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The Midcourse Space Experiment satellite, hosting a suite of state-of-the-art sensors, was launched into an
898-km altitude, nearly sun-synchronous orbit in April 1996. One of the primary tasks of the space surveillance
principal investigator team was to evaluate the utility of the Midcourse Space Experiment sensors in performing
space surveillance tasks. A critical issue in assessing the sensors’ performance is the metric accuracy of their
observations, which depends on the ephemeris accuracy of the satellite. In particular, to support the accuracy
requirements of the Space-Based Visible, the primary space surveillance sensor onboardthe satellite, the ephemeris
accuracy goal was set at 15 m (1 sigma). There are two issues that had to be addressed in meeting this ephemeris
accuracy goal: 1) the quantityand qualityof the tracking data and 2) the dynamicmodelingof the satellite’s motion.
The tracking of the satellite was performed by the U.S. Air Force Space Ground Link System of S-band radars,
while Lincoln Laboratory’s Millstone Hill radar in Westford, Massachusetts provided tracking data that were used
to independently assess orbit accuracy. The most dif� cult aspect of the dynamic modeling of the satellite’s motion
was due to the effect of anomalous accelerations from cryogen gas venting. Results are presented that show the
15-m ephemeris accuracy goal has been met and exceeded.

I. Introduction

T HE Midcourse Space Experiment (MSX) satellite, hosting a
suite of state-of-the-art sensors was launched into an 898-km

altitude, nearly sun-synchronous orbit in April 1996. The satellite
was originally funded and managed entirelyby the Ballistic Missile
Defense Organization (BMDO) to address critical phenomenologi-
cal and functional issues related to ballistic missile defense and to
demonstrate space-based space surveillance. The principal sensor
used for the space surveillancedemonstrationwas the Space-Based
Visible (SBV), designed and operated by Massachusetts Institute
of Technology (MIT) Lincoln Laboratory. The SBV represents the
� rst space-based platform for space surveillance.1

The objective of space surveillance is to create and maintain cur-
rent information on all manufactured objects in Earth’s orbit. This
includes the tracking of resident space objects (RSOs) for catalog
maintenance and augmentation and status monitoring. The SBV
has acquired both metric and photometric observations of RSOs,
consisting of active and inactive payloads, rocket bodies, and or-
bital debris. In addition, the Space Infrared Imaging Telescope III
(SPIRIT III) was used by the space surveillanceprincipal investiga-
tor (SPI) Team to gather infrared observationsof RSOs. These data
are currently being analyzed by the SPI team to demonstrate their
utility in space surveillance.

A primary requirement on all sensors used for space surveillance
is that their metric accuracy be adequate to support the various re-
quirements of the Space Surveillance Network (SSN). The SBV
has demonstrated the capability of collecting precise metric obser-
vations on targets that are detectable and within its � eld of view.
This process has been demonstrated in experiments that were per-
formed to characterizeand calibrate the metric accuracyof the SBV
by observing targets in stressing (lit Earthlimb) and nonstressing
(celestial) backgrounds.

The calibrationexperimentshavedeterminedthe metric accuracy
and precision of the SBV sensor, determined biases for metric data
products, and establishedthe metric errors associatedwith the SBV
boresight, the spacecraft jitter and attitude drift, the observation
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timetag, the MSX ephemeris,and the streak endpointdetermination
on the focal plane.2 In a prelaunch study, the SBV satellite observa-
tions were estimated to be accurate to 4 arc-s (1 sigma). This is, in
fact, the demonstrated accuracy of the SBV.2 Because the accuracy
of the MSX ephemeris could limit the quality of the sensor’s per-
formance, it was established that the contribution of the ephemeris
error to the 4-arc-s budgetcould be no larger than 1.3 arc-s.To trans-
late the 1.3-arc-s constraint into an MSX-position-error constraint,
the most stressing scenario for SBV was considered. If SBV were
viewing an object at a range of only 2500 km, a position error for
MSX of 15 m would contribute 1.3 arc-s to the SBV error budget.
Through this reasoning, the ephemeris accuracy goal for the MSX
satellite was set at 15 m (three-dimensionalrms).

