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Public appreciation of satellite-based navigation—
as embodied in the Global Positioning System—
has risen dramatically since the 1991 Gulf War

and even more so during Operation Enduring Freedom.
Yet the history of this revolutionary system extends back
more than 40 years. Many organizations—including The
Aerospace Corporation—helped define its earliest goals
and capabilities by evaluating, integrating, and reconcil-
ing a host of competing ideas.

Like the Internet, GPS was originally intended for mil-
itary applications, but it now boasts more civilian than
military users. A major challenge, then, will be to keep
GPS reliable enough for civilian use yet secure enough
for critical defense needs. Indeed, the increase in civil
and commercial applications has made protection against
disruption more vital than ever before. Continued com-
mercial development—not to mention government spon-
sorship—depends on keeping the system affordable, pre-
dictable, and responsive to user needs.

From the Editors

36 Antijamming and GPS for Critical Military Applications
Anthony Abbott

The Department of Defense is working hard to enhance the jam resistance of its 
GPS-based systems. Recent research at Aerospace has yielded promising results.

42 Modernization and the Move to GPS III
Steven Lazar

The numerous critical applications and infrastructures that have come to rely on GPS
will require changes that cannot be accommodated by the system as originally con-
ceived. Aerospace has been instrumental in defining a new system architecture that
will ensure that military, civilian, and commercial needs are met far into the future.

Aerospace played a central role in the evolution of the
GPS architecture and continues to help guide its future
course. For example, Aerospace models are used to opti-
mize the constellation, determining the best configura-
tion for a given set of user needs. Research into atomic
standards, differential techniques, and augmentation
schemes helped increase overall ranging accuracy. Stud-
ies of antijamming and hybrid navigational receivers
have enhanced GPS support to military missions. Studies
of signal propagation and frequency allocations have
helped military and commercial developers share the sys-
tem responsibly. Even ancillary work in GPS-supported
orbit determination has produced tangible benefits for
satellite operators.

A full account of The Aerospace Corporation’s in-
volvement in satellite-based navigation is beyond the
scope of this single issue of Crosslink. Nonetheless, we
hope this edition will serve as a useful introduction to the
company’s wide-ranging work in this field.
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The European Union (EU) has de-
cided to press forward with plans to
develop Galileo, a European ver-

sion of the Global Positioning System
(GPS). The European Commission ap-
proved funding for the project despite re-
sistance from the United States, which sees
“no compelling need” for it, according to a
U.S. State Department announcement.

The development phase of Galileo is ex-
pected to run from 2002 to 2005, allowing
researchers to test the technology on orbit
before implementing the complete 30-
satellite constellation. A deployment phase
will follow, leading to a full operational
capability in 2008.

The Aerospace Corporation has been
helping define U.S. position with respect
to Galileo. For example, Aerospace ana-
lyzed potential interference to GPS from
Galileo’s proposed navigation signal struc-
ture and assessed options for making the
time and space reference frames interoper-
able. These reference frames define time
and position calculations for system users.
The navigation signals provide ranging

Galileo Goes Forward

The U.S. Air Force asked Boe-
ing Space and Communica-
tions in March to proceed

with production of the GPS IIF
satellites. The Block IIF program
will function as a bridge to eventual
implementation of GPS III. The
satellites will transmit new civilian
and military codes with greater ac-
curacy, integrity, availability, and an-
tijam performance. They will also be
compatible with the Evolved Ex-
pendable Launch Vehicle.

Aerospace has been assisting the
Air Force throughout its GPS mod-
ernization efforts. For example,
Aerospace reviewed Boeing’s sys-
tem specification to ensure that it reflected
the proper technical baseline. Based on
Aerospace analyses, Boeing increased the
satellite design life from 8 to 12 years,
added more accurate rubidium frequency
standards, and increased the L-band signal
power with only modest cost growth.

Air Force Approves Purchase of GPS IIF

signals, tied to the time and space
reference frames, that allow a re-
ceiver to determine its position and
time. The Aerospace work had two
goals: to prevent GPS and Galileo
from adopting signal designs that in-
terfere with each other, and to iden-
tify opportunities for making the
signals and reference frames inter-
operable. By making them interop-
erable, the United States and EU
would enable manufacturers to build inex-
pensive receivers that can simultaneously
use signals from both systems.

After identifying a range of approaches
and assessing their technical and practical
impact, Aerospace recommended that each
system develop and maintain its own refer-
ence frames but provide users with the data
needed to remove intersystem errors.
Greater levels of coordination were viewed
as technically desirable but would have re-
quired revisions of U.S. and EU policy.
Aerospace also assessed several alternative
Galileo signal designs in light of technical
and national policy goals. The assessment

Aerospace also influenced the selection
of the solar array design. The choice came
down to an expensive oversized two-panel
design or a cheaper standard-sized three-
panel design. The deciding factor was the
reaction wheel required for critical maneu-
vers. Aerospace assessed reaction-wheel

identified candidate signals that would be
compatible with existing GPS civil signals
and that provide the opportunity for estab-
lishing a new common standard structure
for future civil satellite navigation signals.
These recommendations were provided to
the GPS program office for eventual use by
the Defense and State Departments.

The EU has pledged that Galileo will be
a civil program under civil control, inde-
pendent of, but interoperable with, the civil
components of GPS. Although the initial
funding approval freed up 4.5 million eu-
ros, the total system cost is estimated at 3.4
billion euros.

performance for both designs using
customized deployment simulations.
Based upon the Aerospace findings,
the Air Force recommended the
three-panel design, which Boeing
subsequently adopted.

Aerospace recognized that the
Block IIF program needed to
achieve launch capability sooner
than originally planned. By revising
on-orbit satellite reliability esti-
mates, Aerospace helped support a
decision to move the first planned
launch from January 2006 to Octo-
ber (or potentially March) 2005. In
response to government concerns
about the risk associated with early

long-lead part procurement, Aerospace as-
sessed alternatives with an eye toward con-
stellation sustainment, technical feasibility,
and translation of program needs into
meaningful requirements. The effort re-
sulted in a decision to proceed with an in-
cremental long-lead approval option.

Gabriel Spera
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The Aerospace report, commissioned by
the Air Force, revealed other dangers as
well. Future GPS satellites will be launched
on the Evolved Expendable Launch Vehi-
cle, which, unlike current GPS launch vehi-
cles, may leave an upper stage near the con-
stellation. Aerospace is participating in an
Air Force study to develop a disposal proce-
dure for these upper stages.

The Russian GLONASS navigation con-
stellation, which already includes about 100
failed satellites, may also pose a collision

risk in 40 years, the
studies show. A simi-
lar problem applies to
Galileo, the planned
European navigation
constellation.

The most recent
study by Chao re-
vealed that the newly
recognized resonance
effect is strongly de-
pendent on orbit incli-
nation and altitude.
“The effect becomes
more pronounced for
Galileo orbits due to a
higher altitude—3000

kilometers above GPS,” Chao explained.
Understanding the dependence on initial
inclination may help the designers of GPS
III and Galileo systems select the proper
inclination for minimizing the large eccen-
tricity growth. “The maximum eccentricity
growth for GPS and Galileo can be signifi-
cantly reduced by selecting inclinations a
few degrees from the current nominal val-
ues for both programs,” he said.

The U.S. Department of Consumer
Protection ordered a Connecticut
car-rental agency in February to

stop imposing speeding fines on its cus-
tomers. The agency reportedly used GPS
to track the speed of its customers and
charged a $150 fine to their credit cards
each time they drove more than 79 miles
per hour for more than two minutes.

The consumer protection commission
did not take issue with the use of GPS or

A Fine System

The Federal Communications Com-
mission (FCC) has authorized the
use of ultrawideband devices above

3.1 gigahertz and imposed strict technical
limits on those below this frequency. The
decision was intended to protect national
security systems from frequency interfer-
ence while allowing commercial deploy-
ment of new technologies.

Aerospace has taken an active role in
U.S. evaluations of ultrawideband devices,
recognizing that they could potentially
interfere with GPS receivers if not properly
regulated. Aerospace assisted the National
Telecommunications and Information Ad-
ministration (NTIA) in selecting opera-
tional scenarios to check and planning the
appropriate tests. Aerospace also evaluated
and critiqued NTIA documentation of the
tests and inspected the testing site.

The Department of Defense supported
the FCC decision, concluding that the
technical restrictions on ultrawideband
devices would be sufficient to protect
spectrum-dependent military systems, in-
cluding GPS. Such restrictions were the
minimum required to avoid interference.

The Pentagon will monitor regulatory
and market developments to ensure that
national security is maintained and that
ultrawideband devices, as deployed, do
not jeopardize mission-critical operations
supporting public safety, national security,
and homeland defense.

Ultrawideband devices emit low-energy
signals across very wide bandwidths. They
are used for detection and surveillance as
well as short-range communications.

FCC Rules on 
Ultrawideband Devices

GPS satellites can help prevent col-
lisions on Earth, but apparently,
they need help preventing colli-

sions in space.
In fact, GPS satellites placed in disposal

orbits could collide with the primary oper-
ational constellation within 20 to 40 years,
according to recent Aerospace studies. Re-
vised procedures for decommissioning the
old satellites are therefore needed to re-
duce the risk of collision.

The problem, explained Aerospace re-
searcher Chia-Chun
(George) Chao, is
that the disposal or-
bits “start out circular
but degrade over time
into more eccentric
orbits as a result of
the resonance in-
duced by sun/moon
gravitational forces
and the Earth oblate-
ness effects.”

Besides jeopardiz-
ing the GPS constel-
lation, these satellites
could pose a threat to
operational satellites
in low Earth (LEO) and geosynchronous
(GEO) orbits, Chao said. To reduce the
probability of collisions, the decommis-
sioned satellites must be inserted into dis-
posal orbits at least 500 kilometers higher
than the GPS constellation. Moreover, the
initial eccentricity of the disposal orbit
must be minimized as much as possible,
and its perigee must be optimally oriented
with respect to Earth’s equatorial plane.

Collision Prevention for GPS

the fine itself, but only with the agency’s
failure to disclose the full details of its pol-
icy to renters.

The GPS component used in the cars is
part of a system known as AirIQ OnBoard,
which gathers ranging information about a
host vehicle and transmits it wirelessly to a
processing station—in this case, the rental
company. The manufacturer of AirIQ On-
Board is a member of the Intelligent Trans-
portation Society of America, a broad-based

organization created by Congress in 1991
to coordinate the development of intelli-
gent transport systems.

The rental agency plans to maintain its
policy, but with better disclosure to its cus-
tomers. Other agencies reportedly use
AirIQ OnBoard—to locate lost or stolen
cars, to provide driving directions, even to
unlock car doors remotely for customers—
but none imposes a surcharge for speeding.
At least not yet.

GEO

LEO

Degraded GPS
disposal orbit after
160–180 years

Degraded GPS
disposal orbit after
20–40 years

GPS
operational
zone

Initial GPS
disposal orbit



Profile

T
hree concepts for navigation
using space satellites had been
developed by the early 1970s,
the Navy’s Transit and Tima-

tion systems and the Air Force’s Pro-
gram 621B. The Department of Defense
wanted just one concept for a second-
generation navigation system and
formed a joint program office in 1973 to
facilitate cooperation among the serv-
ices toward that goal. Bradford Parkin-
son, an Air Force colonel in charge of
Program 621B in the Air Force Space
Division in El Segundo, was named the
program office’s first director and
charged with the job of pulling together
the three concepts into a new design.

A major part of Parkinson’s task was
gaining consensus from the various
services, who wanted to improve the
concepts they had developed. After studying the competing con-
cepts, he met with a group of military officers from the various
services at the Pentagon during the Labor Day weekend in 1973 to
come up with a design. What emerged from that four-day meeting
was the blueprint for Navstar/Global Positioning System, which
has since revolutionized navigation, bringing precise positioning
capability to anyone anywhere for just the modest cost of a receiver
(as low as $100).

“GPS has been a godsend to the military,” Parkinson, who is to-
day the chair of The Aerospace Corporation board of trustees, said
at a recent interview. “It allows you to precisely do in all weather,
day and night, what the military is supposed to be doing for the
country. It made possible precision weapon delivery—the bomb
hits what you think it’s going to hit, and you don’t have all this col-
lateral damage. So I feel good about that. But it doesn’t end there,
you’ve got aircraft landings, ships at sea, farm tractors, automo-
biles, mining equipment, hikers ….”

Parkinson said he is proud of leading the effort that brought
about GPS, but he credits the work of many others: “a band of peo-
ple who really believed in it. I led the synthesis, the definition of
what GPS is, but the whole story includes the important work done
by many persons from The Aerospace Corporation, the Air Force,
the Naval Research Laboratory, and the Naval Surface Weapons

Center. It’s the culmination of a lot of
technologies and support done by a lot
of people.”

For all his years of experience with
GPS while it grew into a ubiquitous
positioning tool, Parkinson still mar-
vels at its capabilities. “This little
beauty accesses all satellites in view,”
he said, holding up a small cellphone-
size GPS receiver. “It gives you a baro-
altimeter to a precision of a foot, gives
you a magnetic compass, and allows
you to wander around. I go out in the
woods, looking for old hiking trails
that have overgrown. As you move past
a way point, the little compass comes
up and gives you a black arrow that
says the next point on the trail is a
quarter mile that way. That’s the cul-
mination of GPS.”

Parkinson has continued to be involved in some way with “the
GPS adventure,” as he fondly refers to it, throughout his career. He
has written many papers on the topic, advised GPS doctoral stu-
dents, worked on numerous national projects, and for a year was
CEO and president of Trimble Navigation in San Jose, California,
a company specializing in GPS technology. He said he’s “right
now in the middle of intense interaction on GPS.” He considers
GPS his greatest challenge, his most significant achievement, and
the source of his work’s most lasting influence. “Certainly GPS
has been the highlight,” Parkinson said.

His assignment to head the GPS joint effort was a logical con-
fluence of Parkinson’s background in navigation, demonstrated
leadership, and experience in two branches of the military. At the
U.S. Naval Academy, Parkinson majored in control engineering
and learned about navigation and piloting. Just before graduation in
1957, he was selected from Naval Academy and West Point volun-
teers to become an officer in the newly formed “third service,” and
he graduated from the Naval Academy as a Second Lieutenant in
the Air Force. In 1961 he earned an M.S. degree in aeronautics and
astronautics from Massachusetts Institute of Technology, and in
1966, a Ph.D. in guidance, control, and navigation from Stanford
University. He graduated with distinction from both the U.S.A.F.
Air Command and Staff College and the Naval War College.

As the first program director of Navstar/Global Positioning System, Bradford W.
Parkinson led a group of military officers and a team of engineers to design GPS,
the most revolutionary navigation tool since the invention of the chronometer.

Donna J. Born

Building 
Consensusfrom the Ground Up

Bradford W. Parkinson, GPS architect.
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His first Air Force assignment after graduating from Stanford
was as an instructor of astronauts and pilots at the Air Force Test Pi-
lot School. By 1969 he had become chair of the astronautics and
computer science department at the Air Force Academy, when a
former classmate from the Naval Academy and MIT asked him to
help develop a new form of a gunship, the AC/H130 or “Spectre,”
for use in Vietnam. The task sounded interesting and challenging to
Parkinson, who said he was also drawn to the chance for new
achievement. He was granted a leave from his teaching duties, and
for the next year, he worked on the airplane and logged 170 hours
of night combat in Vietnam, generally as the fire control officer, but
twice as the mission commander. “It was the only weapon system
that was effective in stopping
infiltration through Laos of
supplies for the North Viet-
namese,” Parkinson said.
“I’m very proud of that ship.
I love the C130.” A photo of
the “tough old four-engine
airplane” has a prominent
place on his office wall.

Parkinson was director of
the GPS Joint Program Of-
fice for six years. When by
1978, GPS had met its major
goals, he decided to retire
from the Air Force rather
than move to an administra-
tive position at the Pentagon
in Washington, D.C. He re-
turned to teaching, but after
one year as professor of me-
chanical engineering at Col-
orado State University, his
career took another turn—
this time into the commercial business world. He became vice
president of the Space Systems Group at Rockwell International,
Inc., involved with the space shuttle, and a year later, vice presi-
dent at Intermetrics, a software-development company in Cam-
bridge, Massachusetts. In 1984, he accepted a research professor-
ship at Stanford University, where he was later appointed a
tenured professor and named to the endowed “Edward C. Wells”
Chair of Aeronautics and Astronautics. He eventually became
head of Stanford’s GPS program and co-principal investigator for
the NASA and Stanford Gravity Probe B gyroscope experiment
to test two unverified predictions of Albert Einstein’s general
theory of relativity.

Chair of the Aerospace board of trustees since December 2000,
Parkinson first joined the board in March 1997, bringing a technical
background and experience that related well to the mission of the
corporation. “I didn’t hesitate to accept the appointment, in partic-
ular because Aerospace has a noble mission.” The board’s job, as
Parkinson sees it, in addition to its important fiducial responsibility,
is to give guidance to the company’s president, William Ballhaus,
while providing him the freedom to run the company. “I think you

have a very, very competent president,” Parkinson said. “And I’m a
little proud of him because I led the search committee that found
him.”

Parkinson has served on the boards of several companies, is a
fellow of many professional societies, and has been inducted into
the NASA Hall of Fame. Numerous awards for his work include
1990 membership in the National Academy of Engineering, which
carried the citation: “For technical leadership and innovative engi-
neering management especially in gyroscopy and the global posi-
tioning system and for significant contribution to guidance and nav-
igation.” He is a fellow of England’s Royal Institute of
Navigation—Prince Philip presented him with the Gold Medal in

1983. “My dad came from
England … so that tickled me
and it tickled my dad.” He
considers his honorary degree
from the University of Cal-
gary to be quite an accolade.

Parkinson’s vitality ex-
tends naturally into his pri-
vate life. Among his many
interests are sailing, skiing,
snowshoeing, backpacking,
and hiking in the woods, for
all of which, not surprisingly,
he relies on his GPS receiver.
He is a history buff (Presi-
dent Lincoln and Admiral
Nelson are two of his heroes)
and delights in telling stories,
which often reveal his sense
of humor. For as long as he
can remember, he wanted to
be an engineer and is pleased
with his achievements, yet

humble before them. His wife, Ginny (“the joy of my life”), helps
on that score. Driving with her one day recently, he was excited to
show off “the wonderful things” he could do when he plugged a PC
card with a GPS receiver into his laptop. “So,” he recounts, “I’m
getting ecstatic and I say: ‘Look, it’s got us right here on Los Altos
Avenue.’ She looks over at me with some disdain and says, ‘Well,
anyone can look out the window and see that.’” But she really does
appreciate the GPS installed in her car, Parkinson continued, “You
punch in the street, the address, and it takes you right there.”

Although having “retired” from Stanford this year, Parkinson still
carries an 80-percent research load. In addition to his board respon-
sibilities at Aerospace, he contributes to many national efforts, most
related to GPS, among them committees associated with GPS,
NASA’s Gravity Probe B, and the Federal Aviation Administration’s
Wide-Area Augmentation System—a GPS-based navigation and
landing system that will provide precision guidance to aircraft. As to
the future of GPS, Parkinson estimates today’s 15 million users will
grow to 50 million in 10 years. For that to happen, he said, GPS
needs to be made more robust by increasing the current one civil
signal to three, another achievement toward which he is working.

Brad Parkinson (center) with Frank Butterfield of The Aerospace Corporation and
Cdr. Bill Huston of the U.S. Navy in discussions about GPS in the early 1970s. A
model of a phase-one GPS satellite is on the table at the far right.
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Global 
Navigation

The recent conflict in Afghanistan
has once more focused attention
on the remarkable capabilities of
the Global Positioning System

(GPS), a satellite-based navigation system
that allows users to pinpoint their location
anywhere in the world. GPS first received
widespread publicity during the Persian
Gulf War of 1991. Though not fully opera-
tional at the time, the system had a signifi-
cant impact on military operations, en-
abling allied forces to coordinate their
movements in the featureless Iraqi desert
and achieve a rapid victory with a mini-
mum of casualties. Just over a decade later,
GPS was used with similar success in the
war in Afghanistan, a country renowned
for its difficult terrain. Although the devel-
opment of GPS can be traced back to the
military demands of the Cold War era, it
has gone far beyond its initial defense ap-
plications and now extends into the daily
lives of millions of civilians, who use it for
commercial, recreational, and educational
purposes.

Many people are unaware that this revo-
lutionary advance in navigational science
was conceived, in part, through studies
conducted at The Aerospace Corporation
in the early 1960s. In addition, two of the
men most responsible for its success have
direct ties to Aerospace: Ivan Getting, the
foremost initial advocate for GPS, was the
corporation’s founding president, and
Bradford Parkinson, who headed the first
GPS Joint Program Office, is chair of The
Aerospace Corporation board of trustees.
During the first half of the 20th century, re-
searchers at various organizations were
separately developing the technologies that
would eventually be used to create GPS.

By 1960, much of this work had coalesced
in a manner that would place Aerospace at
the heart of GPS research.

Precursors
Radio was the first modern technology ap-
plied to position finding. As early as 1912,
Reginald Fessenden began conducting ex-
periments on the coast of Massachusetts
and devised a simple system of using radio

waves to help ships determine their posi-
tions. The system was extremely inaccu-
rate and geographically limited. The devel-
opment of the first true all-weather
position-finding system, LORAN A (Long
Range Aid to Navigation), had to wait until
World War II, when the destruction of Al-
lied ships in the North Atlantic gave rise to
a crash program to create such a system.

Charting a Course Toward

Steven R. Strom

In the 1960s, the Global Positioning System emerged as a
radical new way to provide precise navigation for U.S.
armed forces across the globe. Early work at The Aerospace
Corporation helped get the program off the ground.

An early rendition of the Navstar/GPS constellation showing 18 satellites in orbit.
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LORAN A was developed in Division
Eleven of MIT’s Radiation Laboratory. Co-
incidentally, in October 1940, a 28-year-
old research physicist named Ivan Getting
was beginning his tenure as head of Divi-
sion Eight of the Radiation Laboratory. Al-
though Getting’s division did not do any
work in navigation, as a member of the Ra-
diation Laboratory Steering Division he
“was very much aware of the remarkable
success of LORAN.” The Navstar/GPS
system would later employ LORAN’s
method of using time difference in the ar-
rival of radio signals to calculate position.
During the postwar period, variations of
LORAN A were developed, including the
more accurate, high-frequency LORAN C
and the low-frequency OMEGA system.

Many of the major scientific and techno-
logical advances of the mid-20th century
were closely linked to the launching of the
first artificial satellites. Indeed, the devel-
opment of satellite technology was a cru-
cial precursor for GPS, and the system’s
key navigational concept was discovered
as a result of the Sputnik launch on Octo-
ber 4, 1957. Sputnik was little more than
an orbiting radio transmitter, but it cap-
tured the attention of scientists across the
globe. Two scientists at the Johns Hopkins
University Applied Physics Laboratory
(APL), George Wieffenbach and William
Guier, realized as they listened to Sputnik’s
signal that they could determine its orbit
from the Doppler frequency shift detected
as it passed overhead. Their measurements
were subsequently confirmed by findings

from other tracking sites. From this obser-
vation, Frank T. McClure at APL reasoned
that, conversely, if the orbit of a satellite
were known, then Doppler-shift measure-
ments could also be used to determine any
ground position on Earth.

