5) — 003 100.0SGL(5) (18)
0
B(5,) =X[#} . (19)
a(iX (57)1)

The copolar isolation (C/I) can be calculated by the
power addition of all the J interfering beams that re-use
the same frequency as the beam of interest and
comparing with the directivity of the beam at any
angular location of the coverage beam and is given as

2
C/I1=D,-10log, (?) n, |+

2 (20)
J 0. +0.56. —AO”
Y AGL(S,)+B,| /
7 0.50,

J=1

where & g is the diameter of jth interferer, and € s is

the distance from the closest edge of the jth interferer to
the beam of interest.

The C/I values are typically 10 dB, 13 dB, and 18 dB
for a 3-cell, 4-cell, and 7-cell re-use schemes of the
MBA.

b) Advanced Reflector MBA Technologies

This section describes some of the recent advances in
reflector MBA technology. Fig. 6 illustrates evolution
of reflector MBA technology. Configuration “A” is a
conventional MBA employing separate set of reflectors
for uplink and downlink frequency bands. The uplink
reflectors are typically 1.5 times smaller than the
downlink reflectors. Configuration “B” employs dual-
band reflector antennas being fed with corrugated horns
in order to reduce the number of apertures from § to 4.
It suffers from reduced EOC gain and inferior C/I due
to reduced efficiency of the feed (about 54% efficiency)
caused by thick walls. The dual-band MBA (DMBA)
configuration “C” overcomes the above limitations by
employing smooth-walled dual-band high efficiency
horns [5, 9, 10]. A novel MBA employing “stepped-
reflector antenna” (SRA) technology, as illustrated in
configuration “D” in Fig. 6, has been developed and
patented by Lockheed Martin Commercial Space
Systems (LMCSS) [4, 11]. It combines feed horn
advancements with improved reflector technology in
order to achieve significant performance improvements
for future DMBAs. The high efficiency horns have
been developed earlier for single narrow band
applications, where desired higher order modes are
generated with step discontinuities. In order to achieve
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Fig. 6. Evolution of Reflector MBA Technology.

high efficiency values over both Tx and Rx bands of
the DMBAs, a number of slope-discontinuities have
been used to generate higher order TE,, modes [10].
The horn geometry is synthesized using iterative
analysis that employs mode-matching technique
combined with a generalized scattering matrix (GSM)
to evaluate the performance of the horn. Desired
requirements for efficiency return loss, and cross-polar
levels can be specified over both Tx and Rx frequencies
and the synthesis method can be implemented by
minimizing the cost function using mini-max
optimization. Fig. 7 shows performance of a 2.27 in.
diameter high-efficiency horn compared with a
conventional corrugated horn. Both horns were used to
evaluate detailed performance of a dual-band reflector
with 80 in. reflector diameter, 116 in. focal length, and
a 26 in. offset clearance. The reflector surface is shaped
to broaden the Rx beam in both cases. Table 2
summarizes performance comparison of the DMBA
with both types of horns. The DBHEH, when compared
to a corrugated horn, improves EOC gain by about 0.9
dB at Tx and by about 2.0 dB at Rx, and improves C/I
by about 3.0 dB.

DMBA configuration “D” developed by LMCSS
includes use of the stepped-reflector antenna (SRA)
technology to further improve the DMBA performance.
The concept of SRA is illustrated in Fig. 8, where it
employs outer annular region that are stepped and
attached to the central portion of the reflector. Both
central and annular stepped regions can be shaped to
improve the RF performance and the transition region
can be blended into the reflector to avoid abrupt
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discontinuities. The height h of the step is designed in
conjunction with the DBHEH feed phase characteristics
at the Rx frequencies in order to provide a 180-degree
“phase reversal” at the step resulting a “flat-topped” Rx
beams with significantly improved G/T.

Aperture Efficiency Plot
—e— potter ideal —=— corrugated designD
designF  —*— designH
__100%
Q
E 0%, |
:: 80% =
g 70% )
E 60%
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40%
18 20 22 24 26 28 30
Frequency,GHz
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designF  —*— designH
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1]
R P
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g -15 ,‘\\R\ —
g 20 thj
T 25 ‘ ‘ ‘ ‘ ‘
18 20 22 24 26 28 30
Frequency(GHz)

Fig. 7. Aperture efficiency and edge illumination taper
comparison of various MBA horns.

