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ADVANCED 14/12 AND 30/20 GHz MULTIPLE BEAM
ANTENNA TECHNOLOGY FOR COMMUNICATIONS SATELLITES

C.C. Chen
TRW Defense and Space Systems Group

Redondo Beach, CA 90278

ABSTRACT

This paper discusses recent TRW advances in communications satellite antenna
technologies for the 14/12 and 30/20 GHz bands. The 14/12 GHz antenna system provides
15 or more high gain, low sidelobe spot beams for contiguous coverage of the CONUS for
point-to-point communications, or four contoured time zone beams for direct broadcast
service. A 2-meter offset reflector has been built and tested to demonstrate the frequency
reuse and beam isolation capabilities of the antenna. The 30/20 GHz antenna system
provides 10 to 20 fixed beams for large volume traffic trunking service and six
independently scanned beams for customer-premise-service within the CONUS. A proof-
of-concept model antenna for proving the technology feasibility is currently under
development.

INTRODUCTION

The capacity of present-day 6/4 GHz band communications satellite systems is constrained
by their 500 MHz allocated bandwidths and the 5 degree orbital spacing required to avoid
interference from terrestrial systems. Growing traffic mandates that future communications
satellites use higher frequency bands to increase their data transmission capacity. Higher
frequencies offer more bandwidth and permit multiple spot beams or shaped beams for
frequency reuse. Moreover, they allow narrow beamwidths for jamming protection and
provide high gain scanning beams for access to a large number of small users located in
urban and rural areas.

A reflector antenna is usually chosen for these multibeam applications because of its light
weight, low cost, wide bandwidth and design simplicity. Particularly in the millimeter
wave frequency range, it offers the advantages of low feed network loss and high
efficiency as compared with lens and array antennas.

This paper discusses some recent advances at TRW in the design and development of
multiple beam antennas for the 14/12 GHz and 30/20 GHz bands. Two types of antennas



are described: a 14/12 GHz system which provides a contiguous coverage of the
Continental United States (CONUS) with low sidelobe spot beams or contoured time zone
beams. The contiguous spot beam coverage system can be used for point-to-point
communications between any two points within CONUS, and the time zone coverage is
directed towards future direct broadcasting systems. The 30/20 GHz system provides 10 to
20 fixed beams for large volume traffic trunking service and six independently-scanned
beams for customer-premise-service (CPS). The antenna configuration considered
provides a combined multiple fixed and scanning beam capability by means of a simple
reflector antenna.

14/12 GHz CONTIGUOUS SPOT BEAM ANTENNA

Figure 1 shows a typical 15 contiguous spot beam antenna coverage of CONUS with the
circles representing the -6 dB contour from each respective beam peak. Also shown is a
separate beam at the northwest corner of CONUS for Alaskan coverage. The map is a
projection of CONUS as viewed from a geosynchronous orbit positioned at 98E west
longitude. The beams in the center row are elongated to reduce the beam crossover level.
Accordingly, the peak gain of these elliptical beams will be slightly lower than the circular
beams, but this will significantly improve coverage gain in the vicinity of the three beam
crossover.

To maximize frequency reuse, an arrangement of low sidelobe beams with an even-odd
frequency and polarization plan is shown in Figure 2. Both uplink and downlink frequency
bands are subdivided into even and odd channels within the allocated frequency band. All
beams in the same row transmit either even or odd frequency channels. Beams in the
adjacent rows are isolated by frequency separation. Beams of one polarization in a row are
interlaced with beams of the orthogonal polarization. Therefore each beam is isolated from
all the adjacent beams by either polarization orthogonality or frequency separation. All the
co-polarized co-channel beams are spaced approximately two beamwidths apart. Isolation
between these co-polarized, co-channel beams is accomplished by sidelobe control. As a
result, each beam can utilize one-half the available bandwidth for both uplink and
downlink commumications. This means that the same frequency spectrum can be reused
for every other beam in a high capacity communication system.

The main antenna design concerns for providing this type of coverage are:

1) Total number of antennas required for providing contiguous beam coverage and the
complexity of each antenna.

2) Gain variation within each spot beam coverage area, or gain in the vicinity of the
common crossover point of three-beam clusters.



