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This is the SAMPEX Mission Operations Room (MOR). This represents the first operational use of the Transportable
Payload Operations Control Center (TPOCC) to support the launch and operations of a GSFC spacecraft. All of the
hardware and software required to support spacecraft health and safety monitoring have been entirely contained within
the MOR starting with the SAMPEX mission (launched in July 1992). The TPOCC architecture represents a move from
mainframe-based to workstation-based technology, and resulted in a significant increase in software reuse and expanded
operational functionality.
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FOREWORD

CHANGE IS THE HALLMARK of these times. On the international scene, changes have been startling!
Change is certainly on the minds of our political leaders, and change is the strongest theme emanating from our
Agency. These changes are a signal that we are heading on a new track as we look forward to the coming millennium.
These winds of change will bring with them a need for a new vision. Americans have always benefited from seeing
change as bringing with it opportunity——opportunity to re-examine, re-engineer, and review current practices.
Invention is our strength; the nation depends upon it to retain our place in world leadership.

Goddard Space Flight Center is a shining example of adaptation to change, and the benefits afforded by opportunity.
Earlier in my career, 1 saw GSFC as an engineer and manager; as recently appointed Director, [ now have my turn at
the helm, and I see opportunity as I view this great national asset with fresh—but experienced—eyes. New ideas, new
goals, new ways of doing business, and new partners are clearly our calling.

The cutting edge at Goddard is revealed in the annual Research and Technology Report. The theme of this edition is
Mission Operations and Data Systems, where some of the largest changes are taking place. We are shifting from
centralized to distributed mission operations, and from human interactive operations to highly automated operations.
We are taking advantage of commercial services and technologies wherever available to carry out our routine
operations. What we retain is the leading-edge research and development—the new paths to efficiency, reliability,
and simplicity. Nerworking, multiuser tools, portability, autonomy, data compression, and World Wide Web are the
terms we find in increasing usage in the articles presented here.

The other mainstay of Goddard’s activities, science, by its nature values skepticism and tends to resist change, justas
space flight engineering recognizes risk and leans towards a conservative view. But, given the changes occurring all
around us, investigators and engineers in both these coupled giants understand the need to usher in a new era. Goddard
will work in partnership with other NASA Centers and government agencies, universities, and industry to introduce
and utilize the technologies of the future. Examples of these partnerships are found throughout this Report, as articles
address science and engineering research in cryogenics, low-power data systems, and new approaches to optics. In
space science, such examples as the use of the South Pole as a viewing site, thin-foil technology to increase sensitivity,
and data from an old Explorer mission reveal new opportunities for advances in science and technology. In the Earth
system sciences, our work using global data sets, viewing boreal ecosystems, developing laser altimetry, and studying
climatology herald the coming age of Mission to Planet Earth.

[ am very proud to take my turn at the wheel of this magnificent enterprise that is the flagship of NASA’s future in
science and technology.

s ¥ Gréctes

Joseph H. Rothenberg
Director, Goddard Space Flight Center






PREFACE

EADERS OF THIS MATERIAL will recognize the difficulty of condensing the work of thousands of people

into fewer than a hundred articles while maintaining a strong representation of the accomplishments of this
major national laboratory. As NASA redefines itself for the coming years, Goddard Space Flight Center’s goal is to
secure the strengths that we have developed, while repositioning ourselves for the future.

And what does the future hold? New competition from a developing world, new challenges for value by a demanding
public, tougher restraints on resources, and, above all, a real sense of purpose. Our vision for the nation’s future
includes not only fiscal security, but also intellectual excitement and stimulation. The vitality of our people depends
upon a robust and flexible economy related to progressive ideas and a willingness to take calculated risks.

In keeping with the spirit of this concept, we have sought to make a significant change in distribution of this document,
most of which will be done on the World Wide Web. Reference copies will continue to be distributed to libraries and
places of high usage, but most readers will use their computers to obtain the text and accompanying figures. NASA is
strong in communications technology, and we would like to use this technology to distribute our message. Goddard’s
home page is the on-line gateway into the work of this Center; now, we will use the Web to communicate the results. We
have emert':lined such possibilities over the past few years; now is the time to put it into practice!

7 /
, g - ,
Gerald A. Soffen

Executive Editor
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Spacecraft Data

Ground
Data Systems

Ground Data Visualizations

In the near future spacecraft ground/space systems will become more autonomous resulting in less reliance
on standing flight operations teams. When spacecraft anomalies arise which require human attention,
engineers will be called in to correct the problems. Ground data visualizations systems will be instrumental
in helping these engineers diagnose problems by enabling them to quickly and accurately comprehend the
large amounts of data and information in the ground and space systems.



MISSION OPERATIONS AND
DATA SYSTEMS

T IS A PLEASURE and an honor to have the 1995

edition of the Goddard Space Flight Center Research
and Technology Report focus on Mission Operations
and Data Systems.

Throughout its history, the Mission Operations and Data
Systems Directorate has played a major role in the
success of GSFC’s operational missions. It has provided
the infrastructure for an end-to-end system of enormous
complexity. At one end of this infrastructure is the un-
manned, Earth-orbiting scientific satellite; at the other are
the communities of scientists and other users served by
GSFC. The front and back covers of this report represent
the major components of the current end-to-end system.

Over the last several years, much has changed in the way
that the Mission Operations and Data Systems Directorate
provides its services and systems to GSFC. These changes
are both technological and managerial in nature, and this
state of constant change will continue into the future.
Although the challenges for the Mission Operations and
Data Systems Directorate are great, they are being met
head-on with aggressive and innovative technical pro-
grams, and with the development and application of
creative management solutions that will successfully carry
the organization into the 21st century.

Discussion of technical advances, found in the articles
in this section, demonstrates that there is now more
empbhasis on:

e the reuse of operational system components between
missions to bring down development costs, while
maintaining effective and efficient high-performance
systems;

e the utilization of commercial-off-the-shelf and
government-off-the-shelf tools and application
packages to develop lower-cost operational systems
with minimal development time;

e the transition from centralized to modular work-
station-based distributed system architectures;
and

e the growing use of automation in all aspects of the
end-to-end system infrastructure.

From a management perspective, the changes for Missions
Operations and Data Systems are also significant. This
year marks the arrival of Dr. Arthur Fuchs as the new
Director of GSFC’s Mission Operations and Data Systems
Directorate. Under his direction, the Mission Operations
and Data Systems Directorate will be re-engineered to
respond better to the challenges of the future and to the
agency-wide changes relating to mission operations.

The 35 papers in this section of the Research und
Technology Report are fine examples of an outstanding
research and development program. The papers are
organized into groups addressing Mission Planning and
Operations; TDRSS, Positioning Systems and Orbit
Determination; Ground Systems and Networks—Hard-
ware; Ground Systems and Networks—Software; Data
Processing and Analysis; and the World Wide Web. These
contributions reveal an active and comprehensive research
and development program that spans the full spectrum of
the end-to-end system responsibilities of the Mission
Operations and Data Systems Directorate. This program
is making significant contributions to the success of the
Mission Operations and Data Systems Directorate in
maintaining its leadership role of providing state-of-
the-art development and operational services for GSFC
missions during this era of change.

Walt Truszkowski



MISSION OPERATIONS AND DATA SYSTEMS

MISSION PLANNING AND OPERATIONS

HEURISTIC EVOLUTIONARY SEARCH IN
SPACE COMMUNICATIONS SCHEDULING

ENETIC ALGORITHMS belong to a class of

probabilistic search strategies that have been devel-
oped for searching large solution spaces to converge on
optimum solutions in reasonable time. We have devel-
oped a prototype computer program by applying a
genetic algorithm variant to the problem of scheduling
user spacecraft communications events in the context of
NASA’s Tracking and Data Relay Satellite System
(TDRSS).

Nontrivial scheduling problems typically have a solution
space so large that finding near-optimal solutions is a prac-
tical impossibility for algorithms that do not exploit
statistical or probabilistic search strategies. Nonstatistical,
deterministic search algorithms typically explore only the
solutions along some (branched) path through the solu-
tion space. The found solution may or may not be good
enough to satisfy the requirements of the application, and
merely increasing the run time does not always ensure
improvement. Further, deterministic search algorithms
cannot in general avoid getting caught near a “local mini-
mum” (i.e., a solution that is better than all others in some
region of the solution space, while not as good as solu-
tions in other regions). Thus arises the motivation to use
various nondeterministic (probabilistic) strategies for
searching large solution spaces.

Scheduling TDRSS resources to provide communications
services for user spacecraft entails a very large solution
space. A “point” in the solution space is a complete sched-
ule that satisfies some subset of the requests for user
spacecraft communications events. A schedule consists
of a set of user spacecraft communications events, each
of which consists of one or more “services.” A service is
represented as the assignment of a TDRSS resource (a
specific antenna on a specific TDRSS) to a specific user
spacecraft during some specific time interval.

The size of the solution space for the TDRSS scheduling
problem is a function of the number of assignable TDRSS
resources, the number of communications events requested
by user spacecraft, the number of services per request,
the amount of flexibility in the duration and start time of
the services, the amount of flexibility in the assignment
of TDRSS resources to the services, and the granularity
of the scheduling time line (e.g., services may be sched-
uled on 5-second break points). For a typical 1-week
scheduling scenario, assuming 3500 user requests, two

services per event, event start time flexibility of 600 sec-
onds, service start time flexibility of 300 seconds (for all
except the first service in an event), service duration flex-
ibility of 300 seconds, three allowable resources to
support a service, and a granularity of 5 seconds, the
solution space would include in excess of 10* “points”
or potential schedules that might be evaluated by a search
algorithm. Depending on the specific rules and constraints
for the TDRSS scheduling problem, the vast majority of
the points in the solution space would not represent
viable solutions; but beyond merely avoiding wasting time
considering nonviable solutions, the search algorithm must
be able to efficiently locate good ones.

The Heuristic Evolutionary Search (HES) algorithm,
specifically designed to attack the TDRSS scheduling
problem, uses a genetic-algorithm-inspired approach to
probabilistically explore the solution space. As is charac-
teristic of genetic algorithms, HES avoids the trap of local
minima by using random processes that continually con-
sider solutions not necessarily “near” the currently best
solutions. Further. heuristics embedded in the algorithm
embody temporal logic, TDRSS domain constraints, and
rules to ensure a controlled exploration process that
minimizes consideration of nonviable solutions.

HES differs somewhat from canonical genetic algorithms
by representing members of the population of organisms
(i.e., solutions) using variable-length data structures
instead of fixed-length strings, which, although feasible,
were considered to be a somewhat less natural and more
cumbersome representation for this problem domain. In
common with other members of the class of reproductive
population search algorithms, HES encompasses the bio-
logical evolution concepts of fitness, selection, reproduc-
tion (via mutation and mating), and iterative replacement
of members of the population by fitter organisms. The
evolutionary search process is aimed ultimately towards
convergence on an optimum organism—a member of the
population that, as a solution to the problem, cannot be
improved upon.

In HES, the data structure representing a solution
(aschedule) is a variable-length, time-ordered list of com-
munications events, each of which satisfies one user
request. An event is itself represented by a data structure—
a list of resource assignments corresponding to the ser-
vices in the event. An event has a specific start time and



is an instance of a prototype event predefined by the user.
A prototype event prescribes various pieces of informa-
tion, such as data rates for secondary resources required
for the services in the event, a list of TDRSS resources
allowed to support the user, and service duration and start
time flexibilities. The HES coding scheme encompasses
all possible solutions in the search space for the TDRSS
scheduling problem.

A random process creates the initial population of solu-
tions, conditioned only by the requirement that each
solution be viable (i.e., satisfies at least some of the user
requests and is free of TDRSS constraint violations and
resource conflicts). Random initialization of the popula-
tion is important to avoid systematic bias in favor of any
particular region of the search space: any possible
solution may be selected for inclusion in the initial
population. After creation and evaluation (scoring) of the
initial population, the evolutionary search process repeats
the following steps until some termination condition (a
run-time limit or a convergence criterion) is satisfied:

e select a subset of the population to engage in
reproduction;

e generate new members of the population from mem-
bers of the reproduction set using various methods
of reproduction;

e calculate a fitness score for each member of the
population; and

e replace some members of the population with some
of the new members, based on fitness scores.

Each repetition of the four steps results in a new genera-
tion. The number of generations necessary to achieve
convergence varies depending on the details of the sched-
uling scenario and on the specific fitness function used to
perform schedule evaluation. HES incorporates a variety
of fitness functions as required by the application domain.
Asimplemented in HES, a fitness function returns a value
of 1.0 for a perfect schedule or a greater value for an
imperfect schedule. The fitness score for the best mem-
ber of the population can be thought of as a function of
the generation number during execution of the program.
Convergence is achieved when the slope of the graph of
the fitness score falls below some prescribed value.

The asymptote of the graph (approached as the slope
approaches zero) is expected to be a value greater than
1.0, because the best possible schedule is not, in general,
expected to be “perfect.” For a truly rich solution space
such as the TDRSS scheduling problem, the slope of the
graph would not be expected to become zero for a large
number of generations.

Reproduction in typical genetic algorithms is accom-
plished by the processes of mutation and crossover, both
inspired by the corresponding biological processes. In
mutation, an offspring results from cloning a member of
the reproduction set and then altering the clone by
randomly choosing one of its attributes and altering its
value. In crossover, two offspring result from “mating”
two members of the reproduction set, where the offspring
are the same as the parents, except that portions of their
attributes are exchanged.

In addition to using a variable length list of time-tagged
data (events) instead of a fixed-length string of bits to
represent a problem solution, HES differs in two key ways
from canonical genetic algorithms: (a) during the repro-
duction step, HES does not employ completely random
mutations of organisms, but instead uses heuristics to limit
alterations to those that produce viable mutants; and (b)
in the reproductive process of cross-over, after perform-
ing the exchange of “genetic” material, HES uses heuris-
tics to modify the offspring to ensure viability. The choices
that led to these characteristics are rationalized by
considerations of performance: there is a large cost in
creating and evaluating an organism, entailing a needless
waste whenever a nonviable organism is created and
installed in the population.

Genetic algorithm implementations characteristically have
adjustable execution parameters that affect performance
(i.e., the nominal population size and the rates at which
mutations and crossovers are allowed to occur). HES has
similar parameters.

In HES, however, there are multiple mutation rate param-
eters, not just one. Mutations are allowed to occur
simultaneously in multiple attributes of a solution (sched-
ule). That is, each generation includes new organisms,
(i.e., clones of existing members of the population), each
containing a variation in the value of just one of the
following attributes: event start time, service start time,
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service duration, TDRS assigned to the user spacecraft,
and TDRS antenna assigned to a service. Also, each gen-
eration includes new solutions, and each is the clone of
an old solution in the current population but with an event
deleted or with an event added (where the added event
satisfies a user request that was unsatisfied in the old
solution). Each of these individual mutations has a corre-
sponding adjustable rate parameter.

Together with the crossover rate parameter and the
nominal population size parameter, the mutation rate
parameters determine the performance of the HES proto-
type. All of the parameters are set prior to the start of
execution. By observation, varying the values of the
parameters can produce a large effect on performance.
Thus, determination of the optimum parameter values is
itself an important part of solving the overall problem.

The difficulty of manually trying to find an optimum
combination of so many parameters having such a com-
plex, but unknown, relationship to each other will quickly
become apparent to anyone who makes the attempt. How-
ever, this parameter optimization problem can itself be
attacked by a genetic algorithm approach—a metalevel
genetic algorithm. Part of the HES prototype package

includes such a parameter optimization capability, which
is useful not only in maximizing efficiency for each
different fitness function, but also in restoring performance
following any significant change in the implementation.

In testing against other available scheduling algorithms,
HES has longer run times but produces better solutions,
so experience to date with the HES prototype is promis-
ing. Future work with HES would include enhancing the
mutation and crossover operators and experimenting with
alternative solution representations.

