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Space-Based Visible Space Object Photometry: Initial Results
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One of the objectives of the Midcourse Space Experiment surveillance experiments is to collect photometric and
radiometric data on a selected set of resident space objects from the long-wavelength infrared through the short
wavelength ultraviolet region of the spectrum. This was done using the Spatial Infrared Imaging Telescope III,
Space-Based Visible (SBV), ultraviolet and visibleimager, and spectrographicimager instrument packagesonboard
the spacecraft. Analysis of these data will primarily emphasize 1) construction and validation of phenomenological
models for a broad range of resident space object classes, for example, spin- and three-axis stabilized satellites,
rocket bodies, and orbital debris, over a wide range of solar phase angles and 2) discrimination between classes
of resident space objects and identification of discriminating characteristics within a resident space object class.
We concentrate on the initial results from the SBV instrument. We provide an overview of the surveillance data
collected to date, discuss its limitations, and present examples of the data collected on two classes of resident space

objects.
Nomenclature
A, = projected area of resident space object, m?
B —V = stellar color index
M, = Johnson V-band visual magnitude
Msgv = Space-Based Visual (SBV) magnitude
= range, m
Sun = solar declination angle
Y = off-specular angle
73 = Midcourse Space Experiment parallax angle

Introduction

HOTOMETRY refers to measurement of the light flux from
an object, usually in multiple wavelength bands. In the astro-
nomics community, multispectral photometric measurements pro-
vide a powerful remote sensing tool to determine the size, shape,
rotational period, temperature, and some surface properties of aster-
oids and comets from reflected sunlight. The same concept can be
appliedto glean informationabout Earth-orbiting satellites. The op-
tical signature of a satellite consists primarily of sunlight reflected
from various surfaces toward an observer. The reflectivity of the
surface depends on wavelength, surface roughness, incident and re-
flected angles, and temperature. The total signature of the satellite
is a function of the satellite configuration, surface material prop-
erties, sun-target-observer (phase) angle, and satellite orientation.
Satellite photometry has been pursued with varying degrees of en-
thusiasm since the 1960s, with concentration mainly on the visible
wavelengths. These observations have determined quantities of in-
terest such as position, spin period, and variation of brightness with
phase angle (phase curve). These quantities can also shed light on
the orientation of the satellite, given some a priori knowledge of its
configuration.! 3
One of the goals of the Midcourse Space Experiment (MSX)
surveillance experiments was to collect multispectral photometric
data on resident space objects (RSO) for space object identification
(SOI) and to investigate its utility for space surveillance. Photo-
metric data from ground-based optical sensors have been a com-
ponent of the SOI function performed with the space surveillance
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network for some time. The MSX data are useful for a number of
tasks, notably establishmentof RSO brightness models to facilitate
space surveillance mission planning (scheduling), discrimination,
and monitoring. Discrimination refers to the ability to distinguish
one RSO from another. Monitoring refers to the task of determin-
ing the location and operational status of an RSO. This paper will
present additional detail on these concepts and the initial analysis
of data from the Space-Based Visible (SBV) sensor.

SBYV Overview

The SBV sensor was launched onboard the MSX satellite on 24
April 1996. MSX resides in an 898-km altitude, sun-synchronous
orbit. The goal of the SBV was to demonstrate the ability to make
observationsof RSOs from a space-basedplatform. The SBV sensor
consists of a 15-cm aperture off-axis telescope with a thermoelec-
trically cooled charge-coupled device (CCD) focal plane (FP). In
addition, a signal processorand supportingelectronicsare also con-
tained onboard the spacecraft. The SBV focal plane consists of four
abutted frame transfer CCDs, each with 420 X420, 27-um pixels.
Additional characteristicsof the instrumentare presented in Table 1
and in Ref. 4.

The SBV employs two tracking modes to observe RSOs. The
primary tracking mode is to track the background stars so that they
appear as point sources on the FP. The RSOs will appear as streaks
in the FP due to their relative motion with respect to the star field.
This mode is known as sidereal tracking. The second mode is to
track the RSO so that it appears as a point source while the stars
streak on the FP; this is known as ephemeris tracking. Most of the
data presented in this paper were obtained in sidereal track mode.