3) Beam-to-beam isolation between co-polarized beams and orthogonally polarized
beams in the low gain area.

4) Total number of beams required to cover CONUS and the growth potential for more
users and more traffic.

Contiguous spot beams having -3 dB crossover can be obtained by a single offset reflector,
or lens, with multiple feeds at the expense of approximately 3 dB spillover loss and -17 dB
sidelobes. Sidelobe levels can be improved by increasing the feed diameter, resulting in
higher taper illumination of the reflector aperture and lower sidelobes. However,
increasing the size of the feed results in increased spacing between two adjacent beams.
For a -35 dB sidelobe design, the beam spacing approaches two beamwidths, even if the
multiple feed elements are closely packed in the focal plane of an offset reflector. As a
result, four conventional offset reflectors or lenses would be required for providing
contiguous spot beam coverage. During this study, a new concept was developed which
utilizes a wire grid subreflector as a polarization diplexer in an offset reflector to combine
or separate two orthogonally polarized signals. With this concept, the contiguous beam
coverage is accomplished by two reflectors.

Two identical reflector antennas and four sets of feed clusters are used to provide
contiguous spot beam coverage; one provides eight spot beams and the other nine spot
beams. One of the antennas, as shown in Figure 3, consists of a solid surface parabolic
reflector, one flat wire grid subreflector for polarization diplexing, and two orthogonally
polarized feed clusters located on both sides of the diplexing reflector. The feed clusters
located between the main and the subreflector consist of six vertically polarized feeds,
including Alaska, and the feed cluster located at the prime focus consists of three
horizontally polarized feeds. This antenna provides approximately one-half the CONUS
beams. Each spot beam is produced by a nine-horn array feed as shown in Figure 4. For
simplicity in design, all eight feeds, including the Hawaiian feed, are physically identical
except for the elliptical beam feeds which were achieved by changing the septum spacing
slightly in the three-way power divider. A second antenna in parallel with the first is used
to provide the unshaded portions of CONUS.

The experimental reflector antenna shown in Figure 3 has a projected aperture diameter of
198 cm with an axial focal length of 249 cm. The subreflector is a planar flat wire grid
measuring approximately 50 x 80 cm, etched on a Kevlar face sheet and supported by a
Kevlar honeycomb bandwidth structure.

To evaluate antenna performance, extensive tests were carried out. These included VSWR,
feed circuit loss, primary pattern, near-field measurement of the feed, far-field
measurements of the full scale antenna, and high power test of the feeds. Both principal



and cross-polarization pattern cuts and gain contours for all 17 beams (15 CONUS beams
plus two separate beams for Alaska and Hawaii) at 11.7, 11.95, 12.2, and 14.25 GHz were
taken at TRW’s 3000 meter antenna range at Capistrano, California.

A summary of measured antenna performance is shown in Figure 5. Figure 6 shows a
complete set of the measured -3.5 and -6.0 dB gain contours at 11.95 GHz. Figure 7 shows
the measured -3.5 and -31.5 dB co-polarized co-channel which are produced by the feed
cluster located between the main and wire grid subreflector. This measured data indicates
that a six-times frequency reuse with a minimum beam isolation of 28 dB can be achieved.
The capacity of frequency reuse can be doubled by interlacing the orthogonally polarized
beams with the co-polarized beams in a row as shown in Figure 2. However, the measured
beam isolation degrades rapidly as the number of co-channel beams increases.

 14/12 GHz TIME ZONE CONTOURED BEAM ANTENNA

The design and development of four contiguous time zone coverages of CONUS are aimed
torwards future direct broadcast services in the U.S. The four time zones are covered by
four independently shaped beams produced by an offset paraboloid with a polarization grid
similar to the one shown in Figure 8. The Eastern and Mountain time zones are
horizontally polarized and fed by two separate array feeds located near the prime focus of
the paraboloid, while the Central and Pacific time zones are vertically polarized and fed by
two other array feeds in a Cassegrain-fed geometry. Beam isolation is obtained by
polarization diversity and spatial separation of low sidelobe beams. This system permits a
high gain antenna with four-times frequency reuse of the full available bandwidth within
CONUS. Due to smaller geographical coverage areas in the Eastern and Pacific time
zones, the antenna gains in these heavy rainfall areas are higher than the two inland zones.