Pursuing this concept further, the Navy
initiated studies for its first satellite naviga-
tion program, the two-dimensional Transit
system, in 1958. Many scientists, engineers,
and military leaders recognized from the
beginning of the space race that satellites
held great potential for navigation. In 1959,
concurrent with the development of the
Transit program, a staff report to the House
Select Committee on Astronautics and
Space Exploration predicted that during the
next decade, “Satellites can, and will, be-
come one of the principal aids to navigation
for sea, air, and perhaps, space craft.” The
first Transit prototype satellite was launched
in April 1960, demonstrating the feasibility
of a satellite-based navigational guidance
system. The development of Transit was
important for the future of GPS, as elements
of the program were eventually incorpo-
rated into the GPS architecture.

Another system used in early GPS stud-
ies was MOSAIC, a three-dimensional
LORAN-type ballistic missile guidance
system developed in the 1950s by the Mis-
sile Division of Raytheon, where Getting

had gone to work in 1951 as vice president
of engineering and research. MOSAIC
(Mobile System for Accurate ICBM Con-
trol) was first proposed to the Air Force by
Getting and his colleague Shep Arkin on
May 11, 1960. The Air Force was worried
about the potential vulnerability of Amer-
ica’s land-based ICBMs, so the MOSAIC
plan was to mount the Minuteman missiles
on railroad cars and rotate their positions.
In addition, MOSAIC provided for
advanced control and guidance systems
once the missiles were in flight. Just six

Engineers from Aerospace and Grumman in 1972, testing a transmitter for the 621B Defense Navi-
gation Satellite system at White Sands Missile Range, New Mexico.

Brad Parkinson served as the first program man-
ager of the GPS Joint Program Office, estab-
lished in 1973.

As the first president of Aerospace, Ivan Getting
oversaw the development of Project 621B, the
precursor to the Global Positioning System.
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weeks after Getting presented the MOSAIC
proposal to the Air Force, he was invited to
become the first president of the newly
formed Aerospace Corporation. Getting’s
presidency began on August 1, 1960.

Project 621B
Only a few months after the formation of
Aerospace in the summer of 1960, much of
the knowledge base that was pivotal to the
development of GPS was already taking
shape. By necessity, Getting began his
tenure with a rapid hiring campaign, at-
tracting a large block of researchers and
engineers from Space Technology Labora-
tories (STL). Several of the planners at
STL had been briefed on the MOSAIC
program, and although it was canceled in
early 1961, they brought their expertise
and knowledge to Aerospace. The princi-
pal mission of Aerospace was “to aid the
United States Air Force in applying the full
resources of modern science and technol-
ogy to the problem of achieving those con-
tinuing advances in ballistic missiles and
military space systems which are basic to
national security.” To that end, Aerospace
initiated a series of studies in areas where
the application of space systems might
prove most valuable. One of the earliest of

these studies dealt with
navigation.

By the beginning of
1963, Aerospace had
some 1463 scientists
and engineers on staff.
Two major studies were
initiated that year. Pro-
ject 75 attempted to de-
fine ballistic missile sys-
tems for the year 1975.
Project 57 (the name
was derived simply by
inverting the numbers of
Project 75) sought to
clarify the areas where
space systems could be
successfully used for
military applications.
The Project 57 study
was directed by Phillip
Diamond of the Systems
Planning Division, and,
as Getting noted, it was
“in this study that the
GPS concept was born.”
In 1963, the Space Divi-
sion of the Air Force
began supporting this

study, known as Project 621B, and re-
quested that Aerospace continue its work
on determining navigation coordinates
from satellite signals. The Air Force placed
a high priority on finding a better position-
ing system for its aircraft. The Transit sys-
tem was too slow and too intermittent to
keep up with the high speeds of airplanes,
and the Air Force hoped to obtain an accu-
racy of 15 meters—much better than what
Transit was providing for ships. According
to Parkinson, Project 621B had “many of
the attributes that you now see in GPS. It
has probably never been given its due
credit.” Getting relates that the Aerospace
navigation studies were “directed at meet-
ing the Air Force requirements as we un-
derstood them: the system should be re-
sponsive to an unlimited number of users;
the user equipment was to be passive (i.e.,
nonradiating); and it was to be as accurate
as technology would permit.”

From 1964 to 1966, several Aerospace
team members made outstanding contribu-
tions to GPS studies within Diamond’s di-
vision. These men included Peter W.
Soule, James B. Woodford, Lawrence L.
Hagerman, Alfred Bogen, Richard
Slocum, Robert Levinson, Arthur Shapiro,

B. P. (Pete) Leonard wears a Navstar backpack in this 1978 photo. Leonard, then vice president of
Aerospace’s Navstar program group, is flanked by Col. Don Henderson (left) of the Space and Missile
Systems Organization (SAMSO) Navstar program office and Ed Lassiter (right), principal director of
Aerospace’s Satellite Navigation Systems Directorate.

An artist’s rendering of a Navstar/GPS satellite.
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Howard F. Marx, and Hideyoshi Naka-
mura. It was Nakamura and some of his
coworkers who suggested that range meas-
urements for an aircraft should be calcu-
lated using signals from four satellites. The
aircraft’s crewmembers could then obtain
a three-dimensional position by measuring
four distinct differences in the signals’ ar-
rival times and then adding these to a clock
connected to a quartz oscillator. Each satel-
lite would also have its own clock, which
would be updated continuously by ground
signals. In essence, this was the operational
concept that eventually led to GPS as it is
known today. Woodford, who had joined
the 621B team in 1965, conducted research
on the characteristics of the signals that
were transmitted from satellites to re-
ceivers. Following the conclusion of these
studies in 1966 and briefings by Nakamura
and Woodford, the Air Force awarded con-
tracts to TRW Systems and Hughes Air-
craft Company to begin design studies for
the proposed system. Diamond and his
team assisted with the design studies and
continued research on other facets of GPS,
including satellite deployment and the
placement of onboard atomic clocks.

The ultimate implementation of GPS
would not have been possible without

concurrent advances
in other fields. The
1960s witnessed re-
markable leaps in
the development of
computers, solid-
state microproces-
sors, atomic clocks,
signal processing,
and bandwidth uti-
lization techniques.
The advances in
atomic clocks al-
lowed Roger Easton
of the Naval Research
Laboratory’s (NRL)
Naval Center for
Space Technology to
develop an innovative
satellite-based navi-
gation system known
as Timation (Time
Navigation). Tima-
tion was conceived in
1964, and the first
Timation satellite was
launched in 1967,
with a second follow-
ing in 1969. These
satellites each carried

a high-quality crystal oscillator. The third
satellite, launched in July 1974, was the
first to fly an atomic clock. The Timation

system was ultimately successful in pro-
viding three-dimensional location cover-
age. Meanwhile, Aerospace continued to
conduct its own research for the 621B pro-
gram. By the late 1960s, Aerospace recom-
mended a concept design that employed 20
satellites placed in geosynchronous in-
clined orbits ranging 30 degrees north and
south of the equator.

Compromise and Consensus
By this time, Getting and Diamond were
actively working to obtain the full backing
of the Department of Defense (DOD) for
GPS. Air Force support for 621B contin-
ued, but any full-scale GPS effort would
need support from DOD. It was becoming
increasingly clear that some type of coordi-
nation was needed among the three com-
peting ideas for a fully developed satellite-
based navigation system: APL’s Transit,
NRL’s Timation, and the Air Force’s 621B.
To coordinate these efforts, members of the
Navy, Army, and Air Force formed
NAVSEG (Navigation Satellite Executive
Group) in 1968, but the committee had no
real powers to enforce any decisions that it
reached. In 1969, Getting asked President
Nixon’s science advisor, Lee Du Bridge,
for help. Du Bridge had been Getting’s
boss at the MIT Radiation Laboratory. He
advised Getting not to advocate a presiden-
tial commission to sell GPS, but to push his
ideas through the military customers with

Members of the Aerospace technical staff in 1980, discussing the space
segment of GPS.

Weight and balance tests of the third prototype satellite in the Navstar/GPS constellation are con-
ducted prior to its launch from Vandenberg Air Force Base.
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the greatest needs for a navigation system.
From that time on, Getting concentrated
his efforts on the Air Force and the scien-
tific elements of the Defense Department.

In November 1972, Air Force Col. Brad-
ford Parkinson was assigned by Gen. Ken
Schultz to manage the satellite navigation
program. Parkinson’s move from the Ad-
vanced Ballistic Missile Reentry System
program to 621B marked the beginning of
the first real progress in the eventual ap-
proval of GPS because he quickly realized
that a synthesis of the three competing pro-
posals would be necessary. Parkinson re-
members that “I entered the picture when
those three concepts were in a death strug-
gle—none of them was going anywhere.”
Parkinson examined the competing con-
cepts in great detail and came to the con-
clusion that some elements of all three sys-
tems would be needed in GPS if it was to
prove successful.

On April 17, 1973, DOD authorized the
creation of a joint, three-service program
office and selected the Air Force as the lead
military service. Parkinson was appointed
to be the first program manager of the
newly created GPS Joint Program Office.

The program’s headquarters were located at
the Los Angeles Air Force Station (as it was
then known), the headquarters of the Space
and Missile Systems Organization
(SAMSO) in El Segundo, California. The
Los Angeles Air Force Station was adjacent
to The Aerospace Corporation, which estab-
lished a GPS program office in July 1973
with Bruce L. Adams as its manager. He
was succeeded by Edward Lassiter in 1974.

In August, Parkinson presented the
621B proposal to the Defense System Ac-
quisition Review Council (DSARC),
which promptly rejected it. But the council
expressed likely support if the proposal
could be expanded to address some of the
ideas and requirements of the other armed
services. Over the Labor Day weekend in
1973, Parkinson convened a meeting of
about 12 military officers at the Pentagon
to discuss such a multiservice system. It
was at this meeting, he said, that “the real
synthesis that became GPS was created.”
With program approval from Malcolm
Currie in DOD Research and Engineering,
Parkinson was able to convince all parties
that the synthesized design was the proper
one to select. The compromise system used

atomic clocks in its satellites and orbits
similar to those used for the Timation sys-
tem, but with higher altitudes to provide a
12-hour period. The structure and frequen-
cies of the digital signals were essentially
the same as those used in 621B. The number
of satellites proposed for the 1973 GPS sys-
tem, 24, is the number in use today. As
Parkinson would remark, “Basically our La-
bor Day system is still the current system.”

As the program manager, Parkinson now
had a unified development team for the
hard work ahead, and with his new com-
promise in hand, he went back to DSARC
and was granted approval to proceed with
GPS work on December 22, 1973. Initial
funding was about $150 million. The pro-
gram was also renamed Navstar (which is
not an acronym), but people still referred
to it as Navstar/GPS, or simply GPS.

The ability to create the synthesis that
became GPS and build the system remains
Parkinson’s outstanding achievement as
program manager. As Getting would later
remark in his autobiography, “The ap-
proval of the joint project, which became
known as Navstar, would probably not
have come about ... had not General

Models of different versions of GPS in 1991.
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Schultz, commander of the
Space Division, assigned Col.
Brad Parkinson as program
manager in November 1972.”

Rapid Development
Over the next 15 years, GPS
development proceeded at a
rapid pace. Much of the work
in Phase I (concept valida-
tion) consisted of testing the
many potential types of user
equipment. Many of these
experiments occurred at the
Yuma Proving Ground in
Arizona using ground-based
transmitters in lieu of orbit-
ing satellites. Extensive test-
ing was also done with the
position determination of a
wide variety of vehicles, air-
craft, and troops with GPS
receivers. Between 1977 and
1979, more than 700 tests
were conducted, and all of
them confirmed the system’s extraordinary
accuracy. On February 22, 1978, the first
Block I developmental Navstar/GPS satel-
lite was launched from Vandenberg Air
Force Base, using an Atlas F booster.
Three more satellites were launched in
1978. Ed Lassiter remembers that “Aero-
space had a huge impact on the success of
these first four launches and on the entire
GPS program.”

The DOD approved Phase II of the pro-
gram in 1979, the same year that Allan
Boardman took over from Lassiter as GPS
program director at Aerospace. This phase
of GPS was intended to provide global
two-dimensional coverage for a select
group of users. In 1981, Jim Henry suc-
ceeded Boardman as principal director, and
he remained in that position until 1992.
Additional GPS satellites were launched in
the early 1980s.

In 1985, Phase III (the production and
development phase) began, and the first op-
erational GPS Block II satellite was
launched in February 1989. GPS was un-
expectedly able to validate its worth fol-
lowing the Iraqi invasion of Kuwait in
1990, when the system provided invaluable
navigational information to airborne,
ground, and naval units of the allied forces.
During and after the Persian Gulf War, the
media’s coverage of GPS helped stimulate
a surge of civilian interest. By the time GPS
was declared fully operational in 1995, its
future success was virtually guaranteed.

Conclusion
In 1992, as a member of the GPS team,
Aerospace shared the nation’s most presti-
gious aeronautical award, the Collier Tro-
phy. The citation accompanying the award
called GPS “the most significant develop-
ment for safe and efficient navigation and
surveillance of air and spacecraft since the
introduction of radio navigation 50 years
ago.” The award was a capstone to three
decades of difficult development work, re-
markable innovation, and tireless advocacy
by Aerospace personnel, often at a time

when only a handful of peo-
ple recognized the system’s
enormous potential. As Get-
ting would later note, “While
the Collier Trophy was
specifically directed at the
GPS with principal recogni-
tion of The Aerospace Cor-
poration, the Air Force, the
Navy, and the associated
contractor team, I look upon
it as a recognition of Aero-
space and all its programs
and people.”
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The Global Positioning System
(GPS) provides timing and nav-
igation for a wide range of ap-
plications, from intelligent

transportation systems to power control
grids. In the short time since its introduc-
tion, the technology has established itself
as an indispensable component of daily
life—even though most of its users know
relatively little about it. When asked to de-
scribe the uses of GPS, many people men-
tion its highly visible role in
navigating airplanes or boats;
but based on the number of re-
ceivers produced each year, the
system’s dominant roles are in
intelligent transportation sys-
tems, telecommunications, and
precision delivery of military
munitions. Moreover, its use in
supporting both critical civil in-
frastructure and military opera-
tions has received new attention
since September 2001.

As principal advisor to the
Air Force on space acquisitions,
The Aerospace Corporation
played a significant role in the
development of GPS, providing
proof-of-concept studies, con-
stellation design and manage-
ment studies, accuracy improve-
ment initiatives, independent
assessments, and operational as-
sistance. With the modernized
Block IIR and Block IIF satel-
lites nearing launch—and the GPS III pro-
gram now in its planning stages—the
technology is poised to reach new levels
of sophistication unimagined just a few
years ago.

Concept Overview
GPS is designed to provide accurate
three-dimensional navigation anywhere in
the world, at any time, under all weather
conditions. Each satellite is essentially an
orbiting atomic clock with a radio-
frequency transmitter that constantly
broadcasts a signal. By comparing the sig-
nal received from the satellite with an in-
ternally generated signal, a receiver meas-
ures the time it takes for the signal to

travel from the satellite to the user. Multi-
plying this time-delay measurement by
the speed of light, the receiver calculates
the user’s pseudorange to the satellite
(range plus user clock offset). Using such

pseudorange measurements from four or
more satellites, the receiver determines
the user’s three-dimensional position (lat-
itude, longitude, and altitude) and time.

The GPS ranging signal is broadcast on
two frequencies, 1575.42 megahertz (L1)
and 1227.6 megahertz (L2). Each satellite
transmits a unique code, enabling all satel-
lites to use the same frequencies (a
process known as code division multiple
access). A short, unencrypted code

(known as the C/A code) with a
1-millisecond period is broad-
cast on L1 and is generally used
for civilian applications. Its short
duration allows low-cost equip-
ment to search its code phase
quickly, enabling rapid acquisi-
tion and tracking. A longer, en-
crypted code (the P(Y) code) is
broadcast on both L1 and L2 for
so-called “authorized” users—
generally U.S. government
agencies and military allies. The
P(Y) code provides more accu-
rate ranging with lower risk of
spoofing (reception of spurious
signals that the receiver accepts
as real) and better rejection of
multipath (extraneous reflected)
signals. Many authorized users
initially acquire the C/A code,
then transfer to P(Y).

Why are two frequencies
needed? Earth’s ionosphere de-
lays the arrival of GPS signals,

and this discrepancy must be corrected to
achieve a precise position fix. Because
signals at different frequencies propagate
through the ionosphere at different
speeds, users that receive both L1 and L2

Colleen H. Yinger

GPS was originally designed for defense operations, but civilian receivers
now far outnumber military receivers. The number of operational receivers
has increased exponentially over the last decade as the technology has
moved in diverse and unexpected directions.
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The position of the GPS receiver is where the ranges from a set of satel-
lites intersect at a single measurement time. The range measurements
are used together with satellite position estimates based on the precise
orbital elements broadcast by each satellite. Four satellites can be used
to determine three position dimensions as well as the offset between the
receiver’s inexpensive clock and a satellite’s highly precise atomic clock.
Computation of receiver clock offset is critical because a timing error of
just 10 nanoseconds would produce 3 meters of ranging error (10 bil-
lionths of a second times the speed of light, 3 × 108 meters per second).
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signals can correct for ionospheric delays.
Civil users can make less accurate correc-
tions by using a mathematical model for
the ionospheric delays. The parameters for
the simple model are transmitted in the
data message.

The Elements of GPS
The GPS system is made up of three seg-
ments—space, control, and user—all of
which contribute to overall accuracy, relia-
bility, and functionality.

Space Segment
The baseline GPS constellation consists of
at least 24 satellites in six planes inclined at
55 degrees relative to the equatorial plane.
The operational constellation includes ad-
ditional satellites to ensure that mainte-
nance and anomalies will have minimal
impact on service. The satellites are posi-
tioned about 20,000 kilometers above
Earth in approximately 12-hour orbits.
With this configuration, almost every point
on Earth can see at least five GPS satellites,
and often many more.

The GPS satellites have solar panels to
generate power and use shaped-beam
antennas to provide nearly constant signal
strength over Earth. Satellite lifetimes typ-
ically exceed ten years, thanks to a high
degree of system redundancy.

Navigation performance is highly de-
pendent on the stability of the cesium and
rubidium atomic clocks. These high-quality
space-qualified atomic clocks have stabili-
ties of better than 1 part in 1013 over a
period of one day, which translates to an
error buildup of less than 10 nanoseconds
(3 meters) per day. To keep accuracy high,

Air Force Space Command computes and
uploads clock corrections to the satellites,
which in turn broadcast this information to
the user as part of the data messages. The
more stable the atomic clocks, the less fre-
quent the satellite uploads need to be to
maintain a desired ranging accuracy.

The first GPS satellite was launched in
1978. Initial operational capability was es-
tablished in December 1993 when the full
constellation of 24 satellites was com-
pleted. Final operational capability was an-
nounced the following year.

Control Segment
GPS employs a worldwide ground network
to monitor the health of the satellites, keep
them in their intended orbits, and update
their clock and position data.

Five globally distributed monitor stations
track the GPS satellites and send ranging
data to a master control station in Colorado
Springs. The master control station pro-
cesses the ranging measurements in a
Kalman filter every 15 minutes to deter-
mine satellite orbit and clock corrections.
Periodically, roughly once per day for each
satellite, the master control station predicts
the orbits and clocks and forms a naviga-
tion message. The navigation message is
sent to a ground antenna for upload to the
satellite on an S-band data link and trans-
mitted to the user on the GPS signal.

The navigation message is transmitted
on both the L1 and L2 channels at a rate of
50 bits per second. The message has a
1500-bit frame (30-second duration) con-
sisting of five 300-bit subframes (6 seconds
each). Subframe 1 contains clock parame-
ters. Subframes 2 and 3 contain orbit
parameters. Subframes 4 and 5 contain al-
manac data (less accurate orbit data that is
used only for signal acquisition), single-
frequency ionosphere model parameters,
and GPS-UTC (Coordinated Universal
Time) offset data.

User Segment
A GPS receiver tracks selected satellites
and computes user position. A receiver
consists of an antenna (typically omni-
directional), filtering and amplification cir-
cuits, and signal-tracking components.
Satellite positions are computed from nav-
igation message data. The pseudorange
measurements are corrected for satellite
clock errors, Earth rotation, ionospheric
delay, tropospheric delay, and relativistic

effects. The corrected pseudorange data
and satellite positions are used to compute
user position, velocity, and time. The com-
putation may be done using GPS alone or
integrating data from other sensors such as
altimeters, compasses, and inertial meas-
urement units. Depending on the applica-
tion, user position may be superimposed on
a map, used to make corrections to a
weapon in flight, or transmitted to a central
processing facility.

Continuous Development
The Aerospace Corporation has maintained
a significant role in all of these system ar-
eas. For example, analysts at Aerospace
helped define a constellation that would
strike the right balance between user cover-
age and system cost. Aerospace continues
to optimize the constellation for competing
demands and to assess satellite replenish-
ment strategies.

Aerospace participated in early proof-of-
concept studies, algorithm development,
and validation efforts to improve ground-
station modeling and orbit calculations. Al-
though most space programs need to pre-
dict the orbits of their satellites, the needs
for GPS exceed those of other programs.
Hence, GPS requires more detailed models
and more accurate calculations. For exam-
ple, Aerospace analysts were responsible
for the adoption of a technique for model-
ing solar-radiation pressure, which re-
moved a major impediment to GPS success
by enhancing the estimation and prediction
of the GPS orbits. Aerospace personnel
have also been involved in algorithm
enhancements, parameter selection, and

Block IIA satellite. Block IIR satellite.
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clocks is diminish-
ing, thanks to the
success of the GPS
program, so Aero-
space is working
with the Air Force to
preserve the nation’s
industrial base for
atomic clocks for
GPS III and beyond.

Error Sources
GPS navigation per-
formance is deter-
mined by the accu-
racy of the ranging
signal and the quality
of the user-satellite
geometry. Sources of
ranging-signal errors
include signal-in-
space errors (uncer-
tainties in satellite position and clock data),
signal propagation delays through the ion-
osphere and troposphere, and receiver er-
rors. Satellite geometry determines how
the ranging errors affect user navigation er-
ror. An ideal four-satellite geometry would
have one satellite directly overhead and
three satellites equally spaced around the
user’s horizon. In general, more satellites
are better. Newer receivers generally im-
plement “all-in-view” satellite selection, as
opposed to “best-of-four” criteria, and 12-
satellite civil receivers are common.

Navigation error is roughly the expected
ranging error multiplied by the “position
dilution of precision,” an instantaneous
measure of the geometric quality of the
satellite configuration selected by the GPS
receiver. Actual values typically range be-
tween about 2 and 3 for the operational
constellation because most sites will see
more than enough satellites, though their
geometry will probably not be ideal. Loca-
tions and times with high position dilution
of precision (often defined as greater than
6) produce less accurate navigation or a
navigation “outage.” The position dilution
of precision concept provides a convenient
way to predict user navigation perform-
ance, analyze alternate constellations, and
study the impact of satellite failures.