A typical SBV RSO observation consists of 4-16 420 X420
frames of data. These frames can be stored with the onboard tape
recorder and downlinked as raw images, or the images can be pro-
cessed through the onboard signal processor (SP). The SP extracts
relevant information from the raw frames and forms an SP report
to be downlinked. The report contains data (position and intensity)
on the FP detections that appear as streaks or as point sources. The
data presented in this paper were obtained from SP reports rather
than reduction of raw images.

The SBV photometricaccuracy (Table 1) is characterizedin terms
of magnitude, where magnitude has the same meaning as it does in
the astronomical literature. The magnitude scale is a logarithmic
scale that measures relative brightness; for example, a magnitude
difference of 5 between two objects corresponds to a factor of 100
difference in brightness. Brighter objects have smaller magnitudes.
The photometric accuracy of 0.2-0.3 SBV magnitudes Msgy at
Mggy =14 was derived using raw images of Landolt stellar cali-
bration fields.’> The images were obtained in sidereal track mode,
and the point sources were matched with a star catalog to determine
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Table 1 SBYV characteristics

Property Value
Spectral range 0.3-0.9 um
Spatial resolution 12.1 arc-s/pixel
Field of view 1.4 X 6.6 deg
Aperture, {-number 15 cm, {/3

Frame integration times 0.4,0.5,0.625,1.0,1.6,3.125s
Frame sizes 420 X 420,357 X420, 178 X420 pixels
Quantum efficiency 28%
Point Source Sensitivity at 15.7 SBV magnitude
signal-to-noise ratio = 6.0
Photometric accuracy
(point sources)

0.2-0.3 magnitudes at Msgy = 14

the identity of each star. Several Landolt fields were imaged, for ex-
ample SA 106,SA 112,and SA 114. Typically, 12 Landolt stars were
used per field for calibration. These stars ranged in magnitude from
~8.5 to 13My,. Brighter stars were excluded to avoid saturation of
the CCD pixels, and dimmer stars were excludedbecause the signal-
to-noise ratio was not adequate for calibration. The color indices of
the stars ranged from 0 < B — V < 1.2 where B — V is simply the
difference of the Johnson B-filter and V-filter magnitudes® Smaller
B —V values indicate bluer stellar color, and larger numbers indi-
cate redder color (the sun has a B — V value of 0.64). Stars outside
this B — V range tend to have little or no flux in the SBV waveband
(B —V < 0)orhavehighlyuncertainfluxes (B — V > 1.2) and were
notdeemed suitable as calibration objects. An SBV magnitude was
determined for each of the calibration stars, and was compared to
the published Johnson V-band magnitude M, for each star to derive
the photometric accuracy as a function of Mggy. The photometric
accuracyranges from ~0.05 magnitudes at Mggy =9 to the already
stated 0.2-0.3 magnitudes at Msgy =14. The differences between
Mggy and M, will be addressed in a later section.

Note that the photometricaccuracy refers strictly to point sources
on the FP. When the object of interest appears as a streak on the FP,
asis the case with RSO observationsin sidereal track mode, the pho-
tometric accuracy may degrade. Determination of the photometric
accuracy for streaks is in progress. The accuracy stated earlier is
useful for preliminary analysis and may be regarded as a best-case
accuracy for the sidereal track observations.Consequently, we must
be conservativein drawing conclusions from the data.

MSX/SBY Photometric Data Collection
Goals and Experiments

The primary goals for SBV photometric data collection were
1) collection of a comprehensive data set for use in definition and
validation of phenomenologicalmodels of RSOs for space surveil-
lance mission planning and SOI, 2) photometric characterization
of a number of different RSO classes and identification of sensor
discriminants between and within classes, and 3) collection of data
on RSO clusters to investigate the use of photometric data in dis-
crimination and catalog maintenance. Consequently, data are being
collected on a number of different RSO classes at a variety of solar
phase angles (0-140 deg), including phase angles that cannot be
observed from the ground. Table 2 summarizes the principle RSO
classes on which data are being collected, and Fig. 1 presents a pic-
torial comparison of some of these RSO classes. Table 3 presents a
summary of the SBV space surveillance experiments; each of these
experiments returns some RSO photometric data either through SP
reports or raw images. The data discussed in this paper were col-
lected primarily during the SP experiments (SU02, 03, 04, 09, 10,
and 15).

