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system With a Hybrid

Imaging antennas
for simultaneous
multiple spot and
wide coverage beams.

n-orbit beam reconfiguration and beam scanning are
the two most important features for future satellite
antenna payloads. There are several ways of achieving
the desired flexibility using different types of antennas
and different scanning methods. This article presents single-
and dual-reflector antenna systems where reconfiguration is
achieved using high-gain multiple beams (HGMBs) employing
imaging reflector configurations. Beam scanning over the global
coverage is achieved using a combination of precise electronic
scanning over a small coverage region and a coarse mechani-
cal scanning over a wide global coverage. This method results
in significant improvement in gain relative to conventional
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scanning Method

methods that employ element beams and can simultaneously

provide both HGMBs and wide-area coverage beams with low-
cost payloads.

BACKGROUND
There is a need for on-orbit beam reconfiguration and beam
scanning for satellite antennas used for communications satellite
payloads. This is required for operational flexibility involving
changes in coverage, beam scanning, and interference mitiga-
tion. Types of antennas that could provide the desired on-orbit
flexibility include:

m phased-array antennas (PAAs)

m confocal reflector antennas (CRAs)

m focal-plane reflector antennas (FPRAs)

m single- or dual-reflector imaging antennas (SRIAs/DRIAs).
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Most of the aforementioned antenna systems have been
described in the past [1]-[3]. For high-gain applications,
the number of elements using PAAs becomes extremely
large (of approximately several tens of thousands) and thus
becomes impractical. However, PAAs have the advantage
of providing electronic scanning
for medium-gain antennas [4]. A
CRA is similar to a PAA, but it
employs a parabolic subreflec-
tor and a parabolic main reflec-
tor with a common focal point,
and the subreflector is fed with
a phased array [3]. The phased
array of a CRA needs to scan
M times the desired beam scan
(M being the magnification of
the confocal antenna defined as
the ratio of the focal lengths of
main reflectors and subreflectors,
M > 1). A CRA also requires a
number of elements similar to
a PAA with spacing M times smaller, and it has the addi-
tional complexity of a large main reflector, subreflector,
and a flat plate with a hole to eliminate the grating lobes.
This system is not practical, although several theoretical
studies were conducted and prototypes are being built,
and there are no satellite systems in space currently that
employ CRAs.

FPRAs, either single or dual, have the feed array located in
the focal plane of the reflector. An FPRA requires electrically
small feeds (approximately one wavelength size) to get good
adjacent beam overlap. Because of small feed size, the reflec-
tor (or subreflector in a dual-reflector system) is not optimally
illuminated. Hence, the antenna efficiency is very low (approxi-
mately 50%) [1]. Also, the beams do not combine well if a large
area beam needs to be formed.

Scan performance of an offset dual-reflector Gregorian
antenna is shown by Akigawa and Di Fonzo [5] for small scan
angles. Improved scan performance was achieved by shap-
ing the reflector surfaces as described in [6] by Albertson
et al. To achieve low scan losses, offset hyperbolic subreflec-
tors with concave shapes (instead of conventional convex
hyperboloids) that are confocal with offset paraboloidal main
reflectors were described [7], [8]. Low scan losses of more
than 10 beamwidths of scan can be achieved with these sys-
tems that are known as side-fed offset Cassegrain and front-
fed offset Cassegrain antennas. Chang and Prata referred to
these antennas as Dragonian reflectors and provided a step-
by-step design procedure based on geometrical optics [9]. A
disadvantage of these antennas is that the subreflectors are
as big as main reflectors, posing accommodation and mass
issues for spacecraft applications.

