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Space-Based Visible Metric Accuracy

Curt von Braun,* Jayant Sharma,” and E. Michael Gaposchkin’*t
Lincoln Laboratory, Massachusetts Institute of Technology, Lexington, Massachusetts 02420

In April 1996 the Midcourse Space Experiment satellite, sponsored by the Ballistic Missile Defense Organization,
was launched into an 898-km altitude, nearly sun-synchronous orbit. One of the principal sensors onboard the
spacecraft is the Space-Based Visible, a visible-band electrooptical camera used for space surveillance. The instru-
ment is equipped with four adjacent 420 X 420 pixel charge-couple devices and was designed with high off-axis
stray light rejection characteristics for observing near the earthlimb. As the first space-based space surveillance
sensor, the Space-Based Visible’s principal role is to gather metric and photometric information on a wide variety
of resident space objects. To assess the metric performance of the sensor, routine on-orbit metric calibration is
performed. In addition, a complete error assessment was made using actual flight data. The goal of producing
4-arc-s (1-sigma) observations of resident space objects was set during design, and early results show that this goal
is being reached. The analysis of each of the error sources within the Space-Based Visible error budget is presented
and results from both calibration and routine surveillance data collection events are shown. Error sources such
as those associated with the sensor boresight pointing, including star catalog errors, spacecraft jitter, star cen-
troiding, and optical distortion, along with the Midcourse Space Experiment ephemeris and the streak endpoint
determination are discussed. The principal finding, as revealed through the discrepency between the theoretical
error assessment and on-orbit metric calibration, spawned the identification of an unmodeled metric error source
for the Space-Based Visible. With the identification and modeling of this error source, a 50% reduction in the

metric error budget of the sensor is possible.

Introduction

HE Midcourse Space Experiment (MSX) is funded and man-

aged by the Ballistic Missile Defense Organization (BMDO)
with the goal of addressing fundamental phenomenological and
functional issues associated with ballistic missile defense and
space-based space surveillance. With its host of state-of-the-art
visible-band, long-wavelength infrared and ultraviolet sensors, the
spacecraft has successfully gathered high-quality data on strategic
ballistic missile targets, resident space objects (RSOs), and terres-
trial, earthlimb and celestial backgrounds, over a wide range of the
spectrum. In addition to supporting the fundamental objectives of
the BMDO, MSX has also acquired data on a variety of civilian sci-
ence objectivesin the areas of remote sensing,atmospheric sciences,
and astronomy.

One of the principal sensors onboard MSX is the Space-Based
Visible (SBV), a visible-band electro-optical camera designed to
conduct technological and functional demonstrations in support of
space-based space surveillance. The instrument was designed at the
Massachusetts Institute of Technology Lincoln Laboratory through
funding from the Space and Missile Center. As a possible flight
technology demonstration for the Space-Based Infrared System-
Low, the SBV representsthe first space-based staring sensor for use
in space surveillance. The instrumentis equipped with four adjacent
420 X420 pixel charge-couple devices (CCD) and was designed
with high off-axis stray light rejection characteristics for observing
near the earthlimb.

As the first space-based space surveillance sensor, SBV’s princi-
pal role is to gather metric and photometric information on a wide
variety of RSOs. To assess the metric performanceof the sensor, rou-
tine on-orbit metric calibration is conducted. This is accomplished
by observing satellites for which the positions are very well estab-
lished and comparing these known positions with SBV-observed
positions. During the design phase of the SBV program, the goal
of producing 4-arc-s (1-sigma) metric observations of RSOs was
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set. This 4-arc-s error budget is composed of a wide variety of error
sources, ranging from the estimated position of the sensor on-orbit
to systematic uncertainties within the established star catalogs. Al-
though on-orbit metric calibrationis the only true method of deter-
mining the metric performance of the SBV, an independent error
assessment was made using actual flight data. This was performed
by isolating each error source within the error budget and quantify-
ing its effect on the SBV observation.

