
Application of Advanced On-Board Processing to
Satellite Communications - Cost/Performance

Implications for Technology Development

Item Type text; Proceedings

Authors Ruddy, J. M.; White, B. E.

Publisher International Foundation for Telemetering

Journal International Telemetering Conference Proceedings

Rights Copyright © International Foundation for Telemetering

Download date 19/05/2023 16:07:01

Link to Item http://hdl.handle.net/10150/614282

http://hdl.handle.net/10150/614282


* This paper is based on a study performed for NASA/Lewis Research Center under Contract
Number F19628-79-C-0001.

APPLICATION OF ADVANCED ON-BOARD PROCESSING TO
SATELLITE COMMUNICATIONS - COST/PERFORMANCE

IMPLICATIONS FOR TECHNOLOGY DEVELOPMENT*

J. M. Ruddy  B. E. White
The MITRE Corporation

Bedford, MA 01730

ABSTRACT

Rapidly growing communications services are creating a demand for large capacity
communications satellites which are efficient and economical. This demand, coupled with
the need for affordable earth terminals and the requirement for a mix of user types, means
that future communication satellites must support a complex system structure.
Technological development and implementation are clearly needed..

The focus of this paper is on-board processing techniques and related technical issues
regarding implementation of a multibeam communications satellite which would service a
wide range of users in the 1990 time frame. The effect of various forms of on-board signal
processing on satellite communication system performance and cost in the 20/30 GHz
band is examined. The implications for technological development are discussed in the
context of a specific system architecture suitable for use by wideband high rate trunking
users and lower rate customer premises services. The particular impact of processing
satellite architectures on earth terminal costs is emphasized.

INTRODUCTION

Communications services can be expected to make extensive use of both the 4/6 and 11/14
GHz bands in the 1980’s with a particular emphasis on the higher bands for more
specialized and tailored services, e.g., various forms of satellite data networks, where earth
station size and frequency coordination problems are very important. It is also expected
that as the demand for services expands, the 20/30 GHz band will emerge as the most
appropriate band to provide these services; and that some operational 20/30 GHz systems,
designed in whole or in part to provide data services, will emerge by 1990.



If satellite communication experiences its expected overall growth, multiple frequency
reuse will be required. Once the binary growth offered by polarization techniques is
exhausted, spatial reuse techniques will be required resulting in multibeam antennas and
on-board processing for satellites. Such satellites would be useful even in the absence of
the frequency reuse issue as a means of collecting or concentrating uplink or downlink
signal energy where it is required and thus reducing earth station costs. This would be
especially true in applications which potentially involve many earth stations.

The development of affordable highly reliable earth stations, particularly in the 20/30 GHz
band, will play a significant role in the development of service in the band. Earth stations
of interest will, in general, have both transmit and receive capability. The development of
reliable low cost transmitters, preferably solid state, is required. Earth station technology
development and economics, including required maintenance costs, will play a major role
in determining the feasibility of applications which involve a large number of earth
stations. In this paper, the impact of a processing multibeam satellite architecture on
technology needs and ground station costs is addressed.

In order to ascertain technology needs, it is useful to place such needs within a system
context. It allows ranking of technology needs and provides identification of alternative
approaches if a desired technological development fails to occur. The distinction between
wideband trunking services and customer premises (formerly called direct-to-user)
services is important, especially in the tradeoff between terminal and satellite costs. The
system context used in this paper is presented in Figure 1.

Trunking terminals are located in major metropolitan areas and handle only wideband high
data rate traffic. This traffic will be concentrated by the terrestrial system and will consist
of multiple T3 (45 Mb/s) or T4 (280 Mb/s) trunks. In the Continental United States
(CONUS), there are 36 metropolitan areas with populations greater than one million
persons. Thus, it is expected that the number of trunking terminals will be relatively small.
For the purposes of this analysis, a total population of 80 terminals is assumed. This
includes dual diversity for mitigation of rain effects to assure 99.99% availability.
Therefore, 40 trunking centers are considered as the high rate users. This in turn implies
that there will be 40 fixed, high gain antenna beams on the satellite. Reduction in terminal
size and complexity for this trunking service is not considered critical in order to minimize
total system cost and complexity.

