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Precision Orbit Determination
for the Geosat Follow-On Satellites
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The potential radial orbit accuracy of satellites in low Earth orbits has been investigated through simulation
analysis and the reduced dynamic technique. Toward that end, a simulation interface has been developed so that
the GIPSY OASIS II orbit determination software system may be used in simulation analyses. In simulation
mode, orbits and measurement data are generated with a given set of models, after which the simulated data are
processed with a different set of models. The results are compared to the simulated data, and the difference is
due solely to modeling differences and data noise. By introducing model errors of appropriate size, realistic orbit
error may be simulated. The simulation technique described has been applied to the GEOSAT Follow-On and
TOPEX/Poseidon satellites. The results of the study, incorporating only six ground stations into the solution, show
that radial orbit accuracy in the GEOSAT orbit will be approximately 4.3 cm rms. When the number of ground
tracking stations was increased to 13 and the parameters for the reduced dynamic orbit determination technique
were tuned, the radial error was reduced from 4.3 to 3.0 cm in the GEOSAT orbit and from 1.9 to 1.6 cm rms in the

TOPEX/Poseidon orbit.

Introduction

SATELLITE altimeter system does not directly measure the

ocean surface height relative to a reference ellipsoid but uses
a combinationof radar altimetry and orbit determinationto produce
the measured sea height. Radial orbit error maps directly into sea
surface height error. The radial accuracy of the TOPEX/Poseidon
(T/P) precise orbits is estimated to be 2-3 c¢cm rms, which allows
monitoring of the Earth’s sea surface topography with unprece-
dented accuracy."? This accuracy has made possible the observa-
tion and study of many large- and small-scale phenomena that are
of great importance to the overall objectives of the Earth Observ-
ing System (EOS). The continuation of the T/P high-precision sea
surface height observations in future missions is a high priority to
the global change and oceanographiccommunities. In addition, the
GEOSAT Follow-On (GFO) missions will provide altimetry data
in the GEOSAT exact repeat orbit (800-km altitude, 108-deg incli-
nation). Ideally, the scientific community would like subcentimeter
accuracy. However, becausethe GEOSAT orbitis at a much lower al-
titude than that of T/P (1340km), the effects of atmosphericdrag and
gravity will make it difficult to attain comparable radial orbit acc-
uracy.

The GEOSAT exactrepeat orbit will be used by the GFO satellite
launched in January 1998. The orbit options for GFO’s follow on,
GFO-2, are still under debate. One optionis to continue the mission
in the GEOSAT orbit, which would allow data continuity with the
GEOSAT and GFO missions. Compared with the T/P orbit, it pro-
vides finer track spacing for coastal and mesoscale oceanography
and better coverage of high-latitude oceanographic and glacial fea-
tures. In addition, the simultaneous presence of GFO and GFO-2 in
the same orbit for several years would allow unprecedented tempo-
ral sampling, which is particularly useful for reducing tidal aliasing
in sea surface topography. Another option would be a joint NASA—
Navy mission to combine GFO-2 and TOPEX/Poseidon Follow-On
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(T/PFO) [also known as the EOS altimeter-radar (EOS ALT-R)].
This would require that the satellite, which would be nearly identi-
cal to the GFO satellite, fly in the higher 1340-km T/P orbit to meet
the needs of both agencies by continuing the mission of T/P. A third
option would be a joint NASA—Centre National d’Etudes Spatiales
(CNES) mission also flying in the T/P orbit. Each of these missions
will perform very accurate oceanographicaltimetry from space and
will carry global positioning system (GPS) receivers for tracking.
Recently, NASA has chosen the third option, and T/PFO will be a
joint NASA—CNES mission flying in the T/P orbit. However, we re-
port the accuracy results for options one and two. The goals of all of
these altimetric missionsinclude monitoring various oceanographic
features, such as currents, gyres, and eddies, and measuring global
sea level.

