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CONTROL ASPECTS OF MULTIBEAM OR
MULTIELEMENT SPACECRAFT ANTENNAS

Peter Foldes
General Electric Company, Space Division

Valley Forge Space Center, P. O. Box 8555, Philadelphia, Pa. 19101

1.   Introduction

With the rapid development of spacecraft systems the trend is toward more sophisticated
and larger on-board antennas. Many of these antennas employ an array of radiating
elements, either as part of a feed system illuminating a larger aperture optics or as the
direct radiators. The main purpose of using multiple radiators instead of a radiator in
conjunction with a large aperture is to introduce a much larger degree of freedom in
achieving desirable antenna characteristics. If an antenna system contains n independent
radiating elements then the amplitude and phase of each of these elements can be selected
for desirable results.

For medium complexity antennas it is usually adequate to set the element excitations as
part of the basic design and not change them during the operational lifetime. With
increasing complexity and lifetime requirement such an approach is no longer economical.
Thus the more sophisticated an antenna system is the more complex its reconfigurability
and control requirement become.

The most important applications for antenna reconfigurability may be listed as follows;

1. Change of coverage pattern shaped to compensate for satellite location changes,
and to follow long or short term variations of communication traffic.

2. Change of EIRP footprints to reduce rain related fadings.
3. Lock beams to fixed ground locations irrespective of mechanical mispointing of

the spacecraft antenna.
4. Produce pattern minimums toward interfering sources.
5. Compensate for ionospheric beam refraction or polarization rotation effects.
6. Compensate for thermally or dynamically introduced antenna shape changes.

In the following, three examples will be presented to illustrate some of the above
applications for synchronous satellites. The selected examples will be: a noncontiguous
coverage, multibeam, global communication antenna, a contiguous coverage multibeam,



regional communication antenna and a very high gain, multielement microwave power
transfer antenna. The common feature of these antennas is that their instantaneous
performance requires electronic control of the amplitude and phase of a large number of
radiating elements.

2.   Noncontiguous Coverage Multibeam Antennas

Definitions — The purpose of a comsat antenna in synchronous orbit is to provide
coverage of specified traffic areas with a given antenna gain. The total field of view of
such an antenna covers a certain angular region; for instance 17.3E, the angular diameter of
the earth disc. A noncontiguous coverage antenna forms a number of such subangular
regional coverages, which partially blanket the larger angular region. The cross section of
these subangular regions and the corresponding antenna beams are generally irregular,
since they must conform to boundaries of traffic regions, continents, countries, etc. These
are called shaped beams and are typically formed by a number of circular cross section
component beams. In some cases a single, not necessarily contiguous shaped beam is
adequate to fulfill the mission requirement. These single shaped beam systems have only
one terminal between the antenna and the transmit or receive system of the spacecraft, no
matter how many component beams are utilized. In other cases a number of shaped beams
form an overall noncontiguous coverage system. These multiple shaped beam systems
have one transmit and one receive terminal for each of the shaped beams. Such beams
could simply subdivide the overall angular regions into smaller ones thus increasing the
available minimum gain in each of the coverage regions. However, more frequently it is
necessary to reduce the sidelobe radiation of each beam into the coverage region of all
other beams, thus provides a beam isolation between beams. This allows the reuse of the
same frequency spectrum in each of the beams, to extend the total communication capacity
potential of the system. Isolation between beams can also be provided, even when they
occupy the same angular region. For this case the isolation is based on polarization
orthogonality, or polarization isolation.

When two or more shaped beams must have a given beam isolation between them, e.g., a
given level difference at a given spatial direction within their respective coverage regions,
then the beam isolation between these identically polarized and identical frequency
radiations can be increased by increasing the angular separation between the contours of
the coverage regions. The angular region between two such coverages is called guard
region. Its width can be conveniently characterized by normalizing it to the width of the
component beams from which the shaped beams are synthesized. In most noncontiguous
coverage systems the width of the guard region must be minimized, but otherwise no
specification is given for this region.