The customer premises terminals, which are associated with T1 (1.5 Mb/s) and T2
(6.3 Mb/s) data rates, will be much greater in number. The total population could be in the
tens of thousands, depending upon the cost of the service provided. For the purposes of
this analysis and discussion, it is assumed that the population of T1/T2 terminals is on the 



order of five thousand with 200 being serviced simultaneously by two scanning beams.
Dual diversity at the site is not considered appropriate for these lower cost users.

GENERAL CONSIDERATIONS

There are many factors to be considered in the evaluation of the impact of on-board signal
processing on total system performance and cost. Specific considerations which tend to
bound or constrain the range of viable alternatives are related to power flux density limits,
geostationary arc limitations, and uplink/downlink imbalance.

Power Flux Density Limit

In order to protect terrestrial links from interference a limit is placed upon the amount of
power a satellite can radiate in any given frequency band of fixed and specified width. The
most stringent limit is defined for terminal to satellite elevation angles between zero
degrees and five degrees above the horizon. In this region the power flux density (PFD)
should be less than -115 dBW/m2 in any 1 MHz bandwidth for the 20 GHz downlink(1).

It can be shown that this translates into a maximum effective isotropic radiated power
(EIRP) of -11.5 dBW/Hz for a satellite at geostationary altitude, taking the free space
spreading factor 4B((range)2 into account. Figure 2 exhibits the relationship between
satellite transmitter power, antenna diameter or half-power beamwidth, and signal
bandwidth for such a geostationary satellite using a nominal downlink frequency of 20
Ghz.

The implications for the smallest possible terminal are shown in Table I. These values take
into account not only the rain margin of 10 and 30 dB for 99.9% and 99.99% availability
(1 and 3 dB with dual diversity), respectively, but also other system noise sources and a
3 dB antenna off-boresite tilt factor. The required energy per bit per single-sided noise
power spectral density ratio (Eb/No) is taken to be 13.5 dB for the non-regenerative
trunking channels and 9 dB for the regenerative customer premises channels.

TABLE I. Minimum Size Terminal Antenna Diameter (m) at PFD Limit;
T is Receiver Noise Temperature

Link No Diversity Dual Diversity

Availability T=50EK T=200EK T=50EK T=200EK

99.9%
99.99%

0.95
16.2

1.13
18.9

0.24
0.61

0.34
0.76



Geostationary Arc Considerations

It is important to protect adjacent satellites from uplink interference due to each other’s
terminals. Thus, it is necessary to select an appropriate angular separation and signal
interference criterion. It is stated without further justification that satellites operating in the
20/30 GHz band will not be closer than 4E apart along the geostationary arc. In addition,
the signal level permitted to enter an adjacent satellite must be 30 dB below the carrier. As
a consequence, the smallest permissible terminal aperture (defined at the lowest uplink
frequency, 27.5 GHz) is approximately 0.5m in diameter.

Link Imbalance Implications

The 20/30 GHz band is interesting from the point of view of a signal loss imbalance
between the uplink and the downlink. This link imbalance is due to several factors: (1) the
terminals utilize the same antenna aperture for uplink and downlink, (2) the satellite
antennas are separate for transmit and receive but are constant gain (i.e., same spot size for
uplink and downlink beams), (3) different uplink and downlink margins for the same
reliability, and (4) different system noise temperatures at the satellite and the terminal.

It can be shown that the difference in uplink power (Pt) and downlink power (Ps) is given
by:

Pt - Ps = (ENRu - ENRd ) + (Tss - Tst) + (Mu - Md) (1)

where ENRu and ENRd are the required uplink and downlink Es/Nos, symbol energy per
unit noise ratios, Tss and Tst are the satellite and terminal system noise temperatures, and
Mu and Mdare the uplink and downlink margins. These factors are specifiable a priori for
given modulation, link availability, bit-error rate, and system noise temperature. Thus,
terminal power and satellite power are not independent and are related by a multiplicative
constant.