Precise Orbit Determination

GIPSY-OASIS Il is a high-precisionsoftware package developed
by the Jet Propulsion Laboratory (JPL) for geodetic surveying and
for orbit determination of low Earth orbiters (LEOs) using GPS.?
GOA 1l is used by JPL to process data from over 70 ground stations
to produce daily GPS orbit solutions. Daily T/P orbits are produced
using an 18-station subset of the more dense network."* Three so-
lution techniques are available for GPS-based orbit determination
of Earth orbiters: 1) the dynamic technique, 2) the kinematic tech-
nique,and 3) the reduced dynamic technique (RDT). In the dynamic
technique,’ models of the forces acting on the satellite are used to
propagate the orbit solution from one epoch to the next. Tracking
data are used to adjust dynamic model parameters, minimizing data
residuals in a least-squares sense. The accuracy of orbits obtained
with this method is directly dependent on the accuracy of the nom-
inal force models, as well as the data accuracy. The kinematic tech-
nique relies solely on the geometry of the satellite measurements,
and the accuracy of the solution is not dependent on dynamic mod-
eling errors.> However, for this technique to work, there must be
excellent viewing geometry of the GPS satellites at every epoch of
interest. The final method is the RDT. In this method, a converged
solution is generated based on the most accurate dynamic models
available. Once the converged dynamic solution has been gener-
ated, all dynamic model parameters are held fixed and additional
accelerations are estimated in the radial, cross, and along-track di-
rections. Thus, the RDT method is an optimal combination of the
dynamic and kinematic techniques in the sense that it can provide
the most accurate solution possible. The additional accelerations
attempt to account for the error introduced by dynamic mismodel-
ing and are modeled as first-order Gauss—Markov processes with
associated steady-state sigmas and time constants. For the most
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accurate solution, the RDT acceleration parameters must be ad-
justed so that their magnitudes accurately reflect expected dynamic
modeling error. The RDT techniqueis used in this analysis for both
the GEOSAT and T/P orbits, and tuning the magnitude of the RDT
steady-state sigma is one focus of the study.

GOA 1I can be used for simulation and covariance analysis, as
well as actual data processing. An interface was developedin which
multiple simulations could be performed with simple user input, and
the simulation capability of GOA II was enhancedto include several
time-dependent effects. These included multipath error, stochastic
drag error, and attitude error. GOA II was capable of dealing with
these effects previously, but the new interface allowed their use with
minimal effort. To perform in the simulation mode, GPS pseudo-
range and carrier phase measurements for both the LEO and ground
station receivers are constructed using a series of truth files for the
GPS and LEO satellite orbits, ground station coordinates, and other
model inputs. These simulated measurements are then treated as
though they were actual data. If these measurements were processed
using the same models as were used to create them, the result would
be a solution essentially identical to the truth orbit, assuming no
data noise was applied.

This technique was used to ensure that the processing algorithms
were working properly. However, if the simulated measurements
are processed with slightly different models, the results will differ
from the truth orbit. The differences will be completely due to the
differences in models used. By differencing the truth orbit and the
postprocessed solution arc, rms accuracy figures can be obtained.
The simulation procedure shows how well the filter can estimate the
original model parameters using erroneous models. Error sources
that can be dealt with in the simulation include gravity model error,
errors in the gravitational constant, atmospheric density, radiation
pressure, ionospheric delay, tide models, spacecraft attitude, GPS
satellite orbits, tracking station coordinates, tectonic plate motion,
timing and polarmotion, multipathreflection, spacecraftorientation,
and data noise. The simulation package combines all of these error
sources so that the analysis may be performed with only a few
commands.

One benefit of using the interface to perform simulation analy-
sis rather than covariance analysis is that it can be used to include
time-varyingerror sources, which cannot be accomplished with co-
variance analysis.

Error Assumptions in the Precise Orbit
Determination Analysis of GFO

There are two major concerns for accuracy of orbit determination
for a continuing altimetry mission in the GEOSAT orbit rather than

Table1 Error models

Error source Error value
Gravity JGM-2 minus TEG-2B

GM 0.0012 km?/s?

Ocean tides 3% error in K>, CSR tide model

Solid-Earth tides
Atmospheric drag

3% error in K, CSR tide model
1) 50% error in drag coefficient
at solar maximum
2) Density temporal model (DTM) minus
DTM with a factor of two-step function
in density over one-fourth of each orbit
Actual GPS orbit errors from overlap
portion of TOPEX solution, May 1, 1994,
rms differences of 50 cm
Three deep space network stations
(fiducial): 0 cm in each component
Three other stations (adjusted):
1 cm horizontal, 3 cm vertical
S5-mm/yr error
1 ms™!in five day values of [x,, y,, universal
time 1 (UT 1)]
10-deg elevation cutoff angle
0.5 cm in carrier phase; 1.0 m in pseudorange

