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ABSTRACT:

With the advent of higher and higher data rates and signal processing requirements for
onboard satellite processing, the need for a faster computational capability has grown well
beyond the capabilities of existing space-qualified computers. This has become a major
technical issue in the design of next-generation satellite systems for commercial and
military use. As a matter of fact, it is becoming a major issue in the Strategic Defense
Initiative (SDI), the development of the MILSTAR Satellite System, and in future infrared
(IR) and radar satellites/platforms. Future platforms will require larger onboard processing
systems than are currently in use in order to satisfy their data processing and command-
and-control communications requirements.

The platforms of tomorrow will be very sophisticated and therefore expensive. For such
systems to have acceptable life-cycle costs, they must be produced from highly reliable
hardware that will operate in space for system design lifetimes of up to 10 years.

This paper will summarize the processing needs of onboard systems and present a
specific example of the design of a VLSI/VHSIC processor for an onboard satellite
controller in an airborne platform.

1.0   INTRODUCTION

The onboard processing in current satellites/platforms is typically done by designing
processing capabilities into dedicated hardware that implement specific algorithms or
control functions. These functions can be modified within limited design constraints by
use of control parameters. Figure 1 graphically presents the processing throughput of
today’s systems as well as a projection of the processing requirements of tomorrow’s
systems. The figure displays two levels of processing requirements. The top line
represents the portion of the processing which can be done most effectively in hardwired,



dedicated logic. The lower line represents both the command-and-control processing plus
the General Purpose Computer (GPC) processing requirements.

When a long system life-cycle is required, not only must the hardware comprising this
system be designed to operate in an error-tolerant/fault-tolerant mode, but it is tacitly
assumed that all the mission requirements are defined. However, historically, requirements
do change over the projected mission life; thus the onboard processors operating the
system must be reprogrammmable to adapt to these changes. Mission adaptability is
maximized when the onboard processing system includes the flexibility of CP computers
operating in conjunction with any required hardwired logic.

The fact that future satellite/platform systems are required to have a long mission life also
implies that future processors must limit the use of dedicated hardwired logic because the
hardwired logic prohibits algorithm changes. Mission adaptability is maximized when the
onboard processing system includes the flexibility of general-purpose computers.

Space-Signal Processing Considerations

All space-signal processing designs that are implemented on a satellite/platform can be
divided into three categories:

a. Dedicated hardwired logic
b. Programmable hardwired logic
c. General-purpose programmable computers

Every platform signal enhancement system and the command-and-control functions can
be divided into these categories. Examples of stressing space systems for onboard signal
processing are shown in Figure 1. The systems considered are:

a. Advanced Military Communication Satellites
b. Surveillance Satellites

(1)  Infrared sensors
(2)  Radar

It can be seen from Figure 1 that both the dedicated hardwired processing requirement
and the programmable hardwired processing requirement are increasing at an exponential
rate. It should also be noted that the demand for general-purpose processing is increasing
more rapidly than the demand for hardwired logic. This section includes a brief
description of how the processing requirements are divided into the above categories.
This will establish the difference in the hardwired logic and the commonality of the 



requirements for a generic general-purpose computer required to satisfy the processing
requirements of the different satellite programs.

2.0   MILITARY COMMUNICATIONS SYSTEMS

Major functions of advanced communications satellites are summarized in Figure 2, and
the major elements are depicted in block diagram form in Figure 3.

An important requirement of a military communications system is that it executes its
essential functions in spite of various threat conditions. These threat conditions might
include:

a. Jamming;
b. Unauthorized access to data (security);
c. Attack, including nuclear;
d. Multi-user signal interference - time or frequency;
e. Weather, and noise.