Bifocal reflectors have been reported [10], [11] where the
scan loss is reduced by shaping the dual-reflector system
optimized over the scan region between the two foci. This
will be useful when the scan region is moderate, unlike the

The use of HGMBS
allows interference
cancellation from
several jammers

and aiso enahles the
formation of a large
theater coverage.

global coverage, where the beams need to be reconfigured
over several tens of beamwidths. Nuria Llombart [12], [13]
proposed a confocal ellipsoidal Gregorian reflector system in
which the main reflector is an ellipsoid, the subreflector is a
paraboloid, and a rotating mirror was used to scan the beams
at terahertz frequencies. A non-
focusing antenna system using a
convex hyperboloid was reported
to generate multiple beams using
a single feed per beam [14]. This
system has limited scan capabil-
ity and also suffers from reduced
gain relative to other systems.

A design procedure for a mul-
tireflector multiple-beam anten-
na where the coverage is fixed is
given in [15] using either three
or four offset parabolic reflec-
tor antennas. A stepped-reflector
antenna system for multibeam
and multiband applications is
reported where a small annular step is introduced to the
surface of the to create approximately the same beam size
at both uplink receive and downlink transmit bands [16].
This system reduces the number of reflectors by half by
using dual-band feeds to generate fixed overlapping beams
over a given geographical coverage as seen from a satellite.
For large scan coverages, several design improvements were
reported that included using a large focal-length-to-diame-
ter ratio, shaping the reflector surface based on improving
scan loss for edge beams, using a curved feed array (instead
of planar), and having three or seven feed elements to
improve scanned beam performance at the edge of the cov-
erage region [17].

Antenna systems that are suitable for these applications are
the SRIA or the DRIA. These systems were not exploited to
their maximum potential to date. This article presents flexible
antennas that can produce multiple element beams and a larg-
er coverage beam simultaneously. Multiple quiescent beams
are used to create an adapted beam that can null a number of
interferers or to provide higher gain spot beams. The antenna
beams are scanned together maintaining the adjacent beam
overlap over global coverage regions using a hybrid scanning
method with electronic scanning of the feed array over a
smaller coverage and mechanical scanning of the main reflec-
tor with a fixed feed array and subreflector over a larger cover-
age region. Both the SRIA and DRIA exemplary designs are
presented along with computed results. The extension of these
designs to multiple frequency bands as well as future trends
are discussed along with impacts on feed assembly and associ-
ated hardware.

SRIA

The feed array in an imaging reflector antenna is displaced
from the focal plane, usually toward the main reflector to make
it compact. This will broaden the element beam and improve
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the adjacent beam overlap, allow-
ing the use of a large number of
element beams to form HGMBs
with improved gain. Improvement
in gain is achieved due to opti-
mal illumination on the reflector
when compared to a single-element
beam. The HGMBs can be elec-
tronically scanned over a small the-
ater coverage. The use of HGMBs
allows interference cancellation
from several jammers and also
enables the formation of a large
theater coverage.

Figure 1 shows a schemat-
ic of the SRIA. The antenna

geometrical parameters are

D=129A,F/D =12, and H=51.65A, where A is the
wavelength at the midband of low frequency. The feed

Paraboloid Axis

e,

FIGURE 1. A schematic of the SRIA with a feed array located

in the image plane.

FIGURE 2. A feed-array hexagonal grid layout for the SRIA.
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The use of HGMBs
instead of element
heams provides
much hetter gain-to-

the uplink or hetter
effective isotropic
radiated power on
the downlink.

array is defocused by a certain
distance from the focal point
toward the main reflector aper-
ture center (h=>5.17 1) to cre-
ate imaging optics in the far
field. As a result, the element
beams broaden, depending on
the defocus distance, resulting
in an increased overlap between
adjacent beams. Element beams
typically have lower gain due to
nonoptimal illumination on the
reflector. By combining a num-
ber of element beams, a certain
number of HGMBs are formed,
and these HGMBs are then used
to form either an adapted beam

creating nulls in the location of interferers or a theater
coverage with higher gain. The use of HGMBs instead of
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FIGURE 3. The measured reflection coefficient (S11) of the

integrated feed assembly at both bands.
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FIGURE 4. The measured axial ratio (on axis) of the integrated
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element beams provides much better gain-to-noise-temper-
ature (G/T) on the uplink or better effective isotropic radi-
ated power (EIRP) on the downlink.