How Good Is It?
The original GPS specification called for a
military three-dimensional position accu-
racy of 16 meters and a civilian horizontal
accuracy of 100 meters (civilian accuracy
was intentionally degraded—a protocol
known as “selective availability”). Actual

GPS navigation accuracy depends on the
user’s receiver, location, and dynamics.
Military performance is now on the order
of a few meters, constrained by signal-in-
space errors and receiver performance.
With selective availability set to zero in
May 2000, stand-alone civilian systems
can typically achieve performance in the
10–20 meter range, limited primarily by
single-frequency ionospheric modeling
constraints.

In addition to exceeding original accu-
racy expectations, GPS has also exhibited
an impressive history of reliability, in-
tegrity, and availability. GPS satellites are
outliving their specified mean mission life
(six years) by a factor of nearly two. Aero-
space studies of satellite reliability enabled
the Air Force to revise its procurement
schedules, thereby saving hundreds of mil-
lions of dollars without interrupting user
coverage. In the eight years since full oper-
ational capability was declared, only one
service failure occurred in which a satellite
generated an unusually large error without
either being declared unhealthy or being
corrected immediately. The Air Force con-
tinues to look into ways to improve its re-
sponsiveness to the rare occurrence when a
satellite inadvertently broadcasts incorrect
information.

Augmentation
Applications requiring greater navigation
accuracy can take advantage of a technique
known as differential GPS. In this case,
GPS satellites are tracked from one or
more reference sites whose positions are
precisely known, thereby determining the

similar initiatives that have significantly
improved the accuracy of the system. The
company remains active in the operations
and modernization of the current ground
control segment.

Aerospace has also developed new al-
gorithms for jam-resistant receivers. For
example, Aerospace is developing and
promoting ultratight GPS/inertial coupling
techniques that not only increase jamming
protection but also improve accuracy, in-
tegrity monitoring, and detection and mit-
igation of multipath signals. Aerospace
also played a key role in the development
of the Combat Survivor/Evader Locator, a
GPS-based rescue system for U.S. mili-
tary forces.

Aerospace and the Naval Research Lab-
oratory have supported the development
of space-qualified atomic clocks for GPS
applications since the early 1970s. Aero-
space helped analyze and resolve numer-
ous clock anomalies encountered during
the early phases of the GPS program. In-
terestingly, the demand for highly stable

Satellite
position error

Satellite
clock error

Signal
Ionosphere
(60-1000 kilometers)

Troposphere
(0-30 kilometers)

Multipath

GPS error sources include satellite clock and position errors, propagation
errors, and user receiver errors such as noise and multipath signals. Mili-
tary users can generally eliminate the ionospheric effect by using dual-
frequency measurements. Civilians apply a single-frequency model that
reduces ionospheric error. Multipath error is caused by reflection of GPS
signals off nearby surfaces and depends on antenna-to-satellite geometry.
Proper antenna design and placement can minimize multipath errors by
eliminating reflected signals. Troposphere is modeled in the receiver.
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Signal-in-Space Errors

Signal-in-space errors are errors in the
clock corrections and orbit data broad-
cast by a satellite. Performance is
driven by the stability of a satellite’s
atomic clock, the fidelity of the clock
and orbit estimation and prediction, 
and the frequency of the navigation
message uploads. Signal-in-space
errors have been reduced from nearly
6 meters to about 1.7 meters over the
past ten years as a result of constella-
tion buildup, improved satellite clocks,
enhanced ground algorithms and soft-
ware tuning, and more frequent naviga-
tion message uploads. Aerospace 
provided enhanced algorithms and
software tuning that helped achieve this
nearly fourfold accuracy improvement.



For a satellite located close to the horizon,
the delay can be up to three times as great.

The dual-frequency GPS user can factor
out ionospheric delays by using the time
delays from the L1 and L2 pseudorange
measurements.

Single-frequency receivers (primarily
civilian) must use a model broadcast by the
satellites to partially compensate for iono-
spheric effects.The vertical single-fre-
quency correction is a cosine function with
peak amplitude at 14:00 local time and a
constant nighttime offset of 5 nanoseconds
(which translates to roughly 1.5 meters).
The amplitude and period of the model are
computed from coefficients uploaded to the
satellite daily by the control segment. An
elevation-dependent obliquity factor con-
verts the vertical correction to a slant cor-
rection.The single-frequency correction
model typically reduces statistical iono-
spheric error by about 50–60 percent.

With the discontinuation of selective
availability, ionospheric error has be-
come the dominant error source for the
single-frequency user. Modernized
Block IIR satellites, to be launched
beginning in 2003, will have a second
civilian signal on L2, providing civilian
users the opportunity to implement
dual-frequency corrections, resulting in
navigation and timing performance that
approaches the level of the authorized
user.
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ranging errors to each satellite. The refer-
ence site transmits the ranging corrections
to users in the vicinity in real time. Since
the dominant error sources are common to
the user and a nearby reference site, most
errors can be eliminated. The accuracy of a
differential system degrades with separa-
tion distance between the reference site
and the user.

Numerous differential systems are cur-
rently operational or planned. The mar-
itime differential GPS developed by the
U.S. Coast Guard operates more than 50

differential sites around U.S. coastal areas,
harbors, and rivers. The system provides
better than 10-meter accuracy and was
originally designed for harbor approach,
vessel tracking, and buoy positioning.

Nationwide Differential GPS is a
planned improvement and expansion of
the maritime system to more than 120 sites
to provide free differential corrections
throughout the United States. Applications
include train control, intelligent trans-
portation systems, crop dusting, precision
mining and farming, and snowplow man-
agement. For example, Nationwide Differ-
ential GPS—in conjunction with gyros,
axle generator interfaces, track databases,
and communication links—can help pre-
vent train collisions and improve railroad
track utilization. Several commercial dif-
ferential systems are also available in the
United States and internationally, some
providing corrections via communication
satellites.

Surveyors and geologists studying plate
tectonics achieve centimeter-level accu-
racy or better using a combination of dif-
ferential techniques and carrier tracking.
Carrier tracking uses the GPS radio-wave
phase rather than standard code tracking to
obtain ranging resolution that is a small
fraction of the 19-centimeter wavelength
(as small as 2 millimeters, or 1/100th of
the wavelength). Carrier tracking is not ap-
propriate for all users because it requires

Aerospace provided key technical guidance in
the development of the Combat Survivor/
Evader Locator (CSEL). This rescue radio uses
GPS to communicate survivor position to res-
cue forces, enabling rapid rescue with minimal
exposure to hostile conditions.
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A typical vertical single-frequency ionospheric
correction profile over the 24-hour day.
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The elevation-dependent obliquity factor in-
creases from 1.0 at vertical to about 3.0 at a 
5-degree elevation.

Signals Through the Ionosphere

The ionosphere, the layer of the atmo-
sphere between about 60 and 1000
kilometers high, causes a frequency-
dependent signal delay that can be a
major source of GPS navigation error. The
magnitude of this delay depends on user
location (particularly latitude), time of day,
time of year, and solar activity. For a satel-
lite directly overhead, errors occurring
during daytime hours typically range be-
tween 5 and 10 meters but can exhibit
significant spatial and temporal variation.

greater signal strength and resolution of the
cycle ambiguity (i.e., which carrier cycle is
being tracked). Also, it may be challenging
for dynamic applications.

Aerospace was instrumental in the im-
plementation and testing of a worldwide ac-
curacy enhancement system for military
users. By providing more frequent clock
corrections in the GPS navigation message,
this system reduces signal-in-space errors
by 20–30 percent for suitably equipped mil-
itary users. Aerospace demonstrated the po-
tential of this method and other differential
techniques to improve GPS navigation per-
formance for several munitions, including
the conventional air-launched cruise missile
and the Joint Direct Attack Munition.

For the civilian aviation sector, the
biggest navigation challenge is service in-
tegrity—that is, how does one guarantee
that GPS is not broadcasting misleading in-
formation that could result in injuries or
death? The Federal Aviation Administra-
tion Wide Area Augmentation System is
being tested to meet the stringent require-
ments of the civilian aviation industry for
accuracy, integrity, and system availability.
The Wide Area Augmentation System
processes tracking data from 25 reference
stations throughout the United States to
compute and disseminate GPS corrections
and integrity information to aviation users
via geostationary satellites. Since accuracy
of civil users is generally constrained by
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the accuracy of the GPS single-frequency
ionospheric model, the Wide Area Aug-
mentation System will transmit a more
complex and accurate grid-based iono-
spheric model to its users. One of the most
challenging technical areas is the accurate
determination of this time-varying, geo-
graphically dependent ionospheric grid.
Aerospace used its long-established iono-
sphere modeling expertise to test the ability
of this algorithm to satisfy the Wide Area
Augmentation System ionosphere correc-
tion requirements.

Applications above Earth
Although GPS was originally designed for
terrestrial and airborne use, its applications
now extend far above Earth. Aerospace has
been active in many of these applications.
A number of engineering studies by the
company have supported the role of GPS
on missiles and launch vehicles. As early
as 1987, the Aerospace Range Systems Ar-
chitecture Study recommended the “transi-
tion from radar to the Global Positioning
System (GPS) as the primary source of
tracking” at the Western and Eastern Space
and Missile Centers. A 1999 Space-Based
Range Feasibility Study reaffirmed GPS
capabilities to meet most tracking require-
ments. Recent analysis has demonstrated
GPS capabilities to satisfy launch vehicle

tracking requirements for real-time range
safety. All of these studies support in-
creased use of GPS for range standardiza-
tion to reduce operational expenses.

Flight experience has demonstrated GPS
applicability on many satellites in orbits
ranging from low Earth to geostationary.
For example, Radcal—a radar calibration
satellite launched by the Air Force in
1993—demonstrated a precision orbit de-
termination capability using an inexpen-
sive GPS receiver. Flight-data processing
at Aerospace produced a postflight orbit
accurate to 5 meters, satisfying require-
ments for the worldwide Department of
Defense radar-calibration system.

Aerospace has also provided perfor-
mance assessments for the more challeng-
ing mission of high-altitude spaceborne
users. These users, well above the GPS con-
stellation, receive some GPS signal
spillover from the far side of Earth. Aero-
space has shown that by using sophisticated
orbit modeling and measurement process-
ing, GPS can meet the orbit determination
needs of many high-altitude space systems.

The Future of GPS
GPS is playing an increasingly important
role in all aspects of military operations—
from ground troop maneuvers to precision
weapon delivery. But the role of GPS in

civilian applications is expanding even
faster. As navigation technology matures,
the trend will continue toward embedded
GPS applications integrated with commu-
nication systems and large databases. For
example, integrated systems could pro-
vide immediate traffic information and
route alternatives to rush-hour drivers or
advertise a particular restaurant to poten-
tial customers in its vicinity as the dinner
hour approached. In fact, given the em-
phasis on complete system integration, fu-
ture users may not even be aware that
satellite navigation technology will be at
work in their daily lives. 

Promising applications are abundant in
the transportation arena: real-time traffic
information, route guidance, fleet control,
collision avoidance, automated accident
reporting, and automated toll charges, to
name just a few. Other uses—such as auto
insurance pricing based on when, where,
and how fast a car is driven—might not be
so popular with the general public.

GPS has become an essential element in
the global infrastructure and has exceeded
the expectations of even its early develop-
ers. Aerospace played a prominent role in
the development of this dual-use space
system, and will continue to guide and
support its future evolution.

GPS in Action
The potential applications for GPS sys-
tems go far beyond the initial project
goals. Here are three diverse examples.
Automated Collision Notification
GPS will play a major role in the en-
hanced 911 Phase II FCC mandate for
cellular carriers, which will require auto-
matic cell-phone location using network-
based, receiver-based, or hybrid technol-
ogy. GPS-based systems will be required
to determine location to an accuracy of 50
meters (with 67 percent confidence) and
150 meters (with 95 percent confidence).
Cellular carriers will deploy the capability
over the next few years.

Some manufacturers are going a step
further by developing automated systems
for accident response. Some will use
airbag deployment systems to detect
crashes. Others will integrate sensors
such as accelerometers to gather addi-
tional information about the severity of a
crash. The cellular system would automat-
ically transmit the data to an emergency
center, enabling emergency crews to
reach the crash site more quickly and with
better preparation, even when the driver
is unable to initiate the emergency call.

Maritime Navigation
The majority of commercial and recre-
ational vessels now use GPS. Maritime
applications include ship routing, traffic
management, collision avoidance, and
distress response. Differential GPS
covers many coastlines and harbor
entrances. In many cases, the accuracy
of the GPS-based positioning system
surpasses the accuracy of the nautical
charts used by the mariners.

GPS has helped make onboard real-
time ship routing a reality, enabling nav-
igators to determine the optimal route
based on the current weather, sea con-
ditions, forecasts, and specific ship
characteristics. The routine can be used
to optimize a combination of travel time,
fuel consumption, ship protection, and
passenger comfort.

Some challenges remain—for exam-
ple, the control of very large vessels in
restricted waters and during berthing,
especially in areas of strong tides or
high winds. Integration of GPS with
other devices such as underwater
acoustic sensors may make these more
challenging applications feasible.

Agriculture
Agricultural applications are naturally
suited for GPS because open environ-
ments generally allow good satellite vis-
ibility. Already, GPS has been widely
used in yield mapping, crop dusting,
and assisted or automated steering of
farm vehicles.

Yield mapping is a technique used to
record the amount of crop harvested
along with the real-time position of the
harvesting machine. A two-dimensional
yield map shows yield as a function of
position, supporting decisions such as
future fertilizer application rates.

An assisted steering system pro-
vides a display showing any deviation
from a planned course, helping the trac-
tor driver stay on track. An automated
steering system completely relieves the
driver of this task. Steering of machin-
ery for planting, harvesting, fertilizing,
and similar tasks typically requires
accuracy on the order of 30 centime-
ters. This performance can be achieved
with some differential systems or by
integration of differential GPS with 
other sensors such as gyroscopes.
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The configuration of the Global
Positioning System (GPS) has al-
ways represented a compromise
between user needs, budgetary

constraints, and technical feasibility. The
constellation has evolved to reflect chang-
ing requirements and program support, but
the overriding management goal has never
changed: to provide the most functional
system for the broadest class of users, given
a limited amount of resources. In pursuit of
this goal, the GPS community must contin-
ually ask where to place satellites to best
meet current and future needs. Research at
The Aerospace Corporation has been essen-
tial in helping to answer that question.

Initial Proposals
The 24 primary satellites in the GPS con-
stellation orbit Earth at an altitude of
roughly 20,000 kilometers, circling the
planet twice a day with precisely repeating
ground tracks. Each of the six orbital
planes, inclined 55 degrees relative to the
equator and evenly spaced around Earth,
contains at least four satellites, and some
contain an additional spare satellite.

A 24-satellite baseline constellation was
first proposed in the late 1970s. Various
studies indicated that three orbital planes
each containing eight satellites uniformly
spaced 45 degrees apart would meet initial
requirements most efficiently. The inclina-
tion was set at 55 degrees, and the orbital
period was set at 11 hours, 58 minutes (to
support repeating ground tracks). The three
orbital planes would be perpendicular to
one another and equally spaced around the
equator. The in-orbit phasing between ad-
jacent planes would be offset by 30 de-
grees as measured from the point where
they crossed the equator.

Highly symmetrical configurations such
as this are known as uniform constella-
tions. The satellites are evenly distributed
within the orbital planes, and the orbital
planes are equally offset from each other.
Early GPS models focused on uniform
constellations because they provide the
most satellite visibility on a global scale;
however, uniform constellations do not al-
ways provide the best geometry, which ul-
timately determines receiver accuracy.

Nonuniform constellations were also
considered—particularly after funding cuts
forced the GPS program to move from 24
planned satellites down to 18. Aerospace
conducted extensive analyses of satellite
failure effects and determined that a three-
plane constellation would achieve the
broadest coverage possible with the 18
budgeted satellites. In fact, this nonuni-
form three-plane constellation could pro-
vide greater coverage than a uniform three-
plane constellation.

Nonetheless, concern over the impact of
satellite failures prompted a decision to
support an 18-satellite, six-plane uniform
constellation. Even this configuration,
though, would result in a band of degraded
accuracy that could last as long as one hour
per day in the latitudes 30–40 degrees
north and south of the equator.

Early Launches
Despite these planning efforts, no satellites
were launched into any of these constella-
tions. The first satellites were actually
launched into two orbital planes with 120-
degree separation at the equator. This
arrangement was chosen because it could
serve as the basis for either a three-plane or
a six-plane constellation. Seven more
Block I satellites were ultimately launched
into a nonuniform constellation. The goal
was to provide maximum coverage over
Yuma, Arizona, where most of the early
testing took place. The Block I satellites
had a 63-degree inclination, which would
provide better global coverage than a 55-
degree inclination in case a six-plane con-
stellation was adopted.

In the early 1980s, the United States
decided to use the space shuttle as its prin-
cipal launch source, and GPS was recon-
figured for launch on this new platform. To
accommodate new launch constraints, the
inclination of the constellation was de-
creased to 55 degrees.

In early 1986, the space shuttle Chal-
lenger’s solid rocket booster exploded dur-
ing liftoff, prompting the GPS program to
reassess its launch strategy. Consequently,
the decision was made to switch from shut-
tle launches to Delta booster launches, and
this switch caused a three-year delay in
launching Block II satellites.

Paul Massatt and Wayne Brady

Deciding where to put the GPS satellites is no easy task. Research at Aerospace has
been instrumental in answering the fundamental questions of constellation
management: how many, how high, how close, and how long.

Constellation 
Management

Optimizing Performance Through

The baseline GPS constellation consists of 24
satellites in six inclined planes, providing continu-
ous fourfold (or better) coverage across the globe.
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Shortly after the Challenger explosion,
one of the Block I satellites failed. The Air
Force was concerned that another satel-
lite—the oldest on orbit—might also fail,
eliminating any testing coverage at Yuma.
Aerospace analysts examined the potential
for moving different satellites to improve
coverage. Researchers developed opti-
mization techniques to determine the best
arrangement for all satellites and the bene-
fits that could be attained by moving only
one or a few satellites.

The analysis revealed that one large ma-
neuver would ensure three hours of daily
testing coverage over Yuma even if the old-
est satellite failed and five hours if it sur-
vived until the next block of satellites could
be launched. This one large maneuver was
coupled with a delay of station-keeping
maneuvers for several other satellites to let
them drift naturally into better locations.
This event shows why simulations of cov-
erage are often pessimistic: Most simula-
tions assume that spares will only be
moved within their existing slots when pri-
mary satellites fail. In actuality, if failures
occur that are likely to have a long-term
impact on GPS coverage, satellites will
probably be moved wherever they’re
needed to improve the situation.

Spares and Pairs
While the GPS program office was transi-
tioning to the initial 18-satellite target,
Aerospace performed optimization studies
to determine whether the three planned
spares could be integrated more fully into
the overall design to provide global cover-
age. Researchers began by studying the na-
ture of the bands of degraded accuracy ex-
perienced with the 18-satellite, six-plane
uniform constellation. Analysis showed
that the degraded accuracy was produced at
locations and times when only four satel-
lites were visible. Moreover, it appeared
that the high degree of symmetry inherent
in the uniform constellation was in fact part
of the problem. By carefully characterizing
all of the regions of degraded accuracy,
Aerospace determined that nonuniform
fivefold coverage could be provided over
the affected regions by substituting three
satellites with three pairs of satellites. A
small movement of two additional satellites
enhanced the coverage even more.

While this strategy would prevent com-
plete outages, it did not improve accuracy
as much as desired; in fact, several regions
would still experience substandard perfor-
mance. Hence, Aerospace began searching
for a way to optimize local performance.

Several obstacles had to be overcome
before an optimization algorithm could be
developed. For example, the methods gen-
erally used to evaluate coverage over the
whole Earth throughout the course of a day
relied on point-by-point evaluation over an
extensive space-time grid. In addition, GPS
receivers only locked onto four satellites at
a time, so every combination of four satel-
lites had to be examined individually. This
method was cumbersome and slow. To op-
timize performance, one had to evaluate
coverage over the large grid while also try-
ing to determine how much to move the
satellites, methodically repositioning each
one and assessing its impact on perform-
ance. Moreover, the procedure required
multiple iterations.

Researchers quickly realized that an opti-
mum could not be achieved through tradi-
tional point-by-point grid evaluations. A
breakthrough came when they applied new
analytical methods using newly improved
software. These changes considerably in-
creased the efficiency of each objective
function evaluation. They also allowed re-
searchers to compute the effect of changing
satellite locations more quickly. Rather than
look at the effect of moving the satellites
one at a time, they could track the satellites
involved at the start and end of each period
of degraded accuracy and analyze the effect
of changing just those satellites. With these
software efficiencies in place, optimization
became much more feasible.

Gearing Up
The Aerospace analysis generated a
nonuniform 21-satellite, six-plane constel-
lation that had practically no degraded ac-
curacy or severe drops in performance. The
new constellation was also deemed more
robust than the existing one, meaning it
would perform better in case any satellites
unexpectedly failed. Raising the inclina-
tion angle to 60 degrees or higher did not
seem to impart any significant advantage,
and considering that launch constraints
made such a change difficult anyway, the
inclination was preserved at 55 degrees.
The Air Force approved the 21-satellite
constellation as the new baseline and in-
structed the GPS Joint Program Office to
implement it as soon as possible.

At the same time, the Air Force made
clear that the ultimate goal for GPS was a
24-satellite constellation, and this was to
be implemented as soon as funding permit-
ted. Therefore, the program office needed
to develop a 24-satellite constellation
based on the 21-satellite plan. Fortunately,

the program office had anticipated this
need, and even before the Air Force author-
ized the 21-satellite constellation, Aero-
space was already investigating the optimal
24-satellite constellation and developing a
transition plan.

Computationally, this was not an easy
task. The objective for the 24-satellite con-
stellation was to maintain as much cover-
age as possible in the event of unexpected
satellite failures. To find a local optimum,
researchers would have to consider the fail-
ure of each of the 24 satellites individually.
In addition, the larger constellation pre-
sented two to three times as many satellite
combinations for each function evaluation.

Researchers tried to narrow their options
as much as possible. For example, they de-
cided to stick with the six-plane constella-
tion because moving individual satellites
from one orbital plane to another would re-
quire an extremely large amount of fuel.
Also, they decided to focus on uniform
constellations because the high degree of
symmetry for such constellations favors
strong global coverage. Still, these initial
studies failed to provide a useful result.
The best six-plane uniform constellation
suffered significant losses of accuracy
whenever a single satellite failed. In fact,
coverage with a single satellite failure was
not much better than that afforded by the
21-satellite constellation.

Aerospace analyzed the conditions that
produced the poor accuracy and discovered
that they all occurred with six satellites vis-
ible; however, the extremely regular and
symmetric arrangement of the satellites ac-
tually prevented accurate ranging. It be-
came clear that a uniform constellation
might not be the best bet. While uniform
constellations are effective at maximizing
the number of satellites in view to users,
they are not always effective at providing
the best geometry to minimize position-
estimate errors. Thus, unable to find a good
six-plane uniform constellation, researchers
began looking for a nonuniform alternative.