At the same time, the system costs must be maintained within reasonable limits.
Compliance with this cost factor, which represents a severe challenge, can be approached
by utilizing the following capabilities:

a. Longer-term mission (10 years)
b. Autonomy and fault tolerance
c. Onboard processing
d. Programmability, reconfiguration
e. Modularity of hardware and software
f. Standards, e.g., Ada, Ise, bus
g. Interoperability

Insight into the system issues of onboard processing can be gained by considering a near-
term payload communication package developed by Lincoln Laboratories.  This package2

is depicted in Figure 4. The processors are interconnected by a few special-purpose
interfaces and two buses: a highspeed data bus and a lower rate (redundant IEEE-488)
bus. A signal from a user terminal on the uplink is received by the spacecraft antenna
beam and radio frequency Front End (FE) serving its sector (one of seven) on the face of
the earth. Under control of the Multiple Access Routing Controller (MARC), the signal is
routed via a Front-End Switch (FES) to one of the 15 1-MHz intermediate frequency
Bandpass Filters (BPF). All 15 IF filter outputs are then combined and processed by the
(analog) SAW Matched Filter Array, resulting in a single stream of pulses corresponding
to the 300 possible tones (in frequency) of the 70 quarternary modulated uplink channels



and the synch channel. The pulses, arriving at the SAW Output Processor (SOP) at
intervals of approximately 80 nsec, are A/D converted, clipped, and combined. After
sufficient accumulation, symbol decisions are made and the data (tagged with channel
number) are placed on the data bus to the COP by the SAW Output Processor. The
Communications Output Processor (COP) accepts the tagged user data stream from the
data bus and buffers the bits in a position corresponding to the user’s “slot” assignment
on the single TDM downlink. At the appropriate transmit times, the COP commands the
Beam Hop Control Processor (BHCP) to steer the downlink to the destination beam
sector and then passes user data to the downlink modulator (MOD) and RF Section.
More details for such a space communication system can be found in References 1-3.

According to Lincoln Laboratories, the radio frequency, Front End, Front End Switch,
Bandpass Filters, Combiner, SAW Matched Filter Array, modulator, and shifter generally
should be designed with dedicated hardwired logic. The control functions which are

a. Multiple Access Routing Controller (MARC),
b. SAW Output Processor (SOP),
c. Timing Processor (TP),
d. Command/Telemetry Processor (CTP),
e. Communication Output Processor (COP), and
F. Beam Hop Control Processor (BHCP)

could be implemented by a general-purpose computer or by programmable hardwired
logic under control of a GPC. The rate of operation for each processor has been
estimated by Lincoln Laboratories.  These rates are shown in Table 1.2

This throughput is based on the relatively simple current system with its ability to make
changes at a comparatively slow rate. Specifically, all changes in the configuration of the
communications payload must be initiated by a ground-based central controller (i.e.,
individual user terminals cannot directly change data routing). It is assumed that the phase
shifter settings which determine downlink beam positions are virtually static. Thus, for
example, no provision is made for changing phase shifts dynamically to account for
errors varying over the hopping bandwidth; nor is there provision for onboard
computations to change phase-shifter settings in order to compensate for the relative
spacecraft motion which might be expected if nongeostationary orbits were employed.
Such changes could be made at a slower rate by using some of the command channel
capacity to send up new phase-shifter values.

The previous example reveals the trend of implementation for future communications
satellites. More and more of the functions traditionally performed by analog devices will
be implemented in digital form wherever economically feasible. In the more advanced



military communications systems, functions that will be digitally implemented include
bandpass filter, modulator, demodulator, combiner, and router among others. Because
some of the functions are not expected to change during the mission, they will be
implemented in hardwire, PROM, or special-purpose devices to achieve necessary speed.
Functions of this category include bandpass filters, FFTs, synthesizer, synchronization,
and EDAC. For those functions that might change or require reprogramming,
implementation will be with general-purpose equipment. Functions of this type include
tracking, telemetry, and control (TT&C); access control; health and welfare; navigation;
attitude control; autonomy; and baseband processing.

Mechanization of the special-purpose and general-purpose categories will be with devices
that are modularly tractable to fit diverse needs. An example of this kind of device is
shown in Figure 5.

