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ABSTRACT

Changes in the Navstar Global Positioning System (GPS) program in 1980 resulted in a
reduction in the number of satellites from 24 to 18, and consequently led to a
reconsideration of the original orbital configuration and a revision in the way buildup and
replacement would be performed. During the buildup phase of the program, the Space
Shuttle will be used, launching up to two Navstar satellites per mission on launches shared
with other payloads and up to four satellites on dedicated launches. The original concept
for the 24 satellite Navstar GPS constellation consisted of three orbit planes with eight
uniformly distributed satellites per plane. In that configuration, all of the satellites on each
Shuttle launch would be placed in only one plane. With the reduction from 24 to 18
satellites, it was determined that there were advantages to evaluating other constellations;
rather than simply reducing the baseline three-plane, 24-satellite configuration to 18
satellites by removing two satellites from each plane, a larger number of planes may be
preferred for the restructured program. Indeed, the current baseline configuration is a six-
plane, 18-satellite constellation with three satellites per plane, and the three-plane
constellation is an alternate configuration.

Buildup and replacement studies for the new configurations that have been investigated
have not only addressed the performance goals of Navstar GPS but have considered the
economic use of the Shuttle as a launch platform. In addition, the launch constraints
imposed by the Shuttle must be considered in the strategy used for buildup and
replacement. This paper discusses the fundamentals of the buildup and replacement and
the performance of the GPS with 18 satellites. The constellations discussed are the six-
plane GPS baseline and the alternate three-plane configuration.



INTRODUCTION

Navstar GPS is a space-based highly accurate radio navigation system. The original
configuration was a 24-satellite system, but because of a reduction in funding the program
has been reduced to an 18-satellite system. The result was a reevaluation of the number of
orbital planes, the locations of the satellites in those planes, and sparing strategy.
Worldwide coverage must be optimized for both the full constellation and for the buildup
and replenishment phases. A large number of possible constellations exist. Two
configurations were selected as having the greatest merit. They are a three-plane
constellation with six non-uniformly spaced satellites in each plane, and a six-plane
constellation with three satellites uniformly spaced in each plane. The latter was eventually
selected as the Navstar GPS baseline.

The Space Shuttle was selected as the launch platform for the Navstar GPS buildup. The
constraints imposed by use of the Shuttle contribute an important issue in determining
buildup, replenishment, and sparing strategies for the satellite configurations of interest. In
fact, the economic factors involved could well determine the final selection of one
particular configuration. The major constraints imposed by the Shuttle include the limits on
achievable inertial plane separation when more than one satellite is to be placed in orbit
and the number of satellites that can be launched for any given Shuttle mission.

Even during buildup, a properly equipped user can precisely determine his position,
velocity, and time with Navstar GPS. The System consists of three segments: the user
segment, space segment, and control segment. The Navstar satellites will be in nearly
circular orbit at approximately 10,900 nmi above the earth and transmit navigation
messages to the users on two frequencies, L-1 and L-2. The operational control segment
consists of five monitor stations, the master control station, and ground antennas. Ground-
based monitor stations passively track the satellites as they come into view. The Navstar
master control station collects the ranging data from the Monitor Stations and generates
the navigation message, which is uploaded through the ground antennas to each satellite
daily. The user segment sets consist of a receiver and navigation processor that require
signals from at least four satellites to solve for the user’s three-dimensional position
coordinates and system time in an unassisted mode of operation. The four satellites must
have a geometrical arrangement that allows an accurate solution. Thus, the number of
satellites in view of a user are important, as well as the configuration. Therefore, in
establishing a satellite constellation, coverage is defined in terms of user positional
accuracy (two- or three-dimensional) using the best geometrical arrangement of the
satellites in view. Ability to provide the best coverage during the buildup phase, and
maintaining the best coverage when the full constellation is established, require a logically
developed strategy based on constraints imposed by the Shuttle, satellite longevity, and
satellite production rate.



SHUTTLE AS A LAUNCH PLATFORM FOR NAVSTAR GPS

Each GPS satellite will be boosted from the Orbiter parking orbit to its mission orbit by an
upper-stage vehicle that consists a perigee kick motor, and a apogee kick motor. It is
desirable to size the upper-stage vehicle with enough impulse to allow a transfer from an
Orbiter parking orbit inclined at 28.5 degrees from the equator to a mission orbit inclined
at 55 degrees. This allows GPS satellites to share on the Shuttle with satellites bound for
low-inclination orbits (e.g., synchronous equatorial orbits). On the other hand, it is
desirable to inject the GPS satellites from Orbiter inclinations of 55 degrees on payloads of
higher inclination. These latter generally would be dedicated GPS missions. For those
cases, considerable node change capability is available, permitting more than one plane to
be serviced per Shuttle mission. Payload limitations analysis indicated that at most two
GPS satellites may be, launched on shared rides (28.5 degrees inclination) and up to four
GPS satellites on dedicated missions (at 55 degrees inclination).