1 P. Foldes, M. Berkowitz, “Reconfigurable Multibeam Antennas for Satellite
Communications,” 3rd World Telecommunications Forum, Geneva, 23-26 September 1979.

The defined shaped beam configurations can be realized on a fixed or on a reconfigurable
basis. In the latter, the reconfigurability may be necessary to change one or more of the
shaped beam cross sections, the EIRP distributions within the beams, split or combine
beams, etc.

Figure 1 Noncontiguous earth coverage beam topology with 144 component beams of
" = 1.3E cell diameter, forming 7 shaped beams. (Dotted lines show contours
of max. coverage region, solid lines show boundaries of component beams
associated with shaped beam.)

Example)1 - Figure 1 shows a beam plan composed of 144 component beams, grouped into
seven shaped beams. Each of the shaped beams is formed by a number of main component
beams, which can be excited up to the maximum (0 db) power level. In Figure 1 the main
component beams are bounded by dotted line. Additionally each of the shaped beams uses
a number of auxiliary component beams, typically at the periphery of the shaped beams,
excited in the -14 db to -26 db range and used to control sidelobes. The combined main
and auxiliary component beams are bounded by the solid line in Figure 1.

Figure 2 shows the application of this beam plan to a synchronous atellite over the Atlantic
at 34.4EW longitude. Only those component beams are excited close to 0 db level which
cover meaningful traffic areas. The resultant seven beams are not contiguous but the
uncovered areas are ocean surfaces or regions of relatively low traffic. Seven reuses of the 



bandwidth are thus possible with a single polarization and fourteen if orthogonal
polarizations are employed.

Figure 2 - Possible beam settings with 7 beam, noncontiguous coverage antenna. Intelsat
terminals are located on map.

Figure 3 shows the beamforming network (BFN) necessary to realize Beam 1 of Figure 1.
The network contains 16 variable phase horns and a binary power divider tree of 15
variable power dividers (VPD’s).

Figure 3 - Layout of beamforming network (BFN) for Beam 1 on Figure 1.



Method of Control - The provision of proper amplitude and phase at the aperture of the
radiating elements is based on the use of two type of phase shifters in the beamforming
network.

The control of the VPD’s is based on the use of a pair of adjustable phase shifters, which
are driven by n = ± 45E and  K 45E respectively relative to a nominal 45E position. The
circuit containing two hybrids and two such phase shifters is exhibited on Figure 3. For
such circuit the transfer phase is independent of the power division ratio, which is

The phase shifting element can be any device with low loss and frequency independency
within the desired frequency band. If switching speeds are relatively low (in µs range) then
for C band and higher frequency applications ferrites are preferred because of their
relatively low loss and wide bandwidth. The circuit can be implemented either in
waveguide or in stripline.

Figure 4 shows the photograph of a four-way VPD implemented in the 5.925-6.725 GHz
frequency band using stripline hybrid elements. Such a unit has a total of six hybrids and
six ferrite phase shifters. The power division increment ratio is a function of the number of
states available in the phase shifter drive. For the circuit shown on Figure 5 63 states are
used, which results in 1.452E phase shift resolution. Such resolution provides appr. .4 db
power division step around the -3 db power division condition.

Figure 4 - Top and bottom view of four-way stripline variable power divider (VPD).

 The control of the output phase of the radiating elements require the setting of the
corresponding variable phase shifters (VPS). In the described implementation these are
± 180E phase shifters with 63 phase states resulting in 5.81E phase setting resolution.



In summary, it can be noted that the amplitude and phase control of the described 16
element feed array requires 46 phasers to control by 31 commands. The 15 VPD’s are
determined by 15 states out of 945 total states, the 16 output phasers are determined by 16
states out of 1008 total states and the total control bit stream correspond to 1963 possible
states. For the complete system shown on Figure 1 the number of possible states is about
17700. The reconfigurability time is related to this number, but it is influenced by other
factors. For instance, if the system has to be reconfigured without interrupting traffic, then
the finally desired beam shape may be reached via a number of intermediate steps to
reduce system transients. The setting of the complete 144 elements antenna needs appr.
279 commands. This can be implemented by a 15 bit data stream. Under these conditions
the maximum average command rate is about 200 commands per second,thus the
necessary 279 command to change the entire system can be executed in about 1.4 sec. The
phase shifters reach their new states within 15 µs after the 0 to 1 transition of the strobe
line.