This overall transformation from analog to digital implementation will be evolutionary.
Those items that can be transformed most easily will be accomplished first. As evolving
technologies mature (e.g., VHSIC or Integrated Optics), other elements of the
communications subsystems will be digitally mechanized.

The last function apt to be digitalized is probably the self-adaptive nulling antenna. The
enormous data-handling bandwidths required for this nulling function will be extremely
difficult to achieve digitally. One study estimated a 1.5 gigaops/second rate would be
required for a future wideband communication system.4

Systems of the future will be versatile, reconfigurable, and fault-tolerant. Programmability
is the key to achieving these characteristics. To achieve them with reasonable cost,
standardization is necessary. Certain efforts of standardization are already underway in the
software area -- Ada and 1750A. Additional standardization of control and signal
processing algorithms is necessary to minimize the duplicative, overlapping, and non-
interoperable approaches being taken to define dedicated and proliferating users of
spectrum space. Network definition and control is necessary. Criteria are necessary for
handling the mix of High Data Rate (HDR) and Low Data Rate (LDR) users; their access
protocols and control protocols.

Efficient system configurations are needed to meet requirements of diverse users in a
common way. Onboard resource sharing and a multi-mode, yet common transmission,
format containing both data and control slots are necessary features. Message
standardization allowing both freeform and rigid formats would enable the HDR and LDR
communication requirements to be met in a common system.



The previous example of the Lincoln Laboratories system illustrates that the processing
rates required to support onboard processing activities are within the projected near-term
capabilities of space-qualified processing systems. This establishes that the job can be
done. Figure 6 shows why the job should be done. The relative value of the
communcations system, measured in number of users, is shown for a transponder system
and for several levels of onboard processing. The increase by a factor of 30 in number of
users is extremely significant to a communications system.

It is desirable that future communication satellites should achieve autonomous operation.
To achieve this, the onboard processing must be able to take over much of the traditional
role of the Air Force Satellite Control Facility (AFSCF). The impacts of autonomous
satellite operation are not wholly understood at the present time; however, it is clear that
the role of onboard processing will dramatically increase as a result of this change in
operational philosophy. Conceptually, this means that the onboard processing system and
its control and communication buses must be reliable, fault-tolerant, and have an
anticipated system life of at least 10 years.

The USAF has instituted a program to increase the survivability, endurance, and flexibility
of future space links and their systems by means of an interoperable satellite-
communications network. Activity is under way to develop the architecture and
operational concepts for the future EHF/SHF uplinks, downlinks, and crosslinks which
the proposed network will utilize. The EHF/SHF satellite links will handle mission data,
communications, and TT&C. The Satellite Data Link standards (SDLS) now being
developed describe the common waveforms and processing functions to support
communications and TT&C services. These U/L and D/L standards are contained in a
proposed MIL-STD-1582 (USAF). Defined link processing functions and interfaces are
presented in Figure 7.

3.0   ADVANCED COMMUNICATION SATELLITE DEVELOPMENT

It is inevitable that future communication satellites will become more and more dependent
on onboard processing.  This is because of the increased urgency for better antijamming5

capability, security, survivability, and lifetimes. Spread-spectrum functions, especially
modulation and demodulation, will become more digitally manageable with progress in
VHSIC and other exotic technologies. Key to the implementation of onboard subsystems
is the development of the following specific items.

a. An effective inter-element communication scheme is of paramount importance to
the onboard processing subsystem. It must contain efficient collision-free access
protocol that provides distributed use of a shared bus under various priority
schemes. The communications design should provide high throughput and low



message delays. It probably should be a demand-assignment multiple-acess
(DAMA) packet scheme that is not affected by failure of nodes or of being
monopolized by a single user. A suitable standard for the inter-element
communications subsystem would do much to keep costs down. The Aerospace
Corporation suggested to the Air Force Space Technology Center that such a data-
bus subsystem development be undertaken as part of an onboard processing
initiative.

b. A serial-to-parallel data formatter with parallel Tri-State Latch (Serial data rate 400
Mbits/second converted to a 32-bit parallel word with latch work in separate upset-
proof Tri-State Latch).

c. 8 x 8 Matrix Switch.

