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ABSTRACT

A satellite communications system employing a pair of collocated advanced satellites is
examined. The new 6/4-GHz bands allocated by the 1979 WARC are exploited to provide
a nominal bandwidth of 5,440 MHz for a total capacity of 56,000 channels. The two
satellites have an intersatellite link operating in the 32.5- and 23-MHz bands over a 6-km
distance. Up to ten 80-MHZ transponders can be cross-strapped. The total mass of each
spacecraft is about 1,135 kg.

INTRODUCTION

This paper examines the feasibility of an international communications satellite system
using two collocated spacecraft. A pair of collocated spacecraft, though separated by a
few kilometers, would appear to an earth station as a single entity. However, the individual
satellites would operate in isolated bands, with orthogonal polarizations, or on spatially
divergent antenna beams, so that multipath interference would be minimized. The satellites
would be connected by an intersatellite link (ISL).

SYSTEM REQUIREMENTS

This section describes the stationkeeping and communications requirements of the
assumed system comprising two collocated spacecraft. This doublet could function as a
primary or major-path satellite. It would use a major portion of the frequency bands
allocated to fixed satellite service below 10 GHz, as well as those portions of the
14/11-GHz bands used in INTELSAT V.



Stationkeeping Requirements

The stationkeeping requirements for the baseline system can be most usefully expressed in
terms of absolute and relative quantities. For simplicity, it is assumed that one spacecraft is
brought on station first in the role of master (M), and that the second spacecraft is slaved
to the first. The stationkeeping requirements of the master spacecraft are specified in
absolute terms (latitude, longitude, altitude), while those of the slave (S) are specified in
relative terms (east-west separation, north-south separation, altitude separation).

The maximum absolute east-west stationkeeping errors of INTELSAT satellites are ±0.1E
or ±62.5 km. Since the 6-GHz, 3-dB beamwidth of INTELSAT Standard A earth stations
is about 0.12E, the 3-dB gain points are located at 0.06E off-axis. Earth station antennas
must therefore track the satellite to avoid unacceptable signal losses.

Clearly, the east-west and north-south angular separation between two collocated satellites
should be kept substantially less than the earth station half-beamwidth of 0.06E, which
corresponds to a distance of 37.5 km. Therefore, a maximum angular separation
requirement of 0.02E will be assumed. This corresponds to a distance separation of
12.5 km and an earth station antenna gain loss of 0.33 dB.

Frequency/Coverage Plan

The satellite system is assumed to consist of two satellites designated master and slave.
The master provides essentially the same 6/4-GHz and 14/11-GHz coverage plan as
INTELSAT V as described in Reference (1), but with the addition of a second polarization
for the global beam. The slave provides the same 6/4-GHz coverage as the master, but its
6/4-GHz transponders operate exclusively in the new bands allocated to the fixed satellite
service by the 1979 WARC (2). The 14/11-GHz transponders of the slave operate in the
same bands as those of the master, but the spot beams are aimed in other directions, as
shown in Figure 1. The master carries an eastward-facing ISL subsystem transmitting in
the 32.5-MHz band and receiving at 23 MHz. The slave carries a westward-facing ISL
subsystem transmitting at 23 GHz and receiving at 32.5 MHz.

The 6/4-GHz bands allocated to the fixed satellite service are divided into numbered
80-MHz transmission channels as shown in Figure 2. The previous numbering scheme
(originally adopted by INTELSAT during the development of INTELSAT IV) is included
for comparison. Because of the split band at 6 GHz, two distinct translation frequencies
must be used between the 6- and 4-GHz bands. Moreover, a portion of,the 6-GHz band
must be left idle, because of the difference between the 6- and 4-GHz bands in total
bandwidth allocation. Figure 3 illustrates a method of cross-strapping between the 



frequency reuse bands in the master (channels 1 to 5) and those in the slave (channels 8 to
12).