The metric processing performed for the SBV is markedly dif-
ferent from that of the Ground-Based Electro-Optical Deep Space
Surveillance System (GEODSS),"? the optical system currently
used by the U.S. Air Force for tracking RSOs. The GEODSS tele-
scopesestablishtheirboresightpointingthroughmathematicalmod-
els of the telescope mount position. In contrast, the SBV matches
detected star patterns and locations to star catalog positions, yield-
ing a significantly more robust and accurate estimate than can be
performed through mount modeling. One of the difficult aspects of
processing space-based observations, however, is that pointing and
RSO position estimates must be made in the face of spacecraft drift
and jitter. Clearly, the former issue does not exist on the ground,
and the latter issue is typically extremely small. Finally, as with any
ground-based optical telescope or radar, it is necessary to establish
the sensor’s coordinatesat the time an observationis taken. Whereas
this can be done through a routine site survey for a ground-based
instrument, it is necessary, in the case of SBV, to continuously track
the MSX and estimate its on-orbit position.

This paper will present the analysis of each of the error sources
within the SBV error budget and will compare the results with those
established from routine calibration. Error sources such as those as-
sociated with the sensor boresight pointing, including star catalog
errors, spacecraftperiodic motion, star centroiding,and optical dis-
tortion, along with the MSX ephemeris and the streak endpoint
determination will be discussed in detail. Finally, some conclusions
will be drawn regarding the overall metric performance of the SBV
and its impact on space surveillance.

SBYV Data Processing

The SBV performs data collection in, most commonly, a staring
mode. In this mode, light from stellar sources, the cosmic back-
ground and any diffuse or specular reflection of an RSO within the
field of view (FOV) will be detected on the focal plane. The light is
gathered on the detector for integration periods of 0.4, 0.625, 1.0,
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Fig.1 SBY image of LAGEOS.

and 1.6 s, depending on the operating type of data collection. An
image gathered over one integration period is referred to as a frame.
One raw or unprocessed frame of SBV data appears as a star field
on a dark background and, if an RSO is in the FOV, a short streak
of illuminated pixels. Typically, a streak taken over one frame is
not long enough to distinguish it from a stellar point source. As
a consequence, it is necessary to superimpose multiple frames to
produce an image that can be effectively processed. A collection of
these images, namely, a frameset, typically consists of between 8
and 16 frames. Figure 1 shows an SBV image of the Laser Geo-
dynamics Satellite (LAGEOS) with a 16-frame frameset with an
integration period of 1.0 s.

The process of establishing an observation (right ascension and
declination) ofan RSO entails, first, determiningthe precise pointing
of the boresight of the sensor in an inertial frame, then determining
the position of the beginning and endpoints of that streak on the
focal plane. Once these focal-plane positions are known, they can
then be transformedintorightascensionand declination.Finally, the
positionof the observing platform must be established to support the
angular measurements. For a detailed discussion of the processing
of SBV image data, the reader is referred to Ref. 3.

Once the observations of an RSO are established, they must be
qualified through calibration. This is conducted routinely in oper-
ations, and the data are compiled and compared with the indepen-
dently determined error budget. Metric calibration is performed by
observing satellites for which the positions are known to a very high
accuracy. These satellites, herein referred to as calibration objects,
are tracked using high-precisionlaser ranging observations. These
laser data, along with ground radar measurements, are used to estab-
lish the satellites’ positions to better than about 10 cm. By tracking
these objects using SBV, it is then possible to calibrate the metric
observations using the known positions and to isolate those errors
caused by the SBV sensor. Now a detailed discussion of each of the
known error sources will be presented.

SBYV Error Budget
MSX Ephemeris and Timing

As already mentioned, observations of an RSO from a moving
space platform would be incomplete if they were not accompanied
by information regarding the location of the sensor in space, SBV
in this case, during the data collection. As a consequence, it is nec-
essary to supplement the reduced right ascension and declination
observations of a target with the ephemeris of the MSX.

As part of the Surveillance Data Analysis Center (SDAC) at
Lincoln Laboratory, the orbital position of MSX has been produced
every day since launch. This is performed using the space ground
link system (SGLS), a global network of tracking stations used by

the U.S. Air Force for tracking a large number of its satellites. The
principles underlying the modeling and routine processing of the
tracking data of MSX are beyond the scope of this paper; detailed
explanations may be found in Refs. 4 and 5.