S A component for a large switching network

d. A CMOs Fast Fourier Transform Device:

S Used for signal demodulation
S Power, less than 1 watt when operating at maximum processing rate
S Device can implement a 512 point complex FFT on both real and imaginary

terms in 300 us if space qualifiable memory had cycle time of 65 nanoseconds
(28-bit complex word).

S A VHSIC CMOS FFT demodulator has low thermal and mechanical sensitivity.
Power is proportional to clock speed. Memory power is high if the system is
built with bipolar devices.

S Demodulator concept presented in Figures 8 and 9.

e. A radiation hardened CMOS memory device that is immune to cosmic ray upset.
This memory should have less than 100 ns cycle time (postradiation). This cycle
time should be about 65 ns at temperatures up to 80 degrees centigrade.
Development of two sizes of fast radiation hardened memories is desired. The first
would be a 64K memory organized 8K  8 or 16K  4. The power should be lessX    X

than 30 MX/MHz. The second would be a 16K memory organized as 2K  8, withX

the power being less than 15 MW/MHZ.

f. A general-purpose, error-tolerant radiation hardened computer should be developed
to interface with multiple signal procesing systems. A general-purpose computer
that operates on less than 8 watts of power and weighs less than 1 pound can serve
as a generic computer to operate as the control function of an Array Computing
Element (ACE). The general-purpose throughput of each node should be at least



1.0 MIPS (DAIS Instruction MIX). The computer should be built on a substrate of
6"  6" and contain 65K words of error-corrected CMOS memory. This processorX

must be developed with well-defined interfaces so that each generic error-tolerant
processor can interface and control multiple signal-processing devices and systems
required by advanced communication satellites. This approach develops a set of
distributed array processor units that have their error tolerance and reliability built
into the single board computers. Such an approach allows a nodal operating system
to be written that will require less than 16K words of memory.

4.0   AIRBORNE PLATFORM - Example:

The requirement for greater than 10 million operations-per-second processing capability in
the 1990’s and beyond leads one to designs requiring very high speed integrated circuits
(VHSIC). Many of these special purpose processors are presently in advanced
development stages. Included herein is an example of a design for an airborne VHSIC
processor that will be utilized to process signals from a vast array of satellite systems.
This Flexible Digital Satellite Communications Terminal Modem (FDSTM) is presently in
the prototype stage and can be implemented on platforms in the future.

In order to properly develop the design concepts required to implement a flexible digital
satellite communications terminal modem for the 1990s, well defined operation/interface
communications requirements have to be established for the Airborne Command Post
(ABNCP). Although it is recognized that MILSATCOM requirements are evolving for the
future, a considerable effort must be undertaken to clearly define the requirements relevant
to this study. This section outlines some of the known requirements and how other
relevant requirements will be formulated at the start of the task, including:

C ABNCP communications requirements,
C ABNCP communications control functions,
C Satellite link requirements,
C Specific satellite requirements,
C Network setup requirements,
C Traffic requirements, and
C Satellite waveforms.

Figure 10 shows a proposed functional block diagram for the flexible SATCOM
modem/processor including the various interfaces to satellite systems and onboard
terminals. The baseline requirements formulation provided the framework upon which
candidate architectures were established. Once candidate architectures were defined,
relevant analysis were performed to determine cost/performance tradeoffs; and finally, the
selection of a suitable architectural design that met the requirements was made. The key to



choosing an appropriate design was the extent to which the design meet the following
critical requirements:

C Network setup time
C Acquisition/tracking
C Stressed network traffic demands
C Modem/processor response times
C etc.

During the requirements definition phase, every attempt was made to collect, analyze, and
document requirements which impact the selection of an appropriate design for the
modem/processor.