GPS orbits

Ground tracking sites

Tectonic plate velocity
Timing/polar motion

Antenna field of view
Measurement noise

Radiation pressure 50% in reflectivity, albedo, emissivity
Spacecraft yaw Sinusoidal yaw error, 1-2 deg per orbit
Multipath JPL/Hajj multipath model®

the T/P orbit: 1) The atmospheric density and corresponding drag
canbe as much as a factorof two higher, and 2) orbiterrors due to the
geopotential are approximately a factor of three higher. However,
previous studies have suggested that the gravity model should be
tunedusing GFO GPS trackingdataobtainedduring solar minimum,
thereby minimizing aliasing geopotential errors.” Furthermore, the
continuous, three-dimensional tracking provided by GPS is well
equipped to remove unpredictable variations in the orbit caused by
poorly modeled atmospheric drag.

The fidelity of an error analysis is directly dependent on the re-
alism of the error models. The error models used in this study have
been agreed upon by analysts at JPL; the Center for Space Research
(CSR), University of Texas; and the Colorado Center for Astrody-
namics Research, University of Colorado. The error sources used
in this analysis are thought to be neither exceedingly optimistic nor
overly pessimistic but are designed to be conservative to put a type
of bound on the expected error. The error models fall into seven
general categories: gravity-related errors, tides, Earth orientation
errors, atmospheric drag, station-related errors, GPS measurement
errors, and GPS orbit errors. These error sources are summarizedin
Table 1.

Specifics of Simulation Runs

Each simulated data set consists of a 30-h arc of GPS data from
six ground stations and the flight receiver. The ground stations were
chosen to provide global simultaneous data with the flight receiver
to eliminate the effects of selectiveavailabilityand to provide differ-
ential GPS data at every point in the orbit. GPS ephemerides from
May 1, 1994, were used in the simulation and consisted of the 24
operational GPS satellites in their actual configuration on that date.
The filter analysis assumed a flight receiver capable of tracking 10
GPS satellites (GFO-2 configuration) and implemented a 10-deg
elevation cutoff, unless otherwise stated. Filter runs also were com-
pleted assuming a receiver capable of tracking only five satellites
(the original GFO configuration) at various elevation cutoff angles.
(The GFO receiver will now be a Turbo-Star capable of tracking
eight satellites simultaneously.) The GFO spacecraft was modeled
asa3 x 1 x 3 m? box with yaw-steering attitude control to simu-
late the expected on-orbit behavior required to point the fixed solar
array.

It was desirable to isolate the various error sources so that their
individual contributions to the overall error budget could be deter-
mined. Consequently, simulations were completed in which error
sources were introduced individually. Errors in the RDT technique
are dominated by GPS measurementerror and GPS satellite obser-
vation geometry. In other words, for a simulation with perfect data
and good geometry, RDT can remove all of the dynamic model er-
rors. For this reason, GPS data noise (from a Gaussian distribution
with standard deviation of 5 mm in phase) was added to each sim-
ulated measurement set. Other simulations in which all potential
error sources were modeled simultaneously were completed. It is
expectedthat these runs are the most realisticreflection of the possi-
ble orbit accuracy. The rss accuracy from simulations of individual
error sources yields results similar to that of a simulation in which
the error sources are modeled simultaneously. Descriptions of the
individual error sources follow.

Gravity Errors

Errors due to uncertainty in the Earth’s gravity field were simu-
lated by generatingdata with the joint gravity model 2 (JGM-2) grav-
ity field and then processing the simulated data set with the Texas
Earth Gravity (TEG)-2B gravity field. Both fields used a 50 x 50
set of gravity coefficients. The differences between the two fields
are thought to be representative of the expected error level for an
untuned JGM-2 model at GEOSAT altitude. JGM-2 was chosen to
be consistent with the other studies of GFO orbit accuracy, even
though the newer JGM-3 model was available. An error of 0.0012
km3/s? was also added to the gravity model (GM) coefficient of
the JGM-2 field. Dynamic solution techniques yield a radial orbit
error due to mismodeled gravity on the order of 7-cm rms for the
GEOSAT orbit. The RDT solutions show that gravity error effects
can be reduced to approximately 3.4-cm rms.
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Atmospheric Drag

Atmosphericdragis expectedto be a major source of error at GFO
altitude, and this error is modeled in several ways. In the simplest
approach, the value of the GFO drag coefficient (estimated once over
the entire 30-h arc) was to simulate various levels of solar activity.
For the lower limit, a 10% error in the drag coefficient and solar
flux values correspondingto a solar minimum were processed and
compared to values of perfectmodels. The RDT technique removed
nearly all of this error. For the upper limit, a 50% error in the drag
coefficient and the maximum solar flux values were used. The level
thought to be most representative of expected error was a 30% error
in the drag coefficient used with a maximum solar flux. This 30%
error is used when all errors are considered simultaneously. Even at
the higher error levels, the RDT technique reduces the drag error to
a few millimeters in the radial component.