Contact: James Rash (Code 522.3)

301-286-5246

Internet: James.L.Rash.1 @gsfc.nasa.gov
Sponsor:  Office of Space Communications

Mr. Rash holds an M.A. in Mathematics from the Univer-
sity of Texas at Austin. He has worked at GSFC since 1985
and is a mathematician in the Software and Automation
Svstems Branch. He is responsible for development of
artificial intelligence applications and has been guest
editor for numerous journal special issues devoted to space
applications of artificial intelligence.
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THE MULTIUSER MULTI-INTERFERENCE
COMMUNICATION ANALYSIS TOOL

HE MULTIUSER, multi-interference communication

analysis tool (MUMICAT) aids satellite systems
engineers with the process of satellite system design. They
must know how to design efficient systems, what they
will cost, how they will perform, and what potential
problems might arise. The process of evaluating these
systems through the use of software and making modifi-
cations based on the results are cheaper and faster, and
allow for extensive modifications during the design phases
of a project rather than trying to make changes after
deployment.

MUMICAT is a unified tool for analyzing arbitrary com-
munication and interference scenarios. With MUMICAT,
satellite systems engineers are able to design their own
networks consisting of any combination of orbital bodies
(the Earth, Sun, Moon, etc.), ground stations or ground
station networks, and satellites or satellite constellations.
They may analyze parameters such as space-space,
space-ground, or ground-space interference, solar inter-
ference, blockage and multipath, and atmospherics.
Users configure effective isotropic radiated power,
antenna pattern, frequency band, polarization, pointing
direction, location (orbit), and operating schedule for each
source or group of sources. Radio frequency communi-
cations systems are either a single hop or an arbitrary
multihop relay network. Engineers can perform commu-
nication scenario analyses, such as determining what will
happen during launches, antenna switches, tumbling, and
emergency situations. The program can also calculate
statistical parameters such as interference intervals, view
periods, look angles, and bit error rates. Output is in the
form of time lines, contour plots, interference probability
density functions (PDFs), or histograms.

MUMICAT is more flexible than conventional software
programs that are designed for a specific analysis and must
be rewritten for each possible scenario. It is an
object-oriented, C++ program, designed specifically for
satellite communication analysis, and is flexible enough to
analyze a wide variety of scenarios without program modi-
fication. MUMICAT achieves this flexibility through the
use of the MUMICAT programming language, which the
user writes and the core C++ program interprets. It has an
extensive library of predefined functions; users may also
write their own functions. The potential for errors is reduced
because each scenario is developed through this specialized
language, not by hard-coding the core C++ program.

MUMICAT simulations model the operation and perfor-
mance of simulated elements called “sources.” A source
can be a planet, a satellite, the Sun, a ground station, an
atmosphere, a group of ground stations, a group of satel-
lites, or a custom source defined by the user. Sources can
communicate, emit interference, block electromagnetic
signals, orbit other bodies, or perform any function de-
fined by the user. Users configure the system by defining
operational parameters for the sources. These parameters
can be constants or rules. For example, a satellite’s solar
panels can be set to track the Sun while the satellite is not
in the Earth’s shadow.

Multiple sources can be configured simultaneously using
source constellations. A source template is used to define
the operation of the sources in the constellation. For
example, a source constellation can consist of 30 relay
satellites communicating with each other. Another
example could be 100 interferers in a trend line that are
corrupting a desired link.

The operation of each source is controlled by dependent
variables. Any dependent variable can be a function of
any other variable(s) within the simulation. Dependent
variables can be functions of variables at the present time
or at a previous time. Examples of dependent variables
include location, orientation, transmit power, in-view
flags, and all other parameters that describe the operation
of each source.

MUMICAT contains an extensive library of predefined
expressions that can be specified for each dependent
variable. These expressions include functions, binary
operators, and nested parentheses. The binary operators
include addition, subtraction, division, multiplication, and
other operators for real numbers. There is also a set of
binary operators for vector-dependent variables. These
include addition, subtraction, dot product, and cross
product.

Conditional expressions can be used to modify the
behavior of a dependent variable for any specified condi-
tion. In the solar panel example described above, the
dependent variable “solar panel angle” has two possible
equations. When the Sun is in view of the satellite, the
solar panel angle equation tracks the Sun. When the
satellite is in the Earth’s shadow, the solar panel angle is
set to zero.
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Dependent variables can track information stored in a data
file. The data file contains a list of values and times so the
dependent variable can change its value as a function of
time. For example, if the user wants a satellite to follow a
predefined flight path, the location-dependent variable can
be tied to a data file containing the flight path as a
function of time.

Any dependent variable can be tied to any type of out-
put. Output types include timelines, histograms, PDFs,
common data formats, and contour plots. During the
simulation, appropriate statistics are compiled for the
dependent variable. Summary graphs of the dependent
variables tied to the output can then be plotted.

The figure represents an example of a satellite relay
network configuration. The Earth is set to orbit the
Sun, the Moon will orbit the Earth, Relay Satl will
orbit the Moon, and Relay Sat2 will orbit the Earth.
The axis of Relay Sat2 will point to the center of the Earth.
GStation| is located at a specified latitude and longitude
on the Moon. Its transmitter is connected o the receiver
of Relay Satl. Relay Satl, in turn, communicates with
Relay Sat2, which, in turn, communicates with
GStation 2. Solar interference. Earth blockage and
multipath, lunar blockage and multipath, and all com-
munications parameters are calculated for every time
point in the simulation.

Development of MUMICAT would not have been possible
without the expert work of Jeff Freedman and Ted Berman,
Communications Link Analysis Simulation Systems
(CLASS) Project Analysts for Stanford Telecom-
munications, Inc.

Contact: Badri Younes (Code 531.1)
301-286-5089
Ricardo Benn (Code 531.1)
301-286-8869

Sponsor:  Office of Space Communications

Mr. Younes completed 2 years of scientific studies (Math
and Physics) at the University of Grenoble, France, in
1980. He received his B.S.E.E. and M.S.E.E. from the
Catholic University of America (CUA) in 1984 and 19588,
respectively. He is presently working on his Ph.D. disser-
tation at CUA. Mr. Younes joined NASA in 1990 to work
on the Second TDRSS Ground Terminal (STGT) Project,
where he later became the hardware systens manager.
Mr. Younes is currently the CLASS Project Manager.

Mr. Benn received a B.S.E.E. from the University of Mary-
land, College Park, in 1994 and is currently pursuing his
M.S.E.E. in Communications at the University of Mary-
land, College Purk. In 1989, he joined the RF Analysis
Section of the Networks Division at GSFC. Mr. Benn is
currentlv the CLASS Deputy Project Manager.

Example configuration of a satellite relay network designed with MUMICAT.
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SPACECRAFT INSTRUMENT OCCULTATION AND
VISIBLE-TARGET PREDICTION

EY TO SPACECRAFT maneuver planning and atti-

tude determination is the answer to the question,
“When will a target be within a spacecraft attitude sensor’s
or scientific instrument’s field of view (FOV), and when
will that instrument have its FOV occulted by another
body?” In the past, determining the answers to these ques-
tions has been a labor-intensive and time-consuming
effort for personnel in the Flight Dynamics Division
(FDD.) The need for this information during spacecraft
maneuver planning and attitude determination has driven
the effort to develop a software utility to predict these
events. Early attempts resulted in a simple, mainframe-
based system that focused on determining guide stars for
spacecraft star trackers. The output consisted of a crude,
hard copy plot of stars within a tracker’s FOV during a
requested time and attitude. The user had few computa-
tional options, and the software was not readily

reconfigurable from mission to mission. Although this
system provided important information, its functionality
was still too limited for any practical and cost-effective
use over a wide variety of spacecraft missions. Since there
was need for increased functionality, operational environ-
ments were changing, and there was a push to move
ground support software from mainframe platforms to
UNIX workstations; the FDD launched a new effort to
satisfy these requirements.

The new Guide Star Occultation Prediction Utility
(GSOC) shown below, retains its predecessor’s name
but is a very different system. Although a primary fo-
cus is still the selection of guide stars for spacecraft
star trackers, the new utility is capable of modeling
and predicting events for other attitude sensors (namely
Sun and Earth sensors) and up to six scientific instru-
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ments. It has greatly enhanced graphical display capa-
bilities and improved performance. It is general enough
to support an unlimited variety of missions and is de-
signed to run in both the Flight Dynamics Facility
(FDF) and the Mission Operations Center (MOC) envi-
ronments. Detailed, color displays of sensor FOVs, com-
bined with faster-than-real-time performance and the
ability to interactively manipulate numerous parameters,
allows the user to see almost instantaneous results while
modifying a spacecraft’s attitude. Tabular displays for
each sensor/instrument type—containing such informa-
tion as interference period start and stop times, target-
present indicators, constraint violation indicators,
identification of interfering bodies, spacecraft attitude,
and target angles—can be viewed interactively on pop-
up windows or sent to a file or printer. FOV displays
include timeline plots of various events that may occur
during a processing interval. As shown in the figure,
GSOC reads star catalogues and a Solar/Lunar/Planetary
file for positions of celestial bodies. It can either read a
spacecraft ephemeris file or use an internal, analytical
propagator to determine spacecraft position. Spacecraft
attitude is computed by reading a target attitude file or
by direct user input (i.e., namelist, text entry field, or atti-
tude manipulation widgets). The system is designed to
run in both interactive and automatic modes and executes
on a Hewlett-Packard Series 700 UNIX workstation, us-
ing an X Windows and OSF Motif user interface.

Because GSOC is a planning, verification, and analysis
tool, a typical operational scenario might include running

the utility daily in the MOC. Planned target attitudes would
be input and available guide stars would be checked for
good candidates. GSOC would also be run in the FDF to
plan calibration maneuvers and verify the spacecraft’s
onboard computer performance. It may also be used to
find proposed targets for gyroscope calibration and to
examine star fields associated with targets when a space-
craft experiences difficulty.

The development of the GSOC utility is part of the FDD’s
ongoing efforts to enhance operational systems used for
spacecraft attitude determination support. These efforts
involve moving away from large, mainframe-based sys-
tems to smaller, faster, graphics-oniented systems running
on workstation platforms, to provide better real-time
monitoring and enhanced visualization of spacecraft atti-
tude data.

Contact:  Chad Mendelsohn (Code 552.1)
301-286-4259
Sponsor:  Office of Space Communications

Mr. Mendelsohn is a software systems engineer and
manages the development of flight dvnamics systems
in the FDD Software Engineering Branch. He was the
GSOC System Development Project Manager and one
of the software development engineers. Mr.
Mendelsohn holds a B.S. in Physics and Mathematics
Jrom Northern Michigan University and has worked
at GSFC for the past 10 vears.
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ADVANCED COMPOSITION EXPLORER

NEW APPROACH for developing ground data

systems is being pioneered in support of the
Advanced Composition Explorer (ACE) program. The
major innovation being applied to ACE is using a com-
mon hardware/software baseline for the ACE Integrated
Mission Operations Center (IMOC), the ACE spacecraft
Integration and Test Operations Control Center (ITOCC),
and the ACE Science Center (ASC). The ITOCC will serve
as the primary system for commanding and controlling
the ACE spacecraft during integration and test prior to
launch. The ACE IMOC will serve as the center of real-
time and off-line operations after the ACE spacecraft is
launched. The ASC will serve as the focal point for ACE
science operations, for both command generation and data
processing. The use of a common system approach will
accrue several benefits to the ACE project in the areas of
testing, training, and transition to operations. This ap-
proach will also provide several building blocks that can
be used for future missions.

Traditionally, these three systems would be built under
separate development efforts and would share no com-
mon system heritage. However, the ACE ground system
development team has defined a core set of capabilities
that these three systems will share. This common set of
capabilities will be implemented as the baseline system
named ACE Generic. These core capabilities include

e external communications to provide communication
with the ground network and the spacecraft:

e telemetry processing for receipt and decommutation
of spacecraft telemetry;

e Systems Test and Operations Language (STOL) to
generate system and spacecraft commands;

e STOL syntax checker for off-line validation of STOL
procedure syntax;

e command processing to generate and transmit
commands;

e command graphical user interface (GUI) to provide
a menu-based interface for building spacecraft
commands;

e events processing to generate and log spacecraft and
ground system events;

e real-time display of selected telemetry parameters;

e generation of the ACE command and telemetry
database;

e memory dump/compare of spacecraft memory dumps
to a ground reference image;

e Generic Spacecraft Automated Analysis to create
expert systems to monitor selected telemetry
parameters; and

e Instrument Ground Support Equipment (IGSE)
communications for transmission of spacecraft telem-
etry to the IGSE via serial lines.

ACE Generic will form the core of the ITOCC, IMOC,
and ASC. ACE Generic itself is based upon the
Transportable Payload Operations Control Center
(TPOCC) architecture. TPOCC provides a generic set of
control center functions for telemetry processing and
communications. ACE Generic will configure TPOCC to
support ACE and to provide command and other
ACE-unique functions. In turn, the ITOCC, IMOC, and
ASC will add capabilities to provide full system func-
tionality. The I[TOCC will add software that allows it to
interface with spacecraft-unique integration and test
ground support equipment. The IMOC will add software
to provide mission planning, attitude determination, data
trending, and level-zero processing functions. The ASC
will build upon the IMOC capabilities and add software
to perform instrument-unique telemetry processing and
science data browsing functions. The interrelationships
of the software components are shown in the first figure.

ACE I&T

ACE software architecture.
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The IMOC, ITOCC and ASC will also share a common
hardware architecture, consisting of a networked “string”
of Hewlett-Packard (HP) workstations and X terminals.
One of the HP workstations handles communications with
the outside world, and serves as the front-end processor
for spacecraft telemetry receipt and spacecraft command.
This front-end workstation also acts as the telemetry server
for the other workstations in the string. The other HP
workstations host software that provides other control
center functions, such as real-time display, mission plan-
ning, attitude determination, and trending. The second
figure shows the mission operations room configuration
for the IMOC. The ITOCC and ASC will use similar
configurations.
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This common system approach will provide several
benefits to the ACE Project. First, the ACE Generic imple-
mentation approach will allow a more efficient process
for testing basic system capabilities. Testing the ACE
Generic will occur prior to integration with other capa-
bilities. This testing will allow detection and correction
of discrepancies of core capabilities early in the develop-
ment process. Tests in the spacecraft integration and test
environment, using the ACE ITOCC, will uncover any
incompatibility problems between the spacecraft and ACE
Generic. These problems can then be corrected well in
advance of the delivery of the launch system.

Second, the common system approach will provide
enhanced training opportunities for operations personnel.
ACE Generic releases were provided to the flight opera-
tions team (FOT) and ASC personnel 2 years prior to
launch. This gave the FOT and the scientist early oppor-
tunities to familiarize themselves with basic system
interface and core capabilities. The FOT and ASC
personnel will also participate in receiving spacecraft data
flows from the spacecraft integration and test facility.
These data flows are facilitated by the implementation of
the shared front-end processor between the ITOCC,
IMOC, and ASC.

10

Finally, the common system approach will ease the
transition from the spacecraft integration and test
environment into the operational environment.
Traditionally, a significant effort is required to
convert the command and telemetry database and
STOL procedures from the integration and test
system to the operational system. Since ACE Generic
provides a common format for the project database and
STOL procedures, no conversion will be necessary.
Another major effort would have been to develop the
interface for the IGSE to receive telemetry during
launch and early orbit. Since the ITOCC and IMOC
will have identical IGSE interfaces, this will require
minimal effort for ACE.

This approach will provide several building blocks for
future ground data systems. ACE Generic will serve
as a general tool that can be tailored for other
missions, with several ACE Generic capabilities
candidates for reuse, including

e the ACE front-end processor providing a general
capability for receiving and distributing telemetry
using the Internet Protocol;

o the IGSE interface, providing a general capability for
telemetry distribution over serial lines;

e the command GUI, providing on-line support for
building commands; and

e the STOL syntax checker, providing a method for
validating STOL procedure syntax in non-real-time.