The methodology for requirements definition involved a careful search of the available
satellite documentation related to

C MILSTAR,
C DSCS II/III,
C Fleetsat,
C GPS,
C DSP,
C SDS, etc.,

and the extraction of information with regard to waveforms, control messages,
throughput, etc., that is relevant to the design of a high performance low cost modem/
processor. The requirements were formulated in such a fashion as to be useful in defining
alternative architectures and assessing system performance.

After developing communications requirements, alternative networks were established for
the modem/processor including global and specific hardware/ software configurations.
This effort formed the basis for choosing an architectural configuration which meet the
critical requirements of:

C Frequency/modulation,
C Interoperability,
C Multiple processing of various satellite inputs,
C Network control,
C Traffic allocation, and throughput.



The network architectural development considered the following important attributes:

C Survivability,
C Interoperability,
C Flexibility,
C Commonality,
C Modularity,
C Topological Design, etc.,

In an evolving stressed operational environment where an emphasis was placed on the
ABNCPS timely connectivity through multiple satellites to force elements (LCCs,
bombers, and submarines).

Figure 11 indicates a representative global network architecture showing the ABNCP
interfacing with the various satellite systems via the Flexible Satcom Terminal Modem.
The ABNCP must maintain connectivity to the force elements and the selected satellites
throughout the transand post-attack environment primarily through the MILSTAR system
or via crosslinks to the post DSCS III satellite network. The modem/processor network
must be designed to assure that the connectivity and network control setup requirements
are met in this hostile environment. In the event of a failure in communications to any
satellite system, the ABNCP must be able to reconfigure network connectivity to assure
that its critical traffic requirements are met.

The primary effort undertaken in this task is to define the global and alternative
modem/processor network architectures that meet the desired requirements. As part of
this effort, a partitioning of signal processing and control functions will be performed for
the generic processor shown in Figure 12.

Functional block diagrams were developed for both the modem and processor, clearly
defining the functions and subfunctions of each subsystem.

For example, the network control subsystem of the processor included such functions as:

C Acquisition/Tracking,
C Access Control,
C Network Management,
C Network Control Interfaces,
C Traffic Configuration Content,
C Performance Monitoring, and
C Error Control.



Figure 13 indicates an example of functions for the network control portion of the
processor.

The access control segment processes incoming C3 messages. The acquisition/tracking
subsystem provides for the acquisition and tracking of incoming downlink messages and
provides for the initial acquiring of control, especially to the MILSTAR satellite.

This task will produce detailed functional flow diagrams which will be utilized in defining
alternatives. When appropriate, detailed specifications of particular subsystems will be
developed.

Figure 14 shows an overall block diagram of the FDTSM design. This design is currently
being implemented in VHSIC.

5.0   CONTROL PROCESSOR MODULE (CPM)

The section outlines the Control Processor Module (CPM) functional definition obtained
in the design architecture definition of the Modem/Signal-Processor (MSP) for the
Flexible Digital Satellite Terminal Mode (FDSTM). Based on the baseline requirement,
tasks were undertaken to define a set of control functions necessary to control a
maximum and minimum set of satellite requirements.

The information presented herein is intended to be a guide in developing the overall signal
processing/control architectures.

This section summarizes the maximum and minimum set of requirement,, indicates the
relationship of control functions to requirements, presents an operational flow for the
Control Processor module (CPM), proposes a set of control functions, and describes in
detail the operational functional flow.

The key aspect of this investigation is the development of an operational flow for the
CPM and related functional flows which pertains to the functions required to select the
appropriate satellite system; acquire/track the system; access the appropriate channels;
control the relevant networks; and subsequently perform traffic control, performance
monitoring and input/output operations. The most significant material is presented in the
operational and functional flow diagrams.

The emphasis on the operational flow is to provide for a control subsystem of the
FDSTM that is highly automated, has a minimum number of functions, provides for ease
of operator control, reduces manpower requirments, and takes the fullest advantage of the
very high speed integrated circuit (VHSIC) technology.