The feed array for an imaging antenna is shown in Figure 2.
The 37 elements of the array are arranged in a hexagonal lattice
to achieve better overlap among adjacent beams. The element
diameter (d) depends on the F/D ratio of the reflector antenna
and is typically given as

d/A = C(F/D), 1)

where C is a constant and is in the range of 1.1-1.25 depending
on the application [18].

Feed horns suitable for feed arrays are either multi-
flare smooth-walled horns for wideband and multiband
applications or Potter horns for narrow-band applications.

Directivity (dBic)

0 5 10 15 20 25 30 35 40 45 50
Azimuth (°)

—— Band 1 Copolarization
—— Band 2 Copolarization
---- Band 1 Cross Polarization
---- Band 2 Cross Polarization

FIGURE 5. The measured feed patterns at low and high
bands. The feed assembly fabricated is shown as the inset.

Directivity (dBic)

FIGURE 6. Computed element beam patterns of SRIA in
azimuth plane, where each beam is generated with single
feed horn.

Corrugated horns are not suitable for these applications due
to thick walls to accommodate the corrugations, and they
have the disadvantages of low efficiency and poor overlap
among adjacent beams. The feed assembly is designed to
operate over dual bands separated by a factor of 1.6 (center
frequencies of high-band and low-band ratio) with an overall
bandwidth of 20.5% with dual-circular-polarization (CP)
capability at both bands. The feed assembly comprises a mul-
tiflare horn [6] with an aperture diameter of 1.19 A at the
low band (band 1), a polarizer, and filters to isolate the two
bands with more than 50-dB isolation.

The measured return loss of the integrated feed assem-
bly at both bands is shown in Figure 3, and the axial ratio
measurements are depicted in Figure 4. The percentage
bandwidths for low (band 1) and high (band 2) are +/- 1.7%
and +/- 2.5%, respectively, from the center frequency of
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FIGURE 7. Moderate gain beams formed by combining low-
gain element beams using a passive BFN.
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FIGURE 8. MGMBs along the azimuth plane are used

to synthesize the high-gain spot beam as well as a 1°
coverage beam with much higher gain values compared
to conventional designs (band 1).
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each band. The measured return loss is better than 23 dB,
and the measured axial ratio is better than 0.65 dB at both
bands. The feed-element patterns measured in an anechoic
chamber are given in Figure 5
showing excellent cross-polariza-
tion performance at both bands.
The feed assembly fabricated is
shown as an inset in Figure 5. The
measured feed patterns are used
to compute the SRIA secondary-
element beam patterns (defined
as a single feed illuminating the
main reflector of the SRIA) in the
azimuth plane. Note that the anten-
na system described here is for
future satellite programs; hence,
the reflector is not fabricated.

The complete antenna system
will be manufactured, tested,
and space qualified in the near
future. However, the secondary patterns are simulated
using measured feed patterns and computing using TICRA’s
GRASP commercial software [19], which is proven to be
accurate. The seven beams in the azimuth plane at band 1
are plotted in Figure 6 showing good adjacent beam overlap
but with a low efficiency of 14%. This is due mainly to a low
illumination taper of approximately 2.2 dB on the reflector
edge (see Figure 6). Figure 7 shows a single high-gain beam
at the boresight and an area coverage beam obtained by
combining the array elements through a passive beamform-
ing network (BFN). The on-axis gain for the boresight beam
has improved to 49.2 dBic, resulting in a moderate efficiency
of 50.6%. The associated area beam (1° in diameter) by
combining all of the 37 element beams with appropriate
amplitude and phase distribution is shown as the solid blue
curve, with a minimum directivity of 42.2 dBic. This is a
conventional approach.
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FIGURE 9. MGMBs are used to synthesize a scanned spot
beam as well as a scanned coverage beam while still
achieving high-gain values for both types of beams (band 1).
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A compact DRIA using
a center-fed Gregorian
antenna is used at GPS
hands to provide heam
flexibility at L1, L2, and
L9 hands, covering
approximately 31%

of handwidth.