Table 2. Performance Comparison of DMBAs “B” &
“C” using conventional corrugated horns and DBHEH.

CONVENTIONA HIGH EFF.
Performanc HORN DESIGN
Paramete

TX/RX TX/RX

Efficiency, % 54 /52 85/85

Edge Taper, 7/18 13/17

Primary C/X, dB 33/33 20/23
EOC Directivity, dBi 43.8/41.7 44.7/43.7
C/1, 3-cell (dB) 11.1/13.0 142/11.6
C/1, 4-cell (dB) 12.0/15.8 15.7/14.5
C/1, 7-cell (dB) 18.2/19.5 22.7/219
C/X, dB 30.0/28.0 21.0/20.0

The near-field phase distribution of the SRA is plotted
in Fig. 9 and shows the desired 180-degree phase
reversal near the transition region of the step. As a
result, the Rx beam patterns of the SRA shown in
Figure 10 have flat-topped patterns with increased EOC
gain. Rx beam EOC gain improvement is about 1.2 dB
when compared with Configuration “C”. By combining
the feed phase quadratic variation and the phase
variation due to the step, the step size can be minimized
and the step can be blended with the reflector shape.
The SRA concept works well for wide angle coverage
regions and shows significant improvements in Rx gain,
Rx C/I, Tx C/1 and moderate improvement of Tx gain
when compared to a reflector without the step(s).
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Fig. 8. Concept of “Stepped-Reflector Antenna”.

¢) DBS Antennas

LMCSS has developed advanced antenna payloads for
direct broadcast satellites for local channel broadcast
over the CONUS. These include multi-aperture
reflectors with high efficiency feeds. Figure 11 shows
typical coverage using multiple spot beams covering

‘—80" — 80" plus ring (no step) — 80" plus ring ‘

001 g0 reflector —

270 T/ step [
2] T 10" reflector ring—————

210
__ 180 4 (\
2 150 |
T 180 deg phase reversal | |
@ 120 1 due to step
5 90
60
30
0 \—/
-30
50 - - - - -
50 40 -30 20  -10 0 10 20 30 40 50
y-axis (in)

Fig. 9. Near-Field Phase Distribution of SRA.
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Fig. 10. Computed DMBA patterns of SRA showing
“flat-topped” main beam with increased EOC gain.

designated market areas (DMAs). Key limitation for
these systems is the downlink C/I performance that has
significant impact on the link availability. Use of high
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efficiency horns and selective shaping approach to the
reflectors alleviate this limitation by providing
improved C/I compared to conventional antennas.
Typical EIRP and aggregate C/I performance for a
specific channel are shown in Figs. 12 and 13. These
beams reuse the frequency channel. The aggregate C/I
has improved by

Elevation (deg)
&

S
by

AN | \
map view from 129°W \ (T~

3 T
0 1 2

Zzimulh (deg“;
Fig. 11. DMA Coverage for a DBS Satellite.

more than 4.0 dB by employing high efficiency horns.
The worst C/I performance is better than 15 dB.

d) Reconfigurable Antennas

LMCSS has been developing reconfigurable payloads
for HIEO and GEO satellites using ‘“non-focused
reflector” (NFR) antennas being fed with a small active
feed array [12]. Main advantages are that it minimizes
the number of feed array elements required for a given
coverage, and has better scan performance due to the
fact that the feed array location relative to the reflector
is unchanged.
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o
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»
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3
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Fig. 12. EIRP Plots for the DMA Coverage of a
channel.
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Fig. 13: Aggregate C/I Performance of the DMAs
reusing the same frequency.

