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SATELLITE CLUSTER PROVIDES MODULAR
GROWTH OF COMMUNICATIONS FUNCTIONS

Donald v. Z. Wadsworth
Space and Communications Group

Hughes Aircraft Company
El Segundo, California

ABSTRACT

The orbiting antenna farm or large geostationary platform has been proposed as an
efficient method for combining many satellite functions at a single orbital slot. Proponents
claim that crossconnecting C, Ku, and Ka band communications networks and perhaps
weather satellite readout at the spacecraft permits more efficient use of the available
frequency spectrum and fixed frequency earth terminals. However, the expected economy
of the large multi-functional platform is offset by its increased complexity and reduced
reliability compared to a multiplicity of single-function satellites. A further disadvantage is
that costs, development schedules, and introduction of new technology cannot be extended
over a span of several years, as can be done with independent satellite launchings. The
satellite cluster concept described here offers the platform’s feature of interconnectivity,
while avoiding its disadvantages. Single-function satellites can be added to the cluster as
required, and maintained at distances which are small compared to those between adjacent
orbital slots. This paper analyzes the marginal power and weight for providing
interconnecting communications links; interconnection bandwidth, attitude control and
stationkeeping requirements; and optimum satellite spacings within the cluster.

INTRODUCTION

The current trend toward complex, multifunction satellites is driven by their expected
economic advantages over a multiplicity of single-function satellites located at the same
longitude in the geostationary arc. This trend is indicated by India’s triple-function
INSAT-1 spacecraft (scheduled for launch in 1981) and by the dual-purpose Intelsat V
(Model 5) and Intelsat VI spacecraft described in Table 1. Even larger multifunction
satellites, described as geostationarv platforms or orbiting antenna farms, are being
considered for the post-Intelsat VI era.(1, 2) These require the large payload capability of the
Space Shuttle (STS) and possibly multiple launches with assembly in orbit.



The assumed economic advantages of the multifunction satellite stem from the economy of
scale of a shared spacecraft bus for all functions, single rather than multiple launches, ease
of interconnection onboard among different ground networks, and simpler housekeeping
operations (attitude control, stationkeeping, etc. ). These advantages are offset by the
higher development cost (and potential for schedule delays) of integrating complex
functions on one spacecraft, increased reliability costs (all eggs in one basket), institutional
coordination problems of joint users, and inability to spread out costs and growth.
Although it is difficult to quantify these economic trades before the fact, an indication of
the trades can be gained by comparison of multifunction satellites with single-function
satellites, from the standpoint of launch and satellite costs, as given for Intelsat V in
Table 2. Intersatellite links are not required.

The range of costs in Table 2 reflects possible variations in the launch dates and quantity
of boosters purchased. The Intelsat V is too heavy for dual launch. The Atlas/Centaur
vehicle is a proposed “stretch” version and includes estimated development costs prorated
over three boosters. As currently scheduled, the larger total applies to Intelsat V so that
there could be nearly $200 million benefit in using single-function satellites. The advent of
the STS still favors the single-function satellites by a margin of about $125 million,
assuming launch costs of about $12 million per single-function satellite and $25 million per
Intelsat satellite.

An alternative to the highly sophisticated multifunction satellite is a cluster of simpler
single-function satellites collocated at one geostationary orbital slot and possibly
interconnected by communications links.(3, 4) Satellites would be added to the cluster as
required. In its most sophisticated form, the cluster could include a switching satellite to
provide full inter-connectivity, but this complication will not be considered here.

The simplest form of the cluster consists of a linear array of satellites spaced longitudinally
along the orbital arc as illustrated in Figure 1. When properly phased, the satellites
maintain their relative spacing since they are subject to nearly the same natural
perturbations and stationkeeping maneuvers. This arrangement permits use of simple,
nontracking antennas for the intersatellite links and requires no ranging between satellites,
because sufficiently accurate tracking and stationkeeping control can be done from the
ground. As suggested in the figure, the intersatellite links would permit C band-only earth
stations to communicate with Ku band earth stations. Also, weather data from the
meteorological satellite could be read out via the C band telephony satellite as an
alternative to a direct C band downlink. Eventually, a Ka band (20/30 GHz) satellite, with
an interlink to the C band satellite, might be added to restore critical services during an
outage at the higher frequencies caused by rain.