The automated control of the BFN requires a Central Electronics (CE) unit which is
internal to the BFN. This is driven directly from the spacecraft TTC interface or for
development tests from a microcomputer. Figure 5 shows the block diagram of a typical
CE.

Figure 5 - Block diagram of BF14 Control Electronics.

This unit accepts commands from the TTC or microcomputer, verifies commands via
telemetry, provides command editing capability if an erroneous command is received,
controls the VPD and VPS drives and power supply to execute commands, and verifies
that the commands have been executed via telemetry.



The CE is driven by a control computer via the TTC system or directly during
developmental testing. Typical implementation contains a CPU (such as INTEL 8080)
with associated 16K of random access memory for the discussed 16 radiating element
system. The system also needs a teletype terminal and an ROM monitor with a bootstrap
loader. Additional peripherial equipment includes a high speed paper tape reader and tape
punch and a custom developed interface to the CE.

3.   Contiguous Coverage Multibeam Antennas

Definitions - Contiguous coverage multibeam antennas have a formation of subangular
region beams, which in total cover completely a larger overall angular region. The
subangular regions may be illuminated by independent component beams or shaped beams
formed from component beams, where independence (decoupling) is achieved by
polarization orthogonality, frequency channelization, sidelobe suppression or by a
combination of these methods. While noncontiguous coverage systems provide
communications between isolated traffic regions, like large population centers, cities or
even specific earth stations, thus they are ideal for trunk type traffic, the contiguous
coverage systems can provide complete area coverage, thus they are ideally suitable for
the more general, multiple access type traffic. The basic design problem for these type of
systems concerns with the maximization of total communication capacity in a given
allocation frequency band under the restraining condition that the cost of the channel
mile/minute must be minimized. In an ideal contiguous coverage system the total
communication capacity should not be uniformly ,distributed. Instead the provided
communication capacity must match the density of traffic or approximately the density of
population. In such a traffic matched contiguous coverage system the provided bandwidth
per capita is constant on a time average basis. In contiguous coverage systems generally it
is not possible to provide the full allocation bandwidth in any given shaped beam. Instead
the subfrequency bands (channels) and polarizations must be arranged among shaped
beams in such a manner that the isolation can be maintained and the allocation spectrum
reused the maximum possible times for a given isolation. The planning of such
arrangement is called beam topology design.

Table 1 shows a few topology plans covering some of the most important beam topologies.

Example - The meaning of the various characteristics listed in Table 1 and the associated
antenna coverage control requirements will be explained in an example. For this purpose
beam Plan 5 was selected, because it illustrates most generally the problems associated
with contiguous coverage, multibeam antennas. Figure 6 shows the beam plan for this
case. In this plan the total allocation frequency band AF is divided into eight subbands
(channels, B and additionally two orthogonal polarization are used, thus a total of 16
independent channels are created. With the availability of 16 such channels shaped beams 



Table 1
Topology Characteristics of Studied Beam Plans

each using four component beams and a particular combination of frequency channels can
be generated which result in a 4 x 4 element grid. Such a grid of “grand cells” can be
repeated indefinitely over the region to be covered. Four channels are avilable in each of
the component beams. For instance if an overall base bandwidth of 2048 MHz is divided
into 8 channels of 256 MHz each, then a maximum of four such channels are available, for
a total bandwidth of FB = 1024 MHz, per component beam cell. The cells can be so
grouped that two (so-called “empty”) component beam cells will always separate shaped
beams using the same channel on the same polarization.