Additional drag studies were conducted, in which a once-per-
revolution density perturbation was added to the nominal value to
simulate unmodeled time-varying effects. For the first case, a step
function model (Fig. 1) was substituted for the nominally sinusoidal
density for one-quarter of each orbit. The size of this step function
was approximatelytwice the value of the maximumnominal density.
Twice the value of the maximum nominal density is a conservative
estimate of the amplitude of unpredictabledensity fluctuations due
to gravity waves and winds.® The RDT results show that this error
causes a 9-mm rms error in the radial direction (Fig. 2). When the
density error was combined with a 50% error in drag coefficient and
the measurements were corruptedby datanoise, this value increased
to 1.6-cm rms.

GPS Orbit Errors

GPS orbit errors for the simulation consisted of GPS orbit posi-
tion error and errors introduced by rotation of the satellite state from
Earth fixed to inertial coordinates,i.e., timing and polarmotion. GPS
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Fig. 3 GFO spacecraft with two potential GPS antenna locations in-
dicated.

orbit error was created by differencingtwo JPL three-day GPS solu-
tion sets (with ~29 h of overlap) and adding these difference errors
to the broadcast ephemeris states used in generating the data. The
simulation did not estimate GPS orbits but used the perturbed GPS
states as truth. The overlap rms GPS orbit difference was approxi-
mately 50 cm, radially, and the GPS orbit error introduced by timing
and polar motion errors was on the order of 5 cm. The effect of GPS
orbit error on GFO radial position was about 0.5-cm rms.

GPS Measurement Errors

In addition to Gaussian data noise, other error sources affect the
GPS measurements. The phase center of the GPS antenna onboard
GFO must be related to the spacecraftcenter of mass for orbit deter-
mination. Determiningthe positionof the phase centerof the antenna
requiresknowledge of the GFO orbit and attitude and the position of
the GPS antennarelative to the center of mass of the spacecraft. Er-
rors in the assumed spacecraftattitude affect the computed antenna
phase center from the center of mass. Multipath contamination, in
which GPS signals are reflected or diffracted by other spacecraft
surfaces before reaching the antenna, can also be significant. Both
of these error sources are affected by the placement of the antenna
onboard the spacecraft. Two possible locations for the GPS antenna
on GFO are shown in Fig. 3. The implications of either location are
discussed in the following sections, which describe how each error
source was modeled. The methods used to simulate the attitude and
multipath error are significant new contributions.

Phase-Center Migration Induced by Attitude Error

Phase-center variations caused by yaw-attitude error due to
eclipse entrance and exit, magnetic pole crossings, or other bias
errors were simulated. The attitude-controlalgorithm used on GFO
utilizes information from sun sensors and magnetometers to deter-
mine the spacecraft orientation. As the spacecraft passes through
the Earth’s shadow, the sun sensors lose sight of the sun, and the
magneticfieldis used instead to estimate yaw. The maximum length
of the eclipse event is approximately 35 min.

This effectis modeled in the simulationanalysisby firstdetermin-
ing the occurrences of the umbral eclipse events with data from the
GOA-II orbit integrator. Then a systematic yaw error is introduced
into the simulation at entrance into the eclipse. In this evaluation,
the yaw error introduced represents a worst-case scenario, where
the added error is equal to 1 deg (1 + [sin(f)]) at the given time,
where f is the true anomaly. Note that this worst-case error source
was used for the runs in which all error sources were considered
together. Quaternion sets representing the perturbed attitude of the
spacecraft were used in the data generation step in GOA II. The data
were then processed assuming unperturbed yaw.