The contribution of the error of the position of MSX to the SBV
error budget is a function of the range to the RSO. For example, a
target at a range of 3000 km produces a 1-arc-s error in the SBV
observation, if the uncertainty in the position of MSX is limited
to 15 m. In contrast, an RSO in geosynchronous orbit at a range
of 42,000 km produces an error in the SBV observation of just
0.07 arc-s. Given that ranges of only 3000 km are uncommon dur-
ing operations and that 1 arc-s is limited to 25% of the total SBV
error budget, the goal of routinely producing a 15-m orbit for MSX
was set during design. This goal has, in fact, been exceeded, with
orbit position uncertainties averaging the 8-m level, as reported in
Ref. 4. As a consequence, the contribution of the error in the MSX
position to an SBV observationis typically less than 0.5 arc-s and,
for geosynchronous objects, is essentially negligible. Note that for
near real-time (less than 24 h) ground processingof SBV data within
the Space Surveillance Network (SSN), postfit orbits of MSX are
not possible, and errors in the predicted MSX position may be as
large as 25 m. This is not a concern for deep space objects but could
be an issue for RSOs at close range.

Uncertainties in the onboard system clocks used to tag SBV ob-
servationsalso contributeto the SBV error budget. The MSX system
requirements, established independently from those of SBV, placed
the specification of 1 ms on the system clocks. Because timing er-
rors are a function of range to the RSO and the relative motion of
the RSO across the SBV focal plane, it is possible to set reasonable
bounds on the errors. In a worst-case scenario, such as observing
a target at 2500 km when the relative velocity is at its maximum
of 15 km/s, a 1-ms timing error produces a 1.3-arc-s error in the
SBV observation.In contrast, a best-case scenario entails observing
a geosynchronousbelt satellite while MSX crosses over one of the
poles, giving a relative velocity of 3.1 km/s (absolute velocity of the
target only). This situation produces an error of about 0.02 arc-s.
Conseqently, timing errors are typically less than 1 arc-s and are
frequently completely negligible.

Boresight Pointing

To determine the boresightpointing of the SBV, itis necessary to
match the collection of star detections on the focal plane with cat-
aloged star positions. In matching these positions in a least-squares
sense, a correction to the a priori boresight pointing is determined.
The product of this process will be a set of star-match residuals that
as an ensemble quantify the ability to match an average star. The
formal uncertainty of the boresight pointing can then be determined
basedon this information,in addition to the number of stars matched
ina given FOV. It is this stage of SBV datareductionthat introduces
some of the most subtle and important errors in the process. Errors
associated with the star catalogs, the algorithms used for centroid-
ing the star detections on the focal plane, the distortion of the CCD
image introduced by the optics, and the actual spacecraft attitude
drift and periodic motion all contribute to the boresight pointing
error. A discussion of each of these error sources follows.

Star Catalogs

During routine processing of the SBV data, “The Astrographic
Catalogue of Reference Stars (ACRS )’ is most commonly used.
This catalog, compiled at the U.S. Naval Observatory, contains
approximately 320,000 stars with visual magnitudes of 10.5 and
brighter. In addition to this catalog, the SDAC uses the Hubble
“Guide Star Catalogue” (GSC) that was constructed to support
the Hubble Space Telescope during operations.” The GSC contains
more than 15 X 10° stars with visual magnitudes of 16 and brighter.
Table 1 shows the various characteristics of each catalog.