As an exampleof the utility of SBV photometricdata, considerthe
specular search (SU15) experiment. The reflection of sunlight from
an RSO consists of two types of reflections characterized as diffuse
and specular. The diffuse reflection refers to the omnidirectional
reflection of sunlight from the surface and is generally a result of the
roughness of the surface. The specular reflection refers to a mirror-
like reflection from the surface that tendsto be highly directionaland
significantly brighter. It is the diffuse reflection that permits routine
optical detection of RSOs, whereas the specular reflection can be

Table 2 Principle classes of RSOs observed by SBV

Altitude Class

Low altitude Radar calibration spheres

Stabilized, e.g., DMSP and NOAA?

LAGEOS/Etalon spheres

GPS,® GLONASS, Molniya

Spin-stabilized cylinders, e.g., HS-376,
HS-393, GMS®

Three-Axis stabilized, e.g., HS-601,
Gorizont, GE-5000

Intermediate altitude

Deep space

4Defense Meteorological Satellite Program, National Oceanic and Atmo-
spheric Administration.

bGlobal positioning system.

€Geostationary Meteorological Satellite.

Table3 SBYV experiment descriptions

Experiment Description
SU02 RSO detection in high backgrounds
SU03 SBV metric calibration
SU04 Joint SPIRIT IIl/onboard signal and
data processor and SBV metric calibration
SU09 Routine space surveillance tasking
SU10 Geosynchronous belt search
SuU11? Unknown object detection and characterization
su12? Ram/antiram debris observations
suU14? Space object photometry [joint SPIRIT III/SBV
or ultraviolet and visible imagers and
spectrographic imagers (UVISI)/SBV]
SU15 Search for specular reflections from geosynchronous RSOs
SuU17? Space object photometry in stressing backgrounds
SU33? SBV-only or joint SBV/UVISI PI experiment
SU35? Joint SBV/UVISI PI experiment

4Raw data collection event.

H8-376

~10 meters

Rocket Bodies

HS-601

Fig. 1 Representation of RSOs observed by SBV (roughly to scale).

observed at a particularlocation only when the sun-RSO-observer
geometry is appropriate. Specularreflections are observed when the
sensor, the normal to the reflecting surface (usually a solar panel),
and the sun are in the same plane, and the angle between the sensor
and the normal to the reflecting surfaceis equal to the angle between
the sun and the surface normal. The 0.5 deg angular width of the
sun is the theoretical width of the reflected ray, but for solar panels,
misalignmentof the cells broadensthis width to a few degrees (Refs.
7 and 8 and R. J. Bergemann, Lincoln Laboratory, Massachusetts
Institute of Technology, April 1992, private communication).

For the solar cell covered, spin-stabilized, cylindrical RSOs
shown in Fig. 1, the symmetrical distribution of solar cells resultsin
a conical locus of specularreflections about the spin axis, having an
angle from the equatorial plane equal and opposite to the sun’s dec-
lination angle, as shown in Fig. 2. Previous work also indicates that
the brightnessof the specularreflection varies relatively weakly with
phase angle, which means that the specular return can be observed
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Fig. 2 Specular reflection geometry for spin stabilized RSO (not to
scale).

at relatively high phase angles (Bergemann private communication
cited earlier).

The SBV can observe the specular return from each of this type
of RSO once per orbit when the solar declination is equal or less
than the parallax angle y, from the geosynchronousbelt to the or-
bit tangent at the MSX polar crossings. The parallax angle ranges
between =10 deg. This geometry permits observation of specular
returns for ~50 days, twice per year, centered on the spring and
autumnal equinoxes. This is a significant improvement over a sta-
tionary, ground-basedsite, which would be able to observe specular
reflections for only a couple of days per year.