Figure 6 - Channel designation and beam topology using 16 orthogonal channels. Four
main and ten (optional) auxiliary component beams form each shaped beam
(quadrupled). Center frequencies of channels are separated by multiples of T
from each other

Figure 7 shows an example of such channel combinations. The numbers indicated in each
cell are the channel codes, and horizontal and vertical polarizations are indicated by
uncircled and circled numbers respectively. Identical channel combinations form a square
grid in which the elements repeat at four component cell periodicity. When such a grid is
superimposed on the U.S. for " = .5E, cell diameter, then for the lower 48 states, N = 11.6
reuses of the spectrum are possible. (Half of the total bandwidth, or four channels, is
available in each cell. The same channel on orthogonal polarizations never occurs in the
same cell, Consequently the polarization isolation is independent of propagation
conditions. Four-way power dividers are required to form the shaped beams. The power
amplifiers in this system can be directly connected to the input of the radiating elements to
minimize losses or can be placed before the beamforming network to eliminate the need
for highly linear (solid state) amplifiers. The disadvantage of the scheme is that the overall
band (2048 MHz) is fragmented into relatively narrow, 256 MHz channels and the
communication capacity is uniformly distributed over the coverage area whether required
or not.



Figure 7 - Contiguous coverage of 68 component beam antenna based on plan in Figure 6.
Spectrum reuse: 11.6. " = .5E. Uncircled and circled channel numbers
represent vertical and horizontal polarizations.

The beam plan given in Figure 7 has a total of 68 component beams from which 87 shaped
beams are formed. The number of shaped beams, NB is larger than the number of
component beams n, because of the overlap between shaped beams. This overlap is a very
important feature of Plan 5, because it allows great flexibility in network planning and
eliminated the need to operate earth stations at the steep slope of the shaped beams. In
order that the shaped beam regions can be connected with each other a switch of
considerable complexity is necessary. The complexity of this switch rapidly increases with
the number of independent shaped beams. As a step toward simplification, some of the
fractional and under utilized shaped beams (e.g. those which have four component beams)
can be combined. Under these conditions the system may have only 64 shaped beams and
the number of spectrum reuses is reduced to 8. This still provides 16.384 GHz of effective
communication bandwidth, or about 74 Hz bandwidth for each citizen of the U.S.

Note that due to the combination of some of the shaped beams the communication capacity
distribution within the system is already nonuniform. This nonuniformity can be further
increased to favor large metropolitan areas. Figure 8 shows the modification of the original
Plan 5 such that certain channels are omitted from less populated cells, and utilized in
more populated cell. The percentages indicated refer to the available bandwidth. relative to
the allocation bandwidth.

Table 2 shows the most important antenna characteristics achievable with such a system in
the 18/28 GHz frequency band, using an antenna diameter D20 at 20 GHz. The table shows
the already discussed characteristics and also the loss less gain, Go of the satellite antenna,
Geff = Go - "Total , and the carrier to interference ratio, C/I.



Figure 8 - Modification of Plan 5 for nonuniform communication capacity distribution.

Table 2
Summary of Characteristics for Co = 16.384 Ghz Effective Comuication System

Bandwidth 
("stm = -1.2 db, "ES = -.5 db)

* "Total = edge of coverage reduction of gain relative to ideal maximum due to beam shape
)Gc satellite loss, "sat, atmospheric loss, "atm and earth station antenna losses
"ES.

Figure 9 shows a simplified block diagram of the system. Each transmitter feeds four horns
and each horn transmits signals from four transmitters. The four-way VPD circuit is similar
to that in Figure 3.

These VPD’s are usable for concentration of traffic as described on Figure 8 or for rain
fading compensation. For instance if one of the four cells of the shaped beam represents
the center region of a large metropolitan area with heavy day time traffic then all or most
of the transmit power of a given channel can be concentrated in this cell during the day.
During the night, when traffic is less concentrated, the transmit power can be more evenly
distributed. Plan 5 allows a maximum of 1:4 traffic concentration.



