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ABSTRACT

Communication satellites currently operate at frequencies lower than 15 GHz. Future
satellite communication systems will operate in the EHF band between 17 and 47 GHz, in
order to realize increased bandwidth and antenna discrimination. Increased discrimination
can be obtained with electrically large aperture antennas consisting of filled, or thinned
arrays, or a multiple-beam antenna (MBA) using millimeter-wave optics. This paper
describes a contemporary MBA and beam-switching network system capable of achieving
high resolution and significant operational flexibility. The antenna can simultaneously
provide narrow beams and medium-size beams directed to any point on the earth’s disc as
seen from a geosynchronous satellite.

INTRODUCTION

Satellite communication (SATCOM) systems have proliferated to the point where many
preferred geostationary orbit positions have become unavailable to new SATCOM systems
operating at frequencies lower than 15 GHz. The finite bandwidth available to these SHF,
and lower frequency, SATCOM systems also limits the total communication capacity
available. The current trend to operate SATCOM systems at EHF derives its impetus
primarily from the needs for additional bandwidth and geostationary satellite-orbit
positions. Such requirements are necessary to relieve the current problems of frequency
management and deficiency of communication capacity.

EHF operation for future military satellite communication (MILSATCOM) systems is also
directed because the increased allocated bandwidth permits greater suppression of
interfering signals. Furthermore, the difference in effective radiated power (referred to an



isotropic radiator), EIRP, of a MILSATCOM terminal and an interfering terminal is
inherently less at EHF than at SHF and lower frequencies (1). Since the potential
vulnerability of a MILSATCOM terminal to an interfering terminal is determined by the
ratio of I, the EIRP of the interfering terminal, to S, the EIRP of the MILSATCOM
terminal, the operation of an EHF MILSATCOM system is inherently less vulnerable to
interference.

The increased aperture size (measured in wavelengths) available to both spacecraft and
terminal antennas at EHF permits narrower antenna beams with higher resolution and
improved spatial discrimination. These performance characteristics permit improved
interference suppression through antenna-pattern discrimination and adaptive antenna
nulling. Narrower terminal-antenna beamwidths allow closer placement of communication
satellites (COMSATs) in the geostationary arc without increasing the potential interference
with other EHF SATCOM systems accessing neighboring spacecraft.

This paper addresses the concept of a new multiple-beam antenna (MBA) system with
several hundred ferrite switches in a beam-switching network (BSN) . A study leading to
this design considered both array and multiple-beam antennas. Both filled and thinned
arrays of identical antenna elements were considered. Each array element must leave a
radiation pattern that covers the antenna field of view (FOV); that is, the earth as it is seen
from a geostationary satellite. It is important to note that the filled array would need
several hundred elements, each of which would require simultaneous weighting of received
signals in a beam-forming network consisting of several hundred variable power dividers
(VPD’s) and several hundred variable phase shifters (VPS’s).

Eliminating < 90% of the elements and distributing the remainder uniformly over the same
antenna aperture results in somewhat less than 100 elements, variable power dividers and
phase shifters. This configuration keeps essentially the same resolution but suffers about a
10-dB reduction in gain. This thinned array antenna can place a main beam anywhere on
the earth disc while simultaneously nulling at least P-1 interfering terminals (where P is the
number of elements in the array). These P-1 interfering terminals can be located anywhere
in the array antenna-element FOV regardless of the direction of the main beam. In other
words, the thinned array has P elements, P degrees-of-freedom, and can suppress at least
P-1 interfering terminals and still provide adequate antenna gain in the direction of at least
one user.

The inherently large number of VPD’s and VPS’s required for a filled array, the sensitivity
to interfering terminals located worldwide, and the inherently narrower operating
bandwidth of either the filled or thinned array led to serious consideration of an MBA.
Equipping an MBA with a VPD and VPS on every port results in approximately the same
complexity and flexibility as that of a filled array. However, using a beam-switching



network (BSN) that connects M output (input) ports to N beam ports reduces the flexibility
available but also reduces the complexity, weight, insertion loss, and required control
power. This paper considers a specific MBA and BSN system for use with terminals in
three different types of generic scenarios.

The first scenario considers land-based mobile terminals deployed in a theater of
operations ~ 500 miles in diameter. The separation between these mobile terminals and an
interfering terminal can be smaller than the size of the theater.

The second scenario considers maritime terminals which may also be deployed over an
area ~500 miles in diameter. Sea-based terminals are likely to be separated about three-
times farther from interference sources than are the land-based terminals.