In order to arrive at an architecture for the FDSTM, an integration of the CPM functions
with the Signal Processor Module (SPM) functions must take place.

5.1   Overview of Requirements

The driving requirements for the FDSTM consist of a maximum and minimum set of
satellite systems interfacing with the Airborne Command Post as shown in Figure 15.

The maximum set of requirements indicate signal processing and control are necessary
for:

C MILSTAR - EHF/SHF
C MILSTAR - UHF
C DSCS ECCM
C DSCS/SDS - SHF SCT
C DSCS/SDS - UHF SCT
C FLTSATCOM/SDS - UHF
C DSP MDM - SHP
C DSP MDM - UHF
C IONDS GPS

The minimum set of requirements which will still provide for survivability and low
probability of intercept (LPI) consist of the shaded portions in Figure 14 and are:

C MILSTAR - SHF/SHF
C MILSTAR - UHF
C DSCS/SDS UHF SCT
C FLTSATCOM/SDS - UHF
C DSP MDM - UHF

The DSCS ECCM Network will be considered to be part of the maximum set.

In the allocation of control functions, consideration has been given to functional allocation
for the maximum, as well as the minimum set of requirements. Until a complete evaluation
of the selected architecture is undertaken and certain functions deleted the entire set will
be considered.



5.2   Relationship of Control Functions to Requirements

Upon careful consideration of the control functions needed to satisfy both the maximum
and minimum set of requirements, a preliminary set has been chosen and correlation made
with the selected satellite systems.

Table 2 shows the relationship of control functions to satellite systems. That is, the X’s
represent those systems that require particular functions for appropriate functioning. The
control functions chosen are

C Communications Planning (CP),
C Acquisition/Tracking (ACQ/TRK),
C Access Orderwire Control (AOC),
C Network Control (NTWK CRTRL),
C Network Orderwire Control (NOC),
C Traffic Control (TRF CNTRL),
C Performance Monitoring/Maintenance (PMM), and
C Interface Control (I/O).

The minimum set of requirements are indicated by the shaded boxes. The maximum set
requires simultaneous operation of all systems except the DSCS ECCM, DSCS, SDS-
UHF SCT, and the DSP MDM UHF.

The minimum set requires simultaneous operation of all satellite systems except the
DSCS/SDS UHG SCT.

It should be noticed that all satellite systems except the DSP and GPS require the
projected control functions. As will be indicated in the detailed flow charts, the
processing required of the CPM is different for each system.

6.0   SUMMARY

This paper has outlined the processing needs and a specific example of a VLSI/VHSIC
design for an on-board satellite/platform Processor.

The increased requirements necessary to process high-speed data and RADAR/IR
information have necessitated the use of VLSI/VHSIC technology. In the future,
increased emphasis will be placed on special purpose VHSIC processors to accomodate
greater than 30 MOPS. Sophisticated techniques are required to design, develop, test, and
implement these processors that provide greater reliability.
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Figure 1.  Processing Requirements

Figure 2.  Summary of Communication Payload Functions



Figure 3.  High Data Rate Communications Payload

Figure 4.  Space Communications Payload
Functional Block Diagram



Table 1.  Total Processor Rate of Operation

Processor Rate

(Operations per second

MARC 125
SOP 6.3 M
TP 18.2 K
CPT 10.9 K
COP 1.06 M
BHCP 40K

Figure 5.  Computing Element for Use in High
Speed Distributed Array Processing



Figure 6.  Advantages of Satellite Signal Processing

Figure 7.  Link Processing Functions and Interface



Figure 8.  FFT Implementation

Figure 9.  VHSIC FFT Demodulator



Figure 10. ____ SATCOM ____ ____ ____ ____

Figure 11.  ABNCP Architecture
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Figure 12. ____ ____ ____ ____ ____ ____ ____

Figure 13.____ ____ Diagram of the Network Control Portion of Processor



Figure 14.   FDTSM Block Diagram Design

Figure 15.  Overview of Requirements for FDSTM