Several nonuniform arrangements were
evaluated to see which one would provide
the best coverage in case a number of satel-
lites (up to three) failed. The best was a
constellation based on the 18-satellite, six-
plane uniform constellation—but in this
case, certain satellites were replaced by
pairs of satellites located close to each
other (roughly 30 degrees apart on the
same orbital plane). Once a robust initial
configuration was found, Aerospace ana-
lysts migrated its modeling software to a



Crosslink Summer 2002 • 19

The coverage provided by the GPS constellation has grown more robust
over time. These color contour plots show the cumulative amount of time
per day that portions of the globe experience degraded accuracy (i.e., po-
sitioning error exceeding 9 meters or so). The first plot (top left) shows the
amount of degraded accuracy for the full 18-satellite nonuniform constel-
lation. The second plot (top right) shows that very few areas of degraded
accuracy remain for the full 21-satellite nonuniform constellation. The third
plot (middle left) shows that the 21-satellite constellation is sensitive to a
single satellite failure. The fourth plot (middle right) shows that the

24-satellite constellation is less sensitive than the 21-satellite constella-
tion to a single satellite failure. The fifth plot (bottom left) shows that the
24-satellite constellation is sensitive to a dual satellite failure. The sixth
plot (bottom right) shows that the 27-satellite constellation is less sensi-
tive than the 24-satellite constellation to a dual satellite failure. Hence, the
ability of the constellation to withstand sudden satellite failures improves
as the size of the nonuniform constellations increases. Moreover, the tran-
sition from one constellation to another generally involves only minor
amounts of satellite repositioning.
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instances, when aging satellites failed,
spare satellites were relocated to replace
them. Afterward, engineers successfully
revitalized the failed satellites, so the repo-
sitioned spares no longer contributed to the
robustness of the constellation as strongly
as they had earlier. In addition, the orbits of
the aging satellites have migrated signifi-
cantly from their ideal positions, which
further erodes robustness.

Such migration within the orbital planes
was expected, but the predicted impact was
considered small compared to the pre-
dicted impact of complete satellite failures.

In actuality, with satellites lasting
much longer than expected, the im-
pact has been greater than originally
expected. Finally, the lack of satel-
lite failures has created an unrealistic
expectation by users that global cov-
erage will continue at the same level
that it has in the past—although this
is like expecting an old car to experi-
ence no more mechanical problems
than a new car.

Requirements and Demands
Recently, the aging of the constellation did
permit a small outage lasting 15–20 min-
utes that repeated daily over portions of
Texas and Oklahoma. While this outage
was small compared to what one would ex-
pect under steady-state operation of the
constellation (when failures and launches
occur at roughly the same rate), the region
that was affected did not consider it small at
all. Concern over the outage and its impact
on civil transportation systems prompted
officials to reposition one of the older satel-
lites and retarget a launch to ensure unin-
terrupted service over the affected area.

This incident clearly demonstrates the
dichotomy that has developed between
user expectations and design objectives.
GPS was not designed to provide continu-
ous, uninterrupted global coverage. While
global coverage has always been an objec-
tive, it has been pursued only within the
limits of budgetary constraints.

For example, the size of the constella-
tion was adopted to balance user demands
for maximum coverage against govern-
ment demands to constrain cost. If global
coverage were the only goal, then a larger
constellation could have been built. The
difference in expectations between the
users and builders of GPS stems from the
shift in the predominant user community
from military to civilian. When GPS is tied
to civilian requirements, any outages

the 24-satellite constellation but also
enough spares to ensure that the constella-
tion size never fell below 24.

Spare satellites were not launched until
the primary satellites had aged enough to
present a strong probability of failure.
When the risk of failure was deemed great
enough, spares were launched into
whichever orbital plane held the greatest
risk of not maintaining four satellites. Each
spare was positioned within the orbital
plane in the location that provided the
greatest increase to the robustness of the
constellation. The availability of a large and

robust constellation, coupled with the rar-
ity of any satellite failure, allowed GPS to
provide nearly continuous global coverage
from the completion of the constellation in
1994 until the present.

When the initial GPS constellation was
deployed, it was managed without a spe-
cific coverage requirement. Consequently,
all constellation design and management
decisions were based on the need to
achieve optimal performance within rea-
sonable operational loads and cost con-
straints. Eventually, a requirement was im-
posed for global coverage 98 percent of the
time with a reasonable level of accuracy.
The requirement was based on the amount
of coverage that could be maintained if a
worst-case failure of two satellites oc-
curred during conditions of the worst po-
tential satellite drift. In actuality, most
users would regard this coverage as unac-
ceptable, so the requirement therefore did
not change the management philosophy of
striving to achieve the best coverage and
robustness at all times within the stipulated
budgetary constraints.

To date, users of GPS have not experi-
enced the significant loss of coverage that
was predicted in early failure and replace-
ment models. Few failures have occurred,
and the satellites have lasted much longer
than originally expected. Still, the longevity
of the GPS satellites has produced some
unique problems. For example, in a few

Cray supercomputer, with modifications to
take advantage of the Cray’s pipeline pro-
cessing capabilities.

Through this intensive modeling, the 24-
satellite six-plane constellation was opti-
mized to provide as much coverage as pos-
sible in the event of a single satellite
failure. But although the optimization re-
duced the outages experienced with fail-
ures, it did not eliminate them all. The Air
Force considered availability more impor-
tant than small improvements in accuracy,
so the constellation was optimized again to
emphasize assured service over ultimate
precision. With the redesigned con-
stellation, the degradation in accu-
racy experienced during satellite
failures was less severe. Moreover,
overall performance after a satellite
failure would not be significantly
worse than with previous optimiza-
tions. As a matter of fact, the ranging
error for the Block I satellites was
less than half the initial specifica-
tion, so the net accuracy provided by
the new constellation was still better than
the accuracy for which the system was
originally built. In addition, the constella-
tion showed little sensitivity to satellite
drift.

Launch and Management
The GPS program office targeted initial
Block II launches to enhance coverage
over Yuma (to facilitate testing). After the
success of the first few launches, remaining
launches were targeted to improve global
coverage as quickly as possible, with the
exception that after Iraq invaded Kuwait,
one launch was altered to provide better
coverage over the Persian Gulf.

Midway through the buildup of the 21-
satellite constellation, the Defense Depart-
ment determined that GPS had the
resources to support a 24-satellite constel-
lation. This decision was based upon the
strong performance shown by the Block I
satellites (exceeding lifetime expectations
by a factor of two) and the strong perform-
ance of the Delta launch booster. Realizing
that many more satellites would have to be
moved if the transition were conducted
after full deployment, the program office
began the transition to the 24-satellite con-
stellation midway through the launch
schedule. This action fulfilled the Air Force
directive to implement a 24-satellite con-
stellation as soon as funding permitted.
The Pentagon reviewed the decision and
consequently decided to support not only

All constellation design and
management decisions were
based on the need to achieve
optimal performance within
reasonable operational loads
and cost constraints.
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quickly become intolerable. The mush-
rooming demand for GPS is rapidly plac-
ing greater priority on the desire for guar-
anteed uninterrupted service; it remains to
be seen whether future funding and im-
provements in constellation replenishment
and management strategies will satisfy this
desire.

The GPS satellites are growing old and
more prone to failure. User expectations
have been built upon the service provided
by a very robust constellation of relatively
young satellites. As satellites age, failures
should occur roughly in proportion to their
replenishment rate, approximately two to
three times per year. Failures will also oc-
cur at nonuniform rates, with some years
seeing no failures and some years seeing
several. Maintaining coverage during the
replenishment cycle will be challenging.

Consequently, Aerospace conducted a
new study to determine whether a larger
constellation with greater robustness could
be implemented, using allocated spare
satellites directly in its structure to de-
crease dependence upon replacements.
From this study, Aerospace devised a 27-
satellite constellation, and the program of-
fice has since repositioned certain satellites
to facilitate the transition. The 27-satellite
constellation has five satellites in every
other orbital plane—two paired and one
isolated. The constellation can be main-
tained so that the most critical slot in each
orbital plane always contains a strong
healthy satellite with low risk of failure.

This strategy should alleviate the need
for quick replacement of satellite failures
via on-orbit spares. It should also reduce
the desire to deal with every potential fail-
ure by launching a spare, and thus help
minimize replenishment costs. The new
constellation was optimized for best cover-
age with failures using the same criteria ap-
plied to the existing constellation. It was
also examined carefully for its perfor-
mance with two failed satellites. The new
constellation is not expected to redress all
the issues regarding the imbalance between
user expectations and program funding, but
it should alleviate some of the problems.

New Studies and New Capabilities
GPS is currently reviewing all require-
ments, satellite designs, constellation de-
signs, and constellation management strate-
gies with the intent of providing a better
system that can be launched between 2009
and 2020. Constellation management issues
are especially important when one starts to

compare different numbers of orbit planes.
For example, in a six-plane constellation, it
is better to fly a large constellation without
spares rather than a small constellation with
spares because failures are unpredictable
and the number of spares required to cover
all orbit planes is costly. Spares can be used
to advantage in a three-plane constellation,
however, if they can be equipped with the
ability to rapidly replace failed satellites. A
large constellation without spares reduces
the sudden impact of failed satellites, while
a small constellation with spares can restore
full constellation service faster.

Comparisons of three- and six-plane
constellations are difficult because they are
managed differently. In addition, the likely
cost of the long transition between constel-
lations (roughly 12–15 years, or the life-
time of the satellites) must be carefully
weighed along with an assessment of the
transition’s impact on performance. Many
other issues need to be examined, such as
the ability to expand the constellation to
meet increasing user demands and the abil-
ity to defend against hostile threats. These
analyses will require computation several
orders of magnitude greater than before.

Aerospace is exploring other constella-
tion management issues as well. For exam-
ple, when is it better to preemptively repo-
sition satellites to maintain healthy units in
critical constellation slots? If a satellite
fails and cannot be replaced quickly, does
it make sense to move another satellite to
improve the constellation’s coverage or ro-
bustness? Should satellite drift be con-
trolled by keeping satellites within speci-
fied tolerances, by assessing the impact to
coverage, or by changing the altitude of the
constellation? How do different constella-
tions compare when appropriate manage-
ment strategies for each are considered?

While increases in user requirements are
likely to spur the demand for more satel-
lites, the ability to meet that demand in a
cost-constrained environment will require
careful engineering. Fortunately, new hard-
ware and software efficiencies are permit-
ting Aerospace to achieve computational
efficiency significantly better than before.
This will greatly boost the ability to ana-
lyze new requirements and compare both
constellations and constellation manage-
ment schemes. Thus, the confluence of
governmental budgetary constraints, user
demand, and engineering capability should
continue to determine the optimal configu-
ration of the GPS constellation.

How High Should They Fly?

If GPS had been built for civilian instead
of military use, it might have evolved as
a regional U.S. system served by
geosynchronous satellites, which would
provide local coverage at a lower cost
but would not support the nation’s global
defense capabilities. In actuality, the 24
primary and spare satellites orbit Earth
at an altitude of 20,000 kilometers,
circling the planet twice a day with
precisely repeating ground tracks.

The altitude of the GPS constellation
was influenced by two primary criteria:
the need to support a system for
detecting nuclear detonations, and the
need to permit early testing of a small
constellation with minimal risk. These
criteria favored a semisynchronous
orbit—but these criteria are no longer
the primary drivers of constellation
management.

Aerospace has been conducting
studies to determine whether a new
altitude would be preferable, but these
studies consistently show a loss of
efficiency in transitioning to a
geosynchronous (or higher) orbit; from 
a cost-benefit perspective, the current
altitude is still the most efficient.

One altitude change that may be
beneficial, however, is a small boost that
will allow the orbits to migrate from their
repeating ground tracks. Currently, the
ground track of each satellite crosses
the equator at precisely the same
longitude. As a result, each satellite
experiences the same gravitational
effects day after day. Thanks to the
longitudinal variations in Earth’s
gravitational field, these gravitational
effects eventually cause some satellites
to speed up or slow down relative to
each other. To preserve the beneficial
satellite-to-user geometries, this
acceleration or deceleration must be
corrected every year or so with station-
keeping maneuvers—thrusts that
counteract the gravity-induced motion.
This thrusting action expends fuel and
induces error into the satellite position
that must be corrected over time by
reestimating trajectories through
postmaneuver monitoring and site
observations. The satellite is marked
unhealthy during this period and does
not contribute to a user’s navigation
calculations. A small altitude change
would move the satellites off their
repeating ground tracks so that they
would all experience the same
cumulative gravitational field effects over
time, eliminating the need for station-
keeping maneuvers.
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For centuries, astronomers,
physicists, and mathematicians
have sought to predict the mo-
tion of celestial bodies. It was

not until the late 1950s, however, with the
launches of the Sputnik and Vanguard
satellites, that the modern discipline of
orbit determination was born. This new
field differed from traditional astronomy
in three essential ways. First, it typically
tracked satellites via radiometric tech-
niques, rather than via telescopes. Sec-
ond, it focused on Earth-centered orbits,
rather than orbits around the sun or dis-
tant planets. Third, it relied on intensive

numerical calculations, rather than esti-
mates and heuristics.

The science progressed quickly in its
formative years, thanks to the rapid ad-
vances in computing technology that ac-
companied the early space race. Such de-
velopments finally made it possible to
solve (in a reasonable amount of time)
the computationally intensive equations
that govern orbital motion. Much of the
early work focused on generating better
ephemerides—timetables of satellite
speed and trajectory. Large computers
would calculate the complex equations of
motion to generate these tables, and the

results would be compared with actual
radio measurements from tracking sta-
tions. The comparison would reveal ways
to improve the underlying algorithms,
gradually increasing the precision of the
orbital predictions.

Today, The Aerospace Corporation
plays a prominent role in the science of
orbit determination, along with the related
fields of orbit reconstruction and orbit
prediction. Techniques developed by the
company continue to set the standard for
researchers across the globe, and new ad-
vances promise to keep Aerospace at the
forefront of the field.

TRACE
Aerospace involvement in orbit determi-
nation extends back to 1961. The U.S.
military space effort was well underway
by this time, and the Air Force Satellite
Control Network (AFSCN) already in-
cluded a master control station in Sunny-
vale, California, and nine S-band (1.7–2.3
gigahertz) tracking stations positioned
across the globe. It was at this time that
Aerospace engineers began developing an
orbit determination and analysis program
called TRACE.

TRACE was unique in that it was not
designed for any one mission or applica-
tion; rather, it provided a configurable,
general scheme for modeling a wide array
of orbits, orbital missions, and tracking
networks—including AFSCN. It also pos-
sessed an error-analysis capability that en-
abled orbit planners to evaluate hypothet-
ical scenarios and optimize tracking
schedules accordingly.

TRACE became a standard tool in the
industry and was used to prototype many

John Langer, Thomas Powell, and John Cox

The Global Positioning System is remarkably precise in determining a user’s
location. But before these satellites can help anyone else, they first need to know
their own positions and movements. Orbit determination is the branch of space
science that makes such knowledge possible.

Orbit 
Determination

The Maui Space Surveillance Site, located at the summit of Mount Haleakala, Hawaii, is a state-of-
the-art electro-optical facility supporting both the Air Force Maui Optical Station and a Ground-
based Electro-optical Deep Space Surveillance (GEODSS) sensor suite. Data from this and other
sites are used to compute the orbits of objects of foreign or unknown origin.
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early operational systems. In fact, TRACE-
based analysis contributed to the orbit-
determination design for most major U.S.
military and intelligence satellite systems.
The software has been under continuous
development and enhancement for more
than 40 years, and is still one of the few
standards employed industrywide.

Traditional Approaches
Aerospace used its TRACE software to
develop key concepts for the Defense
Satellite Program (DSP), which provides
military surveillance, and Milstar, which
provides secure communications. The
nature of these two constellations pre-
sented various challenges for planners and
operators alike.

For example, researchers found that the
accuracy of the DSP ephemeris could be
enhanced by a reduction in the latency
period of its distributed orbit-vector esti-
mates. They achieved this by processing
the tracking data and estimating the orbit
in real time. In that way, the current orbit
elements can be distributed at a frequency
driven by the frequency of tracking data
collection—nominally four to six times per
day. Of course, a real-time orbit estimator
presents a more difficult technical problem
than the standard “least-squares” estima-
tor. Noise and other unpredictable error
sources can derail a real-time orbit estima-
tor, and these need to be filtered out.

Aerospace developed a sequential filter
that estimates the orbit of DSP satellites in
real time. It’s a prototype of a system that
can provide accurate short-term predictive
ephemerides on demand while also allow-
ing autonomous orbit determination—
meaning it can respond to changes in orbits
or orbital measurements without human
intervention. When proven, it will signifi-
cantly reduce the operational cost of sys-
tems for generating highly accurate orbit
estimations and ephemerides. The technol-
ogy is also used to support launches of
geosynchronous satellites, providing real-
time estimates of launch-vehicle trajectory.

Milstar navigation requirements are
based on the need for antenna maneuver-
ability, signal timing accuracy, and system
autonomy. To achieve system autonomy,
Milstar uses its communication links to
measure both range and satellite clock-
time offsets relative to a master clock. The
measured ranges from ground terminals

and from other satellites are used to
estimate a satellite’s orbit using software
based on TRACE.

Milstar’s innovative use of communica-
tion links for orbit estimation and timekeep-
ing required numerous analyses and contin-
uous evaluation by Aerospace. The system
performs well, and assuming a successful
test of the recently launched Flight 5, will
achieve global communications coverage.

Determining GPS Orbits
Navigation around the world has been dra-
matically changed by the Global Position-
ing System (GPS), and the power of this
system is derived first and foremost from
the orbit-determination process that drives
it. After all, without a way to pinpoint the
locations of the GPS satellites, users—who
determine their positions relative to the GPS
satellites—would quite literally be lost.

The GPS operational control segment
collects tracking measurements at five
(soon to be six) monitoring stations around
the world. This information is transferred
to a central processing facility in Colorado
Springs. There, the data are processed via a
Kalman filter, a device that estimates the
GPS orbits and biases in the onboard
atomic clocks. These estimates are then
used to form “navigation messages,” which
are uploaded to the appropriate GPS satel-
lites, which in turn transmit them to every
GPS receiver in range. The navigation
messages indicate where the satellites are

so users can determine their position rela-
tive to them.

Aerospace was involved in the initial de-
sign, acquisition, and deployment of the
GPS operational control segment, proto-
typing many of the algorithms in TRACE.
Aerospace modeling and simulation led to
a better understanding of GPS, and to nu-
merous improvements.

For example, the fundamental perfor-
mance metric for GPS is called user range
error—a numerical value that describes
errors in the estimates of GPS satellite po-
sition and onboard clock biases. Combined
with information about the relative arrange-
ment or geometry of the GPS satellites in
view, user range error can help predict the
accuracy of a GPS receiver’s position,
velocity, and time computation. In 1990,
the specification for user range error was
set at 6 meters. Continuous improvements
to the GPS satellites and the operational
control segment—made possible in part
by Aerospace simulations—have effec-
tively reduced the user range error from
the initial target of 6 meters to approxi-
mately 2 meters today.

Improving GPS Orbits
The GPS operational control segment
monitors the performance of the system,
but has few resources for investigating
and proposing improvements. This task is
left to various GPS-related working
groups. Acting in concert with these
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Tracking data from six Air Force monitoring stations are used to compute GPS orbits. Additional NIMA
tracking stations may be added to the GPS ground network in the future.
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Sensor Systems for Satellite Tracking

Classical orbit determination has always
relied on passive sensors such as tele-
scopes. As technology has advanced,
new ways of tracking objects in space
have arisen, but passive sensors still play
a role.

For example, the Space Surveillance
Network of the Air Force Space Com-
mand has a system known as GEODSS
(ground-based electro-optical deep-space
surveillance sensors) that uses tele-
scopes and television cameras. The tele-
scopes scan an area of space at the
same speed that distant stars appear to
move, effectively keeping the stellar back-
ground static. The cameras take rapid
snapshots of the area, and these are su-
perimposed on the telescopic images to
reveal any moving objects. Accuracy is
excellent, but operation is restricted to
night and fair weather conditions. The sys-
tem offers other advantages. For example,
GEODSS operators do not need to inter-
act with any other country or program,
which makes the system particularly use-
ful for tracking objects of foreign or un-
known origin. Technology of the sort used
for GEODSS continues to advance. Sci-
entists at Phillips Laboratory in New Mex-
ico are developing a telescope that uses
charge-coupled devices and advanced
computer processing; Aerospace
researchers are analyzing the orbit-
determination accuracies possible with
this new technology.

The Space Surveillance Network also
uses radar to track satellites. In contrast to
telescopes, which are essentially passive
receivers, radar systems are considered
active because they emit a microwave
pulse toward a space object and measure
the reflected energy.

All sensors used by the Space Surveil-
lance Network, both passive and active,
are considered noncooperative because
they require no action on the part of the
object being tracked. This feature permits
tracking of objects that are not under U.S.
control; it also enables tracking of space
debris. In fact, the Space Surveillance
Network is attempting to calculate the tra-
jectories of every Earth-orbiting object
bigger than a grapefruit.

Cooperative sensor systems require
action by both the spacecraft and the
ground station. One common example is
the Space-Ground Link Subsystem, or

SGLS, used by the Air Force Satellite
Control Network. In this case, a pseudo-
random numeric code can be imposed on
an S-band carrier signal and uplinked to a
spacecraft, which returns the signal after
applying a frequency shift. The ground
system correlates the received signal with
a replica of the transmitted signal to gen-
erate a time-delay measurement. This
measurement, when multiplied by the
speed of light, provides an approximation
of the round-trip distance. Accuracy can
range from a few kilometers to a few me-
ters, depending on the level of resources
employed.

A somewhat more accurate and much
more expensive technique is satellite laser
ranging. In this case, a laser transmitter
on the ground, combined with a tele-
scopic/photometric receiver, bounces a
precise laser pulse off a reflector on a
spacecraft and computes the round-trip
distance.

The ultimate cooperative technique is
known as intersatellite crosslink ranging.
In this technique, two satellites exploit
special characteristics of a communication
channel to extract ranging information.
This has proved quite beneficial for both
Milstar, a military communications system,
and the Tracking and Data Relay Satellite

System (TDRSS), primarily associated
with NASA Earth-orbiting experiments.
Both satellite systems are in geosynchro-
nous orbits.

In the Milstar system, the crosslink
ranging includes a mechanism for time
transfer as well as relative distance
measurements. Each satellite clock is au-
tonomously referenced to a master clock,

which is in turn synchronized to a refer-
ence cesium clock using time-offset
measurements. These measurements
also contain range information for esti-
mating the orbits of each satellite. The
resulting ephemerides and system time
are accurate enough to permit commu-
nications and autonomy.

The orbits of the TDRSS satellites
are determined from the Bilateral Rang-
ing Transponder System (BRTS), which
is similar to SGLS. In this case, how-
ever, operators can take advantage of
satellite-to-satellite ranging and knowl-
edge of the TDRSS orbits to perform
their orbit estimations. For example, in
processing data for Topex/Poseidon (a
radar altimetry satellite), scientists
found that the TDRSS ephemeris accu-
racy could be greatly enhanced by us-
ing TDRSS tracking from a satellite in a
low Earth orbit. The Topex/Poseidon or-
bit was determined using satellite laser
ranging and radiometric techniques.
The orbits of the TDRSS satellites were
then determined using one- and two-
way TDRSS-Topex/Poseidon ranging.
This technique reduced the TDRSS to-
tal position ephemeris error from 30
meters to less than 3 meters. Subse-
quently, the reduced ephemeris error
improved the orbit estimations of satel-
lites that used ranging to the TDRSS
satellites in their calculations. These
techniques demonstrated the benefits
of satellite-to-satellite ranging for pre-
cise orbit determination.