Contact:  Carolyn Dent (Code 511)
301-286-6801
Sponsor:  Office of Space Communications

Ms. Dent is the Implementation Manager for the ACE
mission. She manages all ACE ground data system
development activities. She has worked at GSFC for
10 vears and previously provided support for the
Upper Atmosphere Research Satellite mission and the
Hubble Space Telescope first servicing mission. She
holds an M.S. in Systems Management with a specialty
in space operations.
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REUSABLE OBJECT METHODOLOGY TO REDUCE
THE COST FOR MISSION OPERATIONS

NEW PARADIGM for planning and providing
mission operations services was developed and
extended during 1995. In contrast with today’s space
mission operations infrastructures, this paradigm empha-
sizes systems that are simple, generalized, resilient,
cost-effective, designed to accommodate change easily,
and responsive to anticipating, meeting, and exceeding
customer needs. It is the intent of our continuing effort to
realize these characteristics by directly and aggressively
attacking the development (and hence operations and
maintenance) of one-of-a-kind, start-from-scratch systems
for similar mission operations functions. We believe that
this path provides the most promising potential for
achieving substantive reductions in cost and complexity.
The methodology we are using fosters early collabora-
tion and coordination among seemingly diverse mission
elements, such as those for mission platform, communi-
cations and tracking networks, and science payloads. The
research project in progress is the work of NASA’s
COST LESS team for Mission Operations.

In the traditional view, collaboration among these elements
is accomplished through agreements and procedures
between the elements at the system interface level, with-
out necessarily examining the systems as a whole. It is
our assertion that similar functions are performed within
these elements. By not acknowledging these similarities,
science, mission, and network segmentation has been
preserved, as evidenced by the evolution of separate
infrastructures for each of the supporting elements or
organizations. These infrastructures are often character-
ized as complex, specialized, fragile, costly, not designed
for change, and not always responsive to customer needs.

The COST LESS team’s recurring theme is to reverse the
trend of engineering special (unique) solutions for
similar problems by focusing on discovering similarities,
rather than on preserving differences, and insisting on
reducing complexity, rather than on accommodating com-
plexity with ever-more-elaborate management and
integration techniques. This dual emphasis evolved from
the findings of a predecessor blue team that evaluated the
mission operations infrastructure. The blue team found
that (1) the numerous and seemingly diverse systems used
in mission operations can be represented by only two func-
tional categories, namely, information handling and
resource management and control; and (2) “faster, better,
cheaper” is more appropriately portrayed as realistic,

credible, responsive, simpler, and smaller. Additionally,
the predecessor blue team recognized that focusing on
similarities, rather than on differences, expands the solu-
tion set for achieving economies of scale, while creating
opportunities for reducing complexity of the existing
operations infrastructures within the program, science, and
tracking networks communities.

Many different modeling perspectives are available to
define the space mission operations problem domain. It
is our assertion that how the problem is modeled has a lot
to do with the uniqueness or commonality of the solution
and to whether similar elements are identified within and
across missions. It also has a bearing on how many and
how effectively oft-the-shelf elements are used in the
final design.

The data flow model, as illustrated in the first figure, is
useful at the highest level to show basic interactions among
elements. To adequately describe a system with this
methodology, however, many levels of data flow repre-
sentations are required. The data flow diagrams typically
become complicated very quickly as one moves to lower
levels of the model’s representation. More significantly,
the data flow model is designed to identify and empha-
size uniqueness of functionality and does not facilitate
identification of similarities among similar functions.
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Example of data flow model figure.

Object-oriented modeling methodologies, on the other
hand, typically do enable identification of common ele-
ments. However, many object-oriented approaches are just
as complicated and detailed as their predecessor data-flow

11
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methodologies. Further, due to the complexity of the
modeling approach and associated tools, object-oriented
models often are neither understood nor used as
effectively as they could be used. The reusable object
approach that we will describe is proposed because it is
simple at all levels of the analysis, and we think it is easy
to use. It emphasizes simplicity of elements and interac-
tions among elements within the model. It is object-based
rather than strictly object-oriented, since we do not
include object-oriented concepts such as polymorphism
and inheritance to achieve object reuse. Rather, we
emphasize object independence.

We have a reusable object perspective that emphasizes
simplicity and reusability. The methodology is called the
reUsable Object Technology (UOT). The methodology
first emphasizes object usability by creating simple,
well-structured standard objects that are easy to imple-
ment, test, and maintain. The methodology emphasizes
reusability by organizing these objects within libraries for
easy identification and access. UOT was first applied to a
prototype Distributed Application Monitor Tool (DAMT)
in 1991. Since then, other applications have been put to
use nationally and internationally. Information on

reusable object technology is distributed via the World
Wide Web (http://192.86.20.180) and through more
traditional means, such as presentations and articles.

The reusable object model perspective makes use of
beneficial characteristics found in traditional modeling
representations, including hierarchical structure and imple-
mentation independence. With UOT, however, these
characteristics are an integral part of the methodology and
complement the unique characteristics of UOT.

The hierarchical structure of UOT, as illustrated in the
second figure, allows complex systems to be represented
in a straightforward fashion. This allows easy identifica-
tion of similar objects which can be reused elsewhere. It
also allows for easy handling of aggregations of objects.
The UOT is aimed at being implementation-independent.
That is, the function being performed by an object could
be accomplished manually, by an automated computa-
tional process, by a specialized instrument, or in any other
appropriate manner. Being implementation-independent
enables us to specify the mission first, view various
trade-offs in design along the way, and prove feasibility
properties of the mission specification prior to worrying
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about details specific to implementation. Additionally, it
provides a convenient mechanism to ensure that the mis-
sion documentation is maintained throughout the mission
life cycle.

The UOT also has several characteristics which provide
advantages over traditional methodologies, including
emphasis on reuse, flexibility and scalability, simplicity
of element representation, and independence of objects.

Our UOT was developed with an awareness of prevalent
object-oriented methodologies, but stresses reducing
complexity, emphasizing reusability and enhanced archi-
tectural flexibility. Emphasis on reuse is a feature of most
object-based approaches, and UOT is no exception. This
characteristic is a departure and improvement from
previous methodologies, which emphasized uniqueness.
The UOT model also provides flexibility to use the same
components in alternative architectures. Components can
function within small and large systems and operate in
alternative configurations. Perhaps one of the most
important characteristics of UOT is its emphasis on
simplicity and its use of standard analysis and implemen-
tation approaches to assure simplicity. The UOT also
achieves a measure of complexity hiding by emphasizing
control relationships among its hierarchical representa-
tion of objects in the analysis approach.

We want to acknowledge Donald Sawyer of the National
Space Science Data Center (NSSDC) at NASA GSFC for
bringing the seeds of the UOT to the team’s attention,
and for having the vision and fortitude to pursue

development of both the standard formatted data unit
technology and the NSSDC workbench.

Don Hei (Code 401)
301-286-9440
Internet: djhei @gsfccost.gsfc.nasa.gov

Contact:

Rhoda Shaller Hornstein (NASA HQ)
202-358-4805

Sponsor:  Office of Space Communications

Dr. Hei has been with GSFC since 1969. He is currently
colocated with the Advanced Mission Integration Office
from the Flight Mission Support Office. He received his
Ph.D. in Plasma Physics from the University of Maine in
1976, and is currently working with GSFC's advanced
mission analysis group and the agency’s COST LESS team.

Ms. Hornstein has been with NASA for approximately
27 years. She is currently the Manager, Integrated
Policy and Planning in NASA's Office of Space Com-
munications. She is also leading a cross-cutting team
of government, industry, and academia, charged with
reducing the cost of success for NASA'’s space mission
operations. Throughout her career, Ms. Hornstein has
relentlessly pursued initiatives to produce successfully
integrated human/computer systems for responsive and
efficient operations over the long term. Ms. Hornstein
has received numerous awards, including NASA's Ex-
ceptional Service Medal, the Human Flight Awareness
Silver Snoopy, and the Cooperative External Achieve-
ment Honor Award.
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TDRSS, POSITIONING SYSTEMS, AND ORBIT DETERMINATION

PERFORMANCE CAPABILITIES OF THE TRACKING AND DATA RELAY
SATELLITE SYSTEM FOR LOW-EARTH-ORBIT SPACECRAFT

HE TRACKING and Data Relay Satellite System

(TDRSS) is a geosynchronous relay satellite network
that currently consists of six geosynchronous spacecraft
and the White Sands Complex (WSC) located at White
Sands, NM. Three TDRSs (TDRS-East, TDRS-West, and
TDRS-Stored, located at 41°, 174°, and 46°W longitude,
respectively) actively support tracking of TDRS-user
spacecraft. Of the three remaining TDRSs, one (located
at 275°W longitude) is used only for spacecraft commu-
nications, while the others (located at 150° and 139°W
longitude), are being reserved for future use. The
Bilateration Ranging Transponder System (BRTS) is an
integral part of TDRSS, providing range and Doppler
measurements for determination of each TDRS orbit.
TDRSS can provide 85 to 100 percent coverage, depend-
ing on the low-Earth- orbit (LEO) spacecraft altitude.

The performance capabilities of the TDRSS have been
demonstrated by the Flight Dynamics Support Branch
through the generation of high-accuracy orbit determina-
tion solutions for the Ocean Topography Experiment
(TOPEX/Poseidon) and Landsat-4 spacecraft. In order to
generate high-accuracy orbit solutions for TDRS users,
high-accuracy orbit solutions for each TDRS must also
be established. The demonstrated ability to obtain
high-accuracy orbit solutions for TOPEX/Poseidon,
Landsat-4, and the TDRS spacecraft has been due to
enhanced mathematical modeling, tracking distributions,
and advanced computational techniques.

One of the fundamental efforts in the field of
astrodynamics has been the continuing improvement of
geophysical and environmental modeling within a generic
computational system to support high-accuracy ephem-
eris generation. The generic computational system at
GSFC that supports high-accuracy orbit determination is
the Goddard Trajectory Determination System (GTDS).
GTDS is a batch-weighted, least-squares algorithm that
estimates sets of orbital states, force, environmental mod-
eling parameters, and measurement-related parameters that
minimize the squared difference between observed and
calculated values of selected tracking measurements such
as those obtained for TDRSS and BRTS. It should be
emphasized that improvements in mathematical model-
ing frequently require enhancements to the computational
techniques of GTDS.
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Through the effective use of improved mathematical
modeling and the computational techniques used for the
determination and evaluation of range biases and
transponder delays within the TDRSS, precision orbit
ephemerides for each TDRS have been obtained to sup-
port the precision orbit determination effort for the
TOPEX/Poseidon and Landsat-4 spacecraft. These
improvements in the quality and accuracy of the TDRS
ephemerides have resulted from the effective use of
simultaneous solutions for TOPEX/Poseidon and
TDRS-East and TDRS-West, or for Landsat-4 and
TDRS-East and TDRS-West, using the tracking data from
both TDRSS and BRTS to support the generation of
precision ephemerides. An assessment of the TDRS’s
ephemerides have been made within the Flight Dynamics
Support Branch, indicating that these ephemerides are at
the 5 to 15 m level of accuracy.

The computational procedure for simultaneous solutions
for the TOPEX/Poseidon, TDRS-East, and TDRS-West
have been used to generate different levels of precision
ephemerides for the TDRS-East and TDRS-West. This
simultaneous solution process has been used to determine
and evaluate the multiple levels of precision ephemerides
that have been obtained for use in the TOPEX/Poseidon
standalone solution, which is the precision orbit ephemeri-
des for that specitic tracking data interval. We established
the simultaneous solution process to determine precision
orbits for the TDRSS and for TDRS users through deter-
mination and evaluation of range biases, transponder
delays for the user spacecraft, TDRS spacecraft, and BRTS
sites. Through the effective use of simultaneous solution
processes, precision orbits for TDRS-East and
TDRS-West—with an uncertainty of 5 to 15 m—were
used as the TDRS ephemerides in the precision orbit
solutions for TOPEX/Poseidon.

Through the use of the precision orbits generated for the
TDRS-East and TDRS-West, improved geophysical and
environmental modeling, improved computational
techniques, and enhanced spacecraft modeling,
TOPEX/Poseidon precision orbit ephemerides were gen-
erated and evaluated. An assessment of the accuracy of
the TOPEX/Poseidon precision ephemerides generated by
the GTDS batch least-squares process was performed by
through the comparison and evaluation of these precision



ephemerides with the precision orbit ephemerides gener-
ated by using laser and Doppler Orbitography and
Radiopositioning Integrated by Satellite (DORIS)
tracking measurements. The precision orbit ephemerides
for the TOPEX/Poseidon mission science data include a
maximum 13 cm (16) radial position error requirement.
The radial uncertainty in the precision orbit ephemeris
generated by the Space Geodesy Branch for this particu-
lar tracking interval is 5 to 6 cm.

The comparison of the TOPEX/Poseidon precision
ephemeris generated by the Flight Dynamics Branch with
the precision orbit ephemerides obtained by the
Space Geodesy Branch shows a total position
root-mean-square (rms) of 1.07 m and a radial rms of
24 cm for the total data arc from November 4, 1992,
through November 9, 1992, as shown in the first figure.
The 24-cm difference in the radial direction between the
Flight Dynamics Branch TOPEX/Poseidon precision or-
bit ephemeris using TDRSS data and the Space Geodesy
Branch precision orbit ephemerides using laser and
DORIS data is a measure of the accuracy of the TDRSS
data and its performance capabilities. The Flight
Dynamics Branch expects the 24-cm value to continue to
decrease as improvements in mathematical modeling and
computational techniques are made within GTDS.

3
€25
=
5 2
5
=15-
7]
o
a 1
n
o
0.5
0 T T T T T
4 5 6 7 8 9
Date in November 1992
Total Position RMS: 1.07 meters
Maximum Position Difference: 2.24 meters
Radial RMS: 24 centimeters

The computational procedures for simultaneous solu-
tions that were used for the TOPEX/Poseidon,
TDRS-East, and TDRS-West have also been used to
generate the precision orbit ephemerides for the
Landsat-4, TDRS-East, and TDRS-West using the im-
provements in the mathematical modeling, tracking
distributions, and computational techniques. Through
the use of the computational enhancements that had
been established for the TOPEX/Poseidon solutions,
precision orbit ephemerides have been generated and
evaluated for the Landsat-4, TDRS-East, and
TDRS-West. Through the simultaneous solution pro-
cess, precision orbit ephemerides for TDRS-East and
TDRS-West have been obtained that have uncertainty
between 5 m and 15 m. Since an accuracy assessment
of the Landsat-4 solutions cannot be established simi-
lar to the TOPEX/Poseidon technique, the technique
of overlap consistency was used. Due to an enhanced
tracking data distribution for TDRS users, seven
34-hour data arcs for Landsat-4 were generated, with
each solution containing ten hours of data with the
previous solution (i.e., overlap interval of 10 hours),
beginning at 0 hours UTC of each day from January
17 to January 23, 1991. The total rms and radial rms
values of the six Landsat-4 overlap comparisons are
summarized in the second figure. The total position
overlap differences, the mean and sample standard
deviation of the rms distribution is 5.3%1.4 meters. For
the radial position overlap differences, the mean and
sample standard deviation of the rms distribution is
0.6%0.3 meters.
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The analysis which has been performed by the Flight
Dynamics Branch using the TDRSS data and BRTS data
for precision orbit determination for TOPEX/Poseidon,
Landsat-4, TDRS-East, and TDRS-West clearly indicates
that the centimeter-level of uncertainty in the radial
direction can be met using these data to support future
NASA altimetry missions. The primary reason for the
differences between the TOPEX/Poseidon precision
orbit ephemerides generated by the Space Geodesy Branch
and the TOPEX/Poseidon precision orbits obtained by the
Flight Dynamics Branch using the TDRSS data are the
differences in geophysical and environmental modeling
that exist within the individual orbit determination
systems.