The synthesis of a low sidelobe contoured beam can be treated as a two-dimensional
spatial filter problem. Each feed horn in a multi-element array produces a pencil beam in
the far field region of the offset reflector. The resultant gain contour of an offset reflector
with a multi-element array feed is a vector superposition of each individual pattern
contributed from each horn. The superposition theory as applied to this pattern synthesis
technique is extremely accurate if the offset reflector is free of feed blockage and mutual
coupling between horns. In practice, the mutual coupling is negligibly small if the size of
the feed horns is larger than one wavelength.

The Eastern time zone was selected for experimental demonstration, because of its
complicated beam shape as well as its off-axis scanned beam characteristics. The offset
parabolic reflector selected for this application has a focal length of 287 cm, and a
projected circular aperture of 228 cm diameter, which will produce a 0.64E beam from
each feed horn in the array for the 12 GHz band. Figure 8 shows the computer optimized



gain contours superimposed on a map as viewed from a synchronous orbit satellite at 90E
west longitude.

Figure 9 shows a 25-element feed cluster designed to provide a shaped beam best fixed to
the Eastern time zone. The feed network consists of 13 power dividers cascaded in three
stages. A short flexible waveguide section is used to interconnect each radiating element to
a beam forming network. This flexible waveguide section permits final phase adjustment
between the radiating elements. The feed operates from 11.7 to 14.5 GHz with a VSWR of
less than 1.2:1. Figure 10 compares the calculated and measured gain contours with a 0.86
scale (198 cm diameter) reflector. Note that the whole feed cluster is displaced from the
prime focus so that there is enough space in the focal region for the other co-polarized feed
cluster to be placed side-by-side with this feed to provide Mountain time zone coverage.

The concept of using a single offset reflector antenna to provide four time zone contoured
beams with simultaneous transmit and receive capabilities has been fully established by
fabricating and testing a breadboard Eastern time zone feed. A summary of the measured
antenna performance on this Eastern time zone feed is given in Figure 11. The peak cross-
polarized radiation is about 33 dB below the peak of the co-polarized contoured beam and
the highest sidelobe in the co-polarized Mountain time zone is about 35 dB below the main
beam peak. The feed network loss for a 25-element feed is less than 0.56 dB for this
breadboard model. Further reduction of the feed network loss can be achieved by
eliminating the flexible waveguide section and further shortening the overall waveguide
run in a flight hardware design.

30/20 GHz MULTIBEAM ANTENNA

The development of a 30/20 GHz spacecraft multi-beam antenna system for future satellite
communications is currently funded by NASA Lewis Research Center under the Advanced
Satellite Communication Program Office. The objective of this study is to perform
technology developments for a multibeam system which is capable of providing a number
of fixed and scanning beams from a geostationary communications satellite operating at the
30/20 GHz bands. The required antanna performance is shown in Figure 12. The emphasis
in the design is: (1) developing a single antenna for combined fixed beam trunking service
and scanning beam customer-premice-service (CPS), and (2) maximizing frequency reuse
and minimizing the feed complexity.

Figure 13 illustrate one of the antenna coverages contemplated for an operational satellite
communications system in the year 1990. There are 18 fixed beams for large volume traffic
trunking service interconnecting 20 cities scattered all over the U.S. This 20-city coverage
plan would provide approximately 20 percent of the total domestic traffic demand in the
U.S. The remaining 80 percent would be provided to the customer-premise-service



terminals by six independently scanned beams, each scanning within approximately one-
sixth of CONUS on a TDMA basis. The connectivities between the customer-premise-
service and fixed trunking beams are completed by an onboard processor. The proposed
frequency and coverage plans are:

1) The allocated 2.5 GHz bandwidth for both uplink and downlink is divided into five
subfrequency bands. Each subfrequency band has 500 MHz bandwidth.

2) CONUS coverage is divided into six sectors for six scanning beams. The selection of
these sector boundaries is arbitrary, depending on the traffic demand in each of the
sectors and the layout of fixed and scanning beam feeds.

3) Within the same scan sector, all fixed beams are co-polarized. Widely spaced beams
with good spatial isolation may operate at the same frequency, but closely spaced
beams have to operate at a different frequency to prevent mutual interference.