INTERSATELLITE LINK SUBSYSTEM CONFIGURATION

The basic intersatellite subsystem repeater includes both east-facing and west-facing non-
tracking antennas. For simplicity, the block diagram in Figure 2 illustrates only one of the
interlink antennas with its associated diplexer. The two directions of the link use separate
frequency bands. Although not illustrated, all active units are redundant. The subsystem
weight and dc power can be estimated from previous studies for linking Intelsat dual
primary satellites.

Welti(5) estimates 70 kg weight and 120 watts prime power for a 120 MHz bandwidth link
between satellites spaced 10E apart. The link requires closed loop, tracking antennas and
10 watts of transmitter power at 25 or 32 GHz.

A Hughes Aircraft Company study based on 1.2 meter diameter nontracking antennas
estimated 31 kg weight and 35 watts prime power for 36 MHz bandwidth link between
satellites spaced 3E apart. TWT transmitter power was 4 watts operating in the 6.6 to
7.1 GHz band. These weight and prime power values could be reduced considerably by
employing solid state power amplifiers since these can readily provide the fractional
wattage required for cluster interlinks.

The only additional weight needed on a cluster satellite is for the vernier thrust control
required to achieve the necessary velocity increment accuracy. Assuming 4 thrusters at
0.5 kg each yields 2 kg for hardware. Standard hydrazine monopropellant thrusters achieve
10 percent control accuracy for small velocity increments. The additional stationkeeping
velocity increment for 1 percent control will be about 10 percent of the total increment for
north-south control or about 30 m/sec over a typical 7 year lifetime. For a thruster specific
impulse of 200 seconds, the fuel penalty will be a 1.5 percent increase in the spacecraft’s
initial weight in geostationary orbit.

OPTIMUM SPACING FOR CLUSTER SATELLITES

To satisfy the recommendations of the ITU regarding efficient spectrum utilization and
mutual interference, the cluster should be contained within ±0.5E of its nominal
longitudinal slot on the orbital arc. Uniform spacing leads to a maximum separation of
0.25E for four satellites. Tighter constraints, typically ±0.05E (Ku band) to =±0.10
(C band), must be imposed on individual satellites of the cluster so that their motion does
not degrade communications performance of fixed-beam earth antennas. A spacing as
small as 0.05E might be desired between adjacent satellites which are to serve the same
earth antennas.



The optimum spacing angle, C, which minimizes the intersatellite link loss due to the
pointing angle error, p, can be determined as follows. If Pt and Pr denote the power input to
the transmit antenna and the power intercepted by the receive antenna aperture, the link
loss is given by

Pr /Pt = G2 82 /(4BRsC)2

where 8 is the carrier wavelength, Rs the synchronous radius, and G the antenna gain.
Assuming an aperture efficiency of 0.55 and antenna diameter D,

G = (0.55) B2 (D/ 8)2

The half-power beamwidth of a circular aperture, b, is given by

b . 1.24 (8/D)

so that G = 8. 3/b2

The minimum value of b for a prescribed link gain loss, dG, due to pointing angle errors p1

and p2 at the transmit and receive antennas, is given by

dG . 12(p1/b)2 + 12(p2 /b)2 decibels.

Taking dG = 1 dB and p1 = p2 = p yields b2 . 24 p2. Then Pr/Pt is minimum when b4C2 or,
equivalently, pC1/2 is maximum. Examination of the functional form of p given in the next
section shows that the spacing angle C should be maximized to minimize the link loss.

INTERSATELLITE LINK DESIGN

Link performance can be expressed in terms of predetection carrier/noise ratio given by

C/N . G2Pt 82(4BRsC)-2 L-1 (kTW)-1

where parameters not defined previously are the margin L for pointing and intersatellite
range variation losses, Boltzmann’s constant k, receive system noise temperature T and
interlink bandwidth W. A reasonable value of C/N at the worst time of year (solar
conjunction) is 19.5 dB which is associated with T. 7000K(5). L is assumed to be 2 dB.
With these values the above relation can be expressed in the form

Pt /W . P4C2F2/100 watts/MHz



where the pointing error p and satellite spacing C are expressed in degrees and F is the
frequency in GHz. This relation is displayed in Figure 3.