Figure 9 - Block diagram for contiguous coverage multibeam antenna based on Plan 5, 68
component beams, 64 shaped beams. Complete connectivity is available from
any shaped beam to any other shaped beam.

Alternatively, the BFN can be used to allocate more power to cells with heavy rain
attenuation. On the average each cell of the shaped beam has 25% of the available



downlink power. If one cell has 9.54 db rain attenuation and the other cells no rain
attenuation, then the allocation of 75% power to the rainy cell and 8.33% power to the
clear weather cells results in 4.77 db fading in all four cells. Thus the BFN control reduced
the peak fading margin (peak power) requirement by 4.77 db. Since control of the BFN
takes of the order of 1 sec, rain fading control can be implemented with time constants
consistent with nominal rain rate variations, provided closed loop automatic fading
compensation is implemented. Such a system requires the continuous monitoring of C/N in
all the cells of the network.

The beam plan shown in Figure 7 utilizes .5E diameter beam cells. In such a system an
earth station at the contour of the coverage will experience a pattern slope, S in the order
of 1 db/.05E. For .05E pointing error of the spacecraft antenna the signal at the earth
station then varies by 1 db. This variation has to be added to the required fading margin.
When a nonuniform communication capacity distribution system, then S is further
increased. The effect of the large slope can be reduced by reducing the pointing error of
the beam. This can be done electronically, by expanding the four element network feed
into a 16 element network per shaped beam. In this case 12 auxiliary horns are added
around the original four main horns. When the antenna is pointed into its nominal position
these horns are not excited. When the antenna is mechanically mispointed, then a small
amount of power is fed into the appropriate auxiliary horns to steer the beam. When the
mechanical pointing error of the beam is small it may be adequate to utilize the original
four main horns for beam pointing corrections. Such control requires the simultaneous
adjustment of all VPD’s in the system by an error signal generated by one or more ground
beacons.

The system exhibited in Figure 9 has 64 uplink and 64 downlink shaped beams. To
connect them, each uplink beam must have capability of being connected to any downlink
beam. On the average (for uniform traffic distribution) the 256 MHz uplink channel may
be divided into 64 x 4 MHz wide band channels (slots) which then can be routed toward
any downlink beam. Many possible implementations of this switching function are
possible. Figure 9 shows one in which all the slots are of equal bandwidth, their sequence
is optionally rearrangeable and the actual switching is done at a low intermediate
frequency. For such a case about .5 M diodes are needed. In more complex systems a
number of different slot bandwidths are desirable to accommodate different traffic
channels. Control of these switches is similar to that of a standard telephone exchange
cross bar switch. Since individual switch channels are of 4 - 32 MHz bandwidth the
network configuration involves relatively slow switching functions.



2 R. C. Chernoff, “Large Active Retrodirective Arrays for Space Applications,” JPL,
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3 W. C. Lindsey, “A Solar Power Satellite Transmission System Incorporating Automatic
Beamforming Steering and Phase Contgrol,” LINCOM Corp., Pasadena, Calif., TR-7806-0977,
June 1978.

4.   The Single Beam, Very High Gain, Multielement Antenna

Definitions - As the directivity of the antenna increases the inaccuracies in its pointing and
in its shape play an increasingly important role. The previous examples involved .5E - 1.3E
component beam cell sizes. Under these conditions control of beam shape and pointing
was accomplished with phase shifters in the antenna BFN, which could be controlled
relatively slowly. When the antenna beamwidth is reduced by an order of magnitude or
more, control of the beam shape and direction requires different techniques. For such
situations the phase of each radiating element must be continuously measured and adjusted
on an instanteous basis so that structural (array element location) uncertainties are
compensated for. The control system locks the very high gain, space-originated antenna
beam to a specifically selected earth receive terminal. In such systems the apertures of the
space and earth located antennas are comparable and the design is optimized for maximum
power transfer efficiency.

The Solar Power Satellite has such requirements. At 2.45 GHz, with a 1 km diameter
space antenna (array), the footprint diameter on the ground is about .01E. In the following
some of the control problems for such an antenna are discussed.