Now we show that, by combining several of the medium
gain multiple beams (MGMBs) (as shown by the red
curve of Figure 7), HGMBs can be generated, as shown in
Figure 8. These beams are real-
ized with a digital BFN to syn-
thesize a high-gain spot beam
with a 51.4-dBic gain, repre-
senting an efficiency of about
80%. This efficiency is theoreti-
cally the maximum that could be
achieved with a reflector antenna.
The gain increase is approximately
2.2 dB compared to conventional
designs, and this increase is possi-
ble due to illuminating the reflec-
tor with optimal illumination
and improving the beam overlap
among adjacent beams.

The coverage beam also has
a significant increase in gain of
approximately 2.8 dB compared to conventional methods, and
it has a minimum directivity of 45.5 dBic over the 1° diameter,
as displayed in Figure 9. This represents a gain area product
of 24,837, which is the highest possible for a contoured beam
[20]. This is due to flat gain over the coverage and a sharp fall
off outside of the coverage region. Figure 10 shows scanned
beam performance when all beams are scanned by 0.5° and
synthesized. This is achieved due to electronic scanning of the
feed array of the SRIA. The scan loss is approximately 1 dB
and is shown in both the synthesized high-gain spot beam and
coverage beam. All of the HGMBs can be utilized to mitigate
multiple interferers and provide communication links to most
of the coverage region.

At the high band (band 2), the synthesized performance
using the dual-band feed array and plots of the HGMBs,
spot beam, and coverage beams similar to those presented
in Figure 8, is shown in Figure 10. The HGMBs overlap
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FIGURE 10. MGMBs along the azimuth plane are used to
synthesize a spot beam as well as a 1° coverage beam with
much higher-gain values compared to conventional designs
(band 2).
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FIGURE 11. An illustration of a hybrid scanning method using
mechanical and electronic scanning for wide coverages. IRA:
imaging reflector antenna.

FIGURE 12.The DRIA geometry for the L band.

well, allowing the formation of the spot beam’s and coverage
beams’ increased gain values. For wide scan requirements,
such as global coverage, the main reflector is gimbaled using
a two-axis gimbal mechanism while keeping the feed array
stationary, and then electronic scanning of the feed array is
used to fine-tune the location of beams on the ground. This
concept is illustrated in Figure 11, where electronic scanning
over a 1° area is used to fine-tune the beam location, while
coarse scanning over a large coverage region is achieved by
mechanical scanning of the reflector. This method minimizes
the scan loss while reducing the cost by using only a small
feed array with 37 elements.

DRIA

In 1986, Dragone described basic dual-reflector imaging
systems using Cassegrainian and Gregorian geometries [20].
However, not much has been done in this area regarding
practical implementations of these antennas. A compact
DRIA using a center-fed Gregorian antenna is used at GPS
bands to provide beam flexibility at L1, L2, and L5 bands,
covering approximately 31% of bandwidth. A DRIA employs
a 4-m deployable mesh reflector and a shaped elliptical
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FIGURE 13. A feed layout using a septet array (x = 8 in).

FIGURE 14. An integrated radiating element with a low-loss
triplexer.

subreflector of a 0.6-m diameter. The DRIA geometry is
shown in Figure 12. The feed array comprises a novel seven-
element array of a stepped aperture integrated radiator
(STAIR) [21].