MODULATION AND SIGNAL PROCESSING

In the satellite system design, it is desirable to reduce the size and weight of the satellite
and the size and power of the terminals since this reduces system cost.  For the satellite, it
is important to reduce the downlink EIRP for a specified terminal G/Ts. This implies a
reduction in the required downlink ENR. Figures 3 , 4, and 5 illustrate that a reduction in
downlink ENR tends to raise uplink ENR. An appropriate operating point and set of
backoff conditions should be selected. As indicated by the arrows on the figures, the knees
of the curves defined by the points where the slopes are -1 should be as good a set of
operating points as any.



Before continuing, an explanation of the notation in Figures 3 through 5 is in order. The
energy-to-noise ratios ENRs refer to energy per 4-ary channel symbol, Es, i.e., ENR =
Es/No = 2Eb/No. The parameter Ro indicates the maximum code rate which will yield an
arbitrarily small probability of error with increasing codeword length. Although the code is
not specified, there exist codes which attain this behavior. It is assumed that all three
cases, NON-REGEN, HDP, and DEP employ such a code with soft decision decoding of
the 4-ary orthogonal, matched filter demodulator outputs. NON-REGEN denotes a non-
regenerating linear repeater satellite with an end-to-end code between the transmitting and
receiving terminals. HDP indicates hard-decision processing on-board, where the 4-ary
orthogonal modulation is optimally demodulated with matched filters and remodulated for
the downlink; coding is again end-to-end. DEP refers to two separately coded and
modulated communications links in tandem, where the 4-ary orthogonal modulation is
matched filtered with (soft decision) real numbers as inputs to the decoder on both the
uplink and downlink. The uplinks and downlinks are assumed to be coherent in all three
cases.

The best overall operating point for the non-regenerative trunking channels is not apparent.
The choice should minimize the total satellite and terminal segment cost. A good
engineering estimate is the 6/0 dB backoff (B.O.) operating point in Table II. The ENRs
are taken from the knees of the NON-REGEN curves of Figures 3 through 5. Equation (1)
and the values Tss = 1600EK, Tst = 538EK, Mu = 6 dB and Md = 3 dB are assumed in
computing Pt.

TABLE II. Non-Regenerative Trunking Channel (99.99% Availability)

Terminal B.O.
/Satellite B.O.

(dB)
ENRu

(dB)
ENRd

(dB)
Pt

(W)

0/0
6/0
6/4

16.2
14.6
14.0

15.8
13.7
13.1

6.6 x Ps

7.4 x Ps

7.4 x Ps

A comparison among the NON-REGEN, HDP, and DEP processing repeaters for the
customer premises channels is made in Table III, where the 0/0 dB backoff linear repeater
is used as the baseline. This is accomplished by setting the downlink transmit power at 1W
and comparing all other cases with it.



TABLE III. Customer Premises Processor Comparison;
Transmitter Powers of Terminal (PtB) and Satellite (PsB) Before Backoff (W)

Terminal B.O.
/Satellite B.O. NON-REGEN HDP DEP

(dB) PtB PsB PtB PsB PtB PsB

0/0
6/0
6/4

4.9
13.6
11.8

1
0.6
1.3

3.3
7.1
6.8

0.3
0.3
0.7

1.5
3.8
3.8

0.2
0.2
0.5

The DEP case with 0/0 dB backoff yields the smallest satellite and terminal RF transmitter
size. Consequently, the recommended satellite processor configuration is: (1) a satellite
switched TDMA non-regenerative processor with 6/0 dB backoff for the fixed beam
trunking channels, and (2) a full decode/recode processor with 0/0 dB backoff with
baseband switching for the scanning beam customer premises channels.

ACCESS METHODS

The total allocation for commercial use at 20/30 GHz within CONUS is 2.5 GHz. For
purposes of discussion, 100 MHz appears useful for the customer premises terminals and
2400 MHz for the trunking terminals. It is further suggested that the 2400 MHz be divided
into four 600 MHz wide contiguous bands. There would be four TDMA trunking carriers
per fixed beam in the 2400 MHz band but each carrier would access its own 600 MHz
wide transponder. The data rate per beam is assumed to be 3300 Mb/s; this corresponds to
a 1.375 b/s per Hz bandwidth efficiency.