The situation is different for the three-axis stabilized payloads.
Their solar arrays are essentially flat plates that track the sun; there-
fore, the phase angles at which the specular reflection from these
RSOs can be observed should be extremely limited and dependent
on the offset angle between the solar panel normal and the RSO-
to-sun vector. Thus, SBV will observe specular returns from these
RSOs only at specific phase angles and not necessarily on every
orbit.

The utility of the specular data is obvious, for example, 1) spin
stabilized and three-axis stabilized payloads can be distinguished
from one anotherbased on where and when the specular returns are
observed, 2) the misalignment of a spin stabilized RSO spin axis
from the equatorial plane can be discerned with multiple observa-
tions because the time/location of the peak specular return will be
different from the aligned case, 3) solar array offset angles can be
determined for three-axis stabilized RSOs allowing determination
of available power and age of the spacecraft, and 4) observation of
small, otherwise unobservable,RSOs becomes possible.

Initial Data Analysis

The SBV data are presented in units of SBV magnitude Mggy.
This is an instrument magnitude and has not been referred to a
standardized photometric system. For example, many visible-band
astronomical observationsare transformed to Johnson V-band mag-
nitude My that represents the amount of light flux collected over a
wavelengthrange defined by a Johnson V-band filter, ~505-595 nm
(Ref.6), thatallowsdirectcomparisonof photometricmeasurements
from different instruments. The SBV is responsiveto light over the
300-900 nm region; therefore, magnitudes calculated from SBV
measurements are representative of the light flux collected in this
waveband and would not necessarily agree exactly with My . These
magnitude differences may be simply due to the bandwidth differ-
enceor perhapsaresultof the actualreflected spectrum, thatis, color,
of the target. SBV is red sensitive when compared to the Johnson
V-band and the difference, although not thoroughly investigated, is
believed to be less than ~0.1-0.2M,, .

The SBV photometric database contained ~28,400 observations
of cataloged objects in March 1998. These data represent obser-
vations on ~ 1000 different objects (payloads, debris, and rocket
bodies). In our initial survey of the SBV observations we chose to
examine the data as functions of phase angle and solar declination
angle, that is, season, as was originally done with earlier ground-
based observations. Whether or not this is appropriate will become
apparent as the data are analyzed. We also chose to consider the
data as organized by RSO class. We will present results for two
RSO classes, the Hughes HS-376 and the Hughes HS-601.

HS-376 Spin Stabilized

The HS-376 class of satellite is a spin-stabilized cylinder with an
Earth-facing antenna mounted on one end (Fig. 1). The cylinder is
~4.7 min length and ~2.2 m in diameter and is covered primarily
with solarcells. The antennais ~1.8 m in diameter, bringing the total
length of the RSO to ~6.6 m. Figure 3 shows the Msgy normalized
to arange of 36,000 km vs phase angle for all SBV observations of
HS-376 satellites (through March 1998). Active satellites are repre-
sentedby ablack + andinactivesatellitesby a gray circle. These data
representobservationson 42 of the 45 HS-376 spacecrafton orbitin
March 1998. The observations range in magnitude from Mggy =8
to 15, a range of about seven magnitudes. Beavers et al.* reported a
brightnessrange of about 6My,, so thatit appears that these data are
consistent with the previous ground-based measurements. Note the
observation of specular reflections (Msgy < 10) at phase angles of
~80 deg. These data suggest that specular data collection on spin
stabilized cylinders need not be restricted to low phase angles dur-
ing the equinoxes. Note that very few of the observationsof inactive
satellites are brighter than Mgy ~ 11. The inactive spacecrafthave
orbital inclinations that range from 1 to 9 deg. Additionally, these
spacecraft, because their attitude is no longer being actively main-
tained, may no longer have their spin axes aligned normal to the
orbital plane. Both of these effects change the direction of the solar
cell surface normal and will move the specular cone to a different
location, perhaps ensuring that SBV cannot observe the specular
reflection.