Withregardto the discussionof the SBV error budget, the random
and systematic errors are of critical importance. Although the GSC
offers a far denser array of stars per square degree than does the
ACRS, the systematic errors are larger. In fact, as will be illustrated
in following section, it is the systematic errors in the ACRS that are
limiting the boresight pointing for SBV.
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Table1 Star catalogs used with SBV

Average no. of

No. of Limiting  stars per square Systematic Random
Star catalog Affiliation stars magnitude degree errors (arc-s)  errors (arc-s)
ACRS U.S. Naval Observatory 3.2 %10° 10.5 7.9 0.1-0.2 0.25-1.0
GSC Hubble Space Telescope Institute 15 X 10° 16 365 0.4-1.6 0.3-0.8

Star Centroiding

A study of the errors due to the centroiding of the group of illu-
minated pixels composing a star detection was conducted prior to
launch. These results found that the performance of the centroiding
algorithmdecreased as the signal-to-noiseratio of the star detection
on the focal plane decreased. From a Monte Carlo simulation of
the errors as a function of detected magnitude, it was found that
for a star of 10th magnitude, the centroiding errors were limited to
0.1 arc-s. Similarly, for stars as dim as 14th magnitude, centroiding
errors rose to as large as 6.6 arc-s. As a consequence of this study,
the star matching processis typically limited to stars of 12th or 13th
magnitude or brighter.

In the sections that follow, it will be discussed how centroiding
error is affected by spacecraftattitude drift and periodic motion and
what influence they have on the overall boresight pointing error.

Spacecraft Attitude Drift and Periodic Motion

Although spacecraftattitudedrift and periodic motion do not cur-
rently factor directly into the SBV error budget, they do influence
the ability to perform centroiding on the star detection. While the
sensor is gathering light during one integration period, or exposure,
the spacecraft attitude is experiencing some degree of secular and
periodicmotion. The secularbehaviorcausesthe groupingof illumi-
nated pixels from a detection to elongate in the direction of the drift
motion. This effect, if substantial, shifts the location of the centroid,
when compared to one determined when drift is not present. Simi-
larly, the periodic motion tends to create an enlargementor blurring
of the group that affects the centroid location. Although neither of
these effects is large, they both degrade the quality of the star-fit
residuals.

Duringa pointingalignmenteventon the MSX, the SBV produces
an image every 1.0 s. As mentioned earlier, these frames are rou-
tinely processed in batches of between 8 and 16. However, if each
frame, individually, is matched to the star catalog, the corrected
pointing can be determined every 1.0 s. This, effectively, produces a
time series of the attitude of the spacecraft, identifyingboth the drift
and the periodic motion, as sampled at 1 Hz. Note that periodic mo-
tion at frequenciesboth higher and lower than 1 Hz do exist, but only
effects at frequenciesof 1 Hz and lower can be identified using SBV.

Thisprocesswas carriedoutusing 10 framesetsfrom five different
MSX pointing alignmentevents conducted over the first six months
of the mission. From these, an average value for the drift and 1-Hz
periodic motion was determined. Figure 2a shows a typical time
series of the difference of the right ascension (RA), declination
(DEC), and roll (ROLL) from the boresight pointing of the initial
frame for a 16-frame frameset. Figure 2b effectively removes the
drift effect by differencing the pointing results for a given frame
with those of the previous frame. This allows for the assessment of
the 1-Hz periodic motion.

For the pointingalignmentdata analyzed, the drift varied between
0 and 0.3 arc-s/s, in absolute value, and the average standard devia-
tionofthe 1-Hz periodicmotionin RA and DEC was 0.4 arc-s. Given
that these quantities only indirectly contribute to the error budget
by degrading the centroiding, these values will not adversely affect
the boresight pointing. Note that, although the roll angle appears to
vary to a much larger degree than do the RA and DEC, this is only
an artifact of the poor sensitivity of SBV to this direction of motion
and should not be concluded as the actual roll behavior.

Optical Distortion

To produce boresight pointing results to the level of 1 arc-s, it is
necessary to model the optical distortion of the camera. Predomi-
nantly for the purposes of reducing stray light from the earthlimb,
hyperbolic and elliptic mirrors are used by the SBV to project the

incominglight onto the focal plane. These mirrors produce an image
that is distorted, and this distortion must be accounted for during
the star matching process. Note that this distortionis severe enough,
particularlyat the outer edges of the CCD array, to shift the position
of a star or RSO detection by as much as 100 pixels.