The choice of 100 MHz for the customer premises terminals was made for two reasons:
first, to reduce terminal RF and modem costs, and second., to provide an uplink data rate
for which it is reasonable to expect on-board processing capabilities in the 1985-1990 time
frame. The total number of simultaneous T1 users in CONUS depends on the number of
beams. Two scanning beams are selected to service 5000 terminals. For the customer
premises channel, two uplink access strategies are considered.

Customer Premises TDMA

The equal uplink and downlink burst rate approach implies that there are 100 simultaneous
1.5 Mb/s users per scanning beam, each bursting at approximately 150 Mb/s within their
own time slot on the uplink, with a composite 150 Mb/s downlink data rate. The band
occupancy is approximately 100 MHz, assuming a modulation that achieves 1.5 b/s per Hz
in the suitably defined bandwidth. The TDMA frame is 100 slots long.



Customer Premises FDMA

The unequal burst rate approach suggests ten uplink FDMA carriers per access with a
burst rate of approximately 15 Mb/s per carrier. This access time corresponds to a dwell
interval of a scanning beam and lasts for ten of the previous TDMA slots. On-board
processing would make it feasible to reformat these users onto a 150 Mb/s composite
TDM downlink. Again, 100 simultaneous 1.5 Mb/s users can be accommodated in ten
dwell intervals equal to the previous TDMA frame. The uplink modulation would again
have a 1.5 b/s per Hz bandwidth efficiency but this time with respect to center frequency
separation of the FDMA carriers.

SATELLITE WEIGHT OPTIMIZATION

A balance among satellite antenna size, RF power, and terminal G/Ts is desirable. This
implies a minimum system cost for constant performance. In order to minimize system
cost, there must be a tradeoff between satellite cost and terminal segment cost. Satellite
cost is proportional primarily to satellite weight which in turn depends upon satellite EIRP
and other factors. In order to minimize satellite cost, one would minimize satellite EIRP.
However, a decrease in satellite EIRP is accompanied by an increase in terminal G/Ts so
as to maintain constant performance. This increases terminal segment cost.

The approach taken in this paper is to determine the minimum weight satellite for a given
EIRP. For a specific system performance level and on-board processing selection, the only
variables which significantly affect satellite weight are the antennas and the RF power
amplifiers. The minimum weight antenna/transmitter package for an N-beam system is
defined when the RF transmit power and antenna diameter arb:

(2)

where 8 = wavelength (m) and 0 = antenna aperture efficiency(2).

SATELLITE AND TERMINAL COST ESTIMATION

In order to trade-off alternative approaches, the cost of both the space segment (satellite)
and the terminal segment must be examined. The cost figures presented in this section are
valid for this comparison only.

Satellite cost estimation can be based upon the very detailed Air Force Systems Command
Space Division (formerly SAMSO) Unmanned Spacecraft Cost Estimation Model or on a 



simpler rule-of-thumb basis which relates the cost of the spacecraft to its total weight. The
latter approach is selected as most appropriate here. It has been shown that(3):

Recurring Cost (FY 79 $): CRE ($M) . 0.031 (on-orbit weight, lb)0.93 + launch cost
(3)

Non-recurring (development) cost (FY 79$): CNRE ($M) . 0.016 x
(on-orbit weight, lb)1.15

The launch cost is ignored in this paper.

Also, it can be shown that the on-orbit weight of a communications satellite is directly
related to the weight and power requirements of the communications package. An
approximation for the beginning of mission (BOM) weight (lb) and power (W) for a
communications satellite is:

Wt . 800 + 1.53wc + 0.8 pc (lbs) (4)

Pt . 240 + 1.26 pc

where wc is the weight of the communications package and pc is the DC power required by
the communications package.