Example A2 ,3 - The purpose of the phase control circuit for space antenna of the
microwave transmission system is to focus as much as possible of the microwave power
radiated from space to the rectenna located on the ground.

Figure 10 shows the simplified block diagram of the system. According to this figure the
overall system consists of a ground and a space segment.

On the ground a transmitter and antenna complex generates a pilot signal, which is
radiated toward the space antenna. In space the subarray elements of the overall space
array antenna receive the pilot signal in a phase corresponding to their location relative to
the ground antenna. By comparing these phases to the phase of one of the subarrays
(typically the center subarray) the phase differences at the individual subarrays are
determined. Then the relative transmit phase of these subarrays is set to the conjugate of
the received phases assuring that the downlink signals from all the subarrays arrive in
phase to the pilot antenna. The correct operation of the system is monitored on the ground
by a set of monitor stations. The output signals from these stations are used to calculate
fine corrections, which may be necessary to compensate second order systematic pointing
errors.



Figure 10 - Simplified block diagram of the phase control system for retrdirective SPS
antenna.

A key function in the operation of the above described system is the determination and the
conjugation of the relative phases of the pilot signals of the subarrays. This requires the
generation and distribution of a reference phase for the conjugators. In the selected system
the reference phase is the phase of the Ao subarray and this phase is distributed over a
transmission line tree to the other subarrays. In order to eliminate variations in the
reference phase due to electrical length changes in these transmission lines the signals to
be conjugated are sent back to the next higher level node on the phase distributing
network. This is equivalent to performing all conjugations at the Ao subarray. In such an
arrangement the phase distributing lines are used back and forth, thus their line length
changes are not affecting the conjugation process.

Figures 11 and 12 show more detailed block diagrams of the system. The operation of the
system can be explained by following a typical signal through the circuit.

On the ground (Figure 11) a pilot generator at fU = 2460 MHz is amplitude modulated by a
nominal f1 = 76.5625 MHz - 77 MHz signal. The carrier is suppressed and the remaining
f   = fU - f1 = 2383 MHz and f+ = fU + f1 = 2537 MHz tones are distributed to the
transmitters of three antennas. These antennas are 10 m diameter steerable paraboloids,
which are located in the apexes of a triangle, approximately 1.3 km from each other and
symmetrical relative to the center of the grand receive antenna (rectenna). These antennas
are used for fine positioning of the downlink beam.



Figure 11 - Ground segment of the control system for retrodirective SPS antenna based
on three ground pilot signal transmit sources.

Figure 12 - Space segment of the control system for retrodirective SPS antenna, based on
phase conjugation and returnable phase reference phase distribution on the
spacecraft.



At the pilot antennas the level and phase of the transmitters can be adjusted in such a
manner, that the effective phase center of the three element array appears to be adjustable
from the spacecraft antenna. This adjustment is achieved by the pilot location control
subsystem, which is using input signals from the monitoring antennas of the downlink
beam.

The radiated two tone pilot signal is propagated in the uplink via the atmosphere and
ionosphere. Due to practical propagation conditions the actual propagation path will be
somewhat refracted from the ideal path applicable for vacuum. Furthermore, the refraction
caused by the ionosphere will be larger for the f   tone, because of the frequency
dependency of the propagation constant in the ionosphere.

At the spacecraft (Figure 12) the 1 km diameter antenna consists of N = 105 subarray
elements, each with a nominal 10 m x 10 m linear dimensions. Each of these subarrays are
associated with a Receiver, Conjugator, Regenerator and Transmitter.

Generally the uplink frequency fU and the downlink frequency fD are different. Typically
the phase of the received wave at fU is determined from the modulating tones at a lower
intermediate frequency, which then is multiplied back to the fD downlink frequency. The
phase of the end result shall be ideally the conjugate of the received phase at fU.