Traffic studies indicate reasonable values for W to be in the 10 to 100 MHz range. For
C = 0.1E, W = 100 MHz, and F = 7 GHz, D = 0.9 m and Pt = 0.12 watts. At F = 58 GHz,
Pt increases to 10 watts. Evidently the lower frequency bands are preferable for cluster
interlinks.

INTERSATELLITE LINK POINTING ERRORS

Principal contributors to the pointing angle error are tracking measurement and station-
keeping maneuver errors, relative separation of the satellites in a nominal orbit with finite
eccentricity, and attitude errors which are analyzed in this section.

Let A and B denote, respectively, the in-plane and out-of-plane angles of the line of sight
between adjacent satellites as measured at satellite 1 (see Figure 4). Let R1 and R2 denote
the radial distances to the respective satellites and C12 the in-plane separation angle
between the satellites. From trigonometry, for small C12 and low eccentricity orbits,

A . (R2 - R1 )/ (R1C12) - C12/2

If da1 and da2 are the measurement errors in the semimajor axes, dL1 and dL2 the longitude
errors resulting from both measurement and maneuver errors, C the nominal separation
angle subtended at the earth’s center, a the nominal semimajor axis, and e the nominal
eccentricity, then

R2 - R1 . da2 - da1 + Cae sin f

C12 . C + dL1 + dL2

where f is the true anomaly angle. Combining these relations and retaining only first order
terms yields

A . (da2 - da1)/(aC) + e sin f - C/2 - (dL1 + dL2/2

If dVT denotes the error in the in-plane (east-west) maneuver velocity increment and d   
and dLo denote the errors in estimated mean drift rate and longitude just prior to the time
t = 0 of the maneuver, then the longitude error during the stationkeeping drift cycle
becomes

dL = dLo + (d        - dVT /Rs)t



Coupling from the out-of-plane (north-south) maneuver can contribute significantly
(0.002 deg/day) to the drift rate but does not appear explicitly since the drift rate
measurement is assumed to follow the north-south maneuver. Since the mean drift rate    
and the mean semimajor axis are related by

(a/Rs)
3/2 = we/(we -        )

where Rs is the synchronous radius for a circular orbit and we is the earth’s rotation rate,
the measurement errors in a and         are related by

da . (2/3) Rs/we) d         

Experience with range data from two stations, taken over a 1 or 2 day period, shows that
3F errors of da/Rs . 1 x 10-7 and dL0 .  0.001E can be achieved.(6) These measurement
errors are negligible compared to the maneuver errors so that worst case magnitude for the
variation in A becomes

where maneuver errors for the two satellites are combined in the rss sense. Assuming a
sun-oriented perigee control strategy, the eccentricity e (caused by solar radiation
pressure) remains nearly constant over the year.(7) For the Anik-WESTAR class of
satellite, e . 0.00015.

The magnitude of )VT is determined by the allowable variation dG12 in intersatellite link
signal gain, which depends on the range variation dRI2 between satellites. If maneuver
errors are combined in the rss sense, the gain variation in decibels is given by

dG*
12 . 8.68 dR12 /(RsC) . 12 dVT t/(RsC)

where * indicates decibel units. It follows that

dA . e + dG*
12 C/ 17 radians

For a nominal C = 0.1E spacing and dG*
12 = 1 dB, dA . 0.014E and dR12/Rs . 0.01E. The

length of the nominal drift cycle can be estimated from t . 2(2c/      )1/2 where        is the
average longitudinal acceleration due to natural perturbations. The magnitude of       is less 
than 0.002 deg/day2 so the minimum cycle is t . 20 days. The corresponding value of    
VT = 2Rs(2      C)1/2 . 3 m/sec. The above relations yield dVT/VT . dG*

12/98 independent
of C and L.



The out-of-plane angle of the line of sight measured with respect to the normal at
satellite 1 is given by

B . (D2 - D1)/C - I1 cos (f1 + T)

where T denotes the argument of perigee, the latitudes D1 and D2 are determined from the
relation D . I sin (T + f), and the inclination angle I = Io +     t. Io is the value at the start of
the drift cycle. The time rate of change of inclination caused by natural perturbations, ¤,
can be approximated by its average value between maneuvers and is less than 0.003 deg/
day in the worst case. It follows that

B . (I1 - I2) C
-1 sin (T + f1)

The worst case variation in the angle B corresponds to the assumption that the dVN errors
do not affect the longitudes of the ascending nodes which are assumed identical.