Existing mathematical models that have not been included
in GTDS for generation of precision ephemerides are the
ocean tides, Earth radiation pressure, and spacecraft
macro models for the TOPEX/Poseidon, Landsat-4, and
the TDRS:s.
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These results clearly demonstrate that the existing TDRSS
data have overall performance capabilities to support
precision orbit determination for LEO missions for a
spectrum of altitudes (i.e., 600 km and higher). The
support of a NASA altimetry mission which would have a
requirement of a few centimeters in the radial direction for
precision orbit determination could be supported with
TDRSS and within the Flight Dynamics Branch using GTDS
along with improvements in the mathematical modeling,
tracking data distributions, and computational techniques.

Contact: Clarence Doll (Code 553.2)
301-286-6037
Sponsor:  Office of Space Communications

Mr. Doll is an astrodynamicist within the Flight Dynam-
ics Division of GSFC'’s Mission Operations and Data
Systems Directorate. Mr. Doll manages the research and
development of mathematical and computational
techniques that support the field of astrodynamics within
the Flight Dynamics Design.
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NASA AUTONOMOUS NAVIGATION SYSTEMS

UTONOMOUS ONBOARD navigation products

are available to NASA user spacecraft in real time
via the Tracking and Data Relay Satellite System (TDRSS)
Onboard Navigation System (TONS). The Flight
Dynamics Division has developed this capability by
using communication equipment already available on the
user spacecraft to measure the Doppler shift due to the
relative motion between the user and the TDRS space-
craft of an S-band forward link carrier signal. The experi-
ment on the Extreme Ultraviolet Explorer (EUVE) mission
in 1992 flew a Motorola second-generation TDRSS user
transponder and an ultrastable oscillator, successfully
flight-demonstrating TONS for autonomous navigation
by extracting Doppler data onboard, and processing the
data on the ground in a flight emulation system that
included flight navigation software. The success of the
TONS experiment is being applied operationally to Earth
Observing System AM-1, flying an improved TONS as
the prime navigation system.

This past year, as a follow-on to the TONS experiment,
Doppler data from ground station communication signals
were passively extracted onboard EUVE and similarly
processed on the ground to demonstrate an autonomous
onboard navigation system (ONS) capability for ground
station-only users, as shown in figure. Results of the ONS
tlight demonstration showed that real-time user position
accuracy of 150m can be obtained with two 5-minute
communication contacts per day. Improved performance
can be realized by increasing the number of daily
contacts. Alternatively, many future NASA users
whose missions do not require the high-accuracy perfor-
mance demonstrated in the past, will realize the ben-
efits of a simplified approach to autonomous navigation
in ground operations cost savings and in spacecraft imple-
mentation and test costs. In addition, the algorithms can
be tailored to meet specific user needs.

Extending the use of ONS to small satellites requires that
the user transponder or command receiver measure the
Doppler shift in a communication signal uplinked from a
ground station. Measuring Doppler on the received
carrier can be a by-product of a digital receiver using
a numerically controlled oscillator (NCO); accumulating
the carrier tracking loop NCO offset provides an effec-
tive measure of the Doppler effect on the carrier. The
receiver must be able to accept and use a very stable
oscillator as its frequency reference to provide viable

measurements for navigation. The Doppler observations
can then be processed in navigation flight software in real
time or as needed by the spacecraft, providing definitive
and predicted navigation products that include position,
velocity, frequency, and time maintenance. The real-time
navigation solutions are used in the attitude control
system, science telemetry annotation, ground track pre-
diction, and autonomous signal acquisition. The required
navigation flight software could be included in the onboard
computer. However, significant reductions in risks and
costs associated with redeveloping the software and
integrating the system for each user of ONS would be
realized by incorporating the navigation flight software
into the transponder or command receiver. The compact-
ness of the ONS (since it is software based) has minimal
impact on a user spacecraft power, weight, and volume
attributes. For missions not requiring precision naviga-
tion solutions to the 10 cm level, ONS is a cost-effective
alternative to Global Positioning System (GPS) tech-
niques, from both fiscal and physical perspectives. Unlike
ONS, GPS requires additional hardware (GPS receiver/
processor and L-band antennas) in addition to the normal
satellite complement of communication equipment.

When the navigation products are received on the ground
via the downlinked telemetry, ONS performance can be
monitored periodically (e.g.. once per month) in an auto-
mated ground support system available from the Flight
Dynamics Division. The ONS ground support system is a
workstation-based portable quality assurance and perfor-
mance monitoring tools set that can be hosted in any user-
selected environment, or within Flight Dynamics itself.
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Cost reductions obtained from ONS are realized in the
following areas:

e  special tracking services—other than contacts needed
for communication—are eliminated, since ONS
relies on the communication uplink carrier for its
passive data collection;

e ONS provides a definitive navigation solution,
thereby eliminating the need for routine ground-based
orbit determination and associated operations sup-
port for uplinking ephemeris data to the spacecraft;

e the ONS solution can be directly propagated (with-
out further processing of either the raw data or the
navigation solutions) either onboard or on the ground
to support science planning or communication
scheduling;

e the navigation information can be downlinked in the
telemetry, simplifying interfaces between elements
of the ground support system ordinarily required to
pass definitive and predicted ephemerides from
ground-based orbit determination;

e the navigation solutions can be sent directly to scien-
tists and to the ground terminal, and used to autono-
mously generate acquisition and ground track data;

e station scheduling information could be generated
autonomously from ONS navigation solutions since
the data is fresh and available onboard, eliminating
the need for ground generation of such data;

e errors in the attitude control system due to propaga-
tion of an uploaded ephemeris are reduced, since
definitive data are available onboard, thereby pro-
viding more robust attitude control;

e ONS navigation solutions also provide a means for
autonomous ground track prediction onboard,
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eliminating the need for post facto determination on
the ground; and

e placing the ONS flight software in the command
receiver significantly reduces life cycle costs by
eliminating the need to redevelop, integrate, and test
all or parts of the software for each mission. The ONS
flight software can be tested during the command
receiver acceptance test phase, eliminating the need
for the additional interface testing that would be
required if the flight software resided in a user’s
onboard computer.

ONS has been proven to meet future navigation require-
ments with no additional hardware needed on the
spacecraft, and is capable of high accuracy performance.
As a software-based function, a Doppler extractor can be
integrated into alternative command receivers or transpon-
ders with no hardware impact. Integrating proven flight
software with the communications receiver reduces the
risk associated with redeveloping the ONS flight software
to serve each new mission. As a consolidated box, ONS
in the receiver provides a synchronized implementation
which is vital to quality tracking measurements and the
resultant navigation solution. Because of all these
features, ONS provides an elegant solution for satellite
autonomous navigation.

Contact:  Cheryl Gramling (Code 553)
301-286-8002
Internet: Cheryl.Gramling @gsfc.nasa.gov
Sponsor:  Office of Space Communications

Ms. Gramling is an aerospace engineer in the Flight
Dynamics Support Branch developing advanced
technologies for spacecraft autonomous navigation sys-
tems. Ms. Gramling earned a B.S. in Aerospace Engineer-
ing from the University of Marvland, and has been at
GSFC for 12 vears.
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PORTABLE TDRSS COMMUNICATOR

HE PORTABLE TRACKING and Data Relay

Satellite System (TDRSS) Communicator
(PORTCOM) Project is a follow-on to the Global Learn-
ing and Observation to Benefit the Environment (GLOBE)
Project. GSFC’s Systems Engineering Office was tasked
as lead for the GLOBE activity to design, build, integrate,
and test 10 low-powered, battery-operated transmitters and
10 commercially powered receivers. Each transmitter and
receiver is supported by a laptop computer using
commercial and project-specific software. These units
were fabricated to be used in the field by school children
(K-12) to collect environmental data and to communicate
with the National Oceanic and Atmospheric Administra-
tion (NOAA) in Boulder, CO, via TDRSS and associated
communication facilities at GSFC.

Each spread-spectrum transmitter (shown in the first fig-
ure) contains a global positioning system (GPS) receiver
and antenna (for local position and TDRS pointing infor-
mation), a | W power amplifier, a 3-in-diameter patch
antenna with 6.8 dBi of gain, and an interface to a laptop
computer for data entry, message formatting (which in-
cludes GPS position information), rate one-half convolu-
tional encoding via a microprocessor, and associated
control functions. The transmitter weighs less than
5 pounds including the battery, which itself weighs a little
over 2 pounds.

A single transmitter has been modified to handle digital
voice communications and increase the data rate from
4.8 kbps 1o 19.2 kbps (38.4 ksps rate one-half coded ) or
38.4 kbps uncoded, by replacing the stock processor with
one that was pin-compatible, and a crystal for higher
clock-rate capability.

TDRS Antenna

' Laptop Computer

Portable transmitter.

Each spread-spectrum receiver (shown in the second fig-
ure) uses state-of-the-art technology, including a charged
coupled device (CCD) correlator, digital signal process-
ing (DSP), and a Viterbi decoder, which effectively makes
these digital receivers. The CCD correlator is pseudo-
random noise (PN) code programmable, and performs
PN code match filtering and parallel processing for rapid
acquisition. The DSP performs all acquisition and track-
ing processing and uses feed-forward processing, which
is amenable to implementation via application-specific
integrated circuits. The Viterbi decoder is contained on a
chip that is an off-the-shelf product of Stanford Telecom
(STel). The receiver also uses a 3-in-diameter patch
antenna with a gain of 6.5 dBi1 in conjunction with a
low-noise amplifier to yield an antenna-gain-to-system-
noise-temperature ratio of -20 dBi/K. The receiver has
an RS-232 interface to an IBM-compatible laptop or other
compatible computer for display of NOAA data and con-
trol functions.

A successful demonstration of the transmitter and receiver
capability was performed on May 9, 1995, at NASA Head-
quarters (HQ). Image and text data files were transmitted
from the roof to the White Sands Complex (WSC) via
TDRS East, where they were relayed to the Packet Pro-
cessor (PACOR) at GSFC via the NASA Communica-
tions Network (NASCOM). The error-free data were
reformatted for return to NASA HQ via NASCOM, WSC,
and TDRS East. The Associate Administrators of the Of-
fice of Space Communications personnel were able to view
transmission and reception of a color image file and view
it shortly after it was received.

Portable receiver.
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Two transmitters and associated laptop computers were
successfully used at McMurdo, Antarctica, for determin-
ing future site location of a communication system to work
with the TDRSS. NOAA has purchased a PORTCOM
transmitter and laptop computer from GSFC for testing
as part of their ocean buoy program to be used with
TDRSS. NOAA will be working with the System Engi-
neering Office at GSFC and STel in Reston, VA, during
their test phase to see if any changes are necessary to in-
corporate the transmitter into the existing buoy design.
Full-scale application would be from 70 to 100 units.
Future consideration is being given to incorporation of
a receiver.

Successful end-to-end testing of the modified transmitter
and receiver was accomplished between Reston, VA, and
GSFC via TDRS East using TDRSS S-band single access
(SSA) service, WSC, NASCOM, and PACOR in
mid-August 1995. During this test period, 19.2 kbps data
(38.4 ksps rate one-half encoded) were transmitted and
received error-free with over 4 dB of margin in clear-
weather conditions. Voice transmission and reception were
very clear and crisp. This activity concluded the proof of
concept associated with modifying the existing design.
The TDRSS SSA service was used to avoid making a
phased-array patch antenna to close the link using the
multiple access (MA) system. We are now developing an
MA demand access proof of concept using the digital
portion of the PORTCOM receivers to interface to the
output of the MA beamformer at WSC, so that users can
be supported continuously without requiring advanced
scheduling.

The technology that is being used in the PORTCOM
activity is applicable to many areas, such as replace-
ment for the bilateration ranging transponder system
transponders; communication equipment for use in bal-
loon missions; transponders or separate transmitters/re-
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ceivers in ground, sea, and air applications; and space-
craft with flight-qualified components.

The authors wish to acknowledge the outstanding sup-
port provided by Mr. Dan Urban and his team in the vari-
ous phases of designing, building and testing of the
transmitters, receivers and related software; and that pro-
vided by Mr. Steve Duran from GSFC Mission Opera-
tions and Systems Development Division, for his superb
contribution of packet processing software in the recep-
tion of data at PACOR, and for software he developed for
the forward-link data transfer to WSC.

Contact:  Arthur Jackson (Code 504 )
301-286-9058
Lou Koschmeder (STel)
703-438-7919

Sponsor:  Office of Space Communications

Mr. Jackson is the Space Network Systems Manager in
the Systems Engineering Office. Mr. Jackson earned his
B.S.E.E. in 1967 and his M.S.E.E. in 1968 from the Uni-
versity of Miami in Coral Gables, Florida. Mr. Jackson
has completed over 30 credit hours at George Washing-
ton University in a doctoral program. He is responsible
for top-level systems requirements and specifications,
total end-to-end system design, interface definitions, and
preparation of all technical specifications leading to
systems procurement.

Mr. Koschmeder is the Director of Information Process-
ing for Stanford Telecom, Inc. He has a B.S.E.E. in 1959
Sfrom the University of Maryland. Prior to his retirement
from GSFC, he served as the Chief of the Information
Processing Division in the Mission Operations and Data
Systems Directorate.
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ENHANCED TDRSS USER RF TEST SET: TRANSPORTABLE
TDRSS GROUND SUPPORT EQUIPMENT

HE RADIO FREQUENCY (RF) Systems Section has

developed a low-cost, state-of-the-art Tracking and
Data Relay Satellite System (TDRSS) User RF Test Set
(TURFTS), offering enhanced TDRSS and Ground
Network (GN) communications-testing capabilities to
NASA missions at a fraction of the cost of earlier hard-
ware. TURFTS emulates the forward link (F/L) TDRSS
signals, receives and demodulates return link (R/L) sig-
nals from the user spacecraft, and provides the necessary
characterization and testing of overall communications
system performance.

During the past year, TURFTS hardware and software
have been upgraded to support a variety of spacecraft
projects, providing enhancements to meet their unique
requirements. Some of these new requirements included
providing

e uplink and downlink modifications to test transpon-
der GN modes of operation;

e a capability for deinterleaving R/L signals (plus a
data interleaver capability to produce simulated data
streams for test); and

e the ability to vary the transmitter frequency at a rate
of 4000 updates per second to generate a precision
orbital Doppler profile for simulating signal dynam-
ics in the Space Network (SN) and GN modes, and
testing customers using the TDRSS Onboard
Navigation System (TONS).

The TURFTS design incorporates many new technolo-
gies that have greatly reduced the space requirements of
the test set. TURFTS is packaged inone 24" W x 78" Hx 30" D
enclosure, which houses a spectrum analyzer, a digital
oscilloscope, a time interval counter, a system controller,
an RF distribution unit (RFDU), and a signal processing
unit (SPU). The system controller consists of a PC ex-
ecuting National Instruments’ LabView graphical user
interface to control TURFTS and its supporting commer-
cial test equipment. The RFDU is a custom-designed RF
chassis providing the RF interface between the user tran-
sponder and the TURFTS system. The SPU is a chassis
housing custom-designed analog and digital modules pro-
viding frequency synthesis, intermediate frequency (IF),
and base-band functions. The TURFTS transmitter pro-
vides a direct sequence spread-spectrum signal required

for the TDRSS modes of operation, and also provides a
phase-modulated signal required for the GN mode to sup-
port preintegration testing of user transponders and final
spacecraft-level testing.

Currently, the TURFTS system can be configured and
controlled remotely via a bidirectional RS232 serial data
port; plans call for adding software to include a TCP/IP
remote interface. The remote control capability of
TURFTS offers spacecraft project engineers the ability
to integrate the TURFTS system into a spacecraft test bed
under the control of a central computer. Using simple
commands, the central computer can then control com-
plex transponder test sequences, with the capability of
configuring the signal paths, operating modes, and power
levels, and adjusting and monitoring all essential com-
munications parameters.

Transportability has been a very important consideration
in the design of the TURFTS enclosure, which has
packaging options allowing easy shipment and setup at
the launch site or other remote locations. The TURFTS
remote control capability allows RF system engineers to
monitor and control the system from their office or home
for more efficient and timely problem resolution.