The baseline Navstar GPS mission is a shared ride and the assumption is that a satellite
may be launched from a shuttle in a parking orbit (150 nmi altitude) at an inclination of
28.5 degrees directly into a GPS orbit at 55 degrees inclination (10,900 nmi altitude), as
illustrated in Figure 1. Under the assumption that the delta velocity capability is available
to do the latter, it has been shown that launching from a parking orbit of 55 degrees
inclination (with the same delta velocity capability) permits nodal changes of ±32.5
degrees by utilizing the extra delta velocity capability available from not having to change
inclination to make a node change. This permits the placement of GPS satellites in
different orbit planes, as illustrated in Figure 2.

Another factor that adds to nodal change capability is differential nodal regression. Due to
the earth’s oblateness, the ascending node of any circular orbit with inclination between 0
and 90 degrees regresses to the west. This regression is greatest for orbits closest to the
earth’s surface and with low inclinations. Therefore, a GPS orbit regresses much less than
the Orbiter’s. In fact, a GPS orbit regresses at -0.039 degrees per day, but a nominal
Shuttle parking orbit at 28.5 degrees inclination regresses at -7.542 degrees per day. The
difference between these rates, about -7.5 degrees per day, is the rate at which the orbiter
overtakes the GPS planes. At the higher inclination of 55 degrees for the Orbiter, a
differential regression of about -4.9 degrees per day is obtained.

Because of economic and payload restrictions, a Shuttle mission is limited to seven days at
most, with about six days in orbit. Longer missions are possible, but additional
expendables are required, and the cost of installation, plus the existing mission cost per
day (which must be considered for any mission that requires more than one day), make this
option unattractive. Given that six days on orbit is the maximum time to allow for
differential nodal regression relative to the GPS planes, then about 45 degrees plane



separation is available when the Shuttle is in a parking orbit at a 28.5-degree inclination
and 29.4 degrees when the Shuttle is in a parking orbit at a 55-degree inclination. The
latter, however, is in addition to the 65-degree nodal change which the excess delta
velocity permits. Thus, on a dedicated mission, GPS satellites may be placed in orbit
planes separated by as much as 94.4 degrees.

The establishment of these limitations can have a significant impact on the buildup and
replenishment of the Navstar GPS. The limitations have a more significant effect for some
configurations than for others.

DESCRIPTION OF THE 18-SATELLITE CONSTELLATION

The original satellite configuration for GPS consisted of a three-plane 24-satellite
constellation with 8 uniformly spaced satellites in each plane. However, in restructuring
the program, a reduction in the number of satellites to 18 was necessary. As a result of that
reduction, it became apparent that configurations other than a three-plane constellation
might offer better coverage with fewer satellites.

It was initially discovered that if a three-plane arrangement was still to be used, removal of
two adjacent satellites in each orbit ring provided the best coverage, better than would
uniform spacing of the six remaining satellites. This arrangement became known as the
asymmetric three-plane configuration. In the study of other constellations it was of interest
to maximize the coverage and to select a constellation that could easily be augmented to
24 satellites if future program changes permitted such an increase.

The coverage was defined by a performance figure of merit. A value of the worldwide
three-dimensional root mean square user error of 42 meters was selected as a threshold for
the figure of merit. The percentage of time per day that this value was exceeded (i.e.,
performance was better than 42 meters RMS), was then defined as the system value and
was used as a criterion (i.e., figure of merit) for coverage. As the system value increases
and approaches unity, the coverage for a given configuration on a worldwide RMS basis is
said to be superior to those constellations with smaller system values, since the difference
between unity and the system value indicates the fraction of time that coverage exceeds the
threshold on a worldwide basis.

A significant factor in investigating other configurations, in addition to the number of
planes or the type of orbits, was the determination of the phase of satellites relative to one
another from plane to plane. The orbits were restricted to orbits at the GPS baseline
altitude because satellite redesign would be required if other altitudes were selected. The
orbit inclination will be 55 degrees for all operational satellites.