A quadratic phase distribution is generated by
“opening-up” or “closing-in” the parent paraboloidal
reflector. The NFR broadens the element beams
significantly that allows reducing the number of feed
array elements, when compared to a conventional
parabolic reflector with de-focused feed array used for
mobile satellites. The concept of NFR is illustrated in
Fig. 14. Design examples of a HIEO satellite using a 37
clement feed array are discussed. All the feed array
elements are excited uniformly in amplitude and the
relative phase excitations are varied through variable
phase shifters to electronically reconfigure the beam as
the satellite goes through the highly elliptical orbit. Fig.
15 shows the element beams covering CONUS and
synthesized beams for different yaw angles are shown
in Fig. 16. The NFR technology is applicable to both
HIEO and GEO satellites and has the advantages of
reconfiguring the beam for different orbital locations of
the satellite and provides continuous reconfiguration of
the beam at different times of the HIEO satellite.

- \ Far Field
Mesh Re% \\V Element Beam
\
Parabola

N;}Parabola

Quadratic phase-front
(opening-up surface)

‘ Uniform phase-front (paraboloid) ‘

Quadratic phase-front
(closing-in surface)

Fig. 14. NFR Concept for Reconfigurable Beam
Antennas.
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Fig. 16. Synthesized CONUS Beam of a HIEO Satellite
for different Yaw angles of the satellite.

III. LENS MBAS

The lens MBAs are similar to reflector MBAs with the
exception that they work on the transmission of RF
signals through the lens material instead of reflection
from the surface of the reflector. Because of this, lens
MBAs have symmetrical geometries and are located
typically on nadir deck of the spacecraft. Lenses have
more degrees of freedom than reflector MBAS, but are
rarely used for satellite communications due to limited
bandwidth, accommodation issues on spacecraft,
increased mass, and susceptibility to electro-static
discharge in the case of dielectric lenses. Lens MBAs
are classified into dielectric lens MBAs and waveguide
lens MBAs.

a) Dielectric Lens MBAs

It was demonstrated that a thin spherical lens satisfying
the Abbe sine condition, has virtually no coma lobes
and therefore has wide scan properties [13, 14]. The
radiated beams from such a lens are virtually invariant
with scan resulting in maximum coverage gain and
better sidelobe isolation among frequency re-use
beams. Advantages of spherical lens are that it has very



low scan loss (< 0.7 dB over +/ 10 beamwidths of
scan), ease of fabrication, and significant mass
reduction (about 75%) achievable through zoning of the
lens using finite steps. Surface matching of the lens is
usually realized by means of circumferential slots on
both surfaces of the lens. A triangular ray-tube analysis
method for accurate prediction of lens antennas has
been developed by Chan et al [15]. Fig. 17 shows the
zoned dielectric lens using Rexolite material and
designed with 5 zones. Measured radiation patterns of
the lens MBA are shown in Fig. 18.

Fig. 17. Zoned Dielectric Lens Antenna at EHF.

b) Waveguide Lens MBAs

Waveguide lenses for MBA applications have been
used for the DSCS program. It is very similar to the
dielectric lens, except it is made up of large number of
waveguide elements (circular or rectangular) with
varied lengths in order to compensate for the phase
variation across the lens. The waveguide lens needs to
be zoned in order to minimize the mass. Because of the
zoning, the
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Fig. 18. Radiation Patterns of an EHF Dielectric Lens
MBA.
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bandwidth of the waveguide lens is narrow and is
typically of the order 5% or less. It also suffers from
gain loss due to high mutual coupling among the
waveguide elements and poor return loss, but is
preferred over dielectric lens MBAs for space
applications. Details of the waveguide lens are given
earlier [7, see Fig. 3.139 for a photograph of an X-band
waveguide lens MBA].