The small quantity cost of the RF portion of the terminal is given by the following:

(5)

The cost of the up/down converters (Cconv is taken to be $10K in small quantity. Antenna,
low noise amplifier (LNA), and transmitter costs Cant , CLNA; and Ctrans, respectively, are
shown in Figures 6 and 7. In Figure 6, GaAs FET refers to gallium arsenide field effect
transistors.

The cost of a high rate TDMA trunking modem, with a data rate on the order of 800Mb/s,
is estimated to be $400K in small quantities. The cost of the high rate customer premises
TDMA modem, with a data rate of 150 Mb/s, is estimated to be $160K in small quantities.
The cost of the lower rate customer premises FDMA modem, with a data rate of about
15 Mb/s is estimated to be approximately $100K in small quantities. The cost of a
complete terminal is given by the sum of the RF and modem costs:

Cterm . CRF + Cmodem (6)



For convenience, a single learning curve factor of 0.95 is used for estimating the cost of a
large number of terminals. This has the effect of reducing the relative per terminal cost to
70%, 60%, and 50% for quantities (Q) of 100, 1000, and 5000, respectively.

EXEMPLAR SYSTEM TRADEOFFS

The cost/performance tradeoffs for three exemplar systems are examined in order to
determine the optimum size satellite and terminal configurations. Terminal costs are so
dominant that there is a great incentive to expend resources to improve satellite
performance. The three exemplar systems are: Case (1) non-regenerative trunking
transponder plus non-regenerative TDMA customer premises transponder; Case (2) non-
regenerative trunking transponder plus regenerative TDMA customer premises
transponder; and Case (3) non-regenerative trunking transponder plus regenerative FDMA
customer premises transponder.

Table IV presents the satellite, terminal and system costs for the trunking part of the
exemplar systems. Using equations (3) and (4), Tables V, VI, and VII present the total
system costs including customer premises channels for Cases (1), (2), and (3). In Tables V
through VII, CQPSK and DQPSK refers to coherent and differentially coherent QPSK
modulation, respectively.

TABLE IV.  Trunking Terminal Satellite and System Costs

G/T
(dB/EK)

Dterm

(m)
Terminal
Cost ($K)

Terminal Segment
Cost ($M, Q=80)

Satellite Cost ($M)
CNRE           CRE

Total
System($M)

25.2
33.1
36.6
40.0
43.0
46.0

1.6
4.1
5.6
9.1
7.3

10.1

1360
1377
1402
1458
1555
1676

76
77
79
82
87
94

221
167
149
139
130
134

114
91
83
78
74
76

411
335
311
299
291
304

The lowest cost approach indicated for the trunking system is the use of a G/T = 43 dB/EK
terminal and a 5.1 m/3.4 m transmit/receiver satellite antenna with 1 W power amplifiers.
This conclusion for the trunking channels depends on the assumptions made for link
margin, dual diversity, etc.



TABLE V.  Minimum Cost System
Case (1) Trunking Plus Non-Regenerative TDMA Customer Premises Transponder

Customer Premises
Item Trunking Channel Channel

No. Beams (type) 40 (fixed) 2 (scanning)
Modulation CQPSK (up/down) CQPSK (up/down)
Access TDMA TDMA
Bandwidth/Beam 2400 MHz 100 MHz
Data Rate/Beam 3300 Mb/s 150 Mb/s
Satellite Antenna Size 5.1 m/3.4 m 2.4 m/1.5 m
Satellite Power/Beam 1 W 10 W
wc/pc (payload) 620 kg/1370 W 124 kg/540 W
Terminal Size 7.3 m 1.9 M
Terminal Power 30 W 210 W
No. Terminals 80 5000
Terminal Cost $87M $808M
wt/Pt (satellite) 2055 kg/2647 W
CNRE   $302M
CRE    $ 89M
Total System Cost $1286M

TABLE VI. Minimum Cost System
Case (2) Trunking Plus Regenerative TDMA Customer Premises Transponder