The TURFTS was upgraded to incorporate a phase modu-
lator module that contains the necessary circuitry to
provide the GN uplink transmit signal. The TURFTS
phase-modulates the S-band carrier with a subcarrier that
is provided by the satellite checkout station. When
phase-modulation is not selected, TURFTS also has the
capabilities of quadrature phase-shift keying or binary
phase-shift keying the RF signal to be transmitted. The
data simulator is another one of TURFTS unique features,
providing pseudo-random-noise (PN) data patterns, rate
one-half and one-third encoding, convolutional inter-
leaving (Q-channel only), and NRZ-L NRZ-M, NRZ-S
or binary-phase L, M, or S data formats at user-specified
data rates between 100 bps and 300 Kbps for the
I-channel and between 100 bps and 3 Mbps for the
Q-channel. In addition to generating all 85 NASA/TDRSS
PN codes, TURFTS also generates the 85 National Space
Development Agency of Japan codes and 85 European
Space Agency codes for the forward- and return-links
for future use in testing multinational communications
hardware.
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Diagram of the TDRSS User Radio Frequency test set.

The TURFTS receiver is based on a DSP design and con-
tains a bit synchronizer and capabilities for deinterleaving,
rate one-half or one-third Viterbi decoding, and muitiple
data/symbol formats. A Q-channel and I-channel bit-sync
input has also been provided, which enables the user to
bypass the receiver function of the TURFTS system by
directly injecting the I-channel/Q-channel demodulated
data streams.
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Verification of the TURFTS RF communications links are
made possible in the self-test mode by utilizing a
frequency translator and identical PN coders in the trans-
mitter and receiver. The TURFTS receiver can acquire its
transmitter signal using PN codes for the forward and re-
turn-link modes. This configuration allows verification
of the TURFTS RF links and components to assist in iso-
lating problems during troubleshooting.
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The TURFTS Operations and Maintenance Manual is
currently distributed electronically in portable document
format, via the Internet. In the near future, users will be
able to electronically download current TURFTS specifi-
cations, customer support instructions, diagnostic sugges-
tions, test procedures, and system software updates.

The Wallops Flight Facility Long Duration Balloon Project
was the first to take advantage of the TURFTS system.
The TURFTS system was used to support balloon flight
tests at Lynn Lake, Canada, in 1993 and 1994. The
TURFTS design was then modified to provide Compton
Gamma Ray Observatory (CGRO) science data reception
capabilities (both single and multiple access), and the
TDRSS multiple access (MA) beamformer equipment
calibration signal generation capabilities for the fast-track
CGRO remote terminal system (GRTS) installation in
Australia to close the TDRSS zone-of-exclusion. Remote
control capabilities were also incorporated to interface to
the Operations Monitor and Control System to allow the
TURFTS in Australia to be controlled via a Sun worksta-
tion located in White Sands, NM. The TURFTS’ receiv-
ers in GRTS have been providing greater than 99 percent
of the scheduled data from CGRO. During 1995, the
TURFTS design was enhanced, and units were built to
support integration and test of GSFC’s Earth Observing
System AM, Tropical Rainfall Measuring Mission and
Landsat-7 projects.

The TURFTS design supports a wide range of operational
modes, modulation types, and data rates while remain-
ing compact, flexible, maintainable, and reliable. In ad-
dition, the improvements and diversity realized in the

current TURFTS design—and those planned for the fu-
ture—will have far-reaching implications, setting new
standards for serving the communications testing needs
of the NASA community.

The authors would like to acknowledge the essential con-
tributions made by Frank McCluer and Carlos Taveras
of the RF Systems Section, and Steven Leslie, Hollys
Allen, Bruce Friend, Mae Blevins, Thomas Winter and
Rosemary Feeney of ATSC.

Contact:  John Badger (Code 531.2)

301 -286-4675

David Israel (Code 531.2)
301- 286-5294

Sponsors: Office of Space Communications

Mr. Badger is a senior electronics designer in the RF
Systems Section of the Network Engineering Branch. He
is Project Manager and Design Team Leader for the de-
velopment of the TURFTS system. Mr. Badger has 35 years
of experience in electronic circuit and system design of
communications and tracking systems for NASA's Ground
and Space Networks.

Mr. Israel is a senior electronics engineer in the RF Sys-
tems section of the Network Engineering Branch. He
earned a B.S.E.E. from Johns Hopkins University in 1989
and an M.S.E.E. from George Washington University in
1995. His TURFTS responsibilities include receiver
design, operator interface software development, and
customer applications support.
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DEVELOPMENT OF THE GPS-ENHANCED
ORBIT DETERMINATION EXPERIMENT

ASA’S SMALL SATELLITE Technology Initiative

(SSTI) program. including the Lewis and Clark sat-
ellites currently under construction, provides platforms
for demonstration of emerging science and engineering
technologies. As one of the technology demonstrations,
the SSTI/Lewis spacecraft will carry redundant Space
Systems/Loral Tensor Global Positioning System (GPS)
receivers for orbit, attitude, and time determination in the
GPS Attitude Determination Flyer (GADFLY) experi-
ment. Spacecraft attitude derived from the experiment is
purely experimental, but Tensor-determined state vectors
and timing will be made available to the spacecraft
systems. Single-point solutions generated by coarse-
acquisition code receivers are not expected to meet the
150 m, 30 real-time position requirement of the
Hyperspectral Imager (HSI) due to signal degradation
affecting nonmilitary users; additional processing is nec-
essary to achieve this goal. The Tensor incorporates a
Kalman filter, which is specified to meet the HSI require-
ments. However, excess central processing unit and
memory capacity of the Tensor offered the opportunity to
incorporate improved filtering software directly into the
receiver to produce vectors with even higher accuracy.
Flight Dynamics Division (FDD) analysts and program-
mers at GSFC have teamed with the Guidance and Con-
trol Branch to develop filtering algorithms for enhanced
orbit determination to be integrated into the Tensor. In
addition to providing improved real-time positions for the
HSI instrument, the filter provides strong dynamic cou-
pling between spacecraft position and velocity, which is
lacking in point solutions. This is particularly important
when state vectors are to be used for ephemeris predic-
tion. The improved dynamics allow the receiver to
continue to generate accurate states during signal out-
ages or degraded coverage, as the filter propagates the
state without measurements. Science planning and sched-
uling will also benefit from the enhanced solutions.

Development of the GPS-Enhanced Orbit Determination
Experiment (GEODE) has benefited from such consider-
ations, and is continuing toward a high degree of soft-
ware modularity for enhanced reusability. To meet more
accurate onboard orbit requirements and to reduce opera-
tions costs for Tracking and Data Relay Satellite System
(TDRSS) user spacecraft, the FDD developed an autono-
mous navigation system that passively obtains onboard
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tracking from the nominally scheduled communications
uplink signal. The TDRSS Onboard Navigation System
(TONS) coordinates the transponder and flight computer
to acquire tracking data and to compute orbit solutions.
This creates a navigation system that is inherent to exist-
ing spacecraft systems, one that imposes few or no addi-
tional hardware or power requirements. TONS implements
an extended Kalman filter with high-fidelity force and
statistical models to sequentially process Doppler obser-
vations output by the transponder-carrier tracking loop; it
is capable of producing solutions at the level of the GPS
precise-positioning service. GEODE will use applicable
experience from TONS software and a 1-year flight dem-
onstration conducted on the Extreme Ultraviolet Explorer
spacecraft to substantially shorten the development sched-
ule of less than | year and meet Lewis milestones.

While TONS uses integrated Doppler observations for
input to the filter, the Tensor provides pseudo-range,
carrier phase, and Doppler data. However, the filter struc-
ture and spacecraft dynamics are not dependent on data
type, and the intent is to modify the TONS filter to accept
the GPS observations and reuse much of the flight soft-
ware developed for the Earth Observing System AM-1
satellite, scheduled for launch in 1998. Key algorithms to
be developed for GEODE include measurement models
for the GPS observables and a routine for satellite selec-
tion. Extraction of the GPS broadcast data message is done
by the Tensor, and the basic GPS constellation position
and timing information will be available to the GEODE
software in memory.

The Tensor procured for GADFLY is an off-the-shelf posi-
tion, attitude, and time determination system. As shown in
the block diagram in the figure, GEODE software will be
added to the Tensor after delivery to GSFC, and will run as
a process in addition to the standard Tensor functions, pro-
ducing a second position/velocity solution. Analysts and
software developers will work closely to generate specifi-
cations, define code changes, and evaluate updated code
using an evolving prototype approach. Code development
will take place on a Sun and an RS6000-based workstation.
Another RS6000 workstation will be used to emulate the
Tensor (which uses a compatible RAD6000 processor)
to gain experience in downloading code, and to evaluate
timing and code size before the Tensor delivery.
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Following launch in July 1996, the spacecraft state,
covariances, and other parameters sufficient for complete
performance evaluation will be downlinked in telemetry.
Raw observations from the Tensor will be postprocessed
in combination with data from a network of ground-based
GPS receivers to produce high-accuracy solutions that can
be used as a baseline for comparison. Orbits derived from
S-band tracking may also be used to provide an indepen-
dent check of GEODE solutions.

Contact:  Roger Hart (Code 553.2)
301- 286-8729
Stephen Leake (Code 712.1)
301- 286-6023

Sponsor:  Office of Space Communications

Mr. Hart has been an aerospace engineer in the Trajec-
tory Section of the Flight Dynamics Support branch at
the GSFC for 6 years, working in development of sequen-
tial orbit determination techniques and autonomous
spacecraft navigation. He received his B.A. in Physics in
1986, and an M.S. in Mechanical Engineering in 1989
from Utah State University.

Mr. Leake has been an attitude controller in the Control
System Software and Simulation Section of the Guidance
and Control Branch at GSFC since January 1995. Before
that, he worked on robotics for GSFC. His specialty is
embedded systems software. He received his B.S. in Phys-
ics in 1980 from Rensselaer Polytechnic, and an M.S. in
Physics in 1982 from the University of Maryland.
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GROUND SYSTEM SOFTWARE FOR GLOBAL POSITIONING
SYSTEM ATTITUDE DETERMINATION

HE FLIGHT DYNAMICS DIVISION (FDD) is

advancing the state of the art in determining space-
craft attitude using the latest in attitude sensor hardware.
The latest example is the use of global positioning sys-
tem (GPS) antennas for attitude determination. This tech-
nology is gaining popularity mainly because of its low
cost and weight, and its theoretical capability to provide
attitude accuracy in the tenths of degrees. The FDD is
responsible for using this technology to produce models
and algorithms for ground support systems to support
future missions. The models and algorithms developed
deal not only with attitude determination, which itself has
special application for GPS data, but also with calibration
of the attitude sensor and prediction of GPS visibility.

The GPS sensor is actually two antennas that act in
tandem to form a baseline, as shown in the first figure.
From this baseline, a phase difference between signals
received at the antennas is computed, which can be trans-
formed into an angle, according to the equation:

cos o = (n+k ) (BA/b)

where a is the angular measurement, n is the integer am-
biguity, k is a conversion scale factor, ¢ is the decimal
phase difference, A is the wavelength of the GPS signal,
and b is the baseline length. The phase difference is given
by the quantity in the first set of parentheses.

With another baseline, the two angular measurements can
be converted into a line-of-sight vector to the visible GPS
satellite. Several components add to the uncertainty of
the measurement, such as the integer ambiguity (n). The
phase difference (¢) produces only the decimal part; the
integer part must be determined by another means.
Several methods have been suggested to specify the inte-
ger part, and FDD is looking into these. The other com-
ponents are noise, a time bias in the electronics, and any
misalignment of the antennas. All these make it neces-
sary to employ an estimation process that best fits the
mission’s conditions and configuration to meet attitude
requirements.

FDD’s first effort was to produce an estimation simulator
to help investigate the modeling and algorithms that would
be needed not only for attitude determination, but also
for calibration purposes. The simulator was developed as
an analysis tool in Microsoft FORTRAN on an
IBM-compatible PC. The simulator models both the user
spacecraft and the GPS constellation, and includes
dynamics to represent a realistic spacecraft attitude his-
tory. The GPS sensor modeling outputs phase difference,
taking into account such things as the integer ambiguity,
Gaussian noise addition, biases, misalignments to each
antenna, and resolution of the least significant bit in the
telemetry word. The output from the two baselines is then
used as input to an estimation process, which first applies

wavefront

ante'nna 1

1
antenna 2

Relationship between the phase difference and computed angle.
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the integer ambiguity correction to the phase; several
methods have been investigated for this purpose. The
routine then converts the output to a line-of-sight unit
vector. The unit vector is then paired with a GPS
line-of-sight reference vector, that is, where the GPS
should be at that time in the geocentric inertial coordinate
system. This observation/reference pairing of data is then
fed into the estimator, of which there are two in our
simulator’s case. An extended Kalman filter and a single
frame estimator (known as QUEST) were implemented
to evaluate fine and coarse attitude determination capa-
bilities. The Kalman filter has shown that if the phase
center is well known, in the absence of multipath it is
possible to achieve better than one-half a degree resolu-
tion per axis for a one-meter baseline length. QUEST
demonstrated a resolution capability to within two degrees.
Both these methods have opened up new considerations,
such as observability and geometric dilution of precision,
the subset of GPS satellites at any one time that will yield
the best measurement data. The results of investigating
modeling using this simulator have produced specifica-
tions that are currently being implemented in FDD’s
ground support system for future missions,

Investigations of observability, geometric considerations,
and selection processes were done using a prediction
utility also developed on the PC in Microsoft FORTRAN.
The utility has no attitude considerations, but simply
employs line-of-sight with a user-supplied mask angle,
and takes into account occultation by the Earth. Through
menu-driven input, the user can configure the spacecraft’s
orbit and the alighment of the GPS sensors. This allows
for a variety of case setups, determined by the require-
ments of a particular mission. The utility results in the
output of two data sets. The first simply records at each
time step whether each GPS satellite in the
24-GPS-satellite constellation is visible, and the total num-
ber that are visible. The second data set reports the input
configuration and gives a detailed statistical analysis of
the simulation. For each GPS satellite, the statistics
include the percentage of time visible, the total number
of observations (i.e., the visibility of a GPS at each time
step), and the minimum and maximum length of time vis-
ible. A density report for the entire constellation is given
in terms of how many times a total number of GPS satel-
lites were visible at any given step. The second figure
plots the output from the prediction utility to show what a
typical average number of GPS observations per step

Avg. Visible GPS SV

100

Average GPS observations for various altitudes and
inclinations.

would be for varying inclinations and attitudes. In this
setup, the GPS antennas on the user spacecralt are
pointing anti-Earth (i.e., towards the zenith).

Besides being able 1o use the output to configure the esti-
mation simulator and provide intormation on the
observability of the GPS constellation, the utility provides
a quick simulation for the development and investigation
of observability and selection algorithms.

An invaluable tool used by FDD to determine the expected
in-flight attitude accuracy is the Attitude Determination
Error Analysis System (ADEAS). This is a general pur-
pose, linear error analysis tool that allows the user to com-
pute an error budget based on different configurations and
combinations of attitude sensors. ADEAS can estimate
the accuracy using either a sequential filter (a Kalman
filter), or a batch-weighted, least-squares method.
ADEAS’ strength lies in its flexibility. It was designed to
handle most existing and anticipated attitude sensors, and
is easily updated to provide modeling for any new atti-
tude sensors, such as the GPS sensors. The system takes
into account errors typically found with any system
(e.g., measurement noise, sensor misalignments. gyro
drifts, etc.), and allows the user to specify the type and
magnitude of each of these errors. The error sources can
also be solved as part of the system state, or just used as
input to the modeling, as a “consider parameter.” The GPS
attitude sensor modeling in ADEAS is similar to that for
traditional attitude sensors. such as star cameras, but the
measurement for GPS-based modeling is the decimal

27




MISSION OPERATIONS AND DATA SYSTEMS

phase difference. Because ADEAS is concerned not with
the actual attitude errors but only with the uncertainty (the
covariances), the integer ambiguity need not be deter-
mined. The modeling for the GPS attitude sensors is an
extension of the well-known equation that relates phase
differences to direction cosines. The addition to this
equation, GPS data adds parameters to account for mis-
alignment of the baseline, noises and biases applied to
the phase difference, and the location of the antennas,
which determines the phase center.