Table 1 lists the assignments for the ISL in the 32/23-GHz bands. The ISL bands are not
directly channelized, but they contain signals previously channelized in the 6- and 14-GHz
bands. Two groups of five channels covering 395 MHz of bandwidth per group are
accommodated in each of the ISL bands. Each 5-channel group is up- and down-converted
in a separate frequency converter, as explained in the following section.

Figure 4 shows a possible transponder plan for the satellite doublet. Onboard switching
makes it possible to connect any up-channel, either directly to any correspondingly
numbered down-channel, or (for frequency reuse channels) via the ISL to any down-
channel numbered n ± 7, where n is the up-channel number. Channels 6, 7, 13, and 14 are
assigned to global beams and need no cross-strapping. The ISL parameters are given in
Table 2.

TABLE 1.  32/23-GHz FREQUENCY ASSIGNMENTS

Channel
Band
(GHz)

Bandwidth
(MHz)

1-5

1'-5'

8-10, 11', 12'

8'-10', 11", 12"

32.060-32.455

32.545-32.940

22.610-23.005

23.095-23.490

395

395

395

395

TABLE 2.  ISL PARAMETERS

Transmitter Power 10 W
Antenna Diameter 50 cm
Antenna Gain (23 Ghz) 37 dB
Antenna Gain (32 Ghz) 38.5 dB
RF Loss 2 dB
Noise Temperature 3000 K
RF Bandwidth 850 MHz
Maximum Range 12.5 km



COMMUNICATIONS PAYLOAD

The transponder channelization plan of Figure 4, together with a plan for desired switching
capabilities, constitutes the basis for an overall communications payload design. The
channel routing switches permit establishment of any desired interconnections. As many as
two transponders of any channel number from 1 to 5 can be cross-strapped via the ISL.
Figures 5 and 6 are simplified block diagrams of the communications payloads. The
antenna subsystem, as well as redundant components, has been omitted.

ISL TRACKING ANTENNA

This section examines the accommodation of a baseline 50-cm-diameter reflector ISL
antenna on an INTELSAT V-type spacecraft body. The reflector must have enough
clearance for an antenna oscillation of 45E about its nominal position for tracking
purposes.

A center-fed Cassegrain antenna is proposed. It has the following advantages over other
antenna types for spacecraft application:
a)  Cassegrain antennas are suitable for a small focal-length-to-diameter ratio, are compact,
and have minimum overhanging appendages.
b)  The waveguide between the transmit/receive diplexer and the feed can be minimized,
thus reducing waveguide losses.
c)  Relatively high efficiency can be achieved, although Cassegrain antenna systems of this
electrical size (~508) are not as efficient as electrically larger antennas because of the
relatively small size of the reflector and proportionally higher blockage and scattering
losses.

From a practical viewpoint, the preferred location would be the east and/or west side of
the satellite body. In this location, the antenna subsystem can be easily integrated into the
satellite structure. The shroud envelope volume provides ample room to conveniently
mount the reflector with its support external to the main body while maintaining the related
communications equipment inside, but close to the antenna. The extent to which the
reflector support protrudes from the satellite body depends on:

a)  obtaining a clear field of view for the ISL beam at the extremes of its traverse; and
b)  the shape and size of the supporting mechanism.

It is desirable for the articulating appendages to be as short as possible to reduce the effect
of disturbing torque on the spacecraft.



The antenna support is a two-axis gimbal supporting the reflector and capable of providing
the desired ±45E antenna tracking function. The design of such a gimbal mechanism is
straightforward since similar mechanisms have been employed in satellite applications.
The design of a dual channel rotary joint feed system, with acceptable losses at the higher
frequency, may pose a difficult design problem. However, rotary joints have been used on
spacecraft for some time and hence this problem can be solved with some effort.

STATIONKEEPING

Two satellites are to be positioned so that they are in the same earth station antenna beam,
and so that an ISL link between the two has reasonable tracking requirements. It is
assumed that one satellite will be a certain distance east or west of the other; a nominal
distance of 6 km with a tolerance of ±2 km will be assumed. There are two aspects of the
problem: a north-south stationkeeping requirement, and an east-west requirement (which is
coupled with a radial motion).