Orbit determination for the GPS
satellites is a curious mix of active and
passive techniques. The GPS satellites
actively radiate a radiometric signal
similar to SGLS, while ground-based
GPS receivers passively collect this
information without providing direct
feedback to the GPS satellites.

Orbit determination of other satellites
using GPS moves this composite one
step further. The client satellite pas-
sively collects the GPS signal, just as a
ground-based receiver would; but the
space-to-space measurements enjoy
the geometric benefits associated with
crosslinks. This added dimension allows
the user satellite to apply the superior
orbit determination underlying the GPS
system to obtain highly accurate orbit
determination for itself.

TDRSS

BRTSUser

TDRSS satellites can take advantage of
satellite-to-satellite ranging to obtain excep-
tionally precise orbit determination.



groups, Aerospace has played a key role in
several initiatives:

Reduced Age-Of-Data. A major error
source in the user range error is the “age”
of the navigation message. Errors caused
by orbital deviations tend to accumulate
over time, so the GPS user will experience
the greatest accuracy just after a navigation
message upload, and the least accuracy just
before. Originally, navigation messages
were uploaded once per day, with addi-
tional uploads made whenever user range
error was found to exceed its maximum al-
lowable value. Over the years, however, er-
ror requirements have grown more strin-
gent, necessitating better performance
monitoring and more frequent uploads,
particularly for “problem” GPS satellites
deemed to have a higher risk or history of
error. More frequent uploads, in turn, have
significantly reduced the extent of user
range errors.

Improved Satellite Clock Manage-
ment. Aerospace has years of operational
experience developing and managing
atomic clocks for GPS satellites. Aero-
space data helped show that it is better to
decommission an anomalous GPS clock
and activate a spare than to attempt to reg-
ulate the wayward clock.

Upgraded Station Surveys. Analysis at
Aerospace showed that reducing the uncer-
tainty in the GPS tracking station locations
from 1.5 to 0.1 meters would significantly
improve orbit and clock estimation. New
surveys were performed to describe the lo-
cations more accurately, and the updated
values were installed in 1994, enhancing
overall performance.

Improved “Tuning” of the Kalman
Filter. Aerospace and other research
groups suggested a number of slight ad-
justments to some of the parameters used
by the Kalman filter in the operational con-
trol segment. These adjustments were
made in 1997, first to the parameters that
control the estimation of the onboard clock
biases, then to the parameters that control
the estimation of the effect of solar wind
on the GPS satellite trajectories. These en-
hancements, once validated by the various
working groups, were implemented in the
operational control segment and produced
immediate and significant improvements in
performance.

Aerospace continues to analyze the op-
erational control segment with an eye to-
ward improvement. Aerospace is also
pushing to accelerate the Accuracy

Improvement Initiative, a multipronged
scheme that includes a major restructuring
of the operational control segment estima-
tion software, the addition of tracking data
from a number of stations provided by the
National Imaging and Mapping Agency,
and other updates. Aerospace analysis indi-
cates that these improvements will bring the
user range error down to about 1.3 meters.

Continued Innovation
Aerospace was among the early propo-
nents of the Wide Area GPS Enhancement
(WAGE) initiative. This scheme, currently
in operational testing, exploits the fact that
a number of bits in the GPS navigation
message broadcast are unused. These bits
could be used to provide update informa-
tion not only for the GPS satellite seen by
the user, but for the entire GPS constella-
tion. This clever trick of telemetry could
reduce the user range error by 15–20 per-
cent for a suitably equipped user.

Aerospace prototyped a system surviv-
ability mode for GPS, called Autonav, that
enables the system to perform au-
tonomously in case a disaster or other event
renders the operational control segment un-
usable. The GPS satellites will perform in-
traconstellation ranging measurements via
special crosslinks. Then, using onboard
processing, each satellite will compute its
own orbit and clock offsets. Not only does
this approach provide security against ca-
tastrophes, but it could also help improve
the performance of the constellation during
normal operation. As the actual Autonav
capability gets phased in, Aerospace will
test the system to determine its potential
benefits for regular performance.

GPS-Based Orbit Determination
Until the early 1990s, all orbit determina-
tion—even for GPS—relied on Earth-
based tracking and processing. Typically, a
network of tracking stations would monitor
a constellation and transfer the tracking in-
formation to one or more “central” pro-
cessing sites, where the actual orbits would
be computed. With the maturation of GPS,
certain satellites—particularly those in low
Earth orbit—could carry GPS receivers
and compute their own positions directly.
The potential cost savings makes this ap-
proach very attractive: Ground stations
might still be needed for tracking, teleme-
try, and control, but the resource-intensive
processes of scheduling, collecting, and
transferring ground-based tracking data
could be avoided. In addition, the Depart-
ment of Defense will dramatically reduce

the use of S-band for satellite tracking, po-
tentially freeing up a significant portion of
this valuable spectrum band for other uses.

Aerospace helped develop the GPS-
based orbit-determination scheme for Rad-
cal, a radar calibration satellite deployed
by the Air Force Space Test and Small
Launch Vehicle program in 1993. Com-
missioned under an aggressive one-year
contract-to-launch schedule, the satellite
was chiefly designed to support calibration
of the C-band radars used by the U.S.
Space Launch Range. Unlike previous
low-cost space missions, Radcal required
precise orbit determination—accurate to 5
meters or less during radar calibration. To
meet this requirement, Radcal carried a
special Doppler beacon that could be
tracked by a global network of tracking
stations. It also carried two commercial-
grade GPS receivers. These inexpensive
devices were not equipped to decode the
high-precision military signal known as the
P(Y) code; rather, they were designed to
receive the GPS Standard Positioning Ser-
vice, which provided positioning accuracy
on the order of 100 meters (because the
signal was intentionally degraded at the
time through a protocol known as selective
availability).
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The Wide-Area GPS Enhancement initiative
seeks to utilize unused bits in the GPS naviga-
tion message to provide update information for
the GPS satellites. This technique of telemetry
could reduce user range error by 15–20 percent
for a suitably equipped user. The top graph
shows user range error without enhancement,
and the bottom graph shows the performance
improvements possible through enhancement.
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High overhead, more than 20,000 kilo-
meters above Earth, GPS satellites
race by at speeds approaching 3800
meters per second. The movements of
these spacecraft are generally de-
scribed by the laws of planetary motion
developed by Johannes Kepler almost
400 years ago—but they are by no
means certain or simple. Each satellite
must contend with diverse forces that
constantly nudge and pull it from its de-
sired orbit.Yet in spite of this, the posi-
tions of GPS satellites must be known
at all times with exceptional accuracy.
Modeling these orbits is a complex af-
fair. Here are just a few of the many is-
sues that must be considered.

Geopotential. Earth is not entirely
spherical; in fact, it’s roughly 20 kilome-
ters greater in equatorial radius than in
polar radius. It’s also highly irregular in
the distribution of its internal mass. As a
result, Earth’s gravitational field (or
geopotential) is highly complex. Original
models of this field were derived from
surface measurements taken by gravity
meters located throughout the world,
combined with early measurements of
orbiting spacecraft. Although these
models gradually improved, they failed
to remove gravitational effects as the
principal error source in orbit determi-
nations. The gravitational model
established in 1996 incorporated a vast
amount of highly precise GPS data
together with laser tracking measure-
ments and other data from Earth-
orbiting satellites. The introduction of
this model was a virtual watershed for
orbit determination because, for the first
time, gravity was no longer a major
error source.

Dynamic Gravitational Effects.
Earth’s own gravitational field is only

part of the picture. Earth’s largest satel-
lite—the moon—causes deformations
of the planet known as tides. When peo-
ple think of tides, they usually think of
oceanic tides; but the situation is not so
simple. Of much greater significance
are the solid-earth tides, which, for ex-
ample, can cause Los Angeles to rise
as much as 40 centimeters in a given
day. Earth’s gaseous atmosphere can
be similarly distorted. These shifts in
mass must be accounted for in any pre-
cise calculation of Earth’s gravitational
field. Complicating matters, Earth’s rota-
tion is not constant; on any given day,
the planet may spin faster or slower
than the mean rotational rate that gives
the typical 24-hour day. This effect can-
not be predicted well and must be
measured; orbit-determination systems
must therefore receive regular updates
and predictions from a scientific body
known as the International Earth Rota-
tion Service.

Coordinate Frames. The Interna-
tional Earth Rotation Service provides
an additional measurement that’s criti-
cal for precise orbit determination: the
offset associated with “polar wander,” a
phenomenon caused by the movement
of Earth’s crust upon its molten core.
The geographic North Pole and Earth’s
axis are offset from one another, and
the offset changes from day to day.
Somewhat more predictable are the
precession and nutation of the Earth’s
spin axis, although orbit-determination
experts must keep up with the latest
theories concerning these variations in
Earth’s orientation.

Extraterrestrial Gravitation. All ce-
lestial bodies exert gravitational forces
that can affect Earth-orbiting satellites.
These forces are typically modeled via
files from NASA’s Jet Propulsion Labo-
ratory, which provides ephemerides
based on the latest astronomical obser-
vations.

Solar Effects. The photons stream-
ing from the sun exert a force on an
Earth-orbiting spacecraft. Although this
solar radiation pressure seems simple
enough to compute, it in fact varies de-
pending on the reflective capacity of the
spacecraft surfaces and their orienta-
tion toward the sun. Depending on the
orbit, the spacecraft may also be
eclipsed, fully or partially, by either the
moon or Earth. Moreover, sunlight may

reflect off Earth and provide an addi-
tional source of photons—a measurable
effect known as the albedo. Sunlight
might also heat various parts of the
spacecraft unevenly, and the heat radia-
tion provides another source of acceler-
ation. Modeling solar effects typically re-
quires high-fidelity modeling of the
spacecraft body itself and an under-
standing of its attitude regime.

Atmospheric Drag. There is no
sharp boundary between Earth’s at-
mosphere and the near vacuum of
space. In fact, remnants of the atmos-
phere extend outwards for hundreds of
miles. Satellites, particularly in low
Earth orbits, fly through this thin atmo-
sphere at high speeds, which induces
enough drag to eventually bring them
down. The modeling approach is similar
to the one used for solar radiation pres-
sure: The ballistic properties of the vari-
ous surfaces are studied, and the orien-
tation of the spacecraft is modeled. The
drag-modeling problem is significantly
harder, though, because the upper at-
mosphere is not well understood. In-
deed, the best models of the day are
accurate only to about 15 percent when
employed under the best of postflight
conditions.

Ionospheric Delay. In cases 
where radiometric measurements are
employed, the effects of the dynamic
ionosphere can lead to significant cor-
ruption of the signals—particularly for
lower frequencies (such as the S-band
associated with SGLS or the L-band as-
sociated with GPS). Moreover, during
intervals of high solar activity, the iono-
sphere is prone to high scintillation or
ionospheric storms. These are virtually
impossible to predict and can only be
measured.

Precision Modeling for Orbit Determination
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Data from the Standard Positioning Ser-
vice can be augmented in various ways to
obtain greater accuracy. To determine what
methods would be both sufficient and cost-
effective, Aerospace researchers built a
complex simulation. At the heart of the
simulation was Aerospace’s TRACE pro-
gram, used in one mode to generate the ref-
erence trajectories and orbital conditions
and in another mode to support various es-
timation strategies.

The simulation showed that as
the GPS data-collection interval ex-
panded, the overall orbit error de-
creased. Still, the effects of selective
availability remained too high to en-
sure the necessary precision. Thus,
with the assent of the GPS Joint
Program Office (JPO), the Radcal
researchers asked a team from the
Applied Research Laboratories at
the University of Texas to develop a
PC-based system that would re-
move the effects of selective avail-
ability. The output of this system
was then fed into a TRACE-based
estimator built by Aerospace to pro-
duce a final orbit.

After Radcal was launched, the
GPS data were collected and
processed using TRACE. Orbits
derived from these data were com-
pared to orbits derived from the
accurate but substantially more ex-

pensive Doppler scheme. The on-orbit re-
sults confirmed the earlier simulation
analyses: with some additional processing,
GPS measurements from an inexpensive
commercial receiver could be used to pro-
duce precision orbits.

Radcal was significant as Aerospace’s
first involvement in precise low Earth orbit
reconstruction via GPS data. The analysis
tools and operational experience gained
from this small program have subsequently

provided significant benefit to a number of
major low Earth orbit programs.

Geosynchronous Altitudes
Although GPS was designed primarily for
users at or near Earth’s surface, a new
group of users have learned how to exploit
the technology in ways that its early users
probably didn’t imagine. These new users
take advantage of the fact that GPS satel-
lite signals are directed toward Earth in a
broadcast pattern that is slightly wider
than the planet. Thus, a geosynchronous
spacecraft on the opposite side of Earth
can, with the proper equipment, receive
and process the “spillover” GPS signals.
Spacecraft operators recognized the poten-
tial to improve their navigation accuracy at
a very early stage; however, the particulars
of geosynchronous orbits present some
unique challenges.

For example, geosynchronous space-
craft have historically been controlled from
ground stations, as have most other space-
craft; however, a geosynchronous satellite
has little or no relative motion with respect
to Earth’s surface, making the problem of
geosynchronous orbit determination some-
what more difficult. Also, a single ground
station can’t always be located in the best
spot for tracking a geosynchronous space-
craft, and this poor observation geometry
adds another level of difficulty. GPS offers
the potential for both improved geometry
through multiple observation points and
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A key factor in Radcal processing was the “fit span,” the length of the data in-
terval used to compute the orbit. The effects of measurement errors de-
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autonomous navigation of the satellite,
without ground-based tracking.

Aerospace analysts began publishing
studies on the problem of navigating geo-
synchronous satellites with GPS in the
1970s. Key issues included requirements
for link closure, advantages over ground
systems, autonomous navigation and con-
trol, and even formation flying at geosyn-
chronous altitude.

While these studies and others were
based on theoretical predictions and nu-
merical simulations, there was little actual
flight experience using GPS at geosynchro-
nous altitudes until the Falcon Gold exper-
iment of 1997. Sponsored by the U.S. Air
Force Academy, the experiment captured
GPS signals in a geosynchronous transfer
orbit, which reaches geosynchronous alti-
tude at its highest point. The Falcon Gold
experiment consisted of a battery-powered
sensor mounted on a Centaur upper stage,
which captured small snapshots of radio
energy around the GPS carrier frequencies
and transmitted them to the ground. Aero-
space assisted the Academy by processing
this raw data with a special “software GPS
receiver.” The detection and characteriza-
tion of several GPS signals in the Falcon
Gold data both validated the low-cost hard-
ware approach and verified that GPS sig-
nals could be used by spacecraft flying
above the GPS constellation.

Introducing “Space Service”
In the past, spacecraft users of GPS—espe-
cially high-altitude spacecraft users—were
not formally recognized as a class of GPS
users. While the JPO was aware that many
spacecraft were in fact using GPS in exper-
imental or even operational capacities, it
was unable to convince the operators of
those systems to establish formal require-
ments like those identified for terrestrial
and airborne users. Without this formal
recognition from the JPO, spacecraft oper-
ators ran the risk that the JPO would mod-
ify the GPS signal in ways that would ben-
efit terrestrial users but degrade the service
to spacecraft users.

The volume of Aerospace analysis on
spacecraft users of GPS, combined with
the Falcon Gold results, led to the first for-
mal recognition of spacecraft users in the
Joint Requirements Oversight Council
Operational Requirements Document for
GPS, published in 1999. This formal
recognition came with the addition of a
“Space Service Volume” to the Opera-
tional Requirements Document, dedicated
to high-altitude spacecraft users of GPS,
which includes the region between low
Earth and geosynchronous orbits.

Orbit Determination in the Future
The science of orbit determination has
come a long way in 40 years. Starting from
an offshoot of astronomy, it has developed

The Kalman Filter: Applying
the Scientific Method

Reconciling sensor data with astro-
nomical models requires powerful
computational resources. One such
resource is the numerical algorithm
known as the sequential state estima-
tor. The most familiar example is the
Kalman filter, which in one form or
another is used in just about every
computer-controlled device. The basic
function is to estimate the “state” of a
particular system based on measure-
ments from appropriate sensors. The
variables depend on the application,
but typically include parameters such
as position, velocity, temperature,
pressure, and airspeed.

The mathematical derivation of the
Kalman filter is quite complicated and
requires preliminary knowledge of
probability, control theory, and linear-
system theory. However, for all this
mathematical rigor, the Kalman filter
can be described as simply a mathe-
matical expression of the scientific
method. In other words, the Kalman
filter is an algorithm that describes the
sequence of observation, experimen-
tation, and deduction that is the heart
of basic science.

The Kalman filter begins by creat-
ing a mathematical model that de-
scribes the dynamic nature of the sys-
tem in question. It then guesses the
values for relevant variables and
quantifies the level of confidence in
those guesses. Based on these
guesses, the algorithm predicts the
state of the system at some time in
the future. It then makes observations
and compares them to the predic-
tions. If the observations agree with
the predictions, then the model is as-
sumed to be correct. If the predicted
results disagree with the actual re-
sults, the model is adjusted to com-
pensate for the discrepancy. The
process can be repeated until the
state estimate is consistent with the
data.

The Kalman filter is used in several
systems that maintain the orbits of ar-
tificial Earth satellites. For example,
Canada uses a Kalman filter for orbit
determination of the Telesat communi-
cations satellites. Also, the Air Force
uses a Kalman filter to maintain the
very accurate ephemerides of GPS
satellites.
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Geosynchronous user

GPS satellite signals are directed toward Earth in a broadcast pattern that is slightly wider than the
planet. Thus, a geosynchronous spacecraft on the opposite side of Earth can, with the proper equip-
ment, receive and process the “spillover” GPS signals.
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into a robust, independent discipline that
underlies today’s most critical satellite and
navigation technologies. Advances in orbit
determination led to one of the most suc-
cessful space programs of all time: the
Global Positioning System. Interestingly,
GPS itself is becoming the basis of orbit
determination for a growing number of
space systems—starting with the low Earth
orbiting systems and extending even to the
geosynchronous regime. With GPS re-
ceivers becoming ever more affordable, the
odds are increasing that a GPS-based orbit-
determination scheme will come along to
rival or even supplant the traditional
AFSCN-based approach. A global interest
in freeing up portions of the valuable S-
band spectrum further encourages a migra-
tion from AFSCN to GPS.

GPS isn’t the only up-and-coming tech-
nology for orbit-determination. Laser
tracking and optical schemes specifically
for higher-altitude orbits are also drawing
interest in the scientific community. These

Viewed from a geosynchronous spacecraft, GPS satellites on the opposite side of Earth
are positioned somewhat beyond the edge of the planet—providing better tracking geom-
etry than would be possible from any location on the ground.

The traditional method of orbit determination for
a geosynchronous spacecraft is to collect occa-
sional range measurements from a tracking sta-
tion on the ground. More than one station might
be used, but never more than one at a time.
Scientists have known this approach would be
improved by adding more tracking stations and
positioning them as far apart as possible along
the circumference of Earth (as seen by the
satellite). Unfortunately, many factors make this
arrangement impossible. GPS offers a simpler
solution.

Viewed from a geosynchronous spacecraft,
GPS satellites (on the opposite side of Earth)
are positioned somewhat beyond the edge of
the planet—providing better tracking geometry
than would be possible from any location on the
ground. Moreover, the orbital configuration of
the GPS constellation ensures that various
satellites will be seen at comparatively wide
distances from each other, further improving
the tracking geometry. Also, in comparison to
ground-based stations, GPS satellites exhibit
greater relative motion with respect to the geo-
synchronous satellite.

Of course, a geosynchronous satellite will
rarely, if ever, have four GPS satellites in view.
Thus, it cannot employ GPS signals the way a
user on Earth would. But geosynchronous
satellites only use one station in their traditional
method of orbit determination anyway, so an
absence of more GPS signals is not a deficit.

Tracking Geosynchronous Satellites with GPS

approaches promise higher accuracy, relia-
bility, and autonomy for future space sys-
tems. Aerospace engineers continually
track these emerging technologies, and the
TRACE-led suite of Aerospace tools is
continuously upgraded to model and ana-
lyze them. Thus, as the science of orbit de-
termination continues to evolve, Aerospace
will help set the pace and direction of fur-
ther advances in the field.
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In trying to hit a target with a
weapon, the most basic ap-
proach is to launch it with the
correct initial trajectory and

let physics do the rest. This ap-
proach, however, is fraught with
errors. Even with modern technol-
ogy, the ability to direct such a
weapon is limited by the accuracy
of the target coordinates, uncer-
tainties concerning aerodynamics
and mass, and many other factors.
The process is difficult enough for
a stationary launch platform and
even more difficult for a moving
launch platform, such as a fighter
or bomber aircraft. The problem
gets even worse if the weapon must
be powered for a portion of its
flight, as is the case with ballistic
or cruise missiles.

Navigation in 
Weapon Delivery
One of the early devices used to
enhance missile accuracy is the In-
ertial Navigation System or INS.
An INS calculates a vehicle’s cur-
rent position, velocity, and attitude
by integrating the measurements
from the system’s inertial meas-
urement unit—essentially a set of
accelerometers and gyros. This in-
formation can then be used to steer the
weapon toward the target. Although an
INS improves weapon accuracy, the tech-
nique still leaves a significant margin of
error, dominated by targeting errors and
the buildup of instrument errors over time.
Although many clever techniques have
been invented to reduce these errors (in-
cluding many developed at The Aerospace

Corporation), the accuracy of weapon sys-
tems that rely solely on INS will always
be limited.

During the 1960s and 1970s, Aerospace
helped implement a new concept for navi-
gation—the Global Positioning System
(GPS). The system offers the user remark-
able navigation accuracy simply through
passive reception of satellite signals. The

technology offers several advan-
tages over INS in certain scenar-
ios. For example, INS naviga-
tion errors tend to be cumulative,
building up over time; but GPS
errors tend to be bounded be-
cause the error sources (satellite
position, velocity and signal
propagation errors) are more
easily modeled and mitigated.
On the other hand, INS has good
error performance in the short
term, especially under high dy-
namics; GPS performs best with
longer flight times and is less
suitable for conditions of high
dynamics. Not surprisingly, the
two techniques are frequently
combined to obtain robust, accu-
rate navigation for demanding
military applications.

Dumb Bombs
Efforts to calculate the correct
release condition for an un-
guided or “dumb” weapon be-
gan in the late 1960s and early
1970s. Again, the basic idea was
to launch the missile with the
correct trajectory from a mov-
ing platform and let physics do
the rest. Although the mathe-
matical equations were readily

available, the algorithms for the continu-
ously computed release point and continu-
ously computed impact point only became
feasible with the advent of microproces-
sors that were powerful enough to perform
such calculations using data from the
launch vehicle’s navigation system. The
first such system used inertial navigation
outputs to compute the impact point and

WeaponDelivery
Anthony Abbott For centuries, military planners have sought to place a weapon exactly

on an intended target. Such accuracy not only helps ensure destruction
of the target, it helps prevent collateral damage. While systems have
improved throughout the years, the advent of the Global Positioning
System has brought a major advancement in precision weapon delivery.