Each of these tools has a separate but important purpose
in understanding and developing new modeling and al-
gorithms, not only for GPS, but also for any future tech-
nology advancement in attitude sensors. The FDD is
always on the leading edge for developing new process-
ing techniques for attitude determination and calibration.
Advanced applications for GPS attitude determination and
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calibration will be realized with the launch of the Spartan
mission in late 1995, and the launch of the Transition
Region and Coronal Explorer mission in 1998. Both mis-
sions are flying GPS attitude sensor experiments to col-
lect realistic data and to evaluate the performance of a
GPS-configured attitude system to compare its utility to
existing attitude sensor technology.

Contact:  Joseph Garrick (Code 553.1)
301-286-5474
Sponsor:  Office of Space Communications

Mr. Garrick has been an aerospace engineer for the FDD
Sor the past 8 yvears. He received his B.S. in Mathematics
Sfrom the University of Missouri and his M.S. in Electri-
cal Engineering from the Johns Hopkins University.
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NASCOM INTERNET PROTOCOL GATEWAY:
THE TRANSITION BEGINS

TH THE ADVENT OF THE Earth Observing

System (EOS), a part of the Mission to Planet Earth,
the NASA Communication (NASCOM) Division has been
tasked to implement a high-speed data communications
network. This network is designed to use commercial,
off-the-shelf (COTS) data communication products and
industry-standard communication protocols to help reduce
development costs. This network had originally been des-
ignated as the EOS Communication (Ecom) network, but
has since been expanded as the EOS Data Information
System Backbone Network (EBnet). Within this network
there are systems that communicate with the current
NASCOM Institutional network that cannot interface to
the EBnet using COTS products and industry-standard
protocols. The NASCOM Division has developed a frame
encapsulator/decapsulator (FED) device to provide this
interface between an industry-standard-protocol-based
network and the NASCOM Institutional communication
network.

The purpose of the FED is to encapsulate 4800-bit blocks
(BBs) received over a serial line, and then send them to
the proper end-systems within Internet Protocol (IP) pack-
ets, using a local area network (LAN). The FED is also
designed to decapsulate 4800-BBs from within IP pack-
ets and transmit them over the proper serial line. The FED
has been designed to provide this encapsulation/
decapsulation function not only for 4800-BBs but for
Consultative Committee for Space Data Systems
(CCSDS) data as well. A Simple Network Management
Protocol (SNMP) interface has been inctuded with the
FED to allow configuration and monitoring of the device.
This interface allows a COTS network management sys-
tem to remotely configure and monitor the FED.

The objective of the FED design was to maximize the use
of COTS software and hardware by re-using currently
available operational software. To support the serial in-
terface of the FED, software was adapted from the serial
interface driver developed by the serial interface vendor.
Software from SNMP Research, Inc. was used to imple-
ment and support the SNMP interface with the FED and
Management Information Base Il table. Most of the de-
sign for the FED came from a prototype effort called the
Communications Address Processor (CAP). The main
function of the CAP was to provide a gateway service
between the Advanced Orbiting Systems Testbed internal
LAN and the Internet. The FED's local operator interface

screens were designed around those used for the Tracking
Data System (TDS). The TDS provides a text-based menu
system for an operator to manage the system. The design
used to provide a primary and secondary FED with auto-
matic switchover capability came from the operational
Message Switching System, which provides message
switching for the operational NASCOM institutional
communication network.

The FED device makes use of a Sun SPARC-based work-
station and a Performance Technology Inc. 4-port, high-
speed RS-422 serial Sbus interface card. It also uses a
UconX Corp. protocol toolkit to provide the required soft-
ware drivers to interface with the serial Sbus card. The
SNMP interface was provided by SNMP Research, Inc.
This COTS software package provided an SNMP agent
for the FED and other command line utilities to use for
testing and development purposes. The standard ANSI C
programming language was used to integrate all of these
COTS pieces in addition to providing the encapsulation/
decapsulation functionality.

The FED device performs encapsulation of 4800-BB
received from one of four high-speed serial interfaces
within an User Datagram Protocol (UDP)/IP datagram,
and sends this datagram to those end-systems that have
been configured in the FED to receive the 4800-BB based
on the destination code within the 4800-BB, as shown in
the first figure.

R
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Encapsulation Function for 4800 BB support

480088 | [
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<—-{ 4800 BBIUDPIIP |

i Local Area Network
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Decapsulation Function for 4800 BB support

4800 BB FED service.

The FED can also be configured to receive CCSDS Chan-
nel Access Data Units (CADUs) from any of the serial
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lines, and send the CADUs encapsulated within UDP/IP
datagrams based on the serial port on which the CADU
was received. as shown in the second figure. The FED is
capable of encapsulating either 4800-BB or CCSDS
CADUs, but not simuitaneously. The FED is also capable
of decapsulating 4800-BBs from within UDP/IP
datagrams. The FED was designed based on the assump-
tion that all encapsulated data received from the UDP/IP
datagram interface are to be sent out a single serial inter-
face. When the FED is configured to encapsulate/
decapsulate CCSDS data, the user data portion of an UDP/
IP datagram is sent out via this single serial interface.
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CCSDS CADU FED service.

To support the availability and mean-time-to-restore ser-
vice that is required of the FED within EBnet, the FED is
configured in a redundant manner. Two complete FED
hardware devices are configured to provide a primary
operational device and a secondary hot-spare device. In
this configuration, the system is capable of automatically
switching from the primary device to the secondary when
a fatal error is detected. To be able to detect that a primary
device has failed, the primary and secondary FED devices
communicate with each other across a LAN using heart-
beat messages.

As described earlier, the FED is configured and moni-
tored by use of the SNMP. The FED contains an SNMP
agent that is responsible for processing all SNMP requests.
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In addition, the FED has a local operator interface in which
text-style menu-driven choices are presented to a local
operator to allow configuration and monitoring of the
FED. This interface will only to be used if the remote
network management system is unavailable and for main-
tenance check-outs.

The FED has been built to meet requirements for the EOS
program. The NASCOM Division plans to use this FED
device to assist in the transition from 4800-BBs to an IP
network. Plans are underway to add additional capabili-
ties and functions to the FED device. Work has started to
increase the serial line rates from 512 Kbpstoa T1 (1.544
Mbps) rate. In addition, the capability of encapsulating
4800-BBs within TCP/IP packets is also being examined.
This new device will be the NASCOM Gateway, and will
be used to provide a path between the old NASCOM net-
work of transferring 4800-BBs to the new NASCOM net-
work of transferring IP packets. To help users in their
transition to the new NASCOM network, the NASCOM
Gateway will also have the capability of blocking/
deblocking user’s data that is received within IP packets,
or sent from users on the old NASCOM network, as shown
in the third figure. It is our goal and intention to add the
functionality of receiving raw serial data and blocking
(or just encapsulating) these data within IP packets, in
addition to decapsulating or deblocking and sending raw
serial data to the NASCOM Gateway.

Contact: Matthew Kirichok (Code 541.3)
301-286-3435
Sponsor:  Office of Mission to Planet Earth

Mpr. Kirichok, un electronics engineer with the Advanced
Development Section, holds a B.S. in Electrical/Computer
Engineering from Northeastern University, Boston, MA.
He also holds an M.S. in Computer Engineering from
Johns Hopkins University, Baltimore, MD. His profes-
sional interests include computer network design, com-
puter systems, computer security, and communication sys-
tems. Mr. Kirichok has been working in the Systems
Engineering Branch of the NASCOM Division for the past
5 years.
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NEW COMMUNICATIONS OPTIONS FOR SMALL SATELLITES

O EXPAND THE BENEFITS and the use of the

global Tracking and Data Relay Satellite System
(TDRSS) communications infrastructure, GSFC is now
embarking on a technology initiative to bring new
operations concepts and life cycle cost savings to the
growing small-satellite community. In the past, small
spacecraft had problems using the global TDRSS com-
munications network due to the relatively high weight and
power consumption of existing TDRSS-compatible user
transponder hardware. In addition, the signal attenuation
caused by the distance to geosynchronous orbit and the
operational complexity and cost of scheduling TDRSS
service has made TDRSS too difficult to use efficiently.

New hardware and a flexible operations concept for small
spacecraft will greatly increase communications cover-
age and lower the costs of using TDRSS. These benefits
will derive from advances in TDRSS user transponder
and phased-array antenna technology, and a new, un-
scheduled demand access service being introduced in the
Space Network (SN), which will allow users to share the
TDRSS forward link on a first-come, first-served basis.

The small-satellite community currently has problems
using the SN because the receiver power consumption of
second- and third-generation TDRSS user transponders
is too high for the limited capacity of small-satellite power
systems. The GSFC Network Engineering and Microwave
Technology Branches are collaborating to develop a
fourth-generation transponder, to achieve power con-
sumption and weights comparable to the Ground Network
(GN)-only transponders currently being flown by the
Small Explorer project. The transponder is designed to
interface with other small-satellite subsystems via a
standard interface. The fourth-generation transponder will
be an S-band transponder capable of working with TDRSS
or ground terminals. This will allow mixed mode opera-
tion, where a project can use TDRSS for command, house-
keeping telemetry, and tracking, and dump high-rate
science data (at 2 to 3 Mbps) to a ground station, using
the same S-band omnidirectional antenna in either mode.

For users seeking the advantages of a total TDRSS solu-
tion, the fourth-generation transponder will provide an
optional Ku-band signal source, which, together with an
external Ku-Band high-power amplifier and phased-ar-
ray antenna, will allow a small satellite to dump 2 to 3
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Mbps of science data to TDRSS with roughly the same
transmission power consumption as needed for transmis-
sion to the ground, as shown in the figure.

The use of Ku-band and the TDRSS Ku-band single-access
service provides additional gain to allow the small-satellite
user to overcome the path attenuation to geosynchronous
orbit with only a small, body-mounted antenna. The
Branches, with support from the NASA Lewis Research
Center, are collaborating to develop a Ku-band phased
array. The array will electronically steer up to 30° from
boresight, providing ample contact time with TDRSS—far
greater than would be available from a ground station. It
will be small (dimensions not greater than 12" x 12" x 6")
and will attach to the side of the spacecraft. This innova-
tive operations concept will lead to cost savings in pre-
launch testing, launch and early orbit support, spacecraft
control and monitoring, and data transport. When avail-
able in 1999, the Ku-band phased array, coupled with the
fourth-generation TDRSS user transponder, will eliminate
dependence on ground stations, and provide flexible and
low-cost SN-only mission operations. Studies in FY
96 will examine the implications of migrating the Ku-
band service to Ka-band to take advantage of potentially
smaller hardware or higher data rate capability that will
result from the new Ka-band service to be provided by
TDRS H, [, and J at the turn of the century.

Integration and test of the new spacecraft hardware will
be facilitated by modern, low-cost radio frequency (RF)
test equipment. This test equipment, known as the TDRSS
User RF Test Set (TURFTS), employs a user-friendly
design and emulates both TDRSS and GN modes of op-
eration to fully characterize spacecraft communications
system performance. TURFTS units have been or are
being built for Earth Observing System AM, Tropical
Rainfall Measuring Mission, Landsat-7, MSFC,
Compatibility Test Vans, the RF Simulation Operation
Center, and the Long Duration Balloon Project. Units are
also returning data from the Comptom Gamma Ray Ob-
servatory (CGRO) via the GRO Remote Terminal Sys-
tem in Australia on an around-the-clock basis. To support
the new operations concept, TURFTS will be upgraded
for K-band support capability.

Scheduling TDRSS access has been a concern that is now
being addressed. Users of TDRSS theoretically have
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The TDRSS User RF Test Set employs a user-friendly design and emulates both TDRSS and GN modes of operation to
fully characterize spacecraft communications system performance.

continuous, global access to their spacecraft but, in
practice, must share the limited system resources by sched-
uling contact time, generally two weeks in advance of the
service. The TDRSS multiple access (MA) system, which
is capable of supporting multiple return-link users by al-
lowing them to share the single MA forward link, is sched-
uled (for the most part) in the same fashion as the
single-access system. This scheduling process is perceived
by low-budget, fast-track, small-satellite projects to add
unwarranted cost and complexity to the use of the SN. A
new demand access service to be incorporated in the MA
system will greatly improve the TDRSS MA service by
providing first-come, first-served access to the forward
link (over short intervals, to provide high availability to
many users) and will provide continuous return link
service. This will eliminate scheduling MA service for
users, thereby making flexible operations concepts pos-
sible, lowering mission operations costs, and allowing
receipt of random return transmissions and service
requests directly from the spacecraft when desired.

These operations concepts are more than just plans and
theory. A government/industry team from GSFC success-
fully demonstrated demand access user service using
TDRSS on January 20, 1995. The CGRO and Earth
Radiation Budget Satellite (ERBS) Payload Operation
Control Centers successfully sent forward link com-
mands to their spacecraft via TDRS-3 and the White
Sands Ground Terminal. ERBS had three, and CGRO
had eight command services over two orbits with no
advance scheduling by the Network Control Center.
Both spacecraft had continuous return link service
throughout the demonstration.

The demand access service promises to more effec-
tively tap the power of the global SN to provide
exciting new possibilities for telescience and for
operations concepts that are more flexible and of-
fer significant opportunities for reducing the cost
of mission operations, especially for small-satellite
systems.
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Contact:  David Zillig (Code 531.2)
301- 286-8003
William Horne (STel)
703- 438-8148
Sponsor:  Office of Space Communications

Mr. Zillig is Head of the RF Systems Section in the Net-
work Engineering Branch at GSFC. He manages several
tasks in future technology and systems development for
the Office of Space Communications Advanced Tech-
nology Program. Mr. Zillig earned a B.S.E.E. from the
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Pennsylvania State University and has been involved in
developing communications and tracking systems for
NASA GN and SN for 29 years.

Mr. Horne is an engineering specialist at Stanford Tele-
communications, Inc. After earning his B.S.E.E. from
Lehigh University and his M.S.E.E. from Princeton Uni-
versity, Mr. Horne supported satellite communications
engineering and spectrum management activities for
NASA, including the GSFC TDRSS program. He has also
been assisting GSFC with the development of demand
access service.
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GROUND NETWORK ADVANCED RECEIVER PROTOTYPE II: A
CHARGE-COUPLED DEVICE PROGRAMMABLE INTEGRATED RECEIVER

OR THE PAST 4 years, the Network Engineering

Branch has sponsored the development of evolution-
ary, multifunctional, software-programmable, integrated
receivers in anticipation of future space and ground sys-
tem requirements for a high degree of communications
flexibility, automation compatibility, and power and size
reduction. In the past vear, this initiative has led to expand-
ing the operational application of the second-generation
Ground Network (GN) Advanced Receiver Prototype
(GARP). We have also designed and developed a
third-generation receiver, the GARP I, that will provide
flexible communications support for multiple modulation
formats, spread and nonspread signals, and tone ranging
of user spacecraft with [-m accuracy. Highly configurable
through software changes, these charge-coupled device
(CCD) programmable integrated receivers allow integra-
tion of both GN and Space Network (SN) modes of op-
eration in the same electronics system, and have been
specifically designed for effective and cost-saving auto-
mation of most operational and maintenance functions. A
key feature of these receivers is an architecture that
optimally leverages the use of new CCD technology
against a powerful, high-speed multiprocessor arrange-
ment to provide flexible, multimodal, multimission
support over a broad continuum of data rates that pres-
ently spans the range from 1 Kbps to 1.8 Mbps; support is
planned for data rates to 10 Mbps and beyond.