If the GPS antenna is placed in the spacecraft body-fixed x—y
plane, directly over the yaw axis (see Fig. 3) the effect of yaw error
will be minimal. However, it was originally thought that it may be
desirable to move the antennato a location near the top of the solar
panel to minimize multipath reflection. In this case, the antenna
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would be approximately 1 m from the location of the yaw axis, and
the phase center modeling would be more difficult, due to the yaw
error. A secondary effect of this attitude orientation results from
the changing center of mass of the spacecraft as fuel is consumed
during the mission. Note that the yaw axis intersects the center of
mass. If the antennais placed directly above the prelaunch center of
mass, at the end of the mission this location will be approximately
5 cm away from the yaw axis because the yaw axis goes throughand
moves with the center of mass. Thus, the end-of-lifeerroris reduced
if the antennais placed on the yaw axis at the beginning of the flight,
rather than at the edge of the solar panel. The results of the yaw-
induced phase center error simulations are summarized in Table 2.

Multipath Error Simulation

The multipathenvironmentwas simulated for the GFO spacecraft
using a multipath simulator developed at JPL.? This simulator relies
on geometrical optics for the main effect of multipathand utilizesthe
geometrical theory of diffraction, including diffraction from edges.
A spacecraftbody and its instruments can be modeled as conducting
or dielectric flat surfaces, spheres, sections of spheres, cylinders,
sections of cylinders, and conducting or dielectric surfaces. Both
right- and left-hand circular polarized direct and reflected signals
can be modeled, as well as specific antenna gain patterns. The sim-
ulator calculates the multipath contribution from each surface and
GPS satellite pair and then combines the effects of all surfaces for
both phase and pseudorange data at L1 and L2 frequencies. In the
simulator, the GFO spacecraft was modeled as nine separate sur-
faces. Given the GPS position, the position of GFO, the orientation
of GFO, and the measurement file, the multipath value for each
GPS/GFO pair was determined and added to the measurement.

To confirm the errors predicted by the multipath simulator, an
experiment was conducted with a GFO spacecraft mockup. A GPS
antenna was placed on the mockup and was connected to a single-
frequency GPS receiver. GPS phase errors were measured and com-
pared with simulated data. The agreement was generally good in
terms of magnitude, rms value, and frequency and is shown for
one GPS satellite in Fig. 4. The high-frequency components of the
observed multipath are due to receiver noise.

Table 2  Orbit error resulting from yaw-induced
phase center error, end-of-life CG
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For the GFO precise orbit determination analysis, the predicted
multipath delay was added to a simulated data file, which was then
analyzed with GIPSY-OASIS II. If no other errors are added to
the simulated data file, then the effect of multipath error can be
determined. Three different antenna gain patterns were used in the
simulation, with the phase center of the antenna placed in the two
mentioned locations. Based on the simulation, it was determined
that multipath on the GFO spacecraft has a small effect on phase
observations.

The results for the orbit error due to multipath are shown in
Table 3. In the orbit accuracy study, multipath was modeled for
the two possible antenna locations already described and with three
different antennas. The Tecom is the antenna used on the TOPEX
mission, and the single-fed patch antennas will be used for GFO.
The dual-fed patch was an additional possibility for use on GFO.
If the GFO spacecraftis flown in the T/P orbit, the satellite con-
figuration proposed for EOS ALT-R is similar to GFO and a GPS
antenna mast may be employed as well. Therefore, the multipath
effects for EOS ALT-R would be no worse than for GFO, and we
have conservatively assumed that they will be the same.

Other Non-Gravity-Related Error Sources

Dynamic modeling errors are present due to various radiation
effects including solar radiation pressure, Earth albedo, reflection,
and emissivity. In GOA-II, scale factors are applied to accelerations
from solar and Earth radiation parameters, and a simple attitude
control law determines the surface area projected toward the various
radiation sources. Errors in the radiation models were simulated by
perturbing the values of these scaling coefficients between the data
generationand processingsteps. Thus, areferenceorbitis generated,
and this orbit is perturbed by changing the scaling coefficients. The
perturbed reference orbit is used to make a measurement file. The
measurement file is processed with the original unperturbed orbit
file to determine the effect of using a slightly erroneous radiation
model. In this simulation, a scaling error of 50% was investigated.