During the first few months of the mission, a rigorous determina-
tion of the distortion model was conducted using actual flight data.
The primary requirements of this mathematical distortion map are
that it be valid over the entire CCD, that it be stable over time, and
that the remaining unmodeled distortion errors not be so large as
to produce boresight pointing results poorer than 1 arc-s. As a con-
sequence, the MSX pointing alignment events, which are staring
events at fields rich in stars, were used for this purpose. To achieve
a model thatis valid over the entire array, it was necessary to have a
large number of stars detected everywhere on the focal plane. This
allowed for the accurate determination of the map.

The processof matching the distorteddetectedstar positionsto the
actual catalog star positionsis performed in focal plane coordinates.
As a consequence, the star positions are mapped onto the array by
first translating and rotating the cataloged star field and aligning it
with the detected field. Then the distortion map is used to project
these translated/fotated cataloged positions onto the distorted focal
plane image. Once this is complete, the star matching is performed
in a least-squares sense and the residuals are determined.

The mathematical structure of the distortion map consists of the
translation, referred to as the boresightoffset(z,, y,), followed by a
rotation about the roll axis by the error in the roll angle 0, such that

R
r] y_y()

4
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R =

[ cos(0)  sin(0)
| —sin(6) cos(0)
This produces the coordinate pair £ and n that represents the undis-

torted cataloged star positions on the focal plane. These coordinates
are then transformed into distorted coordinates z’ and y’, such that

MY

where
app dr
A=
ax; d
and
_ 00 10 01 20 £2 1 02
ay =ap| tajE+an+a; & +aén+aj
_ 00 10 01 20 £2 11 02
ay =ay, +a, &+ ay;n+ay & +ayEn+ay
_ _ 00 10 01 20 £2 11 02,2
ap, =dp, ap =ay, + a22§ +a;,n+ayé +ayéntann

For the determination of the distortion map, it was necessary to si-
multaneouslyestimate the boresightoffset, the errorin roll, and each
of the 18 distortion coefficients during the star matching procedure.
This was performed for each of the four CCDs using 36 framesets
from five pointing alignment events (DC-29) and one SBV calibra-
tion event (SU-03). Because of the large number of stars needed for
the determination of the map, the GSC was used. Figure 3 shows a
typical pointing alignment star field and the stars that were matched
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Fig.3a MSX/SBY pointing alignment star field. Fig. 3b Star matched during alignment event, indicated by box.
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Table2 Star match quality
in distortion map study

No. of rms Star fit,

CCD  framesets arc-s
1 6 0.8
2 9 1.0
3 13 0.9
3 9 0.9

Table 3 Determination of offsets and roll error

(zo)» Cz0» (yo)a Oyo,» (6), 0p,
Event CCD pixels pixels  pixels pixels deg deg
DC-29 1 974.50  0.66 2.85 021 -0.610 0.005
DC-29 2 500.80 0.76 —11.88 0.18 —0.493 0.006
DC-29 3 17.66  0.66 =787 0.16 —0.383 0.009
SU-03 3 18.74 047 -9.05 0.12 -0.378 0.009
DC-29 4 —455.54  0.77 1487 024 -0.277 0.007

in the least-squares process. In this particular case, over 290 stars
were correlated to the catalog. Table 2 shows the quality of the
residuals of the least-squares star matching procedure, and Table 3
shows the estimated values for the offset, the error in roll, and their
formal estimated uncertainties. It was found that, although it was
clearly necessary to estimate all 18 coefficientsin the distortionmap
during its development, for routine operations it is sufficient to es-
timate the boresight offset, the error in roll, and only the two most
important terms in the distortion map, a% and a9. These coeffi-
cients represent the zeroth-order distortion or stretching along the z
and y coordinates.

Boresight Pointing Results

Having identified the various error sources involved in determin-
ing the boresight pointing, it is now possible to get an estimate of
the total contributionthat pointing makes to the 4-arc-s performance
goal for SBV. As discussed, the pointing error budget is made up
of star catalog error, spacecraft attitude drift and jitter, centroiding
error, and optical distortion. These errors, however, do not simply
superposeto yield the total pointingerror; they merely act to produce
the residual error, when star detections are matched to a catalog.