The CCD technology employed (and developed under
NASA'’s sponsorship) is MIT Lincoln Laboratory’s pro-
grammable analog correlator chip, the 2ATC CCD, which
serves as the receiver’s pseudo-random-noise (PN)-code
matched filter for spread spectrum applications, and as
an intermediate frequency (IF)-matched filter for
nonspread applications. By nature a quasi-analog device,
the CCD correlator chip performs signal correlation in
the analog domain at digital domain-equivalent rates
exceeding 10 billion multiply-accumulate instructions per
second when clocked at the maximum rate of 40 MHz—all
while consuming less than 1 W. Within a signal process-
ing environment, the computational capacity of the CCD
may be used to great advantage, adding tremendous
signal processing capacity to receiver architectures
specifically designed to exploit its strengths.

The complete IF-to-baseband data receiver is composed
of three cards: the IF module, the CCD module, and the
digital signal-processing (DSP) module, as shown in the

block diagram in the figure. The form factor of each of
these modules conforms to a standard 220 mm. 6U VME
card. In addition, electrical power compatibility with the
VME standard has been preserved. making possible the
use of a commercially available VME chassis. Com-
munications and control connectivity between each of the
modules and a local PC controller is achieved using a 5
Mbps industrial ARCNET local area network (LAN)
standard.

The IF module accepts a radio frequency (RF) input in
the range of 370 to 500 MHz (selected for application
both at NASA’s White Sands and GN ground stations),
and at an input power level between -75 and -15 dBm.
down-converts to a 10 MHz band, centered about the fixed
IF of 140 MHz, and at a user-programmable output power
from 0 to -20 dBm. The RF input frequency is selectable
in 100 KHz steps over the entire 130 MHz input frequency
range, and is remotely programmable via the ARCNET
LAN interface. Additionally, the IF output level is also
remotely programmable via the LAN, and provides
noncoherent automatic gain control to within 1 dB of the
programmed setting.

The 140 MHz gain-controlled output signal from the IF
module is then sent to the CCD module, where it is con-
ditioned and preprocessed prior to being sent to the CCD
chip. Part of this signal preprocessing includes applica-
tion of a unique discrete-time linear down-conversion and
reconstruction technique based on signal aliasing, which
is used to track the received carrier signal dynamics. For
PN-spread signals, the resultant IF waveform is sent to
the CCD correlator for removal of the PN code
(despreading) prior to digitization; for nonspread signals,
the CCD correlator is used simultaneously for both IF
demodulation and partial- or whole-symbol demodu-
lation. The output of the CCD correlator is then sampled,
digitized to 8-bit resolution, and passed onto the DSP
module, where the samples are then processed to acquire
and track the received signal.

Signal processing within the GARP resides in a multi-
processor array of three Motorola DSP96002 dual-port,
32-bit floating point DSPs connected in a master-slave
wye topology. This topology will support concurrent pro-
cessing of up to three embedded signals on three signal
paths, with each processor assigned to one signal path. In
this master-slave arrangement, input sample timing and
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The GARP Il receiver configuration can support high resolution spacecraft ranging with the addition of a simple

exciter system.

control is done through the master processor; together,
these three processors execute all of the algorithms
necessary to acquire, track, and demodulate the received
signal(s). With the recent addition of an add-on Viterbi
decoder board, additional support for convolutionally
encoded signals has been added.

During the past year, program activity has been focused
on two objectives: refining and expanding receiver
mission applicability through challenging technical dem-
onstrations, and the development of hardware and soft-
ware architecture and algorithms that would support
high-resolution tone ranging of user spacecraft for orbit
determination.

Technical demonstrations in past years have testified to
the advantages of the programmable CCD-based receiver
technology. In the 2-year period between December 1992
and December 1994, this receiver technology had been
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successfully demonstrated to support PN-spread binary
phase-shift keying (BPSK) modulated signals, space
shuttle SN communication at 288 Ksps, shuttle analog
FM support, 192 Kbps shuttle launch support, and for
subcarrier-modulated signals.

In 1995, four new and distinct receiver modes of opera-
tion were developed, covering a broad range of signal
structures, modulation types, and data rates. In testimony
to the advantages of software programmable receiver tech-
nology, two of these operational modes were developed,
tested, and fielded within 1 month. Mission support in
1995 included Titan-Centaur launch support via the
Tracking and Data Relay System Satellite (TDRSS) from
the White Sands Complex (WSC), using a 128 Kbps, rate
one-half convolutionally encoded, BPSK signal; space
shuttle Inertial Upper Stage launch support via TDRSS
from the WSC, using a 64 Kbps, rate one-half
convolutionally encoded, near-BPSK signal ona | MHz
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subcarrier; and support from the Greenbelt test bed for
the Solar Anomalous Magnetospheric Particle Explorer,
a small Explorer-class satellite requiring support for a 900
Kbps (1.8 Msps), rate one-half convolutionally encoded,
phase-modulated signal. The receiver was also readied to
provide Total Ozone Mapping Spectrometer launch
support via TDRSS from WSC, using a 1.123 Kbps, rate
one-half convolutionally encoded BPSK signal on a
subcarrier.

A second focus in 1995 was architectural refinement and
algorithm development to support high-resolution tone
ranging of user satellites for range and orbit determina-
tion. With the addition of a subsystem composed of a
baseband range tone exciter and an S-band upconverter,
this capability will be added to the GARP II system in
1996. The baseband range tone exciter has two outputs: a
composite two-tone analog signal made up of one 500
KHz major tone and one minor tone in the frequency range
4 to 100 KHz that is used to modulate a commercial
S-band upconverter, and a resampled version of the
baseband composite signal which is passed to one path of
the DSP module. By resampling the two-tone baseband
stimulus and sampling the received return signal from the
target spacecraftt. a phase difference estimate between the
transmitted and received signals can be calculated, thereby
allowing estimates of spacecraft range through the TDRS
communication link. To resolve ambiguities in range
determination by the received signal phase differential,
the algorithm requires sequentially stepping the minor tone
signal over its frequency range. [n simulation, the algorithm
currently under development will provide an accurate
range estimate in less than 10 seconds and at a resolution
below 1 m. With this accuracy requirement, the GARP II
system could provide improved TDRS orbit determina-
tion services from WSC facilities, where current TDRS
tone ranging accuracies are accompanied by 50 m (root
mean square) uncertainties.

Over the 4 years that NASA has sponsored the develop-
ment of multifunctional, software-programmable integrated
receivers, it has been demonstrated that it is possible,
utilizing state-of-the-art signal processing technolo-
gies—such as DSPs and CCDs—to develop powertul
and flexible receiver architectures that are suited to a
wide variety of NASA, military, and commercial ap-
plications, and that can effectively address future re-
quirements for faster, smaller, less expensive, and more
reliable systems.

This work was done with the support of Stanford Tele-
communications’ Advanced Hardware Development
Laboratory, which is currently developing the GARP IL

Contact:  David Zillig (Code 531.2)
301- 286-8003
Thomas Land (STel)
703- 438-8097
Sponsor:  Office of Space Communications

Mr. Zillig is Head of the RF Systems Section in the
Network Engineering Branch at GSFC. He manages
several tasks in future technology and systems develop-
ment for the Office of Space Communications Advanced
Technology Program. Mr. Zillig earned a B.S.E.E. from
the Pennsylvania State University und has been involved
in developing communications and tracking systems for
NASA Ground and Space Networks for 29 vears.

Mr. Land is a project manager with Stanford Telecommu-
nications, Inc. (STel) Advanced Hardware Development
Laboratory, which is currently developing the GARP II.
He earned a B.S.E.E., a B.S. in Computer Science, and a
B.A. in Biology from Washington University in St. Louis.
Mr. Land has supported GSFC prototyping and hardware
evaluation projects for 7 vears.
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EVOLVING CHARGE-COUPLED DEVICE
SIGNAL-PROCESSING TECHNOLOGY

HE DEVELOPMENT AT MIT/Lincoln Laboratory

(MIT/LL) of programmable charge-coupled device
(CCD) correlator technology for use in advanced signal-
processing receiver applications has been supported by
the GSFC Network Engineering Branch over the last
decade under the sponsorship of the Office of Space
Communications Advanced Systems Program.

The CCD correlator is a complementary metal-oxide
semiconductor (CMOS) integrated circuit operating as a
time-discrete tapped delay line with no amplitude quanti-
zation. The incoming signal is sampled at the CCD input,
and the analog voltage is converted to charge. This charge
is then transferred from one end of the CCD to the other
by a string of CMOS capacitors, each serving as a distinct
stage in a shift register; the charge transfer rate is con-
trolled by an external clock. The charge at each capacitor
may be externally accessed at each clock cycle, generat-
ing the tapping operation of a tapped delay line.

The current analog ternary correlator (2ATC) chip has 512
stages, 256 of which are tapped. The digital tap weights
are externally controlled and updated in real time. This
CCD correlator therefore can be used to implement a
pseudo-random noise (PN)-matched filter (PNMF) that
can provide parallel capability to a degree effectively equal
to the number of stages. This PNMF flexibility, coupled
with high-level parallel processing capability, makes the
CCD correlator approach extremely powerful for Tracking
and Data Relay Satellite Systern (TDRSS) spread-spectrum
applications, and especially for rapid acquisition of
PN-coded signals.

The Network Engineering Branch has supported the use
of MIT/LL-developed CCD correlator chips by Stanford
Telecommunications, Inc. in developing signal-processing
technology in several different receiver designs for
a wide variety of different applications. These chips were
used to

e demonstrate a two-card receiver implementation of
a Demand Access demodulator capable of inexpen-
sively expanding customer capacity at the White
Sands Complex to service users of a new demand
access service in the TDRSS multiple access system;
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e introduce TDRSS communications to the NASA
long-duration ballooning and remotely-piloted
aircraft science communities in a balloon-
flight-qualified receiver design in a TDRSS user
transponder;

e demonstrate a portable TDRSS communications
receiver, capable of being used in automated, remote
data collection platforms on land or sea. The National
Oceanic and Atmospheric Administration (NOAA)
has expressed interest in using TDRSS for commu-
nications with its network of ocean buoys; and

e demonstrate in laboratory and field work an advanced
integrated receiver design, capable of supporting
numerous NASA Ground Network (GN) and Space
Network (SN) modes of operation. Within the past
year, it supported shuttle GN and SN operational
modes; TDRSS mode (direct-to-ground) to a low-
cost ground terminal (Extreme Ultraviolet Explorer
to LEO-D); expendable launch vehicle support
through the SN in non-TDRSS modes (Titan Centaur
and TDRS inertial upper stage), and Solar, Anomalous,
and Magnetospheric Particle Explorer support in a
low-cost ground terminal configuration.

In addition to the work being done by Stanford Telecom-
munications, Inc., Motorola, funded through the Air Force
Rome Laboratory, is using a 2ATC chip on loan from
GSFC in a brassboard upgrade to their Combat Survivor
Evader Locator handheld radio. Other Department of
Defense agencies have an interest in this technology for
use in universal modems and handheld, low-probability-
of-intercept radio applications.

A new effort by GSFC and MIT/LL will produce a proto-
type low-power chip (ATC-LP), which will slash the
power by an order of magnitude, and incorporate an
on-chip analog/digital (A/D) converter for more compact
and convenient receiver technology. The ATC-LP will
eliminate most of the static power consumed in the 2ATC,
about three-quarters of which is used by the more than
500 tap amplifiers that buffer signals tapped from CCD
delay lines within the correlators. Recent advances in CCD
technology ailow the tap amplifiers to be replaced with
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charge replicators that nondestructively image the charge
packets in the delay lines without bias currents; as a
result, they consume no power.

In most receivers the analog outputs are digitized prior to
further processing, and the required external A/Ds are an
additional power load for the receiver. The replacement
of output amplifiers and off-chip A/Ds by on-chip
A/Ds is now feasible. MIT/LL has demonstrated a
charge-domain 9-bit A/D that consumes only about
10 mW of static power. An A/D of this type will be incor-
porated in the ATC-LP along with charge replication taps.
This usage will decrease the static power requirement to
some 15 mW for the combined correlator/converter.
Dynamic power will be approximately 2.5 mW/MHz, so
that, at the projected maximum clock rate of 40 MHz, the
ATC-LP is expected to consume only 115 mW total
power. Sample quantities of the ATC-LP will be avail-
able in September 1996.

The impact of this technology is expected to spread
beyond NASA and other government applications. MIT
owns and continues to generate patents as a result of their

work in CCD signal processing technology. These patents
are being licensed by the MIT Technology Licensing
Office for commercial use, which is stimulating corporate
strategic business investment. Additional patents that
should become available as a result of NASA's investment
in low-power correlator development will further
stimulate investment and accelerate the technology’s
impact on the burgeoning commercial field of
spread-spectrum communications.

Contact:  David Zillig (Code 531.2)
(301) 286-8003
Sponsor:  Office of Space Communications

Mr. Zillig is Head of the RF Systems Section in the
Network Engineering Branch at GSFC. He manages
several tasks in future technology and systems develop-
ment for the Office of Space Communications Advanced
Technology Program. Mr. Zillig earned a B.S.E.E. from
the Pennsylvania State University and has been involved
in developing communications and tracking systems for
NASA GN and SN for 29 years.
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PROTOTYPING EDOS HIGH-RATE RETURN-LINK-SERVICE
PROCESSING

S PART OF THE EFFORT to explore the feasibility

of using general-purpose computers to meet key
functional and performance requirements for the Earth
Observing System Data and Operations System (EDOS),
a prototype parallel service processor (PSP) was devel-
oped and tested on a Digital Equipment Corporation
(DEC) Alpha 7000 computer. Results to date indicate that
an operational version of the prototype may be able to
perform the Consultative Committee for Space Data
Systems (CCSDS) path service at the rates specified for
EDOS if it is hosted on a platform with the appropriate
hardware features, i.e., multiple central processing units
(CPUs), the appropriate input/output (I/O) interfaces, and
a very-high-speed system bus.

The reason for developing the prototype was to exploit
the potential of symmetric multiprocessing (SMP) on
general-purpose computers. It was thought that building
a parallel service processor based on SMP technology
would close the gap between current operational capa-
bilities and future requirements. For example, traditional
service processors, which process incoming data sequen-
tially, support throughput rates of less than 20 Mbps;
but the requirement for EDOS is to support through-
put rates in excess of 150 Mbps, an increase in excess
of sevenfold.

The advantage of SMP technology is that it allows the
software developer to build true parallelism into a single
computer program, resulting in an application process that
executes as multiple threads of execution on multiple
CPUs. When the workload of a single process is balanced
over multiple CPUs, the execution time may be reduced
by a factor of the number of CPUs executing in parallel.

Most sequential service processing algorithms perform
three “copies:” the first, input, copies data from external
media to computer memory; the second is an in-memory
copy of reassembled packet data to another part of com-
puter memory; the third, output, copies the data to
external media. Throughput is limited by the sum of the
times taken to perform the copies. One way to increase
throughput is to redesign the algorithm as a pipeline that
performs the three copies in parallel as it reassembles pack-
ets within incoming blocks of telemetry data. Through-
put is then limited only by the time taken by the longest
of the three copies.
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Personnel assigned to the Systems Engineering and
Analysis Support EDOS Prototyping task designed,
coded, and tested a pipelined PSP based on GSFC’s
Advanced Orbiting Systems Testbed Service Processor.
The work was accomplished using a pair of DEC Alpha
7000 Model 610 computers connected by a fiber data dis-
tributed interface (FDDI). The Alpha that hosted PSP was
equipped with three 200-MHz CPUs,

The PSP was coded as five tasks: READ, SORT, COPY,
VERIFY, and WRITE. The five tasks executed in parallel
within a single executable image. The READ and WRITE
tasks communicated with the external media via TCP/IP
to input blocks of virtual channel data units and output
blocks of demultiplexed packets, while the SORT task
constructed a list of pointers to packets in the input buffer;
the COPY task accessed the list of pointers to copy packets
to an output buffer. The VERIFY task was stubbed for
this initial capability. Prior to testing, PSP was instru-
mented to obtain throughput rates and thread diagnostics.