GPS/Inertial Navigation 
for Precise 

Aerospace demonstrated potential GPS accuracy enhancement tech-
niques for the Joint Direct Attack Munition (JDAM), widely used in recent
military engagements. JDAM uses GPS combined with an inertial system
for navigation. Once released, the bomb’s INS/GPS will take over and
guide the bomb to its target regardless of weather.

30 • Crosslink Summer 2002

T
he

 B
oe

in
g 

C
om

pa
ny



provided steering and release cues to the
pilot.

GPS offered a better approach. One of
the main objectives of the GPS Phase I pro-
gram was the precise delivery of dumb

bombs. In early tests, the continuously
computed release and impact point algo-
rithms were implemented using a four-
channel GPS receiver that was integrated
with the launch vehicle’s inertial measure-
ment unit. By integrating the navigation
and weapon delivery functions in the same
computer, the two processes could be syn-
chronized, with the weapon delivery func-
tion using the current best estimate of nav-
igation parameters (position, velocity, and
attitude as well as wind speed and direc-
tion) for accurate impact point prediction.

The weapon delivery software was so
sophisticated that it actually calculated the
impact and release points based on the ex-
trapolated position and velocity. The soft-
ware would predict the impact point of the
weapon if it were dropped at any given

moment and compare it to the desired im-
pact point. The impact error would be pro-
jected into along-track and cross-track
components. The cross-track error drove a
deviation display in the cockpit to help the
pilot adjust the ground-track angle. The pi-
lot’s job was to steer the aircraft to drive
the cross-track deviation to zero. At the
same time, the along-track error was dis-
played. This allowed the pilot to judge how
close the plane was to the correct release
point. As the plane approached the release
point, the pilot would arm the automatic re-
lease mechanism. The computer issued a
release command when the along-track im-
pact error reached zero.

The Phase I weapon delivery system
was remarkably successful. The equations
of motion for the bombs were fairly
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This chart shows the degree to which impact
error is sensitive to errors in launch-vehicle
velocity for dumb bombs without active guidance.

These bomb-damage assessment photos show a target in Afghanistan be-
fore (left) and after (right) a strike by a B-2 bomber using GATS/JDAM.

GATS uses a synthetic aperture radar to determine relative target coordi-
nates and downloads them to the JDAM prior to release.

With accurate real-time navigation in-
formation provided by a GPS/INS sys-
tem, the ability to hit a target becomes
limited primarily by inaccurate knowl-
edge of its location. Even though nu-
merous methods can identify the
coordinates of a potential target, ex-
pressing its position in unambiguous
terms had been a problem for
decades. Before the advent of GPS,
each part of the world had a different
map reference that was based on its
own Local Datum, which is a local

representation of an ellipsoid that was
thought to be appropriate for that part
of the world. One can imagine the dif-
ficulty in determining the absolute tar-
get coordinates in a reference system
without an accurate absolute defini-
tion. One of the first benefits that GPS
provided was a method to tie all the
maps of the world together in a com-
mon frame of reference.

Today, using GPS, one can accu-
rately relate a point on a local map 
to an absolute reference system. In

practical terms, this permits target lo-
cation and strike functions to be per-
formed in the same absolute coordi-
nate system. Such a system
significantly improves targeting accu-
racy; the small remaining targeting er-
rors are now limited to targeting sen-
sor errors and the variability of GPS
errors between the targeting phase
and the strike phase. GPS errors are
becoming so small that the targeting
sensor error will become the dominant
remaining error in the future.

Absolute Coordinates
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complete, and most error sources were
either modeled or mitigated. The primary
accuracy limitation was the wind: Although
wind speed and direction could be deter-
mined at the release point, the wind could
change as the weapon fell. Another error
source that was difficult to mitigate was the
variability in the aerodynamics and mass
properties of each bomb. The predicted im-
pact point algorithm had to use average
values because it would be impractical to
enter the values of each bomb into the
operational software. Nonetheless, the pro-
gram was considered a great success.

Smart Weapons
As impressive as the GPS Phase I weapon
delivery test results were, they made clear

bombing, simply because the host vehicle’s
INS would accrue errors that would be
handed off to the weapon during ingress.

The addition of GPS to the launch vehi-
cle allowed it to initialize the bomb’s INS
with great accuracy. The navigation error
buildup during the relatively short descent
of the weapon was reasonably good as long
as it was initialized properly. This approach,
however, would not work well for a standoff
weapon because the integrated instrument
errors would grow to unacceptable levels
during the longer weapon flight time.

As GPS receivers became smaller, the
prospect of placing one in the same tail kit
with an inertial measurement unit became
feasible. With this concept, as long as the

that accuracy would remain inherently lim-
ited unless some intelligence were placed
in the bomb itself. The first attempt to
make dumb bombs into “smart” guided
weapons used an INS and associated fin-
actuation system in a tail kit that replaced
the normal tail section of the bomb. At
the time, GPS receivers were too big to fit
in a tail kit. It was thought that with proper
initialization from the host vehicle, the
bomb’s INS could sustain navigation accu-
racy from the release time to impact. This
strategy worked well as long as the launch
vehicle had a GPS receiver to initialize the
bomb’s INS prior to release. Without a
GPS receiver on the launch vehicle, the
handoff errors were too great for precision

Bomb-damage assessment photos showing a target in Afghanistan before
(left) and after (right) a strike by a B-2 bomber using GATS/JDAM (GPS-

Aided Target System/Joint Direct Attack Munition). Today, thanks to GPS,
multiple targets can be destroyed in one pass.

Bomb-damage assessment photos. The left photo shows Krivovo support
base in Serbia. The strike was performed by a single B-2 at night in com-
plete cloud cover after flying from Whiteman Air Force Base (midway be-
tween St. Louis and Kansas City) to Kosovo nonstop. Eight weapons, two
per building, were deployed, with offsets in targeted points on each building

to spread the damage. Synthetic aperture radar targeting was used just be-
fore launching the weapons. The photo to the right shows Shindand airfield
in Afghanistan.The strike was carried out by a single B-2 at night after flying
from Whiteman Air Force Base to the region nonstop.
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target coordinates could be determined us-
ing GPS, the impact error could be driven
quite low. The impact error would be dom-
inated by the targeting error and the GPS
error during the weapon’s flight time. The
error buildup of the INS would be essen-
tially removed—which is particularly at-
tractive for standoff weapons with long
flight times.

Of course, if the weapon uses a GPS re-
ceiver, the launch vehicle must provide
the necessary GPS handoff information
(in addition to the INS transfer alignment
information). This handoff information
usually consists of initial position, time,

and velocity, as well as the GPS satellite
orbital data. This information is especially
critical for a weapon with a short flight
time because it must obtain a GPS fix well
in advance of ground impact to steer out
the residual INS error buildup. Typically,
the weapon requires enough information
from the launch vehicle to acquire and
track the GPS satellites within several
seconds after release.

For older weapons, the GPS receiver
uses the coarse acquisition (C/A) code to
acquire the signal and then switches to the
military P(Y) code. Although the C/A code
provides the easiest way to acquire the GPS

signals, it is also more vulnerable to jam-
ming. Most modern weapons use (or will
use) direct P(Y) code acquisition for better
antijam protection. Direct P(Y) acquisition
requires more careful host-vehicle integra-
tion because the weapon must have knowl-
edge of time to within several milliseconds
in order to search the range and range-rate
uncertainties through its direct-acquisition
application-specific integrated circuit chip.
A time transfer from the host vehicle’s GPS
receiver to the weapon’s GPS receiver via
the flight management and the weapons
management subsystems usually accom-
modates this time initialization.

The synthetic aperture
radar has become a
popular targeting sen-
sor in recent years,
thanks in part to its abil-
ity to “see” through
clouds and operate in
daytime or night. In a
typical airborne applica-
tion, the system trans-
mits microwave radia-
tion and forms an image
based on the relative
range and range-rate of the reflected
energy.

If this process is used to identify tar-
gets prior to a military strike, measures
must be taken to prevent an unaccept-
able increase in target location error. If
the targeting vehicle’s navigation sys-
tem has a position bias, that same
bias will affect the estimate of the tar-
get coordinates because the range
and range-rate measurements are rel-
ative to the estimated
position of the radar’s
antenna at imaging time.
Velocity errors will also
produce targeting er-
rors.The key to manag-
ing navigation errors for
targeting is to keep the
position error as con-
stant as possible and the
velocity error as close to
zero as possible during
imaging.This will pro-
duce an error in the

target position estimate that is very close to
the position error of the targeting vehicle at
imaging time.

Such control of position and velocity er-
rors is possible with GPS, assuming proper
satellite selection before and during the im-
aging period. If the satellite selection is
frozen to the same four satellites during im-
aging, the range error would stay roughly
the same because the satellite geometry
would not appreciably change during that

Imaging Bias and Relative Targeting Errors

time. Because the posi-
tion error is nearly con-
stant, the velocity errors
approach zero. Proper fil-
tering of the GPS mea-
surements and the use 
of a high-quality INS
achieves extremely stable
position errors and veloc-
ity errors almost too small
to measure.

One of the benefits of
using synthetic aperture

radar in conjunction with GPS/INS guid-
ance is that the weapon can be made to
approach the target from a preferred di-
rection to minimize any residual targeting
errors. In fact, one can predict the three-
dimensional targeting error ellipsoid by
knowing the location and velocity vector
of the targeting vehicle at each synthetic
aperture radar imaging time. One direc-
tion usually has a larger targeting error
uncertainty due to the projection of syn-

thetic aperture radar er-
rors into the targeting
space. If the weapon is
controlled to approach
the target along this
largest direction of uncer-
tainty, the resulting im-
pact error can be mini-

mized. This error
projection property can

be very useful in mission
planning if the target re-
quires a preferred ap-
proach angle—such as a
tunnel entrance.

Assumed
ground plane

Actual ground plane Actual target location

Estimated target location

Optimal
trajectory

Imaging point

Relative range

Locus of relative range and range rate

Estimated imaging
location

Bias

Bias
Estimated target True target

True weapon locationEstimated weapon location

Relative range

True imaging
location

Synthetic aperture radar and the principles of relative targeting. In a typical airborne
application, the system transmits microwave radiation and forms an image based on the
relative range and range-rate of the reflected energy. When the operator selects a pixel in
the image, it is a measure of the relative range and range rate to the target.

Since the synthetic aperture radar measures the relative range and range rate to the tar-
get, it will have a bias in the target coordinate estimate.The weapon can be forced to incur
the same bias by suitable satellite selection.
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The difficulty in accurate time transfer
to the weapon is more a matter of econom-
ics than technology. Without an appropri-
ate direct-acquisition chip in the GPS re-
ceiver, direct P(Y) acquisition requires
initial knowledge of time to an accuracy
on the order of tens of microseconds. To
send a time pulse with this accuracy re-
quires a high-bandwidth line to each
weapon. This can be expensive to install.
On the other hand, if the weapon has a
direct-acquisition chip, the receiver can
tolerate a time uncertainty on the order of
a few milliseconds for direct acquisition of
the P(Y) code. Accuracy on this level can
be accomplished with a standard serial in-
terface, if care is taken during the design
of the software message protocol. Hence,
many contractors have chosen not to in-
stall the high-bandwidth line in favor of

using a weapon with a direct acquisition
capability. As integrated circuits improve,
the time accuracy requirement should di-
minish further without sacrificing antijam
performance.

Integrated Systems
As long as the targeting function is per-
formed independently of the strike func-
tion, the associated error contributions
from each of these functions will be addi-
tive. Moreover, the GPS contribution to the
targeting error could be different than the
GPS contribution to the strike system error
if the time delay between targeting and
strike is more than 10 or 20 minutes. With
proper systems engineering, however, such
concerns can be minimized.

For example, a complete system can be
designed more optimally than a series of
optimally designed individual subsystems

all functioning together.
Weapon delivery is no ex-
ception. In the case of
GPS/INS weapons, integra-
tion of the targeting and
strike functions at the system
level enables certain design
choices that are not possible
when each subsystem is in-
dependently conceived.

Designers have known for
years that errors in the GPS
measurements are tempo-
rally and spatially corre-
lated—partly due to the de-
sign of GPS, and partly due
to errors in signal propaga-
tion through the ionosphere
and troposphere. This error
correlation could be ex-
ploited through a system-
level design that uses the
same satellites in the target-
ing and strike functions.

Thanks to the very long
distance from the navigator
to each of the GPS satellites,
the relative geometry of all
GPS navigators in the same
vicinity (such as a vehicle on
the ground and an airplane
flying above it) is similar.
Hence, they will all experi-
ence essentially the same
range measurement errors.
The correlation is especially
high if all navigators use the
same four satellites. In fact,
even some of the atmo-

spheric errors, such as ionospheric propa-
gation delay, are spatially correlated over
significant distances. Hence, using the
same satellites in the targeting function and
the strike function offers error correlations
that can be exploited to improve accuracy.

The temporal correlation of errors be-
comes important when the targeting and
strike phases must remain separate. Again,
the property of the GPS ephemeris errors is
such that, except for ephemeris updates,
the range error from an imperfect
ephemeris is highly time correlated. This
temporal correlation can be exploited to
minimize errors if the time from the target-
ing phase to the strike phase is on the order
of several minutes. The temporal correla-
tion of atmospheric propagation errors also
works in the favor of accuracy if their cor-
relation properties are exploited.

The conventional air-launched cruise missile is guided by GPS. GPS accuracy can be improved using a variety of aug-
mentation systems, such as differential GPS and wide-area differential enhancement.
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Without a systems approach to the entire
problem, targeting errors would be a major
contributor to the weapon’s overall impact
error budget. Proper integration of the tar-
geting function and the weapon navigation
function is ultimately responsible for com-
plete system accuracy. The key to achiev-
ing very small weapon impact error is to
force the weapon’s navigation system to
incur nearly the same
errors as the targeting
vehicle. This is one
of the few instances
in life where two
wrongs make a right.

The techniques
used to ensure that
the weapon makes
the same errors are
straightforward, but
many practical design
choices must be made
to ensure this behavior
under all circumstances. The first step is to
force the weapon to use the same four
satellites that the targeting vehicle used.
The weapon should also use the same
ephemerides and ionospheric compensa-
tion calculations as the targeting vehicle.
Given these design choices, the weapon
will achieve the same position biases as
the targeting vehicle, and the impact error
will be dictated by other error sources that
are more random in character.

Future Trends
Although GPS-based relative navigation
systems are capable of impressive accuracy
even with substantial GPS position biases,
there’s still room for improvement. In the
future, absolute navigation using GPS will
probably be so accurate that relative navi-
gation will no longer be required. Future
conflicts will probably rely on smaller mu-
nitions (250 to 500 pounds) to minimize
collateral damage. As weapons are reduced
in lethality, the accuracy of the impact
point must become even greater to ensure
target kill.

GPS/INS-guided weapons are very ef-
fective against stationary targets, but many
adversaries have adopted defensive strate-
gies that involve constant movement. This
challenge is being addressed by numerous
studies, which have shown that GPS/INS
delivery techniques can still work if some
adjustments are made—specifically in
terms of calculating the revised target co-
ordinates and transmitting them to the
weapon in flight. Several methods could 

be used to send updated coordinates to 
the weapon—for example, updated target
coordinates could be sent to the weapon
with a new signal. This approach would al-
low the weapon to receive and decode the
updated target coordinates and send them
to the guidance function within the
weapon’s computer. Aerospace is studying
possibilities such as this.

Aerospace is also
investigating a number
of methods for detect-
ing moving targets and
estimating their coor-
dinates. Some types
of synthetic-aperture
radar are already ca-
pable of indicating
moving targets on the
ground. Current meth-
ods cannot yet estab-
lish an unambiguous
target track with high

confidence and accuracy, but consider-
able research is under way to perfect this
capability.

One of the most stringent requirements
associated with moving targets is the la-
tency of the updated targeting data. If the
target is traveling in a predictable path—
along a straight line or  a digitally mapped
road, for example—this problem can be re-
solved with a more relaxed latency require-
ment by using track filtering and prediction
algorithms. If the target is in an open area
and is capable of “jinking” maneuvers, the
latency requirement becomes far more de-
manding. Hence, the need for frequent up-
dates in the targeting data may drive the
system architecture. For example, the same
vehicle that launched the weapon might
have to perform the targeting update func-
tion and send the data directly to the mis-
sile over a radio link.

Summary
GPS and INS technology work extremely
well together to provide the high accuracy
and robustness needed for modern
weapon delivery systems. As targeting
technology improves, the integration of
the targeting function into the weapon de-
livery system should result in spectacular
accuracy not only for stationary targets
but for moving targets as well. By prop-
erly integrating timely, accurate targeting
information with the postlaunch guidance
and navigation functions, a major advance
in future weapon delivery capabilities will
be possible.

GPS for Stealth Bombing

Although separate vehicles can be
used for targeting and strike functions,
a single vehicle can often do the job
more efficiently and reliably.

The B-2, for example, has several
unique attributes that are particularly
useful for integrated targeting and
delivery of GPS/INS-guided bombs.
The first is its long range and large
payload capacity. One B-2 can take
off from the continental United States
with sixteen 2000-pound bombs and
deliver them halfway around the world
on sixteen different target points or all
on the same target point. (In fact, the
B-2 dropped two bombs on the same
point during a test drop from an
altitude of over 12 kilometers in April
1998.)

The second noteworthy attribute is
its stealth. The craft can perform
targeting during ingress, reach the
target without detection by enemy
radar, and perform “launch and leave”
weapon drops during day or night
even under complete cloud cover.

These features—together with the
highly accurate stellar-inertial
navigation system, synthetic-aperture
radar, and weapon delivery
subsystem—contributed to the
success of the B-2 in missions over
Kosovo and Afghanistan.

Although 2000-pound bombs can
be used on most targets, there are
some hardened targets—such as
deeply buried bunkers—that require
special weaponry. All the concepts
and features relating to conventional
munitions can also be applied to
“bunker busting.” If the tail kit
assembly used on a bunker buster
has enough control authority (in terms
of fin actuator torque and fin surface
area), a bunker-buster bomb can not
only pinpoint a target, but also
penetrate the ground to a prescribed
depth before detonating its explosive
charge. Obviously, accuracy is critical
for a bunker-buster bomb. With GPS-
based radar targeting and a GPS/INS
navigation tail kit, the accuracy can be
assured along with a high confidence
of no collateral damage.

As weapons are 
reduced in lethality,
the accuracy of the
impact point must
become even
greater to ensure
target kill.



The Global Positioning System
(GPS) has become an essential
part of the military infrastructure.
For that reason, it presents a tar-

get for adversaries wishing to undermine
the ability of the United States and its allies
to conduct military operations. Although
the GPS spread-spectrum signal offers
some inherent antijam protection, an ad-
versary who is determined to negate a GPS
system need only generate a jamming sig-
nal with enough power and suitable tempo-
ral/spectral signature to deny the use of
GPS throughout a given threat area. The
reason for this problem is clear: GPS satel-
lites produce low-power signals that must
travel great distances to reach the receiver.
A jammer, on the other hand, can produce
a stronger signal much closer to the re-
ceiver, and since signal power diminishes
as the square of the distance traveled, the
jammer has a distinct advantage.

This vulnerability has been identified as
a high priority within the Department of
Defense (DOD), and numerous programs
have been established to develop near-term
solutions for today’s potential threats and
more extensive long-term solutions for
projected future threats. The Aerospace
Corporation has been spearheading many
of these development efforts.

Traditional Approaches
The first system developed to increase GPS
antijam capability for users on the ground
or in the air was the controlled reception
pattern antenna. This device consists of an
array of six antenna elements arranged in a
hexagon around a central reference ele-
ment. The elements are all connected to an
electronics box that controls the phase and

gain (or complex weights) of each
element’s output and combines the seven
elements into a single output. This signal
processing produces an adaptive gain pat-
tern that can be manipulated to place a null
in the direction of an undesired signal
source. The underlying principle is fairly
straightforward: Received GPS signals are
rather weak and cannot be detected or
measured without a signal-correlation
process; therefore, the processing algo-
rithm assumes that any measurable energy
above the ambient noise must be a jam-
ming signal, and so it computes the neces-
sary weights to null the source.

Aerospace has been at the forefront of
improving the performance and robustness

of the adaptive processing algorithms for
three decades. Still, certain factors limit the
usefulness of these antennas for some vehi-
cles. Controlled reception pattern antenna
arrays are physically quite large (on the or-
der of 35 centimeters in diameter) and gen-
erally cannot be used, for example, on
small missiles that lack the necessary
mounting space. In addition, a controlled
reception pattern antenna can only counter
a limited number of jammers, as it eventu-
ally runs out of “degrees of freedom” or
antijamming options when the number of
spatially distributed jammers grows too
great. This is because the array must use at
least two elements to null one jammer.
Hence, as a rule of thumb, n elements can

Antijamming 
and GPS 

Anthony Abbott

The Department of Defense is working hard to enhance the
jam resistance of its GPS-based systems. Recent research at
Aerospace has yielded promising results.

for Critical Military Applications
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A generic adaptive-array processing scheme. Signals from the antenna array are prioritized or
“weighted” before being combined and processed by the GPS receiver.
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null n−1 jammers. Moreover, the antenna
must devote a degree of freedom to a jam-
mer regardless of the jammer type (broad-
band or narrowband). This approach is less
effective than other, more advanced pro-
cessing techniques that can attack a broad-
band jammer with spatial resources and a
narrowband jammer with time/frequency
resources.

Various alternatives are being re-
searched as part of the GPS Modernization
and Navwar programs. Aerospace is work-
ing closely with the GPS Joint Program
Office, other federally funded research and
development organizations, and the various
DOD laboratories to identify several mutu-
ally synergistic antijam techniques to meet
current and projected threats. The most ob-
vious approach to increase antijam per-
formance is to increase the transmitted
power from the GPS satellites. Although
the GPS Modernization program will in-
crease satellite power, this approach alone
will not provide the entire antijam per-
formance that is required. It is therefore
necessary to provide additional antijam ca-
pability from the user equipment. Basi-
cally, these user equipment techniques fall

into two categories: those that reduce the
jammer power while retaining or amplify-
ing the GPS signal and those that increase
the signal-to-noise ratio through advanced
signal processing in the receiver (i.e., pro-
cessing gain).

No one method is right for all circum-
stances because each application presents
its own unique requirements and con-
straints. Moreover, a given technique may
be effective against a particular class of
threats, but may not necessarily address all
threats. For example, an adaptive narrow-
band filter is effective against a jammer that
has some repetitive or predictable signal
structure, but is ineffective against a broad-
band noise jammer, whose signal cannot be
predicted from previous samples. Like-
wise, spatial adaptive antenna arrays are ef-
fective against a limited number of broad-
band noise and structured signal jammers,
but eventually run out of degrees of free-
dom as the number of jammers increases.