The ephemeris accuracy goal was considered dif� cult because
of the limited tracking data available and because of the continuous
ventingof cryogengas from the spacecraft.To reducethe instrumen-
tation noise of the SPIRIT III sensor to an acceptable level during
its 10 months of operation, it was necessary to maintain the focal
planeat a temperatureof about 8 K. This was accomplishedthrough
the use of a hydrogen cryostat system that was designed to absorb
much of the radiant energy encountered by the sensor. In doing so,
a block of solid hydrogen sublimated, and the gas was vented to
the rear of the spacecraft. This venting created a thrust that had
to be modeled if high-precision position estimates of the satellite
were to be obtained. In principle, if the thrust were entirely in the
along-trackdirection, it could have produced an along-trackpertur-
bation of 30 km/day. To model this anomalous thrusting rigorously,
a model requiring the continual mass � ow rate of hydrogen would
have been needed to establish the exhaust velocity and pressure of
the vented gas. In addition,spacecraftattitudedata would have been
needed to determine the directionof the thrust. As will be discussed,
the need for such a completely rigorous � ow model, however, was
circumvented.

This paper discusses the relevant aspects of the orbit determina-
tion of the MSX satellite: the proceduresused to routinely generate
and assess the quality of the MSX ephemeris and the modeling of
the forces acting on the satellite. There are three phases of MSX
operations that are discussed. The � rst was the so-called cryogen
phase, coincidingwith the � rst 10 months of operation.The second
phase commenced after the depletion of cryogen for the SPIRIT
III, with SBV continuing to be used to demonstrate space-based
space surveillance.This secondphase ran from March 1997 through
September 1997. The third phase began in October 1997 and con-
tinues to the present, as the SBV serves as a contributing sensor
to the SSN. In this role, the sensor is used to gather observations
on RSOs for 8 h per day, whereas the remaining 16 h are used for
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health and status monitoring of the spacecraft and to allow the ve-
hicle to cool down and recharge its batteries. For more information
on SBV, Ref. 3 providesa comprehensivereview of its development
and operations.

II. Ephemeris Generation Overview
Two primary goals were originally set for the MSX-ephemeris-

generation process. The � rst goal was to establish a quick-look,
preliminary and predicted ephemeris for the satellite, to support
SBV and SPIRIT III experiment mission planning and operations.4

The second goal was that, as all required input data types for the
ephemeris generation are � nalized and modeling reviewed, a � nal
or de� nitive MSX ephemeris that meets the 15-m accuracy speci� -
cation be generated.

To meet the � rst goal, the following data types are automatically
collected on a daily basis: 1) tracking data, in the form of range
measurements, through one of the two onboard transponders; 2)
transponder switch information; 3) geophysical data for the drag
model; and 4) Earth orientation data from the U.S. Naval Observa-
tory. Once these data are acquired, a procedure automatically per-
forms an orbit � t, generates the satellite ephemeris, assesses orbit
quality, and distributes the ephemeris to the users. This process is
still in operation today, in support of contributingsensor operations
with U.S. Air Force (USAF) Space Command.

The quick-look,preliminaryephemeris generallymeets the 15-m
accuracygoal speci� ed for the � nal or de� nitive ephemeris,but two
additional steps were taken to ensure that the goal be met. The � rst
was the inclusion of onboard attitude data needed for the cryogen-
thrusting model. Without accurate attitude data, the direction of the
thrust vector associated with the venting would have been poorly
modeled. As it was, reliance on the nominal park-mode pointing
and predicted attitude information was required for the preliminary
ephemerisbecauseit generallytooka few days to collecttheonboard
attitude data from the telemetry. The second step needed to assure
the highest quality ephemeriswas to monitor, on a weekly basis, the
volume, consistency, calibration, and quality of the tracking data.
This aspect of the processing is discussed subsequently.

During the cryogen phase, the delay in generating the de� ni-
tive ephemeris was one week, at which time it was made available
to the MSX community. At that time, SBV was in its proof-of-
concept phase and this extended timeline for establishingthe de� ni-
tive ephemeris was generally suf� cient. With current postcryogen
operations of SBV as a USAF contributing sensor, there is a 24-h
turnaround for SBV measurements, and because the tracking data
are not availableuntil the end of a day, it is necessary to use the pre-
dicted ephemeris. The tracking data are still monitored regularly,
daily for quality and weekly for calibration. All available onboard
attitudedata are still collectedand used for the modeling of the radi-
ation pressure,although this is probablyan unnecessaryre� nement.
With the completion of these steps, de� nitive ephemerides are still
computed, but supplied only upon request.