Several error sources relating to GPS ground stations were sim-
ulated, including station location errors, K, solid Earth tides, and
K, ocean tides. The K, variations were introduced for consistency
with the error study completed at the University of Texas.” The
contribution of station location errors was estimated by randomly
perturbing the station coordinates so that they are slightly different
from the coordinates used to generate the reference or truth data. In

Antenna 1 deg (1 + [sin(f)[) yaw error, mm the six-station scenario, three stations were not perturbed, whereas
location Radial Cross Along Three the horizontal components of the others were given 1-cm errors,
case track track track  dimensional with the vertical components at 3 cm. This method of introducing
Yaw axis 43 59 56 33 measurement error has been demonstrated by JPL, and by conven-
Top of panel 93 118 17.8 233 tion it is done the same way here. The K coefficients in the solid
Earth and ocean tide models were perturbed by 3%. Tectonic plate
Table 3 Radial orbit error due to multipath in the GFO orbit: 10-satellite case
Yaw axis Top of panel
Radial, Cross, Along, Three Radial, Cross, Along, Three
Antenna mm mm mm  dimensional, mm  mm mm mm  dimensional, mm
Tecom 2.7 2.9 2.8 4.9 2.95 3.7 39 6.1
Dual-fed patch 2.1 3.1 2.4 45 2.8 3.4 3.55 5.67
Single-fed patch 2.3 33 3.0 5.0 3.0 3.6 4.0 6.2
10
144 194
2 T o
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Fig. 4 Multipath comparison for GPS antenna on GFO mockup.
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Fig. 5 Total geographically correlated error (10-satellite capable re-
ceiver, RDT).

velocityerrorsof 5 mm/yr were added,as was 1 ms™! of polarmotion
error. The combined effect of these error sources is approximately
1.6-cm rms.

Geographically Correlated Errors

Orbit error due to the geopotential exhibits geographic correla-
tion. This correlationisrelated to the varying geographicdistribution
of observations used in estimating the gravity field. For example,
larger orbit errors generally occur over areas where GPS ground
station tracking data is relatively scarce, such as over the Indian and
Pacific Oceans. Conversely, smaller errors are present over parts of
North America and Europe. Such geographical dependence of orbit
accuracy must be minimized to increase the usefulness of the sci-
entific data derived from the altimetry. For certain oceanographic
studies, particularly the estimation of global mean sea surfaces, ge-
ographically correlated orbit error is problematic because such error
will directly affect the results.

An approximation of the geographically correlated orbit error
can be derived through knowledge of the covariance of errors in the
geopotential coefficients.'®!! A set of gravity coefficient error real-
izations can be generated from the JGM-2 covariance. This random
set of correlated coefficient errors can be added to the JGM-2 field to
producea new gravity model having the same statistical correlations
as the original. New gravity fields are then used in simulation anal-
ysis, just as the TEG-2B field was used before. Global orbit error
due to error in the gravity field modeling results from each simula-
tion performed. The geographic correlation of radial orbit error can
then be approximated by averaging a sufficiently large number of
realizations of the orbit error, 10 for this analysis, and mapping the
averaged error to the Earth’s surface.

To see how radial orbit errors in the GFO study were correlated
with geographic location, contour plots of the absolute value of the
averaged error vs latitude and longitude were constructed. A table
of the latitude and longitude of the satellite as a function of time
was created, and the correspondingradial orbit error and radial ve-
locity were obtained for each position along the GFO groundtrack.
A bilinear spatial interpolation scheme, independent of time, was
used to process these data to obtain information over single-degree
latitude and longitude intervals, a one-by-one-degree grid, for the
entire globe. The data were then sorted into ascending or descend-
ing passes depending on whether the radial velocity was negative or
positive. Because the orbit perigee is maintained at 90 deg, negative
vertical velocities correspond to ascending passes. The results from
ascending and descending pass geographically correlated orbit er-
rors were averagedseparatelyand then plotted togetherin Fig. 5. The
rms total radial orbit error that can be attributed to geographically
correlated error is about 4 mm.

Overall Orbit Accuracy Results
The radial orbit error for GFO obtained by using the RDT and
considering all error sources simultaneously, using a 10-satellite
capable GPS receiver and six ground stations, was 4.3-cm rms.
As expected, the errors associated with the gravity field are domi-
nant. Cases for the five-satellite configuration were also completed
for the grouped error sources and yielded 5.5-cm-radial rms error.