Each element has a 7.5-in diameter and is integrated with
a compact triplexer that separates each of the three bands with
high isolation. The elements are arranged in a hexagonal grid to
improve the adjacent beam overlap. The feed array (displayed
in Figure 13) is defocused by 7.5 in toward the subreflector
to improve the adjacent beam overlap needed to synthesize a
global coverage beam. The STAIR element with a triplexer is
fabricated and is shown in Figure 14. A passive intermodulation
(PIM)-free honeycomb panel is used as an interface between
the radiating element and the triplexer, depicting the ground
plane of the larger array.
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Parameter Unit Performance

Frequency band 1 MHz 1,558-1,594

Frequency band 2 MHz 1,211-1,245

Frequency band 3 MHz 1,163-1,191

Passive intermodulation dBm PIM < -130

with TX1: 25 W at

1,243 MHz (band 2);

TX2:44 W at 1,575 MHz

(band 1); and RX: 332 MHz

Polarization — RHCP

Return loss dB 19

Insertion loss, band 1 dB 0.45

Insertion loss, band 2 dB 0.47

Insertion loss, band 3 dB 0.54

Rejection dB >45 dB among
bands

Axial ratio dB <1dB

Aperture efficiency % 95

Power handling, average W 88 (average)

Minimum multipaction dB 13

margin to 88 W

RF interface — TNC female

Temperature range °C -20 to +100

RHCP: right-hand CP; TX1: transmit channel 1; TX2: transmit channel 2;
Rx: receive; TNC: threaded navy connector.
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FIGURE 15. The triplexer performance.

The measured radio-frequency (RF) performance of the
integrated element with the triplexer is summarized in Table 1.
A minimum efficiency of 95% has been measured for the
STAIR element, and the integrated element and triplexer
show excellent power handling, with a minimum multipac-
tion margin of 13 dB. The insertion loss measured to be 0.54 dB
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EIRP (dBW)
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FIGURE 16. The normalized EIRP plots of the DRIA at L1 and
L2 bands for the boresight beam.
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FIGURE 17. The normalized EIRP plots of the DRIA at L1 and L2
bands of the scanned beam.

in the worst-case scenario. The phase center is stable over
the band within 0.1 in, resulting in a very low group-delay
variation over the frequency bands, an important param-
eter for navigational payloads. Triplexer performance cover-
ing the three bands is plotted in Figure 15 presenting better
than 45-dB isolation among the bands. Comb-line filters are
employed in the triplexer to keep the geometry compact while
achieving the desired isolation and frequency response with
minimal insertion loss.

Computed radiation patterns of the DRIA at the L1 and
L2 bands are shown in Figure 16. The results are exhibited
in normalized EIRP where each element has 1 W of output
power. The scanned beam performance shown in Figure 17
is achieved by optimizing the phase excitations of the feed
array. In this case, the beam is scanned to 6° from the bore-
sight, with a moderate scan loss of approximately 0.6 dB.
A broader beam suitable for larger coverage, such as a global
beam, can be synthesized by changing phase distribution
of the outer elements relative to the central element. Gain
plots are shown in Figure 17, where the beam broadens, and
minimum gain over the coverage is approximately 12.5 dBi.
A flat beam can also be synthesized (see Figure 18), which
requires a larger reflector, a larger feed array of 19 ele-
ments, or both.
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FIGURE 18. The synthesized gain plots of the DRIA at L1 for a
wide coverage beam (global) using phase-only optimization.

SUMMARY AND CONCLUSIONS

The use of imaging reflector antennas for beam reconfigu-
ration with a small feed array is discussed in this article.
An SRIA using a 37-element array is shown to provide the
required beam flexibility while providing high-gain values
using HGMBs. This approach will provide an improvement of
approximately 2.2 dB compared to conventional approaches
due to efficient illumination on the reflector and better over-
lap among the element beams. The number of elements can
be reduced significantly by using a hybrid scanning method
with electronic scanning of the feed array over a small cover-
age combined with coarse scanning over larger coverage by
gimballing the reflector with a fixed feed array. A dual-reflec-
tor imaging antenna at the L band with a seven-element array
is shown to provide the required on-orbit beam flexibility by
phase-only synthesis. The proposed method has the advan-
tages of realizing high-gain multiple and shaped beams over a
large coverage region using low-cost imaging reflector antenna
designs. The beam locations and shapes can be reconfigured
on orbit using digital beamforming or a combination of analog
and digital beamformers, depending on the applications.
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