III. Data
A. Tracking Data

The primary tracking data for orbit determination was chosen to
be that from the USAF Space Ground Link System (SGLS) radars.
A global positioningsystem (GPS) receiver on MSX was proposed
by the SPI, butwas rejecteddue to weight and powerconsiderations.
Note that in the late 1980s, when the MSX was in its design phase,
the GPS constellation was incomplete, and the satellite receiver
technologywas still being re� ned. The use of SSN sensors to track
MSX was also suggested, but this, too, was rejected, due to the
excessivedemandexpectedon the SSN resources.Trackingdata are,
however, obtained roughly once every 7–10 days from the SSN’s
Millstone radar. These radar data are used primarily to evaluate the
SGLS tracking data and the orbits derived from them.

The SGLS network is primarily used for S-band satellite commu-
nications,but metric trackingdata are also obtainedfor routine orbit
maintenance of a variety of USAF space assets. Measurements of
rangeand range rate areobtainedwith thecoherentS-bandtranspon-
ders on MSX, as well as the azimuth and elevationangles.However,
the angle data are not used in the orbit-determination process for

MSX. The precision of the SGLS data is 6 m in range and 3 cm/s
in range rate. The measurement biases can be determined to a few
meters in range; the range rate should be unbiased.5 A comprehen-
sive study of the SGLS data was made prior to launch, using types
of satellites comparable to MSX. This study was conducted to un-
derstand how to use these data, to investigatecalibrationissues, and
to ensure that the network could be used to meet the orbit accuracy
goals for MSX.5

The SGLS network provides up to 11 metric tracks of data per
day for MSX, from eight globally distributed stations. From April
1996 to July 1997, these data were collected at the Test Support
Complex (TSC) in Sunnyvale,California,and transmittedto theAp-
plied Physics Laboratory (APL) at Johns Hopkins University near
Baltimore, Maryland, and then, � nally, to MIT Lincoln Laboratory
in Lexington, Massachusetts. From August 1997 until November
1998 the tracking data had been collected at the Research, Devel-
opment, Testing and Evaluation Support Complex in Albuquerque,
New Mexico. From December 1998 to the present day, these data
are being received from the 1st Space Operations Squadron, which
is part of the 50th Space Wing, at Schriever Air Force Base near
Colorado Springs, Colorado.

The SGLS range data have a nominal sensor and transponder
bias correction applied. On-going monitoring of range residuals is
performed to ensure the best possible calibration of the SGLS data
for MSX. With regard to refraction corrections, the measurements
have troposphericcorrectionsapplied to them, but none are applied
for the ionosphere.MSX initially was � ying during a period of very
low solar activity, but this is now increasing. Some of the resulting
ionosphericerror is absorbed by the range bias. Various ionosphere
modelsare currentlybeinginvestigatedto correctfor its contribution
to the range error.

B. Attitude Data
Attitude data have been used for the modeling of the solar radia-

tion pressureforce and, duringSPIRIT III operation,for the cryogen
thrusting.The attitude data give both the park-modeorientationand
the pointing of MSX when it is maneuvered for data collection
events (DCEs). Park mode is de� ned in such a way as to minimize
the amount of direct, radiant energy that would enter the SPIRIT III
sensor. The park mode also maintains one face (with antennas) of
the satellite toward the Earth and another (with solar panels) normal
to the sun. This is accomplished by � rst pointing the satellite in a
radial direction, then rotating it about its boresight axis, until the
sunshade blocks the sun. Finally, the solar panels are rotated about
their support axis so as to maximize their power gain. To maintain
park-mode,MSX must be continuouslyreoriented in inertial space.
Under current operations, MSX maneuvers frequently during the
8 h of SBV space surveillanceoperations,but is in park mode most
of the other 16 h.