The formal uncertainty in pointing is, essentially, based on the
average star-fit quality, an example of which is shown in Table 2,
and the total number of stars matched in a given frameset. If there
were no systematic errors present in the star catalog and the errors
in pointing and roll were not correlated with each other, the formal
error covariance would be a diagonal matrix. In such a case, the
error in each of the two pointing variables (RA and DEC) would be
simply the star-fit residual reduced by +/n, where n is the number
of matched stars. With star matches of between 10 and 500 stars,
dependingon the star field and star catalog used, this would produce
a boresight pointing uncertainty of between 0.3 and 0.05 arc-s, re-
spectively.It, however,is not possible to determine pointing to these
lowest levels because the ACRS star catalog has systematic errors
0f 0.1-0.2 arc-s and the GSC has errors between 0.4 and 1.6 arc-s.

This limitation in boresight pointing due to systematic errors
in the star catalogs is evident from all of the SBV data gathered
since launch. Routine processing of SBV data uses the ACRS and
matches, on average, 11 stars per frameset, with an average rms
residual of 0.8 arc-s (Ref. 3). As a consequence, the pointing uncer-
tainty of SBV is limited by the currentstar catalog systematicerrors.
This limitation exists because the estimate of the pointing error will
be approximately a factor of three less than the rms residual, due to
the number of stars matched. Note that the small average number of
star matches, given the dense field of stars often available, is due to
a deliberate thresholding of the dimmest stars and to the use of the
ACRS, which offers only about eight stars per square degree.

Streak Endpoint Determination

The last and, currently, the largest error source in the SBV obser-
vation budget is that created during the determination of the begin-
ning and endpointsof an RSO streak passing throughthe focal plane

Table 4 Star match quality for SEP

determination
Frameset rms Star fit,?
no. Matches/streaks arc-s
11,163 29/30 1.2
11,167 22/23 1.3
11,169 29/30 1.5
11,170 20/21 1.0
11,173 27/28 0.9

4 Average 1.2.

Fig.4 Ephemeris track data collection.

(Fig. 1). Streak endpoint determinationis performed either onboard
or on the ground, and processed using a least-squares technique.
The algorithm gathers a 5-pixel-wide swath of data comprising the
streak and performs a best fit of a line to the data. The linear assump-
tion of the streak is well supported for the integration periods of the
sensor and the rate of motion of RSOs across the CCD. For a more
detailed explanation of the process of determining the endpointsin
focal plane coordinates and how these are then transformed to RA
and DEC, the reader is referred to Ref. 3.

The assessment of the quality of streak endpoint determination
was performed by evaluatingthe ability to match stars to the catalog
in a mode of tracking referred to as ephemeris tracking. As already
mentioned, the normal mode of data collectionwith SBV is a staring
mode that produces an image as shown in Fig. 1. However, SBV is
alsoableto track a target, such that the object stays fixed in the center
of the focal plane. In this way, the object will appear as a centralized
grouping of illuminated pixels, while the stars will streak across
the focal plane. Figure 4 shows a typical image from an ephemeris
track data collection event. It can be seen that the stars appear as
uniform lines of comparable lengths. By using the ephemeris track
mode of data collection, it is possible to match the beginning and
end of each of the streaks on the focal plane to stars in the catalog.
Through the determination of this rms fit over the entire CCD and
over a number of data sets, an overall assessmentof the performance
of the algorithm can be made.