The conjugation can be done either exactly or approximately. An exact conjugation
requires that the i-f phase from the receiver is modified by a factor so that after conjugation
and multiplication it becomes exactly the desired value at fD.

Alternatively the conjugation can be done approximately and the generated systematic
beam pointing error can be corrected by a three element pilot antenna array on the ground.
The presented example uses this later method. The details of the simple conjugator circuit
is shown on Figure 13. This circuit receives the previously calculated o/ il phase from the
reference receiver and the two tones from the receiver which produced the signal to be
conjugated. The first pair of mixers and band pass filters generate the lower and higher
side bands.

When these signals are mixed in the second mixer and the upper side band is kept the
phase of the resultant signal is

where p = 2f1/fU, fU =          is the uplink frequency, ro is the distance from ground pilot
antenna to the reference subarray and )1 is the differential path length to the subarray
under consideration.



Figure 13 - Phase conjugator circuit using modulated (two tone) uplink signal.

When this signal is transmitted through a frequency multiplier with a multiplication factor
of q = fD /2f1 , then the phase of the downlink signal becomes

Thus the output path length differential is the negative of the input path differential,
multiplied by a factor of q= fD /fU. For fD = 2450 MHz and fU = 2460 MHz = .995935.

For an array misalignment of )2 = .15E this generates a 383.6 m shift of the beam center
on the ground relative to the ideal q = 1 case. With the three pilot antenna arrangement this
error is reduced by a factor of 20 to 19.2 m, which is negligible.

The phase of the signal from the ro receiver at the frequency 2f1 is used as the reference
phase for the entire antenna.

This signal is used for two purposes.

1. It drives the to transmitter system of the Ao subarray.
2. It drives the 19 conjugators, which belong to the next lower level subarrays in the

phase distribution network. The principle of the phase distribution network is
exhibited on Figure 14.

The operation of the to transmitter system is fairly straightforward (see Figure 14). The 2f1
signal is taken through a limiter amplifier and a 2 n multiplier. When the actual value of f1
= 76.5625 MHz (instead of the nominal 77 MHz)then 2 n = 12. The multiplied signal at
frequency fD = 2500 MHz is distributed to all the transmit modules of the Ao subarray.
With the provided circuitry the signals from all transmitter modules within the Ao subarray
are properly phased to the reference signal and are ready to be transmitted to the rectenna.

The phasing of the transmitters at the next lower level of the phase distribution tree is
somewhat more complicated. In order to describe this operation the processing of the 



Figure 14 - Layout of the reference phase distribution network over the 1 km diameter
space antenna.

received signal at the A1 subarray must be followed. (See Figures 12 and 14.) The
subarray, diplexer and the receiver of this module is identical to the corresponding
components of the Ao module, except for small deviations caused by implementation
inaccuracies. The output from this r1 receiver is used for two purposes.

1. It is sent to the C1 conjugator, which is physically located back at subarray Ao.
2. It is sent to regenerator R1, which is located in the vicinity of the r1 receiver.

The signals from receiver r1 at frequencies fa and fb represent the phase 0/1 of the received
signal at subarray A1. These signals enter into a coaxial transmission line of approximately
L1 = 250 m long via an i-f diplexer tuned to fa and fb frequencies. A similar diplexer is used
on the other end of the line to separate the bidirectional signals. The signal from receiver r1
reaches conjugator C1, which also receives a signal from receiver ro. The conjugator
provides at frequency 2f1 a conjugation of the phase of the signal from r1 receiver. The
signal carrying the conjugated phase is sent back on line L1 to the t1 transmitter complex
and also to regenerator R1. The input circuit of transmitter t1 is the same as to.

 The signal from receiver r1 also enters into regenerator R1 together with the signal from
conjugator C1. By the use of proper combination of these signals the original 0/ io phase at
4f1 frequency is recovered and made available for all the conjugators attached to the A1



module. With the selected tree layout the phase regenerator R1 drives a total of 23
conjugators (C11, C12,...C1, 23). A total of 19 x 23 = 437 regenerators are used in the entire
antenna.