Two different sets of attitude information have been available
for orbit determination. The attitude history buffer on MSX holds
quaternions and timetags at 100-s intervals for roughly � ve orbits,
at which time it is downloaded.This attitude information is decom-
mutated from the telemetryand, as mentioned,generally takes a few
days to be completelycollected. During the cryogen phase, the pre-
dicted attitude quaternions for the planned surveillanceevents were
obtained from APL and combined with the predicted park-mode
quaternions. Early on, the predicted attitude data were invaluable
for sorting out various issues regarding the proper use of the on-
board attitude data.

C. Transponder Data
MSX has two S-band transpondersonboard.Each is used accord-

ing to the orientation of the vehicle. A SGLS contact schedule pro-
videsdaily informationspecifyingwhich transponderis being used.
At the present, and as best as has been determined, the transpon-
der biases are assumed identical, although this could change in the
future.

D. SGLS Network Calibration
An important aspect of achieving the required orbit accuracy is

to have well-calibrated data from the SGLS network. Historically,
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the range biases of the sensors within the SGLS network have been
determinedusing the post� t measurementresidualsof the data from
orbits � t for a variety of satellites. (Efforts using S-band tracking
of GPS satellites and high-precision orbits derived externally have
also been used to provide SGLS station calibration.) The use of the
residuals derived from the orbit � ts still remains a primary means
of monitoring the sensor range biases for the MSX orbit compu-
tation. One can, in principle, begin to disentangle the transponder
and sensor range bias from the uncorrected ionosphere mean range
error by using nighttime, high elevation, and range-rate data only
and then by analyzing the residualsof the range measurementswith
the resulting orbit. Generally though, there are not enough tracks
available and so the range data are also used in the orbit � ts, al-
beit in a somewhat incestuous way, to determine the range biases.
Having computedmore than 3 years of MSX orbits using the SGLS
trackingdata, a history has been kept of the calibrationof the SGLS
station biases in the range measurement. Nominal corrections are
determined, as needed, and compared with those that have been
independently determined using data from other satellites that are
tracked by the SGLS network. Monitoring of SGLS data has shown
that some of these biases to drift or otherwise change with time.5

IV. Summary of Dynamic Models for MSX
The MSX ephemerides are computed with a high-precisionorbit

computationprogram DYNAMO. The gravity � eld in DYNAMO is
JGM-3, and a 40 £ 40 � eld is used. The Mass-Spectrometer-Inco-
herent-Scatter (MSIS) atmosphere (COSPAR International Refer-
ence Atmosphere 1986) is used to model the drag on the satellite.
A scale factor is used with the drag model as a free parameter in
each orbit estimation to consider any model de� cienciesover the � t
interval. Solid Earth and ocean tides are modeled, as well as Earth
albedo and luni–solar third-body perturbations.

To consider solar radiationpressure,a simple model for the MSX
satellitewas developed.This modelsMSX as sixmain body surfaces
and two solar panel surfaces. In addition, the model speci� es the
total mass of the satellite and the area of each surface, as well as
their specular and diffuse re� ectance properties. When available,
the model uses onboardattitudequaternionsto identify the vehicle’s
orientation. Otherwise, it is assumed that the MSX is in park mode
and uses an attitude pointing law identical to that used for GPS
satellites.

As will be discussed in the next section, extensive analysis and
simulation studies prior to launch6 showed that the cryogen venting
could be simply modeled as a continuous thrust, the direction of
which could be established using the satellite attitude. It was also
seen that a simultaneous estimate of a thrust scale factor and a
drag factor for each orbit-� t span could absorb the thrust effect to
well below 2 m, with low correlation between the two estimated
parameters.

V. Cryogen Venting Modeling
As mentioned earlier, the SPIRIT III sensor on MSX was cryo-

genicallycooledto reduce,to an acceptablelevel, thenoiseproduced
by the infraredemission of the sensor itself. This was accomplished
by providing a substantial heat sink with which to draw away any
unwanted radiant energy that may enter the sensor. A block of solid
para-hydrogen that sublimated in the process of absorbing the heat
provided for the heat sink. After passing through various portions
of the cryostat to absorb more energy, the waste hydrogen gas was
vented to the rear of the spacecraft and out into space, creating a
small but continuous thrust on the vehicle.