Finally, the third scenario considers users that are widely distributed; i.e., they may be
alone or in small groups and perhaps anywhere on earth. The antenna system described
here simultaneously accommodates terminals in all three types of scenarios.

ANTENNA AND BEAM SWITCHING NETWORKS

Various antenna systems and their compatibility with currently popular military scenarios
were studied. As a result, the MBA configuration shown in Figure 1 was selected for the
“strawman” design of an EHF spacecraft antenna system. The MBA has a 40-inch
diameter offset paraboloid reflector illuminated by a Cassegrain feed systems. The latter
consists off a hyperboloid secondary reflector and a 468-horn feed array. The MBA is
designed to operate at 44.5 GHz with each feedhorn producing a pencil-beam with a half-
power beamwidth, HPBW, ~ 0.7E. The array of 468 feedhorns produces 468 beams whose
composite coverage defines the earth’s disc as seen from geostationary orbit. Although
initial performance characteristics are based on a paraboloid-hyperboloid reflector system, 
current study is considering reflector surfaces with improved wide-angle scanning
performance.

Each feedhorn is excited through a dual-port (dual-polarization) polarizer with the right-
hand circularly-polarized (RHCP) signals connected to a 468-port theater-coverage beam-
switching network. Orthogonally polarized (LHCP) signals are connected to a four-way
combiner; hence, the LHCP signals appear at 127, instead of 468, ports (at the edge of the
feedhorn array there are a few places where only 3 horns are combined.). Each of these
127 ports are connected to a ferrite-circulator switch so the ports can be connected to
either a “maritime coverage” BSN or tree, or a “worldwide-coverage” BSN or tree. A
diagram of this concept is shown in Figure 2. Figure 3 shows a pictorial representation of
the circuit.



First consider the 468-port theater-coverage BSN and feedhorn array. For the purpose of
illustration, the numbered circles shown in Figure 4 correspond to the feedhorn apertures
or the beam “footprints” (in angular space) produced by the feedhorn array. These beams
have been numbered 1 through 16, and there are ~ 30 beams with the same number. Also
note that the entire feed array has been sectioned into groups of 16, in order to emphasize
the beam-numbering pattern. The BSN connects any one of the same numbered beams to a
single port; hence, it connects 16 of the 468 beams to the 16 output (input) ports. For
example, the number 1 switch  tree connects any single number 1 beam to the number 1
beam output port. That is, any one of the “shaded” beams in Figure 4 can be connected to
the number-one-beam output port of the BSN.

Each of the 16 switching trees of the BSN consists of a corporate arrangement of ferrite-
isolator switches. A schematic representation of the number 1 switching tree is given in
Figure 5; it is typical of all switching trees in the BSN. Note that the single output port can
be connected to any one of the 29 or 30 input, or beam, ports. The desired port is selected
by setting the isolator switches appropriately. The characteristics of these switches will be
described in the next section.

It is important to note that the BSN can select many sets of beams including a square
arrangement of 16 adjacent beams or separate arrangements of adjacent beams as
indicated in Figure 6. These two scenarios are shown merely for illustrative purposes.
Actually any arrangement of 16 beams (all with different numbers) can be connected to the
16 output ports at the same time. The selected beam configuration can be changed in ~ 1
µsec, as discussed in the next section. There is, unfortunately, one major disadvantage;
only one beam of a given number, say n, can be connected to the nth output port at a given
instant in time. Thus scenarios requiring the selection of more than one beam of the same
number n (n=l,2,...,l6) lead to “beam contention”, which can be eliminated only through
time-sharing those contended beams among the users they serve.

A BSN with 4 switching trees serves the “Maritime-Coverage” antenna system, and a
similar BSN serves the worldwide coverage antenna system. These BSNs are identical and
are connected to the output ports of the ferrite switch shown in Figures 2 and 3. Each tree
is similar to that indicated in Figure 5 except that there are 7 or 8 input ports instead of 29
or 30. The switch at the output of the 4-way combiner permits selection of any two number
1,2,3, and 4 beams, one for “maritime coverage”, and one for “worldwide coverage”.
However, any numbered beam selected for “worldwide coverage” is not simultaneously
available to “maritime coverage” and vice versa. Again, beam contention may be resolved
by time-sharing the contended beams among the users that they serve. An arrangement of
the beams is shown in Figure 7 in which four adjacent beams are selected for worldwide
(shaded) and maritime (cross-hatched) coverage. The associated patterns have the same
sidelobe and out-of-beam spatial discrimination as the theater-coverage-mode patterns;



however, when operated with an adaptive-nulling algorithm connected to the beam output
ports, the patterns have approximately one half the resolving power of the theater-
coverage-mode system. That is, the tolerable separation between communication and
interfering terminals associated with the theater-coverage mode is approximately one-half
that for the maritime or worldwide terminals. For both of these user communities, the four
beams may, as with the theater-coverage, be clustered as shown in Figure 7, or distributed
uniformly over the FOV, or any configuration in between. However, only one number n
(n=1,2,3,4) can be selected at a given instant, and beam contention may be resolved by
time-sharing a contended beam number among the users it serves.