Table 4 Radial rms orbit error (cm)

13 stations 6 stations
Error source GFO T/P GFO T/P
Gravity 2.2 0.6 34 1.2
Atmospheric drag 1.3 0.4 1.6 0.4
GPS orbits 04 0.6 1.2 0.6
Station location 0.4 0.6 0.8 0.4
Others 1.6 1.2 1.6 1.2
Total 3.0 1.6 4.3 1.9

Table 5 Radial rms orbit accuracy (cm):
dynamic technique and RDT

Orbit determination Radial
technique accuracy, cm
Dynamic (moderate drag) 7.8
Dynamic (high drag) 11.6
RDT (moderate drag) 4.2
RDT (high drag) 43

Table 6 Effect of tuning the RDT
sigma (radial error, cm)

13 stations

Sigma, O SdoOm
nm/s? GEOSAT T/P
1 3.6 23
10 3.0 1.6
50 3.1 1.6
100 3.1 1.7
1000 3.0 1.7

Table 4 containsthe radial accuracy by error componentfor both the
GEOSAT and T/P orbits. These results are for an RDT steady-state
sigma of 10 nm/s. The results show that increasing the number of
ground stations to 13 reduces the radial error to 3.0-cm rms in the
GEOSAT orbit and from 1.9 to 1.6 cm rms in the T/P orbit. In each
orbit, gravity remains the largest error contributor, but errors can
be reduced by using more stations and tuning of model parameters,
such as gravity field coefficients.

The orbit accuracy is determined by differencingthe orbit used to
generate the data set with that obtained from filtering and smooth-
ing. The differences are taken in Cartesian coordinates and then
rotated to a local spacecraft radial, cross, and along-track coordi-
nate system. Table 5 gives a comparison of the radial orbit accu-
racy using dynamic and reduced dynamic orbit determination tech-
niques. A 10-satellite-capablereceiver was assumed, although the
dynamic results are relatively insensitive to the number of channels.
The dynamic analysis estimated only the drag coefficient, once-per-
revolutionradial sinusoidal acceleration,and solar radiation param-
eters. All results in Table 5 were completed assuming a six-station
tracking configuration.

GPS measurements from ground tracking stations are an impor-
tant part of the orbit determination procedure. Ground-based mea-
surements allow the estimation of GPS-related clock and orbit er-
rors, as well as removal of selective availability corruption of the
data. In earlier work, six ground stations were assumed in the sim-
ulation mode.'? Currently, 13—16 stations are typically used by JPL
in the daily T/P solutions. By including a larger number of ground
stations, more information is available for correcting the orbits and
clocks. Includingmore measurementsis especially important for re-
duced dynamic solutionsconsideringthe extra parameters that must
be estimated at each epoch of interest. The expected result of more
stationsis that the orbit determination accuracy should improve. As
Table 4 illustrates, the result of increasing the station number from
6 to 13 is orbit accuracy improvement. The result is particularly
dramatic in the GEOSAT orbit, which has a higher drag and gravity
error influence.

The results of tuning the RDT parameter are given in Table 6 for
five values of the steady-statesigma. The results show thatoptimally
tuning sigmas for the RDT can also reduce the overall radial orbit
error.
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Conclusions

Simulation analysis completed with JPL’s GIPSY-OASIS II soft-
ware, using conservative assumptions, shows that a radial orbit ac-
curacy of 4.3 cm can be obtained in the GEOSAT exactrepeat orbit
using a 10-satellitecapable GPS receiver. Results show thatincreas-
ing the number of stations from 6 to 13 reduces the error to 3.0-cm
rms in the GEOSAT orbit and from 1.9- to 1.6-cm rms in the T/P
orbit. The gravity error is the largest contributor. In addition, tun-
ing the reduced dynamic tracking steady-state sigma for a given
configuration also reduces the orbit determination error.

After this study was completed, the decision was made to use a
Turbo-Star eight-channelreceiver for the GFO mission. The result-
ing accuracy with this receiver should be comparable to that for the
10-satellite-capablereceiver in this study. In the GFO orbit, gener-
ally a maximum of 8 satellites are visible, with occasionally 9 or 10
visible for short periods of time. These few extra observations will
not substantially change the attainable orbit accuracy.

Gravity field improvement for the GEOSAT orbit has been under
investigation at the University of Texas, where it was shown that
the gravity model could be improved by using GPS tracking data
from less than one repeat period of the first GFO satellite during
solar minimum activity."> This study indicated that the rms radial
orbit error using dynamic orbit determination decreased by 45%
(from 8.2 to 4.5 cm) as a direct result of geopotential model tuning.
Applied to the RDT technique, tuning should reduce radial error
due to gravity mismodeling by a similar factor (perhaps from 3.4 to
1.9 cm for the six-station configuration).
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