Jammer Signal Power Reduction
Among the advanced techniques for reduc-
ing jammer power, the most promising em-
ploys a technology that was originallyA jam-resistant GPS antenna undergoes testing at the Air Force Research Laboratory.
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developed for radar, called space-time
adaptive processing. With this technique,
the output of each antenna array element is
delayed using a series of tapped delay
lines, each stage of which outputs a version
of the input signal slightly later than the
previous stage. The output of each tap is
available as a separate signal, and each can
be processed with a unique complex
weight and combined into a composite sig-
nal. A close variant of this technique,
called space-frequency adaptive process-
ing, performs equivalent processing in the
frequency domain.

These techniques show promise because
they optimally attack multiple jammers
with a coordinated use of spatial and tem-
poral resources. Although space-time
adaptive processing and space-frequency
adaptive processing can also run out of de-
grees of freedom, they can counteract
many more jammers of various types be-
fore reaching their limits because there are
n × m choices of weights, where n is the
number of elements and m is the number of
taps on each element.
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A very similar antijamming technique—
actually a subset of space-time and space-
frequency adaptive processsing—is known
as adaptive narrowband filtering. Adaptive
narrowband filters work with a single an-
tenna element, so they are typically used in
applications that lack sufficient space for a
spatial antenna array. They are effective
against structured interference signals, such
as continuous (e.g., sine) waves or pulsed
signals, but they are ineffective against
broadband interference, which does not
have an identifying signature that can be
tracked and eliminated. Adaptive narrow-
band filters can operate in the frequency do-
main, time domain, or amplitude domain.

As with the controlled reception pattern
antenna, conventional space-time and
space-frequency adaptive processing sys-
tems attempt to minimize measured power
under the assumption that any measured
power must be a jamming signal. The
weakness in that strategy is that the GPS
signal may also be attenuated if the pro-
cessing algorithm does not consider the di-
rection from which the GPS signal arrives.

This weakness can be overcome through
additional beam steering or beamforming.
Although these two techniques attempt to
accomplish the same result, they do so by
completely different strategies.

Beam steering uses the direction to the
desired satellite as an additional constraint
on the complex weight applied to each tap
output. To perform these calculations, the
processor needs to know the direction to
the desired GPS satellite and the position
and attitude of the host vehicle.

Beam steering is a “precorrelation”
technique, meaning it does not require
GPS signal detection to compute the phase
and gain for each tap on each array ele-
ment. Beamforming, on the other hand, is
a “postcorrelation” technique, meaning it
attempts to maximize the signal-to-noise
ratio after signal capture. Both techniques
maximize the GPS signal while simultane-
ously minimizing the jammer power for
multiple jammers of various types.

Processing Gain
The second major antijamming strategy in-
volves processing gain improvement. The

Structured interference signals can be removed via time- or frequency-
domain processing techniques. The top figure shows the input power spec-
trum of a GPS signal with four continuous-wave jammers present. The bot-
tom figure shows the output power spectrum of a frequency excision filter
developed at MITRE. This processing can be implemented in real time.
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GPS spread-spectrum signal derives some
inherent jam protection from the “de-
spreading” process, which converts it from
a 20-megahertz bandwidth to a narrower
bandwidth. Signal power grows stronger as
bandwidth is reduced, so for maximum anti-
jam performance, the narrowest possible
bandwidth should be used in the despread-
ing process.

Just how narrow the bandwidth can be
depends in part on the design of the code
and carrier tracking loops used by the GPS
receiver and the dynamic operating envi-
ronment. Recall that a GPS receiver gets a
signal from a satellite, generates a local
copy, and compares the two to derive range
and range-rate measurements. The tracking
loops try to maintain a “lock” on the satel-
lite signal by driving the difference in the
signals (as measured by the signal correla-
tor) to zero.

In general, greater antijam performance
can be achieved by narrowing the band-
width of these code and carrier tracking
loops. Unfortunately, narrow tracking-loop
bandwidths imply sluggish response time,
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and if a vehicle is undergoing high acceler-
ation, the narrow-bandwidth tracking loop
cannot keep pace. If the tracking-loop
bandwidth were widened, it would be more
responsive to high acceleration, but it
would not filter the noise as effectively.

One solution is to aid the tracking loops
by supplying information about the vehi-
cle’s acceleration and the motion of the
satellite to be tracked. This information
could be supplied, for example, by an iner-
tial navigation system and the GPS satellite
almanac. With this supplemental informa-
tion, the receiver’s tracking loops can
anticipate the dynamics along the line-of-
sight to the satellite and use a narrow-
bandwidth filter to process the fresh out-
puts from the signal correlators. If the
aiding information is reasonably accurate,
the bandwidth of the tracking loop can be
narrowed because it will only need to track
the errors in the aiding information (which
vary slowly over time), rather than the ab-
solute motion of the antenna.

The aided tracking loop, with its nar-
rower bandwidth, provides more processing

gain and more protection against jamming;
however, it’s still not enough to thwart a
very strong jammer that may be close to the
GPS navigation set. The limitations of
aided tracking loops are more practical
than theoretical: In actual implementation,
the aiding information will contain numer-
ous errors.

The most notable errors arise from two
sources: imperfect implementation of the
aiding data interface, and the inconsis-
tency of the motion between the aiding
sensor and the GPS antenna or “lever
arm.” (In most vehicles, the antenna and
the aiding sensors are in different loca-
tions, and “lever-arm” compensation must
be provided because the GPS antenna is
not sensing the same motion as the aiding
sensors.)

The first error source, the data interface,
exists because traditional receivers are de-
signed to use whatever inertial measure-
ment unit is present on the host vehicle.
(An inertial measurement unit—or IMU—
is a set of gyros and accelerometers that
feed the inertial navigation system in an

signals. The image to the right shows how beamforming works with the
nuller to neutralize jammer signals while strengthening satellite signals.
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aircraft or missile.) The GPS receiver and
the host vehicle communicate over an
asynchronous serial bus, and the designer
of the GPS receiver usually does not accept
the IMU data without “deweighting” it in
some manner. This deweighting process
can limit the achieved bandwidth reduction
below theoretical levels and hence limit the
antijam performance.

The second error source, lever-arm com-
pensation, is unavoidable if the GPS an-
tenna is not located with the IMU. Unfor-
tunately, many factors—such as vehicle
attitude, vehicle rotation, and body flex-
ure—prevent perfect lever-arm compensa-
tion, even when the IMU is situated in the
same box as the receiver. Hence, the band-
width of the tracking loops must be wide
enough to maintain GPS signal lock de-
spite these factors—and this limits the anti-
jam performance. In some applications,
such as small weapons, the antenna is natu-
rally close to the IMU and the body is
rigid, so the lever-arm compensation is not
as significant an error source as it is in
avionics applications.

New Approaches
To meet the future challenge of GPS appli-
cations that must operate in projected jam-
ming environments, the GPS Joint Pro-
gram Office is pursuing several promising
technologies and a future GPS set architec-
ture that will yield further improvements in
antijam performance. Aerospace is actively
involved in defining advanced architectures

and technologies that will economically
provide better antijam performance. Two
approaches in particular are generating
considerable interest in the field.

Microelectromechanics
With the recent advances in microelectro-
mechanical systems, new architecture con-
cepts that were unimaginable five years
ago have now come within reach. One such
technology, the microelectromechanical
IMU, will have a significant impact on the
future design of user navigation sets.

As noted, the best way to reduce the
bandwidth of the tracking loops (and thus
improve antijam performance) is to keep
the GPS antenna and the IMU together,
thereby forcing the lever arm to zero. This
placement eliminates the need for the
lever-arm correction and its associated er-
rors. Of course, when IMUs were first in-
vented, they were very large, and although
they’ve become smaller over the years,
they remain large enough to require special
attention concerning their placement in a
host vehicle or missile. The ability to place
an IMU in the same box with the GPS re-
ceiver was viewed as a significant step for-
ward. But until recently, no one considered
the possibility of embedding the IMU in
the antenna itself.

That is precisely the thinking now being
pursued under the leadership of Aerospace.
The cost, size, and performance of micro-
electromechanical IMUs are improving to
the point where they’ll soon be good

enough to embed in a GPS antenna. This
new architecture overcomes many of the
factors that prevented the narrowing of
tracking-loop bandwidths in older systems.
For example, because the IMU would be
dedicated to the GPS set, a synchronous
interface between the two could be de-
signed with proper attention to interface
errors and data latency. In addition, the
placement of the IMU with the GPS an-
tenna would make both sensors experience
the same motion, so there would be no
need for lever-arm compensation with its
associated errors.

Although the accuracy of microelectro-
mechanical IMUs cannot compete with
more traditional technologies (such as
those that use ring-laser gyros), accuracy is
reaching a level that is adequate for aiding
GPS. Extremely high accuracy is not re-
quired if the IMU error sources are reason-
ably stable because the navigation process-
ing algorithm constantly estimates these
low-bandwidth error sources and compen-
sates accordingly.

In other words, it’s the short-term sta-
bility of these instrument error sources
that’s important for aiding GPS. And al-
though short-term stability errors can be
sensitive to temperature and acceleration,
compensation models whose coefficients
are calibrated prior to operation can usu-
ally mitigate their effects. So, for short pe-
riods of time, errors in the microelectro-
mechanical IMU approach acceptable
levels for aiding GPS.

It should be noted that the microelectro-
mechanical IMU is not meant to replace
the IMU that may be present in the host ve-
hicle. If there is a need for inertial naviga-
tion accuracy without GPS, then the micro-
electromechanical IMU would probably
not satisfy that requirement. The micro-
electromechanical IMU is intended as part
of the GPS navigation set (notice that the
word “receiver” has not been used), and is
present in the GPS antenna regardless of
whether there is a need for an IMU by the
host vehicle.

Ultratight GPS/Inertial Coupling
Another technology has recently emerged
to address the need for antijam perform-
ance. This new technique, called ultratight
GPS/inertial coupling, is a different
method to jointly process GPS and IMU
data. Several organizations throughout the
United States have been performing re-
search in this area, either through inde-
pendent research and development funds
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or DOD research contracts. Although each
approach is unique in its implementation,
they all share certain common traits. For
example, they all eliminate the code and
carrier tracking operations, which are sus-
ceptible to jamming even when aided. All
use estimated navigation parameters to
generate the local replica signal needed to
track the satellite signal. All directly use the
correlator outputs (i.e., comparisons of the
local and satellite signals) to compute the
range and range-rate errors for the naviga-
tion processing algorithm.

Aerospace is an industry leader in ultra-
tight coupling. Four years ago, Aerospace
began to develop its formulation of ultra-
tight coupling and filed for a U.S. patent.
About the same time, Aerospace became
aware of similar research being conducted
at other companies and other patents that
were pending. When the antijam potential
of this processing approach was deter-
mined, Aerospace was instrumental in ob-
taining interest at the various DOD re-
search laboratories to fund development
programs.

Today, virtually all GPS vendors to
DOD have contracts to pursue some sort of
ultratight coupling. A milestone was
reached in November 2001 when the first
official government-sponsored test of an
ultratight coupling formulation was con-
ducted at Eglin Air Force Base. The anti-
jam performance was slightly better than
predicted. The test results essentially con-
firmed the performance that had been pre-
dicted at Aerospace using simulations.
Currently, the Aerospace formulation is be-
ing implemented in a real-time computer.
One GPS vendor has asked to license the
Aerospace formulation, and many other
companies are using it for studies.

Summary
Future GPS systems—particularly for
weapon delivery—will benefit from the op-
timal integration of GPS receivers with in-
ertial measurement units and the use of
adaptive processing algorithms and anten-
nas that reject unwanted signal interference
while maximizing the power of the desired
satellite signal. The combination of all
these technologies and the associated sys-
tem architecture will be the blueprint for
DOD GPS sets for the next several decades.

Many of the GPS antijam techniques
and architectures that will be used in future
equipment have roots at Aerospace, which
has been the technical conscience of the
program since its inception.
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Ultratight coupling is an effective way of integrating raw GPS measurements
with raw inertial measurement unit (IMU) measurements. The technique elimi-
nates conventional code and carrier tracking loops and many of their associated
limitations. Instead, navigation measurements are obtained directly from the raw
received GPS signals. Long measurement-smoothing times can reduce the
effective bandwidth of the processing, thereby improving antijam performance
and accuracy. With conventional unaided tracking loops (top), the wide band-
width loop filter tracks all user and satellite motion. In a tightly coupled GPS/IMU
tracking loop (middle), a narrower loop bandwidth is used to track errors in IMU,
providing more noise rejection (and jam suppression). With ultratight coupling
(bottom), a smoother transforms and smoothes thousands  of correlator
measurements into range and rate residual errors.
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Enhancements to the Global Po-
sitioning System (GPS) have
historically been driven both by
technological advances and by

user demand. The atomic frequency stan-
dard in the navigation payload has im-
proved over the years,
yielding a nearly three-
fold increase in ranging
accuracy over original
specifications. Hard-
ware and software up-
grades to the opera-
tional control segment
have steadily reduced
the positioning and tim-
ing errors attributable to
satellite orbit determi-
nation. Rapid growth in
the civilian market has
spurred remarkable im-
provements in the per-
formance, size, and cost
of user equipment.
Whole industries have
sprung up to provide
augmentation services
to niche markets that
will eventually include
commercial aviation
and maritime adminis-
tration.

Nevertheless, the numerous critical ap-
plications that have come to rely on GPS
will require changes that cannot be ac-
commodated by the system as originally
defined. For instance, efforts to modern-
ize the second-generation (Block II) sys-
tem focused on enhancing the space and
control segments through retrofits to the
original design, but these initiatives do not

go far enough; rather, a substantially dif-
ferent approach will be needed to keep
pace with the exponential growth in civil
and commercial applications that rely on
GPS balanced with the increasingly rigor-
ous demands on the military side.

History of Modernization
The shift in GPS from an essentially mili-
tary application to a dual-use system can
be traced back to 1983, when Soviet
fighter jets shot down a civilian passenger
plane that had strayed into Soviet air-
space. In response, President Reagan de-
clared that GPS should be available for
worldwide civilian use to prevent such

catastrophes in the future. The specifics of
civil use were established in a Memoran-
dum of Agreement between the Depart-
ment of Defense (DOD) and the Federal
Aviation Administration (FAA) in 1992.
As time went on, the disparity in quality

between the new civil
service and the legacy
military service became
apparent. In a report pub-
lished in 1995, the Na-
tional Research Council
called for a second civil
signal that would provide
service equivalent to that
previously enjoyed only
by the military. This sec-
ond signal would permit
greater accuracy (by fa-
cilitating correction of
ionospheric effects), pro-
vide a backup link in
case of local interfer-
ence, and allow more
precise ranging measure-
ments through its wider-
bandwidth signal. On the
military side, the Na-
tional Research Council
and other groups ex-
pressed concern over the
ease with which an ad-

versary could jam the relatively weak
GPS signals. In addition, given the effec-
tiveness of GPS in Operation Desert
Storm, some analysts predicted that hos-
tile entities would begin using it before
too long.

America’s GPS policy was firmly set
forth in a 1996 Presidential Decision Di-
rective that gave consent to the DOD/FAA

Steven Lazar The numerous critical applications and infrastructures that
have come to rely on GPS will require changes that cannot be
accommodated by the system as originally conceived.
Aerospace has been instrumental in defining a new system
architecture that will assure that military, civilian, and
commercial needs are met far into the future.

Modernizationand the Move to GPS III

Block IIR satellite. The first launch in this series took place on July 22, 1997. Of the 21
planned satellites, 6 healthy units are in orbit, 1 suffered a launch failure, and 14 have not
yet been launched. The first “modernized” Block IIR is scheduled to launch in 2003.



reuse within the existing bands would al-
low for a new military signal (with higher
power) in the lesser-used outer portions of
the currently registered bands. Thus, the
existing civil signal at the primary fre-
quency and the proposed new civil signal at
the secondary frequency would remain un-
affected by the new military signals, which
came to be called the M code.

A vice presidential announcement in
1998 heralded the changes to the original
L1 and L2 signals under the GPS modern-
ization program. The new signal for avia-
tion use (called L5) was announced in a
subsequent White House release. The dis-
continuation of selective availability in
2000 was the easiest but most concrete por-
tent of the changes that would come. As a
result, the Block IIR program (already in
production at the time) and the Block IIF
program (in preliminary design) were
modified to include gradual additions to the
signals and power levels. Of course, these
programs could not be significantly altered
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because of the maturity of the designs and
the need to sustain the GPS constellation
with regularly scheduled launches. Mod-
ernization of the control segment also got
underway with the addition of new moni-
toring stations and processing techniques
to reduce errors in positioning and timing.

Researchers from Aerospace confirmed
that the most efficient means to generate
the high-power M-code signal would entail
a departure from full-Earth coverage, char-
acteristic of all the user downlink signals
up until that point. Instead, a high-gain an-
tenna would be used to produce a direc-
tional spot beam (several hundred kilome-
ters in diameter). As a result, the necessary
power could be directed specifically to-
ward areas of interest, reducing the amount
of amplifier power needed on a satellite
and limiting potential interference on the
ground. Originally, this proposal was con-
sidered as a retrofit to the planned Block
IIF satellites. Upon closer inspection, pro-
gram managers realized that the addition of
a large deployable antenna, combined with
the changes that would be needed in the
operational control segment, presented too
great a challenge for the existing system
design. As a result, the focus shifted from a
modification of this existing contract to a
new start program. That new start was
granted by Congress in 2000 and came to
be called GPS III.

Assured Delivery
The suggested target levels for GPS III ac-
curacy and signal availability were found
to be incremental improvements over what
could possibly be achieved by a fully mod-
ernized Block II constellation and updated
control segment. What is needed most
from GPS III is the assurance of such per-
formance in the face of both deliberate at-
tack and normal degradation of the system
components. Such assurance can be at-
tained in part through a more robust opera-
tions center as well as more secure ground-
to-space and space-to-space links. As for
the high-power spot-beam, assured service
is not just a matter of delivering the en-
hanced signal on the ground; rather, it im-
plies the ability of the system to respond to
changing signal requirements in an opera-
tionally timely manner. The spot-beam sig-
nal must be designed to allow users to
acquire the signal with the requisite accu-
racy, along with ancillary products such as

A conceptual drawing of a GPS III
satellite, created by Aerospace’s Con-
cept Design Center.

plan to provide GPS for peaceful world-
wide use, free of charge. Moreover, recog-
nizing that GPS provided an increasing
advantage in virtually every military opera-
tion and was becoming an integral part of
the global information infrastructure, the
Clinton administration also created an in-
teragency board for the management of
GPS. Still, there was no clear plan detailing
what changes could be made most effec-
tively and what part of the system should
deal with the increasing service demands.

The Air Force initiated studies to evalu-
ate the trade-offs between performance and
cost among various alternatives for dealing
with postulated threats to the system. The
studies concluded that the signal-in-space
used by the military had to be boosted by a
significant amount to provide an opera-
tional advantage to the greatest array of
users. Additionally, the need to prevent
unauthorized use while preserving U.S.
and allied use spurred studies to identify
separate signals and spectrum allocations
for military, civilian, and aviation use. At
the request of DOD, The Aerospace
Corporation led a study that looked for
ways to separate the military signal with-
out having to secure additional spectrum in
the already crowded radio-frequency
bands. The study concluded that frequency
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updated navigation messages. Meeting
these needs may entail additional infra-
structure, control elements, and communi-
cation networks.

Assurance also means the ability to re-
spond quickly to service anomalies and
unanticipated disruptions. This type of as-
surance is known as integrity. For the civil
user, integrity means that the system can be
trusted in safety-of-life applications such
as vehicle surveillance and guidance. In the
near term, this level of integrity will be
added as an external overlay to GPS by the
FAA’s Wide Area Augmentation System, a
network of ground reference stations that
correct for GPS signal errors and provide
information regarding the health of each
satellite. Potential performance and cost

Spectrum Challenges
Of the various design challenges driving
the specific enhancements planned for
GPS III, spectrum considerations are
among the most important. The high-
power M-code military signal is particu-
larly sensitive and will have to be added
judiciously. At the upper primary fre-
quency (L1), the signals from a GPS satel-
lite compete with other GPS signals that
share this band as well as with signals
from the Wide Area Augmentation System
and various European augmentation sys-
tems. At the secondary frequency (L2),
signals must coexist with surveillance
radar systems, and Aerospace has sup-
ported studies to determine the degree to
which current and future signals can do so.

benefits can be achieved by integrating
these functions in one navigation system.

For the military user, integrity might
mean that a GPS-guided weapon can be
trusted to complete its mission with an ac-
ceptably low likelihood of collateral dam-
age. Toward this end, a goal for GPS III may
be a high degree of self-monitoring, both
within the space vehicle and within the con-
stellation. This layered integrity approach,
which may also include ground monitoring
and a custom integrity signal provided by
FAA for civil and commercial aviation, has
the potential to meet dual-use needs. The
same safety features may efficiently meet
civil needs for safety-of-life services and
military needs for guiding weapons to their
targets reliably and effectively.

Aerospace was part of a team estab-
lished to analyze the various alternatives
for a new military GPS frequency. The re-
searchers faced no restrictions in terms
of the candidate frequencies or band-
width, but their initial examination quickly
ruled out all frequencies except for a nar-
row band around the current two GPS
frequencies. For ranging to a satellite the
way a GPS receiver does, narrow band-
width modulation (below approximately 1
megahertz) does not provide usable po-
sitioning. Lower frequencies do not pene-
trate the ionosphere but are reflected, re-
sulting in the phenomenon called “skip,”
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Frequency Reuse and Signal Modernization

which makes the atmosphere opaque to
radio transmissions. Higher frequencies
are heavily attenuated by moisture in the
atmosphere, especially at low grazing an-
gles. On the other hand, components of
transmitters and receivers can reason-
ably accommodate percentage band-
widths of below a few percent without
introducing serious distortion or undue
expense. Therefore, the candidate
choices for this military frequency were
right around the L or S bands. Not sur-
prisingly, these are exactly where most
satellite systems are vying for spectrum.
At a loss for additional frequencies,

Aerospace suggested a different ap-
proach. Applying the concept of spec-
trum reuse, whereby niche frequency
bands are sometimes filled within
allocations of different services, the
unused portion of the GPS registered
frequencies were identified. While the
C/A and P(Y) codes are centered on
the L1 and L2 carriers, the outer edges
of the band are virtually unused. An
Aerospace-patented application of
biphase modulation was suggested to
“split” the new military signal, allowing
it to straddle the center of the band.
Thus, the M code was born.

The current GPS constellation has signals on two frequencies (L1 and
L2) with P(Y) code modulation dedicated to military use. L1 also has the
C/A coded signal that is the primary signal for civil GPS users. Among
the factors considered in selecting the optimal frequency and bandwidth
for a space-to-Earth signal suitable for high-accuracy ranging are atten-
uation through the ionosphere, rain attenuation, code rate for accuracy,
and limits of digital circuitry and radio-frequency components. As part of
the GPS modernization efforts, Aerospace reexamined these tradeoffs
and found that the current C/A and P(Y) codes at the L1 and L2 fre-
quencies are in fact optimal choices.