Prior to launch, the cryogen venting was considered to be a ma-
jor problem for achieving the desired 15-m position accuracy for
MSX. Considerablestudy and simulationwere undertakenat Lock-
heed Missiles and Space in Palo Alto, California and at the Space
Dynamics Laboratory at Utah State University to understand the
� ow of the hydrogengas through the cryostat and the vent line. This
theory was built upon in Ref. 6, where a model for the compressible,
viscous � ow of the hydrogengas down the vent line was developed.
This model, which will be discussed, helped in understanding the
magnitude of the cryogen thrust and how its effect could be treated
to reduce the orbit errors associated with it.

The thrust T, produced by the venting of the hydrogen, can be
expressed simply by the relation

T = Çmue + ( pe ¡ pa )Ae (1)

where Çm is the mass � ow rate of the hydrogengas; ue is the velocity
of the � ow at the exit plane of the vent line; pe is the pressure of the
� ow at the exit plane; pa is the ambient pressure of space, taken to
be zero; and Ae is the cross-sectionalarea of the exit plane, which
is known by design.By applying the appropriate theory for the � ow
of the gas at the exit plane, and with the proper assumptions and
conditions,good estimates of ueand pe could be obtained. The � ow
ofhydrogengaswas assumedto be compressible,viscous,adiabatic,
and reversible.The � ow was also designed to choke at the exit plane
of the vent line. Based on these assumptions, compressible � ow
theory7 was used to establishexpressionsfor ue and pe (Ref. 6). The
remaining parameter in Eq. (1) is Çm, or the rate at which hydrogen
gas was vented from the cryostat. This was the only quantity in
the model that was to be derived from actual measurements on the
spacecraft.

Before launch, simulations were performed in which the mass
� ow rate was characterized and modeled under various MSX data
collectionscenariosand, hence, heatingof the SPIRIT III telescope.
The simulations used realistic DCE scheduling for heating of the
SPIRIT III telescope, the compressible � ow model just described,
a realistic representation of the mass � ow rate corresponding to
the DCEs, and attitude quaternions to represent the orientation of
the spacecraft. These simulations yielded an understanding of the
hydrogenventingand the resultantthrust; in particular,theyrevealed
the way in which cryogen model errors could be absorbed using
various orbital parameters or scale factors.

This study proved to be even more critical inasmuch as it became
evident later in the process that on-orbit measurements of the mass
� ow rate required in Eq. (1) would not be made frequently enough
for them to be effective in the � ow model. Fortunately, the sim-
ulations showed that, even with insuf� cient sampling of the mass
� ow rate, the cryogen thrust effect could be simply modeled by as-
suming a constant thrust along the vent line. In fact, this approach
required no actual � ow rate data, and hence, the compressible � ow
model would not be needed. In addition to a constant thrust, pre-
dicted in ground simulations to be about 300 dyne, a scale factor
was estimated as a free parameter over each orbit-� t span. Because
the actual value of the thrust varied in magnitude, depending on
heating conditions,and because the thrust was not known exactly, a
free parameter would allow for variations about the 300-dyne esti-
mate. In addition, a drag scale factor was estimated simultaneously
with the thrust scale factor. This was to absorb errors associated
with the atmospheric drag. Although simulations indicated that the
thrust and drag scale factors were not highly correlated, and given
the orientation typically assumed by the vehicle, it is possible that
along-track errors not absorbed by the thrust scale factor were ab-
sorbedby the drag scalefactor.The oppositestatementwouldalsobe
true.