A study was made using five framesets of ephemeris track data
of the Lincoln Experimental Satellite 8 within the first few months
of the MSX mission. For the dataset shown in Fig. 4, with star
detections dimmer than 14th visual magnitude thresholded out, 28
detected streaks were matched to 27 cataloged stars to an rms fit
quality of 0.9 arc-s. Table 4 shows the results from the four other
framesets, giving an average rms fit of 1.2 arc-s. It was expected
that the process of matching stars during an ephemeris track data
collection would not perform as well as during a staring mode.
This is because it is, fundamentally, more challenging to perform
accuratemetric detectionand processingwhile the vehicleis slewing
than while the vehicle is stabilized. By comparing the results from
Table 2 with those of Table 4, it can be seen that there was a 20-30%
degradationin the quality of the matches.
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One important characteristic that the streak endpoint determina-
tion algorithm has is that it be robust across a wide range of visual
magnitudes. This would allow for the observation of RSOs rang-
ing from as bright as 6th magnitude, possible during high specular
periods, to as dim as 14th magnitude, for small or highly emissive
objects. This was assessed by investigating the quality of the end-
point determinations as a function of magnitude. Figure 5 shows
both the individual endpoint focal plane coordinate star-fit resid-
uals and the overall rms of the fit to the endpoints as a function
of SBV magnitude. It is clear from these results that the algorithm
performance is quite robust over the desired range.

Given these results, it seems that both the quality of the streak
endpoint determination algorithm and the robustness of its perfor-
mance across visual/SBV magnitude are sufficient to meet the total
4-arc-s goal for SBV observations.

Prelaunch Budget Assessment

Prior to the launch of SBV, a complete error determination was
made based on observations taken by an SBV-grade CCD located
at the Lincoln Laboratory Experimental Test Site (ETS) in Socorro,
New Mexicoin 1991. Observations of a variety of RSOs were gath-
ered for the purposes of testing hardware and software and for error
assessment. From these data, a rigorous study, using the techniques
described earlier, was performed. The overall results of this work
are shown in Table 5.

A few comments should be made on the determination of this
error budget. It is clear that, prior to launch, it was not possible to
assess the actual MSX ephemeris error. However, simulations had
shown that it would be possible to meet the 15-m position goal.> As
a consequence, a contributionof 15 m in ephemeris error was used
in the error budget. A similar approach was taken for the satellite
clock timing errors: the spacecraft specification of 1 ms was used.
Finally, duringthe ETS observationsusing the SBV-quality CCD, no
optical distortion was present. As mentioned earlier, the distortion
exists due to the presence of the elliptic and hyperbolic mirrors in
the optical path of the SBV. Because only the CCD and not the
entire telescope was taken to ETS, distortion was absent from the
data. An independent simulation of the distortion placed the error
at 1.5 arc-s, but this would be incorporatedin the boresighterror.

The total SBV error budget is determined by assuming that the
error sources due to the MSX ephemeris, the satellite clock used for

Table 5 SBYV prelaunch error budget

Error source Nominal (arc-s)

Ephemeris, 15 m 1.0
Timing, 1 ms 0.6
Boresight pointing® 1.0°
Distortion® 1.5
SEP? 1.8
Total RSS error 2.8

4Based on actual ETS CCD observations.
bStar catalog (ACRS), with random and sys-
tematics errors; star centroiding; and periodic
motion.

¢No distortion present in ETS data.

1.00 T T T T T T T T T
{1 X - Beginning
&Y - Beginning
% 050 L O X-Terminal
x % Y - Terminal e}
[
2 o
© ) ]
S [ g° o g
£ 000 2 i
% AR o
£ o]
Q 5
g g
& <
< 050 |- N
g o]
n
e ]
400 L vt b e e b e e
5 6 7 8 9 10 1 12 13 14

Guide Star Catalog SBV Magnitude

tagging the observations, the determination of the sensor boresight,
and the determinationof the streak endpoints (SEP) are independent.
As elaborated on earlier, errors due to the star catalogs, centroiding,
spacecraft attitude drift and periodic motion, and optical distortion
all existbut as part of the boresight pointing error. With the assump-
tion of independence, the total error can be expressed by

+ o

2 2
boresight T Osgp T O

2 __ 2 2
o S, + g unknown

— “ephemeris timing

where the errors due to unknowns have yet to be established.

On-Orbit Budget Assessment

In much the same way as described earlier, the actual error bud-
get for SBV was determined. It can be seen in Table 6 that there
are a number of improvements from the budget shown in Table 5.
The first improvement is with respect to the MSX ephemeris. For
the on-orbit assessment, actual MSX positions are known.* Esti-
mation of the position of MSX is routinely at the 8-m level, thus
giving almost a 50% reduction from prelaunch levels, in the errors
due to this source. The other significant difference in the prelaunch
and on-orbit error assessments is in the boresight pointing. Prior
to launch it was expected that distortion would be a limiting error
in the determination of the boresight. However, due primarily to
a redesign of the distortion model in the early part of the mission
and to a number of software enhancements since launch, the bore-
sight pointing is now limited by the quality of the star catalogs and
contributes only modestly to the overall error budget.