4) Fixed scanning beams in the same sector are orthogonally polarized and operated at
different frequencies. Thus they do not interfere with each other.

5) The respective fixed and scanning beams in adjacent sectors are orthogonally
polarized. Unless two scanning beams are steered to the vicinities of the same
boundary at the same instant, combined polarization and spatial isolation will provide
over 30 dB isolation between two scanning beams.

Figures 14a and b show the two reflector antenna configurations currently being
considered for this application. Both configurations utilize an offset main reflector and a
wire grid between the feeds and main reflector for polarization diplexing. Figure 14a
employs a double-layer hyperbolic subreflector. The front hyperbolic subreflector is
gridded and focuses to a point located on the right side of the paraboloidal axis, while the
solid subreflector in the back focuses to the left. Thus the vertical and horizontal feeds are
completely separated into two feed assemblies. Figure 14b employs a conventional offset
Cassegrain feed with a flat wire grid to separate the two orthogonally polarized signals.

Figure 15 shows a typical layout of a vertically polarized feed aperture for Eastern
CONUS coverage. There are three types of feed in this feed assembly: dual-mode conical
horns for widely spaced trunking beams, diplexed circular horn clusters for closely spaced
cities, and an array of square horns for scanning beams. Beam steering is accomplished by
variable power dividers and switches in the beam forming network. By redistributing the
power in the beam forming network, a narrow pencil beam can be scanned either
continuously or in step to any point within the scan sector.



The key technologies requiring development are: (1) an offset Cassegrain system for wide
angle scan beams, (2) a diplexed feed cluster for overlapping low sidelobe beams, (3) a
high power, fast switching variable power divider at 30/20 GHz, (4) a dual-polarization
subreflector for polarization diplexing, (5) multiple fixed and scan beam forming networks,
(6) low sidelobe and beam shaping techniques for reducing interference, and (7)
fabrication of a precision wire grid and large offset reflector. A proof-of-concept (POC)
model antenna is currently under fabrication to demonstrate the technology feasibility and
reduce the development risks for the proposed multibeam antenna system. The POC
antenna is designed to operate in the receive frequency band of 27.5 to 30 GHz and
provide 10 fixed beams for trunking and two independent scanning beams for customer-
premise-service applications.

CONCLUSIONS

The design and development of both spot beam and contoured beam antennas in the 14/12
GHz band represent some of the most advanced multibeam antennas developed today. The
antennas can be operated continuously from 11.7 to 14.5 GHz with a VSWR of less than
1.2:1, and with low sidelobe spot beams or shaped contoured beams for contiguous
coverage of CONUS. A full size 17-beam antenna system has been built and tested to
demonstrate the low sidelobe, contiguous coverage capabilities for frequency reuse. The
measured data is in excellent agreement with predicted antenna performance.

The 30/20 GHz multi-beam antenna currently under development features combined
multiple fixed and scanning beam capabilities for future satellite communications to
provide large volume traffic trunking service between major cities, and customer-premise-
service in both urban and rural areas on a TDMA basis.

REFERENCES

1. Chen C.C. and Franklin C.E., “Ku-Band Multiple Beam Antenna,” Final Report No.
NASA CR-159364, December 1980.

2. TRW Report, “30/20 GHz Spacecraft Multiple Beam Antenna System,” Task I
Report, Development of Operational System Concepts, NASA/Lewis Report No. I-4-
T-2-T1, February 28, 1981.

3. TRW Report, “30/20 GHz Spacecraft Multiple Beam Antenna System,” Task III
Report, Proof-of-Concept Model Recommendation, NASA/Lewis Report No. 1-4-T-2-
T3, April 28, 1981.