The inclination control strategy is to choose the out-of-plane (north-south) maneuver so
that the corresponding velocity increment is given by VN =      t we Rs where t is the
interval between maneuvers.  For t = 20 days, VN is less than 3. 2 m/sec . Experience(6)

shows that the measurement error dI0 . 0.0003E (3F), which is small compared to the
maneuver error dVN Consequently,

I1 I2 . (dVN1 - dVN2)/(weRs)

and the worst case magnitude of B, for minimum east-west cycle time, is

dB . 21/2 dVN/(weRsC) . (dVN/VN)(2/C)1/2/40 radians.

For C = 0.1E and dVN/VN = 0. 01, dB . 0.48E.

For a dual-spin satellite, typical worst case, 3F attitude errors, including effects of
maneuver transients, are 0.04E east-west (in-plane) and 0.15E yaw (out-of-plane).(8)

Antenna thermal distortion pointing errors will be negligible (±0.02E, 3F) compared to the
stationkeeping errors.(8)A boresight misalignment error of 0.2E (3F),is assumed.(8)

Combining the independent random errors in the rss sense and adding bias errors, the
worst case deviation of the line of sight from the nominal direction is

p . 0.2 + ((0.15)2 + 0.023/C)1/2 degrees

where C is expressed in degrees and 1 percent thrust control is assumed. For C = 0.1E,
p . 0.70E.



CONCLUSIONS

A linear cluster of single-function satellites with interlinks is a feasible alternative to a
complex geostationary platform supporting many communications functions. The only
commonality in design required of the cluster satellites would be frequency assignments of
the interlinks, interlink repeater EIRP and G/T, and vernier control of stationkeeping
maneuvers. The interlink antennas would be nontracking. If interlink frequencies are below
15 GHz, fractional-wattage power FETs can be used for the transmitters.

The burden due to the interlink subsystem is estimated to be less than 35 watts of prime
power, less than 33 kg of hardware, and additional stationkeeping propellant amounting to
1.5 percent of the spacecraft on-orbit weight in the case of a 7 year mission. Experience
with TELESAT(6) indicates that a well designed mission software system would keep the
tracking and control burden for the cluster within reasonable bounds. Also tracking from a
single earth station would provide sufficient accuracy.

Optimum spacing is shown to be the maximum permissible within the 1E width cluster
orbital slot. This would be 0.25E for a cluster of four satellites. Tracking and control
accuracy will obviate any danger of collision among satellites, even when adding to the
cluster.
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Figure 1.  Linear cluster of communications satellites



Figure 2.  Satellite repeater with interlink subsystems



Figure 3.  Interlink design parameters Figure 4.  Geometry for in-plane
line of sight angle A



Table 1.  Examples of Multifunction Spacecraft

INSAT- 1

• Fixed Satellite Service
C band channels

• Direct TV Broadcast Service
C/S band channels

• Meteorological Service
UHF/C band data channels
Visible/infrared radiometer

Intelsat VI

• Fixed Satellite Service
C/Ku band channels
TDMA/FDMA networks

• Maritime or other services

Intelsat V (Model 5)

• Fixed Satellite Service
C/Ku band channels

• Maritime Service

Table 2 . Comparison of Intelsat V with Equivalent Single-Function Satellites

Coverage
Intelsat V

C /Ku Band
Single-Function

C Band Ku Band

Atlantic Ocean Region
Primary
Major path 1
Major path 2
Spare

Indian Ocean Region
Primary
Major path 1
Spare

Pacific Ocean Region
Primary
Spare

Domestic

1
1
1
1

1
1
1

1
1

  2
11

1
1
1
1

1
1
1

1
1

  2
11

1
1

1

    
3

Costs
Satellite
Launch (Ariane 3)
Launch (Atlas/Centaur dual)

11 x $40M
11 x $42M to 11 x $52M
--

14 x $30M
--

14 x $24M to 14 x $29M

Total, in-orbit $902M to $1012M $756M to $826M