It seems from these results that RSO observationsusing SBV are
available at the 2-arc-s level, a reduction of 50% over the 4-arc-s
goal set during design. However, it is only possible to verify this
finding through on-orbit metric calibration.

SBV Metric Calibration

Whereas an independent assessment of the SBV errors is of
tremendous value to understanding the sensor’s performance, the
only true test of the quality of the observations is through rou-
tine calibrationusing known references. This is performed routinely
on-orbit using calibration objects. Typically, SBV operations uses
LAGEQOS 1I as its calibration object, although other objects such as
LAGEOS I, AJASI and Starlette have been tracked. In addition, it
has been found that the constellation of GLONASS satellites has
proven to be an extremely reliable calibration target, due primarily

Table 6 SBYV postlaunch error budget

Error source Nominal (arc-s)

Ephemeris, 15 m 1.0
Timing, 1 ms?* 0.6
Boresight pointing® 0.2¢
SEP® 1.2
Total RSS error 1.7

4 Assume specification achieved.

bDistortion included.

CStar catalog (ACRS), with random and sys-
tematics errors; star centroiding; and periodic

motion.
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Fig.5 Streak magnitude dependence; 1 pixel = 12.1 arc-s.
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Fig.6 GLONASS (23511) residuals from SBV.
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Fig.7 LAGEOS II (22195) residuals from SBV.

to the rich supply of ground observations from the SSN network
that are needed to produce a reference position. Through the use of
LAGEOS II and a variety of GLONASS satellites, it has been possi-
ble to establish the current performance of SBV. Figure 6 shows the
current metric performance of SBV with GLONASS (23511) data
gathered currently. It is clear that the quality of the residualsis at the
4-arc-s level but is not at the level of the independent error assess-
ment. There are several possible explanations for this discrepancy.
First, at the time these data were analyzed, the precise ephemeris
of MSX was not available. All of these data were processed using
predicted positions of the satellite and are likely to have errors at
the 25-m level. This could degrade the quality of the observationby
as much as 1 arc-s. In addition, corrections to the clock, updates to
the telemetry stream correcting for biases and drifts in the satellite
clock, were also not applied to these data. These corrections, al-
though different from the timing errors discussedearlier, could lead
to errors at least as large in magnitude to those already in the error
budget.

In a similar way, Fig. 7 shows residuals of observations of
LAGEOS II with known positions on orbit. These results show, to a
larger degree than with GLONASS, the issues of using a predicted
ephemerisinstead of a precise position estimate and the effect of the
clockcorrections.Both of these errors are larger for LAGEOS Il than
for GLONASS because of the range to these satellites. GLONASS
(SSN 23511) is in a semisynchronousorbitat 19,070 km in altitude
and LAGEOS IIis in 5780-km-altitudeorbit. Both the ephemeris er-
ror and the clock correction problem are reduced as the range to the
target increases. As a consequence, for objects at close range, both
of these error sources can become substantial. It is felt that, when
these data are reprocessed using updated ephemeris and clock cor-
rection information, the results of the LAGEOS II observations will

be reduced by as much as 20%, whereas the GLONASS residuals
will likely reduce by somewhat less.

Conclusions

The work presented has shown that, while the goal of producing
4-arc-sobservationsofresidentspace objects using the SBV camera
has beenreached,a discrepencybetweenthe theoreticalerrorbudget
and the on-orbitcalibrationrevealed that future improvementsto the
metric performance of the sensor could be made. The independent
error assessmentindicated thatobservationsto the 2-arc-slevel were
possible, through the identification and modeling of the metric error
source causing the discrepency. In fact, the unmodeled source was
identified and is the topic of an accompanying paper in this issue.
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