North-South Stationkeeping

The nominal positions of the two satellites will be in the same orbit, with the same
inclination, and the same orbit normal. Most of the forces that will disturb one satellite will
disturb the other in the same way. Lunar and solar perturbations will cause the orbit
normal to precess, and thrusters will be used to maintain the orbit near the equator. It is
difficult to obtain a precise impulse by firing a thruster. The largest disturbances in keeping
the two satellites out of the same orbit plane will be differences between the firing of the
two thrusters. Based on present methods of operation, the variations produced by the
thruster firings will be estimated, followed by a discussion of ways in which the accuracy
could be improved.

The maximum inclination change in any one month is 0.045E for the solar effect, and 0.056
for the lunar effect, or a total of about 0.1E for the month. If five maneuvers (thruster
firings) per month are assumed, then each maneuver will change the inclination about
0.02E.

If hydrazine thrusters of the proper size are used, the expected accuracy in the actual
velocity difference achieved would be 10 percent. After a firing, the inclinations might
differ by 0.002E; six hours later this would show up as 1.5-km displacement in the north-
south direction. If the two satellites are 4 km-apart, then the ISL antennas would require a
±19E excursion in angular tracking.

The easiest way to determine this error is from the ISL tracking antenna. This error could
then be used in determining the thruster firings for the next maneuver. That is, if in one



maneuver satellite A had 10 percent more delta-V than satellite B, at the next maneuver
satellite B would be programmed to have 10 percent more delta-V.

A relative north-south displacement of ±1.5 km and a corresponding yaw angle tracking
requirement of ±19E would appear to be a reasonable system. Greater accuracy could be
achieved by using an accelerometer to measure the thrust developed, and/or by making
more frequent maneuvers.

East-West Stationkeeping (Drift)

First, circular orbits will be assumed so that there is no daily east-west oscillation. Because
of the nonspherical earth, satellites at most longitudes exhibit an eastward or westward
acceleration, which must be corrected by thruster firings. The maximum acceleration is
about 0.002E/day2 in geostationary orbit. The usual stationkeeping method is to wait until
one longitude limit is reached and then to change the velocity so that the drift will be just
enough to take it to the other limit, where it will reverse automatically. It will then go back
to the first limit, where the thruster is again fired.

The usual stationkeeping limits are of the order of 0.1E with maneuvers once a month. This
corresponds to a distance of 70 km. If there is a single thruster firing on each satellite, and
the total impulse has a 10-percent error, then at the end of the month the distance between
the two satellites may vary by over 50 km. It is therefore necessary to perform maneuvers
more often.

If maneuvers are done every 4 days, the east-west position can be maintained within about
0.002E or 1.5 km. The maximum drift rate just before and just after a maneuver is
0.004E/day. Errors in thrust may cause deviations of a kilometer or so, but if the two
satellites are 6 km apart, then this should be tolerable. The above drift rates correspond to
a radial shift of 0.3 km, so that the change in antenna angle is only a few degrees.

East-West Stationkeeping (Oscillations)

Any eccentricities in the orbit will be noticed as east-west oscillations. As in north-south
oscillations, these can be tolerated if the amplitude and phase for both satellites are the
same. However, any differences between the two satellites will produce an oscillation in
the range and also an antenna pointing oscillation in the orbit plane.

The usual eccentricities are of the order of 0.0001 in magnitude. This corresponds to a
radial oscillation of ±4 km and an east-west oscillation of ±8 km. It should be possible to
keep the eccentricities less than this value and such that any differences between the two
satellites are less than 10 percent. Then, for the differences between the two satellites, the



* Beginning of life in geosynchronous orbit.

radial and east-west oscillations will be of the order of ±0.4 km and ±0.8 km, respectively.
These are the same order of magnitude as the numbers cited for east-west drift. The
conclusions are similar: the range between the two satellites can be maintained within one
or two kilometers, and the in-orbit plane angles will be only a few degrees.