The described phasing operation is then repeated at the AkR and AkRm subarray levels until
all the transmit signals have the required conjugated phases.

Note that in the circuit given in Figure 12 the i-f frequency for the conjugators is 2f1, 4f1
and 8f1 respectively as the phase is distributed to consecutive lower layers of the three.
This method avoids the use of dividers in the circuit thus it is free from ambiguity
problems.

The essence of the above described example is that the antenna control is based on the use
of the retrodirective principle using non ideal phase conjugators for reasons of network
simplification. The resultant pointing error is compensated by the use of three pilot
transmit antennas on the ground. These antennas allow the change of the phase center of
the transmitted beacon wave to the satellite.

Example B - The phase of the transmit elements of the space antenna can be set also on
the basis of measuring individually the instantenous phase of each of the transmit elements
and then command a differential corrections to each phase shifters in the PA drive circuit
on the spacecraft.

Figure 15 shows the simplified block diagram of such a system. This, so-called “Multitone
Phase Computing” system is based on the measurement of the relative phase of each
subarray at a selected ground receiver by the use of a signature tone associated with the
subarray. The required phase correction of the subarray transmitter is returned by the use
of an uplink control channel. Both frequency and time division is used to reduce the
complexity and required frequency band for the tones. Approximately 25 MHz bandwidth
is needed for a one second phase updating period.

Figure 16 shows a somewhat more detailed block diagram for the implementation of the N
tone phase computing system. There is a single telemetry-control antenna in the middle of
the rectenna. The telemetry station has an N tone receiver system. The power beam at a
spacecraft transmitter is modulated by a low level tone. A typical tone on the ground is
received and detected and its phase is compared against the phase of an arbitrarily
selectable reference tone. A typical system may use 100 different tones and 100 time
division channels for the required 10,000 array phase signatures. After all the tones are
received and their relative phase is stored a phase calculator determines the corrections
necessary at the phase shifters of each of the spacecraft transmitters. After this information
is generated the correction command is transmitted via the command link to the individual



Figure 15 - Principle of multitone phase computing SPS phase control system.

Figure 16 - System block diagram of phase control circuit in phase computing mode of
operation using N tone downlink signal.



variable phase shifters on the spacecraft. The accuracy of such a system is determined by
the total time necessary for an updating. This time is influenced by the loop delay,
information capacity of the TTC channel, time necessary for phase computation and time
needed for a phase shifter adjustment. With practically realizable command channel
bandwidth an updating time in the order of 1 sec. is realizable. This is expected to be
adequate to follow the structural variations of space antennas even in the 1 km diameter
category at 2.45 GHz.

5.   Conclusions

The basic system configurations and control of characteristics have been reviewed for
three specific examples involving spaceborne multibeam. or multielement antennas.

It was shown that the shape of the patterns and their locations relative to the spacecraft can
be controlled electronically. In configurations, which are using a feed array and an optical
aperture component the control involves the variation of the amplitude and phase on the
individual radiating elements of the feed array. In configurations, which use an array of
radiating elements or subarrays the control typically involves the phase distribution only.
However, in both cases the actual control is implemented by setting phase controlling
elements in the BFN and the amplitude control does not require attenuators. The control
can be done in the order of seconds even in fairly complicated circuits and can be
implemented on an open loop or closed loop basis. When the phase of the transmitted
signal is controlled at the input of the high power amplifier, then no power loss penalty is
associated with such control techniques, but a very large number of transmitters are
needed for the buildup of significant antenna gain. When the phase and amplitude control
is accomplished after the power amplifiers and before the input to the individual radiating
elements, then a power loss penalty must be paid for such a control. This loss is increasing
with the number of elements in the array.

The control of the discussed type of antennas can be utilized for a large number of
practical purposes. These include the change of coverage footprints to allow satellite
location changes, follow traffic variations or compensate rain caused attenuation
difference. The electronic control of the antenna can be also used to compensate
mechanical pointing errors or the effect of structural shape variations.
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