The simulation study showed that the thrust effect would be less
than 200-m along track after three days, given the type of routine
operations expected with MSX. It was seen that a considerablepart
of the thrust was projected normal to the orbit, and a normal thrust
is tantamount to changing the inclination.Orbit inclinationchanges
require a signi� cant amount of energy to achieve any appreciable
effect. The simulation also showed that the cryogen thrust could be
modeled down to below 2 m for short arcs of 2 and 3 days; in prac-
tice 2-day arcs are computed. Also, it was seen in the simulations
and in practice that the thrust and drag solve-forparametersnot only
have low correlation but that, in fact, the use of the drag solve-for
parameter permitted better recovery of the thrust parameter. During
the actual cryogen operation it was seen that, if these scale factors
had not been used, errors as large as 200 m would have existed in
the orbits, as measured by the accuracycriteria discussed in the next
section. Finally, the simulations were further validated as they pre-
dicted that the block of solid hydrogen would not last the originally
expected 18 months but only 12 months or less. In actuality, the
cryogen lasted 10 months.
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A detailed study of the cryogen venting during � ight was not
possible because, as mentioned earlier, the hydrogen gas � ow rate
was gathered too infrequently to be of any use. It was seen, though,
over the course of the 10 months of cryogen venting that a mean
value of 322 dyne (with a sigma of 25 dyne) was recovered in the
orbit estimation. Also, a negative drag factor was consistently re-
covered, indicating that this scale factor was drawing up an ac-
celeration component that the cryogen thrust scale factor could
not.

VI. Measure of Orbit Accuracy
A number of measures are used to evaluate the day-to-day

ephemeris quality. The conventional technique of overlapping sub-
sequent orbits provides a measure of consistency and a fairly good
indicationof accuracy. Post� t residualsof the SGLS data are exam-
ined for systematic errors, biases, data precision,and an acceptance
level of data from each SGLS site. To provide an external measure,
the Millstone radar data is not used in combination with the SGLS
data in the orbit � t, but is only used to monitor the SGLS data and
the orbits derived from them. The Millstone radar range is accu-
rate to 5 m or better, as is established through weekly calibration
with laser ranging satellites. These radar range measurements can
be compared with the SGLS-derived orbits, and the residuals pro-
vide a direct measure of the orbit accuracy over part of the orbit.
Orbits can also be computedexclusivelyfrom the radar data, and the
SGLS data can be comparedwith these orbits to check for timing or
other errors. Finally, both the cryogen thrust and the drag solve-for
parameters are checked for realism and consistency. The cryogen
thrust scale factor was expected to adjust the nominal average hy-
drogen mass � ow rate and depended on the surveillance activity,
especially that of the SPIRIT III sensor. In addition to absorbing
errors associatedwith the mismodeling of the atmosphere, the drag
scale factor performed an important role by absorbing along-track
cryogen thrust effects that were not absorbed by the thrust scale
factor.

The Millstone radar range data make a good external measure
of orbit accuracy because of the radar’s signal processing and
calibration that results in highly accurate range measurements. Its
signal processing approach interpolates range gates for range mea-
surements. As a consequence, its range-measurementaccuracy ap-
proaches the theoretical limit, which is on the order of 2 m for
a tracking bandwidth of 1 MHz and an integrated signal-to-noise
ratio of 30 dB, typical for the Millstone radar. The calibration is
achieved through routine monitoring of the range and angle biases
and with the use of the best-availabletropospheremodel and a real-
time map of the ionosphereover the Millstone radar. The Millstone
range and angle biases are examined daily by comparing them with
high-accuracy orbits of laser ranging satellites. The satellites typi-
cally used in this calibrationprocessare the JapaneseEGP, Starlette,
LAGEOS I and II, and two Russian Etalons. The laser ranging data
are obtained weekly from NASA Goddard Space Flight Center near
Washington,D.C., and are used to establishhigh-accuracyorbits on
these satellites. This permits a review of Millstone measurements
taken to that time, and a predicted orbit is used for daily monitoring
until the next week. The laser range data are the quick-look nor-
mal point data, which may not have the � nal calibration applied,
but which are still expected to have an accuracy from 10 to 50 cm.
Analysis of the orbit accuracy that DYNAMO can achieve with the
laser data is about 1 m, for these satellites. With this level of orbit
accuracy, the Millstone range bias can be determined to 1 m or so.8

With regard to considering the error in the Millstone measurements
due to tropospheric and ionospheric refraction, a model described
by Refs. 9 and 10 is used for the troposphere, with input from a
weather station at the site. In addition, a real-time Kalman � lter
model is used for the ionosphere,with input from a dual-bandGPS
receiveravailableevery 3 s (Ref. 11). Figure 1 shows the orbit accu-
racy assessment during the cryogen phase of the MSX mission, as
based on the residuals between the Millstone Hill radar range mea-
surements and the SGLS-determined orbit for MSX. The residuals
are generallybetter than15m, with a mean of 1 m anda sigmaof 6 m.