To summarize then, the antenna can be utilized in three simultaneous modes of operation,
i.e., theater, maritime and worldwide coverage. The theater-coverage mode allows the
satellite controller to select 16 0.7E HPBW RHCP beams directed anywhere on the earth’s
surface subject to the restrictions previously described. (It is possible to utilize switching
networks which do not have this restriction, but the number of switches required for these
networks will be much larger.) Thus, the controller can group these beams to cover a
single large area or a few smaller areas. Scenarios which involve contention for the same
beam-switching tree would be accomodated by time sharing the areas affected by this
contention in a time-division multiple (TDM) inode. Such TDA operation is facilitate by
the ~ 1 µsec beam-switching time.

The maritime and worldwide modes of operation function in a similar manner. For these
modes LHCP is used and, because of this, these modes are completely independent of the
theater-coverage mode and no area-contention problems with the theater-coverage mode
can arise. Both the maritime and worldwide coverage modes utilize 2x2 clusters of
constituent 0.7E-HPBW beam ports hard-wired together. Thus, the satellite controller can
select four of these clusters (subject to the restrictions described) for maritime coverage
and, from the remaining clusters, four more for worldwide coverage (also subject to this
restriction). The fact that an area of the earth selected for maritime coverage cannot also be
selected for worldwide coverage is not considered a disadvantage, since there is little point
in providing coverage to the same area twice. Again, areas which are in contention for the
same beam-switching tree can be time shared. Note, however, that if the maritime
coverage mode is operated such that a beam-switching tree contention occurs, the satellite
controller has the option of resolving this contention by time sharing or by utilizing one of
the switch trees of the worldwide coverage mode.

Thus, the antenna described is very flexible. It can provide coverage to a theater area such
that, with proper selection of beam ports, the shape of the coverage area approximately
matches the shape of the theater area. Fast beam switching permits the coverage of
multiple theaters on a time division basis. In addition, maritime coverage is provided in the
same way. Finally, a worldwide coverage mode is included to provide the system with a



scanning beam capability in order to serve users not located in theaters or maritime-
coverage areas.

It is worth noting that the gain fall-off of the antenna pattern is that of the basic
0.7E-HPBW pattern associated with each beam port. Thus regardless of the size or shape
of the area-coverage pattern formed, the antenna gain outside this area falls off rapidly.
This provides significant antenna discrimination against interference sources located
outside these coverage areas, even those located relatively close to the edge of the
coverage area.

FERRITE SWITCHES

The flexibility of the antenna just described stems from the ferrite switches used in the
beam-switching networks. Obviously, these switches must be small, lightweight, low loss
and operate with low power if the antenna is to be usable as a satellite uplink receive
antenna. The following paragraphs describe the ferrite switch developed by
ElectroMagnetic Sciences, Incorporated for this application.

Physical Characteristics

The ferrite switch and its mirror image, as shown in Figure 8, is a latching ferrite junction
circulator designed to operate over the band 43.5 to 45.5 GHz. Switching is accomplished
by magnetically biasing a ferrite located at the waveguide junction. The magnetic circuit is
completely contained within the waveguide junction, and no external flux return circuit is
required. This design approach results in a compact switch operating at maximum drive
efficiency. The switch housing is milled out of a single piece of aluminum and occupies a
total volume of ~ 1.0 cm3. Each switch weighs ~ 2.8 gm so that the total weight of the
switches used in the antenna is estimated at 3.6 Kg or ~ 8 lbs. The switch network weight
is a small fraction of the ~ 100-lb weight of the entire antenna (including the switches and
interconnecting waveguide). Figure 9 shows a wooden model of the switch network and
beam feeds for the theater-coverage mode. Each waveguide “Y” junction includes a ferrite
switch. The number 1 switch tree is completely modeled in the figure, and partial models
of other trees are included to illustrate the mechanical arrangement of the feed system.