To facilitate the collection of performance data, PSP was
run in three modes: MEMORY mode, in which I/O was
simulated and packets were copied only once from input
to output buffers in computer memory; INPUT mode, in
which output was simulated and blocks of frames were
copied via FDDI into buffers in computer memory as
packets were simultaneously copied from input to output
buffers in computer memory; and OUTPUT mode, in
which input was simulated as packets were copied from
input to output buffers in computer memory and blocks
of packets were simultaneously output via FDDI. Because
of hardware limitations (only one FDDI ring), it was not
possible for PSP to perform three simultaneous copies.

Testing revealed that PSP’s copy rate—the rate at which
packets could be copied from incoming frames to outgo-
ing blocks—varied as a function of the load placed on the
DEC Alpha system bus. All copy operations performed
by CPUs and the 1/O processor (IOP) required access to
physical memory, which in turn required access to the
system bus.

During PSP testing, when two copies took place simul-
taneously, copy rates slowed, suggesting that simultaneous
access to the system bus by multiple CPUs and the IOP
resulted in contention for the system bus. For example, in
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MEMORY mode, the COPY task supported an input data
rate of 221 Mbps for 221-byte packets, well above the
EDOS requirement. However, in INPUT mode, test
measurements indicated that the COPY task supported
an input data rate of only 165 Mbps. Similarly, in
OUTPUT mode, the input data rate supported by
the COPY task was only 148 Mbps.

Current test results may not be representative, because
computers that were later selected for EDOS development,
such as the Silicon Graphics, Inc. Challenge, are equipped
with system buses with two to three times the bandwidth
of the system bus on the DEC Alpha. Also, TCP/IP re-
quires several memory accesses to move data to and from
memory owned by an application process. Lighter-weight
protocols, for example the High Performance Parallel
Interface framing protocol, make considerably less use
of the system bus. Therefore, further testing on a com-
puter with more appropriate hardware features will be
necessary to determine if the system bus is a factor
that will seriously limit throughput rates in an opera-
tional environment.

PSP prototyping has shown that the speed of key hardware
components and the number of times the software accesses
physical memory are the limiting factors when performing

CCSDS path service processing on general-purpose
computers. If PSP source code is enhanced to perform
in the EDOS operational environment, it may have the
potential to perform at the required 150 Mbps.

Contact:  Alexander Krimchansky (Code 510.2)
301-286-2072
Michael Lemon (CSC)
301-794-2436

Sponsor:  Office of Space Communications

Mr. Krimchansky is an EDOS hardware systems engineer.
He has been at GSFC since 1983 as a hardware design
engineer. Mr. Krimchansky holds a B.E.E.E. from City
College of New York and an M.S.E.E. from John Hopkins
School of Engineering.

Mr. Lemon is a computer scientist at CSC. He obtained
an M.S. in Mathematics from Western Washington Uni-
versity. Mr. Lemon has 10 vears experience in the GSFC
environment.
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VERY LARGE-SCALE INTEGRATION RETURN LINK PROCESSING CARD
FOR A PERSONAL COMPUTER

HE WIDE USE OF STANDARD telemetry

protocols based on the Consultative Committee for
Space Data Systems (CCSDS) protocols in current and
future space science missions has created a large demand
for low-cost ground CCSDS processing systems. Some
NASA missions using CCSDS telemetry include Small
Explorer, Earth Observing System (EOS), Space Station,
X-ray Timing Explorer, Tropical Rainfall Measuring
Mission, and Mid-Sized Explorer Satellite (MIDEX). For
each mission ground telemetry systems are typically used
in a variety of applications, including spacecraft devel-
opment facilities, mission control centers, science data
processing sites, tracking stations, launch support
equipment, and compatibility test systems. The future
deployment of EOS spacecraft, designed to allow direct
broadcast of data to science users, will further increase
demand for such systems.

To meet these and future needs of NASA's telemetry data
systems, a low-cost, high-performance return-link pro-
cessor card for use in personal computers has been
developed. This card can process standard satellite telem-
etry formats—including CCSDS protocols—at real-time
rates up to 150 Mbps. The very-large-scale (VLSI)
Return Link Processor Card performs all CCSDS return
link processing functions and data sorting and routing.
The key components of the system are based on two
state-of-the-art, commercial, integrated VLSI circuit,
complementary metal-oxide semiconductor (CMOS),
application-specific integrated circuit (ASICs): the
Parallel Integrated Frame Synchronizer Chip (PIFS) and
the Reed-Solomon Error Correction Chip (RSEC). These
key components perform frame synchronization, bit tran-
sition density decoding, cyclic redundancy check (CRC)
error checking, Reed-Solomon decoding, virtual channel
sorting/filtering, packet extraction and data distribution.
The chips were developed by the Microelectronic Systems
Branch at GSFC, and are available commercially through
an ongoing technology transfer program. The chips are
highly configurable to allow processing of different
data formats, and can be controlled through a standard
memory-mapped microprocessor interface technology.
Because these ASICs are based on CMOS commercial
foundry processes, a very low replication cost can be
achieved.

The interface between the VLSI Return Link Processing
Card and the host personal computer is realized through
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the use of the Peripheral Components Interface (PCI) bus.
This local bus is a processor-independent bridge between
the central processing unit (CPU) and high-speed
input/output. The PCI bus is a rapidly emerging industry
standard that provides high performance (> 1 Gbps maxi-
mum transfer rate), low cost, and broad industry support.
The PCI bus was developed by Intel, and is currently
available in systems from IBM, Apple, Motorola, DEC,
Compagq, and many other PC and workstation manufac-
turers. Recently, Sun announced that it will use the PCI
bus in the future. The VLSI Return Link Processor Card
has been carefully designed to take full advantage of the
PCI bus bandwidth, so it can route data from any of up to
8000 sources to over 16,000 destinations at full PCI burst
rate. This feature allows the card to act as a data server
distributing the incoming processed data to various devices
as necessary. For example, real-time spacecraft health and
safety data could be routed to a mission operations work-
station over Ethernet while a fully processed data set could
be dumped to a disk system via a small computer systems
interface (SCSI) bus. In addition, selected instrument data
could be routed to an asynchronous transfer mode (ATM)
network interface card to allow distant science data users
the ability to work with the full set of data in real time.

The features described above offer several advantages for
the VLSI Return Link Processor Card. First, the high
bandwidth permits the rapid transfer of data through the
system for high-rate data distribution (>150 Mbps) to net-
work interfaces. The broad support that PCI enjoys
throughout the industry means that multiple systems are
available to host the VLSI Return Link Processor Card.
In addition, there are a multitude of plug-in expansion
cards available and. due to economies of scale, they are
very reasonably priced. For example, more than three
vendors currently offer 155 Mbps ATM interface cards
for less than $1,000 apiece. This is about one-fifth the
cost of current VME-based platforms. These prices should
continue to fall, thereby making the approach described
here even more viable and cost-effective.

The VLSI Return Link Processing Card allows telemetry
data processing in a single, low-cost desktop box. By uti-
lizing commercial standards, state-of-the-art commercial
CMOS VLSI ASIC technology, and flexible hardware
acceleration of telemetry protocol processing, the VLSI
Return Link Processing Card achieves a breakthrough in
price/performance characteristics.
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Further development is underway to target parallel
radio frequency digital signal processing and science
data processing. These development areas will utilize
a similar architecture and innovative design method-
ology, and promise similar improvements over current
implementations.

Contact:  Don Davis (Code 521.1)
301-286-5823
Jonathan Harris (RMS Technologies)
301-286-4751

Sponsor:  Office of Space Communications

Mr. Davis is the technical lead for the development of
next generation VLSI telemetry systems in the Micro-
electronic Systems Branch. He received his B.S. in
Electrical Engineering from the University of Maryland.
Mr. Davis has worked at GSFC since 1988, during which
time he has been involved in the design and implementation
of several real-time hardware components and systems used
for telemetry data processing.

Mr. Harris has worked at GSFC for 6 years. He received
a B.S.E.E. from the University of Maryland. Mr. Harris
has been involved in the design and implementation of a
variety of real-time telemetry processing components,
including a VLSI level zero processing system.
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SATELLITE TELEMETRY AND RETURN LINK (STARLINK)

HE SATELLITE Telemetry and Return Link

(STARLink) is a real-time airborne science and
disaster assessment system on NASA’s high-altitude
ER-2 aircraft. One of its main mission objectives is to
provide real-time, digitized image. voice, and video data
for scientists and engineers performing Earth resource,
stratospheric, and tropospheric research. Another major
objective is to provide image data for primary disaster
relief coordinators. For example, STARLink will give a
fire chief infrared image data to determine hot spots, as
shown in the first figure. Federal emergency managers
will receive timely information to assess earthquakes,
hurricanes, and floods. With existing disaster management
resources, it can be hours after landing before data can be
provided to appropriate disaster control agencies. Through
STARLIink, data can be transmitted instantaneously. This
real-time data transfer and display also provides
telepresence and telescience capabilities to maximize the
data value from science missions.

Multiple burn scars and a bright red active fire are
depicted near Ft. Hunter Liggett, CA. The detailed remote
sensing imagery was relayed in real time from a NASA
ER-2 research aircraft via a TDRS satellite using NASA's
new STARLink system. Flames are seen as the vellow ring
surrounding the 75-acre fire. Image resolution is 25 m
(81 fr) and is composed of infrared bands in the 11-,
2.2-, and 1.6-micron regions.
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As its name suggests, STARLink uses an innovative
approach to communicate with the ground. An advanced
wideband data link system on the ER-2 relays the signal
via the NASA Tracking and Data Relay Satellite System
(TDRSS) to the White Sands Complex (WSC) ground
station for distribution to users. The emphasis is on pro-
viding full duplex data between the on-board experiments
and ground facilities to allow real-time processing and
command of experiments and observations. The system
will reduce the need for scientists and technicians to be
stationed at central control facilities by allowing them to
remotely support, control, or adjust their in-flight instru-
ments. The audio link will support the pilot during
emergency missions or allow the chief scientist to
communicate with the pilot to redirect a science mission
once the aircraft is airborne. Continuous TDRSS cover-
age for all these missions will normally be 4 to 6 hours,
but could be up to 8 hours during extended missions. This
coverage must be sustained over the entire 5000-km range
of the ER-2.

The STARLink Project is being managed by the High
Altitude Mission Branch of NASA’s Ames Research
Center (ARC). The Mission Operations and Data Systems
Directorate at GSFC was asked by NASA Headquarters
to support the project with communications analysis,
interface definition, scheduling system development,
simulation, testing, and other mission requirements for
the TDRSS space and ground segments of the end-to-end
link. GSFC developed the scheduling and control system
that allows ARC to schedule TDRSS support through the
Network Control Center at GSFC. The NASA Communi-
cations Division at GSFC also contributed the statistical
multiplexer (STATMUX) equipment to the ground station
element at ARC. Although the STARLIink signal structure
does not conform completely with the requested stan-
dard TDRSS retumn-service mode, GSFC developed design
recommendations to implement STARLink support
with no modification to existing TDRSS ground
equipment at WSC.

The STARLink architecture is made up of three major
elements: the Airborne Element, the TDRSS/Space
Network Element, and the Ground Station/Control
Center Element at ARC. The Airborne Element (as shown
in the second figure) consists of a data recorder, which is
used as a temporary buffer and storage for digital data
channels from on-board experiments. The recorder
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Almost 17-ft-long, 401-1b STARLink antenna pod is mounted on a NASA Lockheed ER-2. The airborne element consists
of a data recorder, which is used as a temporary buffer and storage for digital data channels from on-board experiments.

interfaces with a modem, which multiplexes and
demultiplexes various channels; modulates the aggregate
return link I and Q channels, with capacities of 137 Mbps
each; and demodulates the forward link channel, with a
200 Kbps capacity. The return link signal is converted to
the TDRSS Ku-band frequency, amplified by a 400 W
traveling wave tube amplifier, and transmitted to the
satellite via a 30-in steerable parabolic antenna. After
relay through the TDRSS spacecratt, the return channels
are received and demodulated at the WSC ground termi-
nal, where newly installed STARLink-unique equipment
demultiplexes the channels and reduces the total data
throughput to 48 Mbps (the maximum capacity of the
current STATMUX). The data is relayed by satellite from
the WSC to ARC via an existing domestic satellite. The
Ground Station Element at ARC allows investigators to
use telephone modems, Internet, or a private on-site local
area network to accesstheir data. This data distribution
center will also coordinate all command link activity to
send information back to the aircraft through NASA
Communications Network circuits and TDRSS.

As of this writing, STARLink was scheduled to be fully
operational in late 1995 and has already successfully
completed its first flight. The ER-2 departed at noon on

July 31, 1995, and flew a 105-minute mission from ARC
to Salinas, CA, and back to ARC. The aircraft flew at
altitudes up to 68,000 ft, approaching the maximum
mission altitude of 70,000 ft. As part of its first flight,
the ER-2 scanned a small brushfire located near Fort
Hunter Liggett, CA. Other detailed imagery originated
from a Daedulus Thematic Mapper Simulator and a video
imaging system carried aloft in the payload bays. The
multispectral imagery will be used to fine-tune
STARLIink's ability to provide real-time, highly detailed
data to firefighters. STARLink data can be accessed
through the Internet via World Wide Web at http://
hawkeye.arc.nasa.gov.

Contact:  Greg Blaney (Code 532.1)
301-286-7920
Sponsor:  Office of Space Communications

Mr. Blaney is the Network Director at GSFC for the
STARLink mission. He received a Professional Aeronau-
tics degree from the Embry-Riddle Aeronautics Univer-
sity. Mr. Blaney has been at GSFC for 12 years where he
works in the Networks Division performing customer in-
tegration and operations management.
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PARALLEL INTEGRATED FRAME SYNCHRONIZER CHIP

N AN ERA OF CONDUCTING *“better, cheaper, faster”

missions, NASA must find ways to reduce the cost of
acquiring and processing spacecraft data, while in-
creasing the flexibility and performance of these data
processing systems. One of the major functional tasks of
any ground system is to provide frame synchronization
of incoming telemetry data. This involves the delineation
of framed data structures using specific data patterns to
mark frame boundaries based on sophisticated search
algorithms to ensure correct synchronization of data
transmitted across an inherently unstable space-to-ground
link. In recent years, a set of standard protocols devel-
oped by the Consultative Committee for Space Data
Systems (CCSDS) has seen wide-scale adoption by NASA
and its international partners. These protocols offer the
potential for significant cost savings by allowing the use
of standard building blocks for telemetry processing across
multiple missions. In addition, with the advent of the Earth
Observing System, which is a series of low-Earth-orbiting
spacecraft to monitor the Earth’s environment, demand
for cost-effective CCSDS protocol processing systems is
expected to increase dramatically because of the high level
of interest and large user base for this project.

The ability of very-large-scale integration (VLSI), appli-
cation-specific integrated circuit (ASIC) technology to
enable substantially smaller, cheaper, and more capable
computing systems is widely recognized. To date, the
rapid growth in commercial ASIC fabrication densities
has far outpaced the application of this technology to
telemetry systems. As part of an effort to apply these
advanced “‘system-in-a-chip” ASIC technologies to telem-
etry systems, GSFC has developed a high-performance
parallel integrated frame synchronizer (PIFS) chip. The
development of the PIFS chip for use in return link pro-
cessing applications will enable low-cost, high-performance
solutions to NASA’s telemetry processing needs for the
foreseeable future. By combining commercial CMOS
ASIC technology with an innovative parallel processing
algorithm, the complex task of frame synchronization can
be performed for all known data formats using a single
chip for the core processing.

The PIFS chip was designed to trivialize the task of per-
forming frame synchronization for any type of telemetry
data, including CCSDS and weather satellite protocols. It
is a single-chip solution for frame synchronization. Some
of its features include
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e true and inverted 64 bit sync marker correlation with
programmable error tolerances;

e programmable frame length;
e programmable frame marker pattern;

e programmable search-check-lock-flywheel acquisi-
tion strategy;

e  Dbit slip detection;

e optional flexible timecode annotation;

e optional frame quality annotation;

e cyclic redunda