To provide the estimate of orbit accuracy from the overlap anal-
ysis, the MSX de� nitive orbit � ts are designed so that they span

Fig. 1 Millstone range measurement residuals computed with orbits
determined from SGLS tracking data from day 28 of 1996 to day 56 of
1997.

2.25 days. The ending 0.25 day of one orbit � t will just overlap
the � rst 0.25 day of an orbit � t that starts two days later. All orbit
� ts are, therefore, compared with those orbit � ts starting two days
before and two days after. From the 2.25-day orbit � ts, state vector
ephemerides are generated in an inertial reference frame at 900-s
intervals over the common period for both overlapping orbits. The
method then differences the state vectors at each common epoch.
Another, physically intuitive, way of characterizing these differ-
ences is to convert the differencesin x , y, and z to differencesin the
radial, cross-track,and along-trackdirectionswith respect to the or-
bit. The radial direction is alonga vector from the centerof the Earth
to the satellite position, the along-trackdirection is along the veloc-
ity vector, and the cross-track direction is perpendicular to these
two and measures the orbit differences in terms of the out-of-plane
component of the orbit. These orbits are computed and then sum-
marized, statistically,using a standard rms of their differences.As a
measure of accuracy for each orbit, this rms difference is dividedby
two, with the assumption that the orbit differences are contributed
equally from errors in each orbit. Figure 2 shows a histogramof this
measure of orbit accuracy during the cryogen phase, as expressed
in radial, cross-track, and along-track directions. The along-track
error is typically the most signi� cant. As a measure of accuracy,
these results again indicate that the orbits are well within the 15-m
goal (1-sigma rms).

Figures1 and 2 showresults for the de� nitiveephemeridesduring
the cryogen phase. The accuracy goals have been more easily met
during the postcryogen period for both the de� nitive and quick-
look ephemerides.Of interest, as well, is the predictionaccuracy of
the orbits. Speci� cally, a prediction up to a day and a half is made
available to provide the USAF Space Command immediate use of
the SBV data.

The predictionaccuracyis assessedby propagatingthe ephemeris
backward by one and a half days and by overlappingit with the pre-
liminary ephemeris that was previouslygenerated.For this compar-
ison, the previous preliminary ephemeris is considered to be truth
and the rms differences of the overlaps are not divided by two as
described earlier. The rms statistics of this prediction accuracy as-
sessment over a one-year period are 3 m in radial, 13 m in cross-
track, and 24 m in along-track directions. This orbit accuracy is
generally satisfactory because SBV is most often looking at targets
farther than 2500 km. Clearly, the more distant the target object is
located from the MSX, the less the position error contributes to the
error of the SBV measurements. If necessary, the 15-m preliminary
ephemeris can be used when it is available a day later.
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Fig. 2 Orbits � t from day 28 of 1996 to day 56 of 1997, rms difference divided by two of 0.25-day overlap.

VII. Conclusions
Both the SBV and the SPIRIT aboard the MSX satellite have

successfully demonstrated space-based space surveillance.To sup-
port the accuracy goals of these instruments, an orbit procedure
has been presented that yields a satellite ephemeris accurate to 7 m
(three-dimensionalrms).

The accuracy goal has been met and exceeded with a � nal
ephemeris that is delayed to consider additional re� nements in the
calibration of the tracking data and in modeling of the satellite ori-
entation. It is also generally met with a quick-look ephemeris that
is delayed 1 day to collect all tracking data.

The ephemeris must be computed every day for the lifetime of
the SBV instrument, which is now a USAF contributing sensor.
Therefore,the methodsdescribedhere, fromcollectingthe available
tracking data to posting the ephemeris and quality assessment for
users, have been completely automated.

The aspectof the dynamic modeling for the satellite’s motion that
was consideredto be dif� cultprior to launchwas thatof the thrusting
due to cryogen venting of hydrogen gas. Extensive prelaunch study
and simulation showed that this could actually be treated simply by
consideringthe thrust to be constantandpointedin thedirectionpro-
vided by attitude data and scaled with two free parameters for each
orbit estimation. Results presented show that this method worked
extremely well during the cryogen phase of the satellite mission.
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