The first phase of the modernization of the Block II system will provide
two additional signals, designated as the M code, on L1 and L2 for mili-
tary use.The M code signals are designed to use the edges of the band
with only minor signal overlap with the preexisting C/A and P(Y) signals.
A second dedicated civil signal on L2 will be added to give civil users full
dual-frequency service. In the next phase of modernization, another
frequency (L5) with a new modulation type will be dedicated to high-
accuracy use, fundamentally for aviation. The two components of the
signal have been designated as I5 and Q5.
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Although the higher-power signal will
have sufficient bandwidth within the regis-
tered frequency, it may still prove difficult
to prevent the total signal from spilling
over the occupied bandwidth.

Spectrum issues affect the uplink, down-
link, and crosslink frequencies as well. The
uplink and downlink bands used for teleme-
try, tracking, and control (TT&C) are sub-
ject to reallocation to permit increased

commercialization of government bands
for emerging mobile-satellite systems. The
directional crosslinks, used for satellite-to-
satellite communication and potentially for
intersatellite ranging, represent a signifi-
cant departure from the current ultrahigh-
frequency implementation, which is essen-
tially nondirectional. The current crosslink
signal is not situated in a properly allocated
band and can suffer from occasional inter-
ference as a result of the broad satellite-
antenna coverage at that frequency. While
modernization of the Block II serves as a
first step in addressing some of these is-
sues, the fundamental design changes that
can truly deal with the changeover in fre-
quency bands are beyond the scope of the
existing programs and configurations.

Integrated Dual Use
GPS III offers the opportunity to depart
from previous designs, rather than simply
add to them. The FAA Wide Area Augmen-
tation System, Coast Guard National Dif-
ferential GPS, and numerous global moni-
toring networks operate independently of
the main GPS infrastructure, and the oper-
ational control segment does not fully ben-
efit from the superior availability and orbit

determination capability of these civil net-
works. A potential innovation in GPS III
would be to incorporate the products of
such civil networks (with the appropriate
safeguards) into its operational database.
International concerns could also be met
by incorporating monitoring and integrity
information from other countries and re-
gions. The use of host country messages in
a local area can satisfy the need for sover-
eign countries to maintain control over
their regional radio navigation aids within
the context of a service carried on GPS.

As for the increasing crowding of the
electromagnetic spectrum, some of the
proposals identified in GPS III make it pos-
sible to meet the growing operational need
within the confines of protected national

and international frequency allocations. In
the case of the high-power military signal,
the use of a highly directional spot beam
and better spectral and geographical tailor-
ing of the signals could allow the system to
satisfy this goal. High-frequency ground-
to-space and space-to-space communica-
tion links have been recommended by the
research and contractor teams to create a
survivable network for the command and

maintenance of the system under variously
challenging conditions.

Acquisition Innovation
Not all of the innovations in the GPS pro-
gram have been purely technical. As a de-
parture from the traditional way in which
the Air Force acquires space systems, GPS
III was designated as a “pathfinder” for a
new process. In the past, similar acquisi-
tion programs had to endure numerous
meetings of separate process teams to gain
acceptance of the acquisition strategy. In
contrast, GPS III will undergo a review by
a single body, the Independent Program
Assessment team, under the aegis of the
Air Force’s Space and Missile Systems
Center. The Independent Program Assess-
ment team will gauge the readiness of the

The early GPS receivers were quite bulky—and in fact had to be worn like
a backpack. In contrast, today’s receivers are extremely compact and easy

to integrate with other portable electronic devices. Shown here are the
Street Pilot III (top right) and eTrex Summit (bottom right) from Garmin.
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program to pass the respective milestones
and report to the milestone authority. Com-
posed of representatives from numerous
other programs, the Independent Program
Assessment team brings diverse viewpoints
and expertise from numerous quarters and
prepares other program offices to transition
to this new way of doing business.

The Aerospace Corporation has been in-
strumental in conducting trade studies
among a host of proposed architectural ele-
ments for the Block II modernization and
GPS III design efforts. Aerospace re-
searchers working with the corporation’s
Concept Design Center have been analyz-
ing constellation size, number of planes,
spacecraft design, and ground-segment
configuration in regard to performance and
total life-cycle cost. This capability has
been used to independently validate the re-
sults of contractor studies and to create a
government technical baseline. The base-
line helps refine requirements that will
serve to specify what GPS III should be
and allow the Air Force to estimate the
program’s cost and funding cycle going
into the next phase of the acquisition.

With the help of DOD’s Center For Sys-
tems Acquisition Development, Aerospace
has also conducted critical risk assess-
ments at various stages of the acquisition
program. More recently, the potential risk
of some of the new features for GPS (al-
though they are not new in other space

programs) such as the large spot-beam an-
tenna and higher-frequency crosslinks have
been examined more closely. The interdis-
ciplinary Aerospace research team has
used its database to alleviate some con-
cerns and to help formulate prudent devel-
opment and production schedules for plan-
ning and cost estimation.

The transition of the operational control
segment has also been identified as a focus
area, and Aerospace has been assisting in
concept development and advanced plan-
ning. The safe transition from the control
of the current constellation to the more ad-
vanced and networked operations for the
future satellites is a key focus area for ar-
chitecture explorations and risk reduction.

Flexibility and Growth
One of the chief lessons learned from the
modernization program is that the process
of getting design changes developed,
tested, and phased into the operational sys-
tem is both deliberate and slow. The re-
markable longevity of the GPS satellites
has meant that for large and economical
satellite acquisitions, new requirements
and technology updates take a long time to
implement. When designed in from the be-
ginning, flexible elements can be readily
accommodated in the architecture. Further-
more, planning for future growth with a
margin of flexibility in processor capacity,
memory, power, mass, and thermal capac-
ity can allow for improved or even new

payloads and missions to be accommo-
dated quickly and economically.

The American GPS is not without com-
petitors. In fact, in the 1980s, the Soviet
Union launched its own version called
GLONASS, although this system has
fallen into disrepair since the breakup of
the Soviet Union. More recently, the Euro-
pean Union has decided to develop another
global navigation satellite system, called
Galileo. U.S. policy is still evolving with
regard to Galileo, but the question of
whether to be competitive, complementary,
or fully interoperable with foreign systems
like Galileo underscores the need for flexi-
bility as well as improved services for fu-
ture GPS manifestations.

Indeed, the international competition to
create the preeminent global navigation
satellite system may be decided by the
ease with which a system can either estab-
lish or adopt service standards. Given that
the frequencies, signal structures, and
protocols of the various potential services
in Galileo have not been fully defined,
timely decisions on the part of the United
States with respect to GPS III may set the
pace in establishing these standards. Ac-
celerating the program, maximizing the
civil benefits, and including provisions for
international cooperation in the operation
of GPS III can build confidence on the
part of equipment manufacturers and local
certifying agencies. Most important, pro-
viding the technical and operational back-
ing for the political assurances of superla-
tive and reliable service will allow the
United States to make sure that GPS re-
mains the leader in the global navigation
satellite arena.

Conclusion
It would be presumptuous to try to predict
all the ways that GPS will evolve in the next
30 years; however, it’s safe to say that GPS
will continue to play both a visible and sup-
porting role in virtually all commercial,
civil, and military enterprises. The modern-
ization of Block II will achieve noticeable
performance improvements, and augmenta-
tion systems will provide an added dimen-
sion of safety for applications such as air
travel and marine navigation. GPS III prom-
ises to consolidate these and further ad-
vances. With more capable and efficient de-
sign and management, the future GPS will
help the military achieve its objectives reli-
ably and discriminately while safeguarding
the trust of all of its users.

Artist’s rendition of a Block IIF satellite. The first unit is scheduled to launch in 2005.
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Patents
S. J. Curry, D. M. Schwartz, J. F. Collins, “Convo-

lutional Despreading Method for Rapid Code
Phase Determination of Chipping Codes of
Spread Spectrum Systems,” U.S. Patent No.
6,345,073, Feb. 2002.

This signal-processing technique is designed
for use in radio communication systems that
employ chip-spreading codes and that there-
fore require code-phase determination for rapid
acquisition of direct-sequence spread-spectrum
signals. Taking advantage of the algebraic
structure of the spreading code, this despread-
ing method applies convolutional decoding to
received signal-chip symbols. Modeled re-
duced-state structures with branchword transi-
tions reduce metric computations while provid-
ing additional constraints for modifying
convolutional sequential metric searches.
These features improve the speed of code-
phase determination. The method works best
with a modified convolutional sequential
search algorithm, such as a modified Fano Tree
or Viterbi trellis convolutional sequential
search. The method can also directly determine
a modulated data stream, when present, to pro-
vide demodulated data without necessarily per-
forming conventional cross-correlation de-
spreading.

M. M. Gorlick, “Wearable Electronics Conductive
Garment Strap and System,” U.S. Patent No.
6,350,129, Feb. 2002.

An electrically conductive strap can communi-
cate power and signals between batteries and
electronic devices attached to it. The strap can
be embedded in blouses, pants, belts, and simi-
lar articles of clothing, allowing personal elec-
tronic devices to be comfortably worn. Ordinary
conductive snaps made from common materials
provide reliable connection between the strap
and the electronic devices. The strap is made of
woven materials such as a conductive webbing
that incorporates at least two durable electrical
conductors directly into the conductive strap.

G. F. Hawkins, E. C. Johnson, J. P. Nokes,
“Wheeled Large Surface Thermographic In-
spection Heating Apparatus with Uniform
Heating,” U.S. Patent No. 6,400,898, June
2002.

Designed for thermographic inspection of large
structures, a heater radiates a uniform amount
of heat upon a large surface in a short period of
time. The surface can then be imaged by a
handheld infrared camera for quick detection
of subsurface flaws. Easy to manipulate, the
portable device is well suited for inspecting
composite-overwrapped concrete bridges and
buildings where debonding of the composite-
concrete interface is a concern. Motor-con-
trolled wheels translate an array of several
equally spaced heating elements at a constant
rate. The highly uniform heating eliminates the
need for postprocessing of the data and enables
the operator to detect flaws or defects at the

time of inspection. The handheld equipment
can be used in various sites without the difficult
and lengthy setup associated with other types
of heating equipment.

T. M. Nguyen, J. Yoh, A. S. Parker, D. M. Johnson,
“High Power Amplifier Linearization Method
Using Modified Linear-Log Model Predistor-
tion,” U.S. Patent No. 6,307,435, Oct. 2001.

Using a modified linear-log model, this predis-
tortion technique linearizes the output of high-
power amplifiers used in digital communica-
tion systems. The technique is specifically
intended for nonlinear high-power amplifiers
that suffer distortion when converting an am-
plitude-modulated input signal to a phase-
modulated or amplitude-modulated output sig-
nal. A complex baseband linearizer provides
predistortion at baseband, thereby reducing
spectral regrowth and improving bit-error per-
formance. The predistortion effects are
matched to the amplifier distortions to cancel
them out. The modified linear-log model re-
duces the clipping effects through the peak op-
erating point for a specified output-power loss
with minimum distortion.

E. J. Simburger, “PowerSphere Deployment
Method,” U.S. Patent No. 6,318,674, Nov.
2001.

This patent describes a method of deploying
multiple flat panels interconnected by rotating
hinges to achieve a predetermined curved
shape, such as a sphere. The method is prima-
rily intended to create a spherical enclosure
known as a PowerSphere for use as an attitude-
insensitive solar panel on a miniature satellite;
however, the technique can also be used to cre-
ate any similarly curved structure—for exam-
ple, a curved geodetic tent for terrestrial use.
Internal supporting struts and interconnecting
panel frames and hinges are inflated during un-
furling to automatically form the curved sur-
face.

E. J. Simburger, A. Prater, P. J. Carian, “Power Dis-
tribution System,” U.S. Patent No. 6,396,167,
May 2002.

Particularly useful for microsatellites and
nanosatellites, a power-distribution system de-
livers energy from multiple dc power sources
and storage devices (such as solar cells and bat-
teries) connected in parallel to a regulated
power bus. The parallel connection is accom-
plished through microelectronic dc-dc regula-
tors attached to each individual cell or battery,
eliminating the need for serial connections.
When total power from power sources exceeds
system needs, the excess current is used to
charge the dc storage devices. The regulators
will continue to provide sufficient coupled
power to the bus even if one or more of the
power sources or storage devices fails. When
used in conjunction with a spherical solar-cell
array, the power-distribution system can ensure
adequate electrical power to a satellite regard-
less of its orientation toward the sun.

K. Siri, “Maximum Power Tracking Solar Power
System,” U.S. Patent No. 6,369,462, Apr. 2002.

This power-tracking system ensures the deliv-
ery of maximum power from a source (such as
a solar-cell array) to a load (such as a satellite
payload). The system determines a proper con-
trol direction toward the source maximum-
power point in one out of three possible con-
trolling states: increasing, decreasing, or
steady. These states are controlled by an array-
voltage set-point command modulated by a
dither signal, enabling regular power tracking
(or system output voltage regulation) when
load-demand is below the source peak power
and maximum power tracking (or system solar
array voltage regulation) when load-demand is
above the source peak power. The system can
deliver power to constant or pulsating loads
and storage cells. When configured for a con-
stant-power or pulsating load, the system uses
both damped input-filter and damped output-
filter capacitors or bus stabilizers coupled
across the input and the load, respectively, to
stabilize the input and output voltages around
the selected dither frequency. At frequencies
above the center frequency of the bus stabiliz-
ers, the system creates sufficient damping ef-
fects to ensure both input and output voltage
stability without undesirable oscillation. The
maximum-power tracking system can support
existing commercial-off-the-shelf dc-dc con-
verters that use current-mode control in an in-
nermost control loop. Multiple sets of paral-
leled converters and their respective maximum
power trackers can be distributively connected
to their respective array sources while their
converter outputs are coupled in parallel using
shared bus control signals for fault-tolerant
equalized power conversion.

A. M. Young, S. S. Osofsky, “Active Feedback
Pulsed Measurement Method,” U.S. Patent No.
6,396,298, May 2002.

This active feedback circuit minimizes voltage
transients during pulsed measurements of a
semiconductor device such as a high-power
field-effect transistor (FET). The method uses
three bias tees: an input-gate bias tee for apply-
ing an accurately shaped pulsed input; a sens-
ing bias tee for sensing terminal voltages (such
as drain voltages for an FET); and a drive bias
tee for coupling in a feedback signal from an
active feedback circuit. The feedback circuit
receives an ac coupled input-error signal for
the dc terminal voltage and provides a drive
signal as an error signal to maintain the applied
dc test voltages at stable levels. A pulsed I-V
(current and voltage) or pulsed S-parameter
(scattering parameter) measurement can be ac-
complished within 1 microsecond of the lead-
ing edge of the gate pulse with reduced drain-
voltage transients. When the I-V measurements
are made quickly after the rising edge of the
gate pulse, self-heating and trap effects will be
minimized. The resulting model will closely
match the measured performance of the device.
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Commerce and conquest—per-
haps the two greatest drivers of
human civilization—have al-
ways depended on accurate nav-

igation. Helen of Troy, through her beauty,
may have launched a thousand ships, but
the Greeks needed something more reli-
able to guide them to the battle. Fortu-
nately for them (less so for the Trojans),
the science of navigation was already well
established by the time they set off across
the wine-dark sea.

Indeed, the history of human navigation
goes back thousands of years. With the rise
of mercantilism in the ancient world,
traders found that boats provided the easi-
est and most efficient means of transport-
ing goods. As early as 5500 years ago,
merchants in Mesopotamia and Egypt
were building vessels large enough to carry
goods on a commercial scale. Egyptian sea
voyages are even recorded in hieroglyphs
dating back to about 3200 BCE. The be-
ginnings of navigation, as an organized
study, can be traced to this period.

The mariners who steered these trading
vessels needed accurate navigation to get
to the next port safely. Typically, they re-
mained close to shore and used geographic
landmarks to guide them—a technique
known as piloting. If they needed to ven-
ture out into the open water, they could
make crude approximations of time and
latitude by observing the height of the sun.
When they traveled at night (which was
uncommon), they used the moon, stars,
and planets as celestial guides—assuming
the sky was clear.

The Greeks and Phoenicians made great
strides in navigation and developed tech-
niques that remained in use for thousands
of years. By some accounts, the Phoeni-
cians were the first to use the Pole star for
maritime navigation and the first to
circumnavigate Africa. The Pole star,
which remains fixed above the North Pole,
was critical for early navigation because it
allowed navigators in the Northern Hemi-
sphere to gauge their latitude by measuring

its height. The Greeks and Phoenicians
also lit bonfires along shorelines at key lo-
cations, facilitating travel by night.

About the same time the Phoenicians
were charting the Mediterranean, other
seafaring cultures were exploring the vast
expanses of the South Pacific. Like West-
ern mariners, the Pacific Islanders used
stars, currents, and migratory seabirds to
find their way. Their star maps were partic-
ularly sophisticated, as evidenced by the

remarkable distances—literally thousands
of miles of open seas—that they success-
fully traversed.

Mediterranean mariners also learned to
keep records of a ship’s direction, speed,
and travel time to determine position—a
technique known as dead reckoning. Start-
ing from a known point, such as a port, the
navigator would measure the heading and
distance traveled in one day and mark that
position on a chart. Each day’s ending po-
sition would be the starting point for the
next day’s measurements. The system was

notoriously inaccurate. Speed was esti-
mated by watching seaweed or driftwood
float by the ship, and travel time was meas-
ured by an hourglass.

Beneath overcast skies, navigators relied
on guesswork and intuition to determine a
ship’s heading. A better method arose
around 1100 CE, when the Chinese created
the first magnetized needle compass. Eight
or nine decades later, this invention would
appear in Europe, too.

Indeed, the 12th and 13th centuries
brought several navigational advances to
Europe, including the lead line for deter-
mining sounding depths. This period also
saw a florescence in the creation of nautical
charts and celestial almanacs. Seafarers
also rediscovered tools used by the ancient
Greeks—most notably the astrolabe and
the cross-staff. These devices were used to
measure the elevation of the sun or stars
above the horizon. To find the latitude of a
ship at sea, the navigator would measure
the height of the noon sun or a star of
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known declination and consult an almanac
to find out what latitude corresponded to
the data for that date.

A similar device was the Arabian ka-
mal, a rectangular plate with a string at-
tached in the center. Before leaving port,
the navigator would hold the plate out un-
til its upper and lower edges touched the
North Star and the horizon and tie a knot
in the string to mark the distance from
nose to plate. To return to port from an un-
known position at sea, the navigator would
sail north or south until the plate again
touched the North Star and horizon when
held out at the distance marked by the
knot, and then sail along that latitude to-
ward port. Most kamals would have sev-
eral knots to indicate the latitudes of fre-
quently visited ports.

In the 15th and 16th centuries, trade
with the Far East and exploration of the
Americas intensified, fostering a renewed
interest in navigational techniques. Mer-
chants and their backers could not afford to
lose even a single ship laden with spices or
precious gold. Nonetheless, explorers such
as Columbus still relied on dead reckoning
and similarly unreliable techniques.
Clearly, new methods and instruments
were needed.

One such instrument, developed around
the turn of the 17th century, was the quad-
rant, essentially a quarter of a circle with a
plumb bob suspended from its apex. To de-
termine latitude, the user would site the sun
or a star along one vertice, letting the
plumb line fall across the curved 90-degree
scale, indicating the angle of elevation. Of
course, staring directly at the sun is not
without its drawbacks. Thus, a variation of
the quadrant, known as the back-staff, soon
gained preference, as it allowed the user to
face away from the sun to make the neces-
sary measurements.

Subsequent advances in optics led to the
invention of the sextant in 1731. This in-
strument uses mirrors to generate images
of the sun and horizon. To determine the
height of the sun, the user would tilt one
mirror using a calibrated dial until the im-
age of the sun was precisely superimposed
upon the image of the horizon. Not only
was the instrument more precise, it was
easier to use on a rolling deck.

Of course, sailors on the high seas were
not the only ones who needed to know
their position; explorers and cartographers
traveling through the wilderness also
needed such information. The sextant,
however, was essentially unusable when
the horizon was obscured by mountains or
forests. To compensate, instrument makers
began developing devices with artificial
horizons. These advances would later play
an important role in the development of the
airplane and the submarine, which operate
above and below the horizon.

Still, while latitude measurement im-
proved, longitude measurement remained
out of reach. Precise timekeeping seemed
the logical approach, but the best clocks of
the day lacked the precision or robustness
to withstand choppy seas.

The “longitude problem” was so vexing
that England established a Board of Longi-
tude in 1714 and offered 20,000 pounds
sterling to whoever could resolve it. Some
of the greatest minds of Europe joined the
race for a solution. Some believed that vari-
ations in Earth’s magnetic field held the
key, while others insisted on celestial tech-
niques. John Harrison trumped them all by
building a chronometer that lost less than
one second per day during long sea voy-
ages. Still, the board was reluctant to confer
the award on someone who was not a
member of the established scientific acad-
emy, and Harrison—greatly embittered—
had to wait until 1763 to collect his prize.

Harrison’s chronometer gradually
gained favor, and the pace of navigational
advancement slowed during the industrial
era. Still, the ability to move and commu-
nicate over long distances by telegraph and
railroad spurred the need for civil and mil-
itary time coordination. Thus, in 1884, at
the height of the British Empire, Green-
wich, England, was established as the
world’s Prime Meridian. Previously, each
major nation established its own prime
meridian and local time; the promulgation
of Greenwich Mean Time did away with
these, and standardized navigational read-
ings throughout the globe.

After a period of relative quiescence, the
20th century brought an unprecedented
wave of navigational advances. The cen-
tury opened with the first transatlantic

radio transmission by Marconi in 1901,
followed by the first airplane flight by the
Wright Brothers in 1903. These two events
would soon become closely linked, in nav-
igational terms. The rapid acceptance of
the airplane necessitated navigational im-
provements, as pilots were essentially in
the same boat as mariners centuries before.
As a result, many navigational advances of
the 20th century focused on aeronautical
and astronautical techniques, although
ships and ground vehicles also benefited
from this work.

By the 1920s, the development of radio
navigation was underway. By 1935, Eng-
land had conducted a successful trial of the
first radar system. By 1939, a chain of
working radar stations was in place along
the south and east coasts of England—and
this system proved critical in the Battle of
Britain the next year.

Radio direction finding thus became the
standard for aircraft navigation, eliminat-
ing the need for celestial techniques. Radio
in turn gave way to inertial guidance—
which is essentially a highly sophisticated
form of dead reckoning.

The Global Positioning System, of
course, brought a revolution as great as any
in the history of navigation. With the ad-
vent of GPS, users anywhere in the world
could easily (and cheaply) determine their
position with remarkable accuracy by pas-
sive reception of satellite signals.

But the story is far from over. As civi-
lization reaches farther into space—where
terms such as “horizontal” and “vertical”
hold little meaning—new navigational
techniques will be required. The earliest
space flights used special sextants that
measured the angle between the edges of
Earth or celestial bodies to determine posi-
tion. These sextants have since been re-
placed by electronic devices. Even geosyn-
chronous satellites have begun using GPS
signals for orbit determination.

As space vessels venture out beyond the
reaches of the inner solar system, they will
encounter new navigational challenges.
Some of these will be met through tech-
niques that resemble those used by the first
sailors thousands of years ago. Others may
require a whole new way of thinking about
location and time.
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