The search for other configurations resulted in identification of a six-plane constellation as
optimal. Ultimately that configuration became the GPS baseline. The six planes are
uniformly spaced 60 degrees apart with three satellites in each plane. In adjacent planes,
the satellites are phased 40 degrees apart. Thus, if the first satellite in the first plane is at
the equator, then the corresponding satellite in the second plane at that instant would be 40
degrees “above” the equator.

BUILDUP STATISTICS AND PERFORMANCE

Having established that the 18-satellite constellation is of interest, buildup and
performance during the buildup must be considered. The buildup issue becomes that of
obtaining and maintaining the best coverage on a global basis when less than a full
constellation is deployed. Another possibility is that buildup may be required to be based
on coverage at specified geographical locations rather than on worldwide coverage, but
such cases are not being considered in this paper.

The constellations were assumed to be built up from no satellites prior to the start of
buildup. Actually, some of the Phase I and Phase II satellites of the GPS test and
development program would likely still be operating. However, these are at different
inclinations and it is not known which ones would be operating at the time of buildup,
though a statistical prediction can be made based on the design life of the satellite.
However, to compare the coverage during buildup for the two constellations, and to
simplify the analysis, it was assumed that there were no existing satellites to start.

The Shuttle-imposed constraints must be considered. As previously indicated, shared rides
are preferred; thus, at most two satellites per launch can be placed in orbits separated by
planes no more than 45 degrees apart in longitude. Since the three-plane configuration has
planes 120 degrees apart in longitude and the six-plane case has satellites 60 degrees apart
in longitude, it is evident that satellites can only be placed in one plane per launch.
However, if dedicated launches are used, then satellites may be placed in planes separated
by slightly more than 90 degrees. This would allow placing satellites in more than one
plane for the six-plane constellation and can reduce the number of launches required.
Figure 3 is a summary of the buildup strategy for the two constellations discussed in this
paper. It is worth noting that the six-plane constellation requires some launches in which
only one satellite must be inserted in a given plane. Such launches could be used also to
place a spare in the subject plane for a mission when more than one satellite is available
for launch.

Given the strategy outlined in Figure 3, a buildup based on system value can be
established. This is done by exhaustively searching combinations of satellites to yield the
one with the highest system value for the number of satellites that the buildup is to reach at



that time. Figures 4 and 5 summarize the buildup. In each case, the satellites are in a
sequence continuing from plane to plane, as illustrated in the two-dimensional depictions
of the planes in the figures.

Having established a buildup strategy, it is interesting to examine the horizontal error
cumulative probability at a few stages during the buildup. This is informative since many
users will require only two-dimensional navigation. The probability plots of Figures 6 and
7 provide an overview of the relative horizontal performance during buildup. They also
indicate the percentage of time during a day that a certain level of performance can be
achieved on a worldwide basis if the probability is converted to a measure of time.

REPLACEMENT AND SPARING

The original configuration for Navstar GPS with three planes had a relatively simple
sparing strategy of one spare in each plane, for a total of three spares. Now, with a six-
plane baseline, sparing is not as simple; it is desirable to still have only three spares
because of cost and because the method has been found to be sufficient. Sparing becomes
a problem of utilizing an optimal strategy so that, in the event of a satellite failure, the
system value can be made to remain unchanged or to not substantially deteriorate. The
initial studies of sparing made the assumption that spares were inactive, so that there
would be at most 18 active satellites at any time. Each spare would be placed in a
preferred orbit plane and activated and, if necessary, rephased (i.e., relocated in the orbit
plane) when a failure occurred. However, assuming that spares are inactive may not be
necessary because the lifetime of an active spare apparently is not significantly shorter
than that of a dormant spare.

Therefore, activating the spare and thereby improving coverage may be a preferable
approach. But both a dormant spare and an active one are described in this paper.

Replacement strategy follows from sparing strategy since satellites are replaced and spares
are put in orbit when a need is identified. One limitation for constellation buildup is the
ability to place satellites in the desired planes on a Shuttle mission. Thus, Shuttle
constraints could limit strategy if more than one spare is launched or if the satellite with
which the ride is shared imposes launch constraints incompatible with the GPS
requirements. Another constraint imposed by the Shuttle that can affect strategy for
replenishment is the Shuttle call-up time. This has been assumed to be from 2.5 to 12.5
months for a shared ride and from 2.5 to 6.5 months for a dedicated launch.

Some candidate sparing strategies for the three-plane constellation are outlined in Figure 8.
Up to three spares are assumed and the intent is to maintain 18 active satellites with active
or dormant spares. The number of satellites in each orbit plane is indicated along with the



system value. The effect, as measured by system value, of losing satellites from the starting
configuration is demonstrated. A strategy based on active spares maintains a higher
average system value and starting system value.