IV. PHASED ARRAY MBAS

The phased array MBAs have been employed in the
past for satellite communications requiring multiple
beams. The advantage with phased array MBA is that it
requires a single aperture to generate all the beams.
Because of the limited bandwidth capability of phased
arrays, it requires separate antennas, one for Tx and the
other for Rx. These phased arrays typically employ
horns as radiating elements. Array elements are
arranged in either a square lattice or a hexagonal lattice.
Maximum size of the element is determined by the
grating lobe criteria and is given as

ds" < 1.0,1.1547
A, sin@, +siné,,

2

where 6, is the maximum scan angle over the coverage
region of MBA, & is the closest location of the grating
lobe, Ay is the wavelength at highest frequency of
operation, and " are the maximum size of the horn
element for square and hexagonal array lattices of the
array. For example, the feed horn size is about 3
wavelengths with 6, as 9 degrees and 65 as 13 degree
The element directivity is a function of the element size
and the efficiency, and is given in by

4
D, = 1010g1{%776} dBi (22)

where 4, is the element area, and 77,is the element

efficiency which is a function of the type of the
radiating element. In order to size the phased array in
terms of number of elements, the scan loss of the array
needs to be calculated. The scan loss is a function of
element roll-off and is given in dB as

2
sL =3 G 23)
0.56,

where @,,, is the maximum scan angle of the coverage

region and 6;is the half-power beam-width of the

element which is given by

0, =AA/d, (24)
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where the constant A varies with the type of the horn
and is 63, 70, 55, and 52 for high-efficiency circular
horn, Potter horn, dominant-mode square or rectangular
horn, and high-efficiency square/rectangular horns,
respectively. The number of elements required for the
array is given as

N =10%1P+P) (25)
where D, is the required antenna directivity to meet

the desired edge-of-coverage gain of the MBA and is
given as

D,=G,+X+Lg+SL+T, +1, (26)
where G, is the minimum coverage gain, X is the triple

beam overlap of the MBA (typically 3 dB to 5 dB), SL
is the scan loss, Lgis the antenna loss, 7, is the

illumination taper loss of the array, and [/, is the

implementation margin to account for gain degradation
due to amplifier failures, amplitude and phase
excitation errors, and thermal effects.

Fig. 19 shows typical block diagram of the phased array
transmit MBA. Each of the M beams are synthesized
independently using phase only synthesis with fixed
amplitude distribution of the array. The desired
amplitude distribution can be achieved by using SSPAs
with varying RF power. The beam forming network is
realized at low-level (before amplifiers) in order to
minimize output losses.

Horns (N)
Filters (N)
SSPAs (N)

Combining
Networks (N)
Variable phase
shifters (NxM)
Dividing
Networks (M)
Pre-AMPs(M)

Fig. 19. Block Diagram of the Phased Array MBA.

There are a number of ways that beamforming for
phased array MBAs can be realized. The block-diagram
shown in Fig. 19 employs corporate BFN using
couplers. This is considered suitable for most of the
commercial satellite applications requiring moderate
bandwidths of less than 15%. However, for wide
bandwidth and multi-band applications Rotman lens
BEN (Fig. 20) is widely used. The advantage of the
Rotman lens BFN is that the beam locations are
invariant with frequency, since it produces true-time
delay response over the array. A three-dimensional
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Fig. 20. Trace of a single Rotman lens with 9 beam
ports and 25 array ports.

stack of row and column Rotman lenses feeding an
array with hexagonal grid has been presented [16]. The
number of Rotman lenses required is the maximum
number of elements in a row of the array plus the
maximum number of beams in a row of the coverage
region. Rotman lenses can be implemented in either
strip-line or microstrip medium. Dual-port excitation
method for the beam ports is often employed in order to
minimize the spill-over losses of the lens. Figure 20
shows the trace of a single Rotman lens with 9 beam
ports and 25 array ports. The three-dimensional stack of
34 Rotman lenses feeding an array of 489 elements is
shown in Fig. 21. Fig. 22 shows radiation patterns of a
prototype array with Rotman lens feed network.

Fig. 21. Rotman Lens BFN with row and column
boards.
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Fig. 22. Radiation Patterns of an Array Antenna with
Rotman Lens BFN.

V. CONCLUSIONS

A review of multiple beam antenna technology
applicable for satellite communication payloads is
presented. It includes reflector MBAs, lens MBAs, and
phased array MBAs. Design of MBAs, performance
analysis, and hardware implementation aspects are
discussed. The reflector MBAs are widely used for
satellite applications due to mature technology, reduced
cost, and improved performance.
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