Rf Performance

Of particular importance to system performance are the isolation and insertion loss
characteristics of the ferrite switch. Isolation between the unconnected beam ports and the
switching network outputs must be high enough to provide adequate suppression of
interference sources located well outside the intended coverage areas. At the same time,
the insertion loss of the switching networks must be low in order to realize maximum



antenna system gain. The requirement for full gain is important because many of the
system’s user terminals are on mobile platforms and, consequently, severely constrained in
the permissible antenna aperture and terminal prime-power. Figure 10 shows the measured
insertion loss and isolation for a prototype switch. Isolation over the band is in excess of
20 dB and insertion loss is less than 0.3 dB.

Switch Power Requirements

Because the switches are of the latching type, no power is required to maintain them in a
given position. The only time a switch requires energy is in transit from one position to the
other. Thus, the system switch drive power requirement is dependent both on the number
of switches which must be simultaneously switched in order to reconfigure the system and
the number of system reconfigurations required per unit time. Examination of Figure 5
shows that, in order to reconfigure the number 1 switching tree, not more than 8 switches
need be switched. This is also true for the remaining 15 trees of the theater-coverage
mode. Thus, the maximum number of switches which must be switched in order to
completely reconfigure the theater-coverage mode is 128. Similarly, the maximum number
for the maritime coverage mode is 28 and for the worldwide coverage mode is also 28.
Thus, the switch driver power supply must be sufficient to drive a maximum of 184
switches simultaneously at the desired rate. The probability that a scenario which requires
as many as 184 switches to be switched is vanishingly small, i.e., less than 10-10. This
does, however, represent the most extreme possibility.

Each switch requires approximately 25 µjoules stored in its magnetic circuit to latch
properly. However, because the switch driver must overcome hysteresis losses in the
ferrite and resistance losses in the drive wires, its efficiency is on the order of 40 percent.
Thus, the drive energy required per switch per reconfiguration is about 68 µjoules. In
addition, each driver requires about 75 mW overhead power to maintain logic circuit bias
levels, etc. The maximum power required to completely reconfigure all modes at a rate of
1000 reconfigurations per second is then about 25 W. In general, however, once set, the
theater- and maritime-coverage switching networks can be expected to remain in their
settings for lengthy intervals. Only the worldwide coverage network would be likely to
switch rapidly in order to provide scanned beam coverage. The power required to
reconfigure this network at 10,000 reconfigurations per second is about 4 W (assuming the
beam scan pattern is selected such that no more than three switches are switched for each
beam reconfiguration).

SUMMARY

The preceding has described a satellite uplink receive antenna which provides
simultaneous high-resolution area-coverage service to both the land-based and maritime



units together with a scanned-beam worldwide coverage for widely dispersed terminals.
The antenna is a 468 beam MBA capable of receiving both right-hand and left-hand
circularly polarized signals. Theater units will use the RHCP “theater-coverage” mode.
This mode can select up to 16 of the 468 beams to cover the theater area. The “maritime-
coverage” and “worldwide coverage” modes utilize the LHCP outputs of the 468 beam
feeds. For these modes the polarizer outputs are combined in groups of four to form 127
2x2 beam clusters. Maritime areas are served by selecting up to 4 of these beam clusters.
The worldwide coverage mode, which can be used to produce a worldwide scanning
beam, selects up to 4 of the 2x2 beam clusters not already selected for maritime use.

Lightweight, low-power, fast-switching ferrite switches are used for beam selection in all
modes of operation. The switching speed of these switches is fast enough (~ 1 µsec) to
permit service to multiple maritime or theater areas on a TDM basis. The estimated weight
of the antenna is ~ 100 lbs, and the power required to operate the BSN is ~ 25 W.
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Figure 1  Offset Fed Cassegrain Multi-Beam Antenna



Figure 2  Each Feedhorn Provides Service For All Functions

Figure 3  4-Port Combining Scheme



Figure 4 The 468 Theater Coverage Receive Beams/Feeds are
Divided into 16 Groups

Figure 5 Number 1 Switching Tree



Figure 6 Any 4 by 4 Port Group Can Be Selected Or The
Antenna Can Serve Multiple Areas

Figure 7  Any Two 2 x 2 Port Groups Can Be Selected



Figure 8  Ferrite Switch and Its Mirror Image

Figure 9 Wooden Model Of The Switch Network and
Beam Feeds For The Theater-Coverage Mode



Figure 10  Measured Insertion Loss and Isolation For A Prototype Switch