The six-plane configuration, in which there are more planes than spares, creates some
difficulty as compared with the three-plane constellation. However, it has been found that
a spare in every other plane is a suitable approach. An example for a case in which only
one spare is used for this constellation is illustrated in Figure 9. There, situations are
illustrated in which the spare is in plane 4 with either of two satellite failures occurring (in
planes other than the one with the spare) The inactive spare is rephased to optimize the
system value for the given situation. The active spare either stays at its initial optimal
location or is rephased. It is evident that the system value will decrease below the baseline
value unless the failure occurs in the plane of the spare, in which case the spare is
rephased to replace the failed satellite. However, it should be noted that the six-plane
configuration with 18 satellites in the worst case still has a system value comparable to
that of the three-plane configurations with an optimal arrangement of 18 satellites.

Analysis has continued on these issues and it is clear that not only will the system value
often degrade with the loss of a satellite, but additional outages may occur in undesirable
locations unless a proper strategy is obtained. Studies of these constellations have been
performed, and conclusions have been reached, based on strategies that are dependent on
system value as well as on statistical analysis using the design life of the satellite. From
these efforts have come recommendations for production rates for the spares and
replacements, and for sparing strategies. However, these results are beyond the intended
scope of this paper.

SUMMARY

The Navstar GPS system concept because of restructuring of the program led to a change
from 24 to 18 satellites resulting in new constellations being investigated. Several new
configurations were established as candidates; in fact, a six-plane configuration with three
satellites per plane was adopted as the new GPS baseline because of its superior coverage
(i.e., lower percentage of outages on a daily worldwide basis). Having selected the
constellation of interest, the effects of using Shuttle, as a launch platform for GPS
satellites, on buildup and replenishment have been analyzed for situations where the ability
to place satellites in more than one plane per launch is required. For the three-plane
constellation, satellites always had to be put in one orbit plane; the six plane constellation
was similarly limited for shared rides, but two planes could be serviced on dedicated
launches. In addition, sparing and replenishment can also be limited by Shuttle constraints.



During buildup the navigation performance available to a user of Navstar GPS is at high
levels for shorter percentages of time than for the full 18-satellite constellation. However,
extreme precision is not necessary at all times for all users, and accuracy degradation is
slight except for very short periods of time. Many users can wait for the time of day when
accuracy is at the needed levels. In addition, when the constellation has all 18 satellites in
orbit (and only then), users with on-board aids can virtually eliminate the periods of
degraded performance. With less than 18 satellites these users can reduce, but not
eliminate, the periods of degraded performance. Thus, even during system buildup, it is
anticipated that many users will have at least two-dimensional navigation accuracy suitable
for their missions and, at some point in the buildup, acceptable three-dimensional
navigational accuracy will be available for users who require a higher level of performance
from GPS. Some users, however, will need to wait until a full constellation is built up to
fully satisfy their requirements.

Figure 1.  Transfer of a Single Navstar Satellite from 28.5-Degree
Inclined Shuttle Parking Orbit



Figure 2.  Transfer of Two Navstar Satellites to Two Orbit Planes
from 55-Degree Inclined Shuttle Parking Orbit
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Figure 3.  18-Satellite Constellation Buildup



Figure 4.  18-Satellite, 3-Plane Asymmetric Buildup

Figure 5.  6-Plane Constellation Buildup



Figure 6.  3-Plane, 18-Satellite Buildup (7-Meter Ranging Error, 1 Sigma)

Figure 7.  6-Plane 18-Satellite Buildup (7-Meter Ranging Error, 1 Sigma)



SATELLITES PER PLANE,
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CONFIGURATION
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SYSTEM VALUE

SATELLITES PER PLANE,
FINAL

CONFIGURATION
RANGE OF

SYSTEM VALUE

7*/7*/7* 0.984 7*/7*/6 0.984

7 /7 /7 1.000 7 /7 /6 0.995

7*/7*/6 0.984 7*/6 /6

7*17 /5

0.984

0.958 - 0.971

7 /7 /6 0.995 7 /6 /6

7 /7 /5

0.990

0.987 - 0.970

7*/6 /6 0.984 7 /6 /5 0.953 - 0.970

7 /6 /6 0.990 6 /6 /6 0.984

6 /6 /6 0.984 6 /6 /5 0.933 - 0.955

*Only 6 active in this plane (spare is inactive)

Figure 8.  18-Satellite, 3-Plane Nonuniform On-Orbit Sparing,
Active and Inactive Spare

Figure 9.  6-Plane Constellation Sparing, One Spare