Customer Premises
Item Trunking Channel Channel

No. Beams 40 (fixed) 2 (scanning)
Modulation CQPSK (up/down) DQPSK/QCPSK
Access TDMA TDMA
Bandwidth/Beam 2400 MHz 100 MHz
Data Rate/Beam 3300 Mb/s 150 Mb/s
Satellite Antenna Size 5.1 m/3.4 m 1.5 m/0.95 m
Satellite Power/Beam 1 W 6 W
wc/pc (payload) 620 kg/1370 W 104 kg/500 W
Terminal Size 7.3 m 1.9 M
Terminal Power 30 W 40 W
No. Terminals 80 5000
Terminal Cost $87M $733M
wt/Pt (satellite) 2009 kg/2584 W
CNRE $  294M
CRE $    87M
Total System Cost $1201M



TABLE VII. Minimum Cost System
Case (3) Trunking Plus Regenerative FDMA Customer Premises
Transponder

Customer Premises
Item Trunking Channel Channel

No. Beams 40 (fixed) 2 (scanning)
Modulation CQPSK (up/down) DQPSK/CQPSK
Access TDMA FDMA
Bandwidth/Beam 2400 MHz 100 MHz
Data Rate/Beam 3300 Mb/s 150 Mb/s
Satellite Antenna Size 5.1 m/3.4 m 2.3 m/1.5 m
Satellite Power/Beam 1 W 9 W
wc/pc (payload) 620 kg/1370 W 122 kg/535 W
Terminal Size 7.3 m 1 m
Terminal Power 30 W 6 W
No. Terminals 80 5000
Terminal Cost $87M $505M
Wt/Pt (satellite) 2047 kg/2628 W
CNRE $300M
CRE $  89M
Total System Cost $981M

TECHNOLOGY IMPLICATIONS

An examination of the three cases yields the following preliminary conclusions based on
the assumptions and methodology presented.

In the case of the trunking transponders, it is more cost effective to use larger satellite
antennas with smaller output power amplifiers. Thus, one would conclude that
development money should go into larger antenna structure technology and into 20 GHz
low-to-medium power (5 W) space qualified GaAs FET amplifiers. This also leads to
lower power transmitters for the ground segment terminals. It would be highly desirable to
develop low cost medium power TWTAs (50 W) at 30 GHz for the terminal segment, as
well as low noise GaAs FET low noise amplifiers at 20 GHz. In addition, there is a need
for the development of high rate TDMA modems (800 Mb/s).

In the case of the customer premises channels, the following trend has been uncovered.
On-board processing of higher rate TDMA signals yields a total system cost saving of
approximately $85M compared with a non-regenerative repeater, for the assumptions
presented here. This is not as dramatic as the $305M cost saving which results if FDMA
uplinks are used in conjunction with on-board signal processing. Lower cost high speed
digital electronics may eventually lead to a bias in favor of the TDMA approach, This



trend should occur in the absence of satellite communications stimuli.

Nevertheless, the preliminary results indicate development of an FDMA based system
concept with on-board signal regeneration for the customer premises terminals. This
implies a need to develop scanning beam antennas and FDMA to TDM on-board signal
processing techniques. Solid state (GaAs FET) terminal transmitters at modest power (5 W
to 10 W) at 30 GHz also should be developed.
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Figure 1.  Strawman 20/30 GHz System Concept

Figure 2.  Satellite Transponder Power & Antenna Diameter Required
to Attain PFD Limit (0EE - 5EE) as a Function of Bandwidth at 20 GHz

(Assumes:   55% Efficiency Antenna, 2.5 dB Feed Loss)



Figure 3.  Performance Curves for Constant Ro of 1.4 Bits/Channel Symbol With
HPA Backoff = 6 dB, TWTA Backoff = 4 dB

Figure 4.  Performance Curves for Constant Ro of 1.4 Bits/Channel Symbol
HPA Backoff = 6 dB, TWTA Backoff = 0 dB



Figure 5.  Performance Curves for Constant Ro of 1.4 Bits//Channel Symbol
With HPA Backoff = 0 dB, TWTA B.Backof = 0 dB

Figure 6.  Antenna/LNA Cost vs. G/T



Figure  7.  Transmitter Cost vs. Transmit Power (30 GHz)