MASS/POWER SUMMARIES

Table 3 summarizes communications payload components for both spacecraft. Also
included is the corresponding information on INTELSAT V. The mass/power increase of
the slave communications payload has been estimated to be about 112 kg and 240 W
compared to that of INTELSAT V. The total spacecraft mass increase, assuming 6 W/kg
for the primary power subsystem, is about 150 for the slave spacecraft. The total
spacecraft mass of INTELSAT V is about 985 kg*; therefore, the new spacecraft mass
would be about 1,135 kg. A launch vehicle with the capability of Ariane III would be
required to boost it to geosynchronous altitude. For launch via STS, an upper stage with
moderately greater performance than the present PAM-A would have to be employed.

TABLE 3.  COMPONENT SUMMARY

INTELSAT-V Master Slave

ISL Antenna*
ISL Receivers
ISL Down-Converters
14-GHz Receivers
14/4-GHz Down-Converters
6-GHz Receivers
6/4-GHz Down-Converters
4-GHz Input Multiplexer Channels
4-GHz Switch Contact Pairs
4-GHz ISL Power Combiner Channels
ISL Up-Converters
ISL TWTAs
4/11-GHz Up-Converters
11-GHz TWTAs
11-GHz Output Multiplexer Channels
4-GHz TWTAs
4-GHz Output Multiplexer Channels

-
-
-
4
4

11
11
31

103
-
-
-

10
10
6

33
23

1
3
6
4
4

12
12
44

200
12
4
3

10
10
6

42
28

1
3

12
4
8

12
24
44

200
12

4
3

10
10

6
40
28

*Includes mount, diplexer, drive electronics, etc.



The difference in mass between INTELSAT V and the slave spacecraft is largely due to
the need for additional 6/4-GHz down-converters in the slave to accommodate the split
4-GHz band allocated by the 1979 WARC. The mass increase over INTELSAT V in part
results from the use of seven instead of six 80-MHz bands in each satellite. The added
band is reused four times in each spacecraft. In addition, the master and slave spacecraft
have eight and six 40-MHz global transponders, respectively, compared to three for
INTELSAT V.

SUMMARY AND CONCLUSIONS

A doublet of two closely spaced (6 km) advanced spacecraft has been considered. One
spacecraft provides essentially the same 6/4-GHz and 14/11-GHz coverage plan as
INTELSAT V, but with the addition of a second polarization for the global beam. The
second spacecraft provides the same 6/4-GHz coverage as the first, but its 6/4-GHz
transponders operate exclusively in the new bands allocated to the fixed satellite service by
the 1979 WARC. The 14/11-GHz transponders of both satellites operate in the same
bands as INTELSAT V, but the spot beams are aimed in four different directions.

The two spacecraft are linked by an ISL operating in the 32.5-MHz and 23-MHz bands.
The ISL can be used to cross-strap up to ten 80-MHz frequency reuse transponders in the
two spacecraft. The ISL operates with a single 10-W TWTA and 50-cm tracking antenna
in each spacecraft. A gimballed Cassegrain antenna with rotary RF joints is postulated. It
would be on the east (west) face of the spacecraft.

The required north-south stationkeeping accuracy can be maintained with one maneuver
every 6 days, while east-west corrections would have to be made about once every 4 days.

The total mass of each spacecraft is about 1,135 kg, requiring a launch vehicle with
Ariane III capability. For launch via STS, an upper stage with moderately greater
performance than the present PAM-A would have to be employed. The total
communications capacity of the doublet is estimated to be about 56,000 channels. The
advantage of using collocated spacecraft is that available upper stages can emplace the
equivalent of a single high-capacity payload, which would otherwise have to await the
development of new upper stages.
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Figure 1. Coverage (Atlantic Ocean Region)



Figure 2.  Channelization of 6/4-GHz Bonds (Normal)

Figure 3.  Channelization of 6/4-GHz Bonds (Cross-strapped)



Figure 4.  Transponder Plan



Figure 5.  Communications Payload (Master Spacecraft)



Figure 6. Communications Payload (Slave Spacecraft)