Figure 1. Contiguous Spot Beam Antenna Coverage
of CONUS (-6 dB Contour)

Figure 2. Frequency and Polarization Allocation
for Contiguous Spot Beam Coverage



Figure 3. 14/12 Ghz Contiguous Spot Beam Antenna
Providing Six Vertically Polarized Beams and
Three Horizontally Polarized Beams

Figure 4.  Low Sidelobe Nine-Horn Array Feed



MEASURED CAPABILITIES

DOWNLINK FREQUENCY 11.7 TO 12.2 GHZ

UPLINK FREQUENCY 14.0 TO 14.5 GHZ

POLARIZATION ORTHOGONAL LINEAR

COVERAGE CONTIGUOUS CONUS,
ALASKA AND HAWAII

NUMBER OF BEAMS 17 BEAMS

SIDE LOBE LEVEL - 36 dB AT BORESIGHT
-32 dB OFF BORESIGHT

CROSS POLARIZATION -32dB

BEAM CROSSOVER LEVEL -6dB FOR DOWNLINK
-8dB FOR UPLINK

BEAM ISOLATION TBD

FEED CIRCUIT LOSS < 0.20 dB

INPUT VSWR < 1.2:1

REFLECTOR DIAMETER 78 INCHES (200 CM)

POWER HANDLING CAPACITY 100 WATTS

Figure 5. CONUS Spot Beam Antenna Measured Performance



Figure 6. Measured Spot Beam Gain Contours
(-3.5 and -6.0 dB at 11.95 GHz)

Figure 7. Measured Co-Polarized Beam Contours Generated
by Feed Cluster No. 1, Vertical Polarization



Figure 8. Contoured Beam Antenna Calculated Coverage Map
of Geosynchronous Satellite at 98EEW

Figure 9. Ku-Band, 25-Element Feed Cluster
for Eastern Time Zone Coverage



Figure 10. Comparison of Calculated and Measured
Radiation Patterns



MEASURED CAPABILITY

DOWNLINK FREQUENCY 11.7 TO 12.2 GHz

UPLINK FREQUENCY 14.0 TO 14.5 GHz

POLARIZATION ORTHOGONAL LINEAR

COVERAGE AREA EASTERN TIME ZONE

MINIMUM COVERAGE GAIN 35dBI

COVERAGE GAIN VARIATION < 2.5dB FOR DOWNLINK
< 3.0 dB FOR UPLINK

SIDELOBE LEVEL -34.0 dB

CROSS POLARIZATION -32.0 dB

BEAM ISOLATION > 30dB

POWER HANDLING CAPACITY 100 WATTS

FEED CIRCUIT LOSS < 0.56 dB

VSWR < 1.2:1

REFLECTOR DIAMETER 90 INCHES (230 CM)

Figure 11. Time Zone Contoured Beam Antenna
Measured Performance



ANTENNA CONFIGURATION

TRUNKING CUSTOMER-PREMISE-SERVICE

FIXED BEAM
REFLECTOR OR

LENS TYPE

SCANNING BEAM
REFLECTOR OR

LENS TYPE

FIXED BEAM
REFLECTOR OR

LENS TYPE

ANTENNA SIZE ------------SHUTTLE COMPATIBLE------------

OPERATION FREQUENCY RANGE (GHz) DOWNLINK
UPLINK

17.7 TO 20.2
27.5 TO 30.0

17.7 TO 20.2
27.5 TO 30.0

17.7 TO 20.2
27.5 TO 30.0

NUMBER OF BEAMS OPERATIONAL 18 Tx
18 REC

6 TRANSMIT AND
6 RECEIVE

~ 100

DEMONSTRATION 10
(ANY 6 ACTIVE)

2 TRANSMIT AND
2 RECEIVE

N/A

MINIMUM GAIN (dB) 20 GHz
30 GHz

53
53

53
53

BANDWIDTH (MHz) 20 GHz
30 GHz

500
500

500
500

500
500

POLARIZATION DUAL LINEAR DUAL LINEAR DUAL LINEAR

C/I PERFORMANCE (dB) > 30 > 30 > 30

POINTING ACCURACY (DEGREES)
RELATIVE TO SPACECRAFT BUS

PITCH & ROLL
YAW

< 0.02
< 0.4

< 0.02
< 0.4

< 0.02
< 0.4

POWER/BEAM(EIRP)dBW 52-62 67-75 67-75

Figure 12. Operational and Demonstration Satellite Configurations
Multiple-Beam Antenna Specifications



Figure 13. 18 City Fixed Beam Trunking and Six Scanning Beam
CPS Antenna Coverage Scenario

Figure 14. 30/20 GHz Multiple Beam Antenna Configurations
for Combined Fixed and Scanning Beam Operation



Figure 15.   Layout of Vertically Polarized Feeds