There appears to be no well-defined dependence of brightnesson
phase angle for either the active or inactive cylinders; a wide range
of Mggy is observed for any particular phase angle. Several factors
may contributeto this. First, we have plotted data from many space-
craft in Fig. 3. However, even if we consider a single spacecraft, a
large amount of scatter remains in the data, as shown in Fig. 4. Sec-
ond, as mentioned earlier, Beavers et al.> noted a 6M, variation in
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Fig.3 SBV magnitude as a function of phase angle for HS-376 satel-
lites; total number of observations 1906.

M1 (Mg, at 36000 km)

0 20 40 60 80 100 120
Phase Angle

Fig.4 Phase curve for 20,762 (Thor), an HS-376 spacecraft operated
by Norway. Note the bright points at high phase angles.
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brightness over the course of a year for some of the HS-376 space-
craft due primarily to the change in solar declination. We plotted
the data as a function of solar declination angle &, to examine
seasonal dependenciesin brightness. Figure 5 shows the Mggy as a
function of &,,,. For active satellites, which we assume have near-
zero orbital inclinations and spin axes parallel to the Earth’s spin
axis, the sun-target-MSX geometry precludes observation of spec-
ular reflections at |3,,,| > 10 deg. Therefore, we expected most of
the specularpoints (Mggy < 10) would fall within &, = +10deg.In
addition, we expected to observe specular reflections from some of
the inactive payloads at |8,,| > 10 deg due to nonzero inclinations
and/or spin axis misalignment. For the same reasons, we expected to
observe more scatter in the brightness of the inactive payloads than
the active payloads. Figure 5 shows that some of the specular points
for the active payloads do fall within |8,,,| < 10 deg, but many do
not. In addition, the data on the inactive payloads show much less
scatter than the active payloadsdata and no evidence of specularre-
flections at |&u,| > 10 deg. The distribution of data points in Fig. 5
shows that we do not yet have an even distribution of data over
season, which may explain why we fail to see the expected pattern.

In Fig. 6, we present the brightness vs &, curve for 20762 (Thor
spacecraft). It is interesting that we do appear to observe the ex-
pected distribution of specular reflections with respect to &, for
this individual spacecraft. However, there is much more scatter in
the data at negative &,,, (fall and winter) than for positive &,. If
our observing platform were on the ground, we would probably at-
tribute this scatter to glints or reflections off the main antenna that
is mounted on the top (north face) of the spacecraft. However, the
MSX should be able to observe reflections from the main antenna
at any time of the year. Obviously, these trends in the HS-376 data
bear further investigation.

O Inactive HS-376
Active HS-376
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Fig. 5 SBYV magnitude as a function of solar declination for HS-376
satellites; total number of observations 1100.
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Fig.6 Mggy Vs Ogun for 20,762 (Thor), an HS-376 spacecraft.

The data from the SU15 experiments also prove to be very in-
teresting. In Fig. 7, we present Mgy vs time [universal time (UT)]
for a specular search experiment run on 10 April 1997. These data
are observationsof an RSO cluster consisting of 23877 (Galaxy-9)
and 19484 (SBS-5) both of which are HS-376 spacecraft, but of
significantly different age (Galaxy-9 was launched in 1996, SBS-5
in 1988). The data show both spacecraft start out fairly bright and
then dim by 1-2Mggy. The spacecraftthen brightenagain, reaching
approximately the same magnitude (~9.5Mgpy) at the same time
and subsequently dim. The amount of time between the two bright
points was ~20 min. Observation of two specular brightenings dur-
ing a single pass was unexpected; previous models predict a single
peak in brightness as the MSX moves through the parallax angle
correspondingto &, (Bergemann private communicationcited ear-
lier).

On 10 April 1997, &un =7.96 deg, which is ~2 deg below the
theoretical maximum solar declination at which SBV can observe
specularreflections. We believe that MSX passed over the southpole
during the time the data were collected and passed through the locus
of peak specular brightness (see Fig. 2) twice. Figure 8 facilitates
interpretation of the data. Assuming the spin axis of the RSO is
aligned with the Earth’s spin axis, the MSX will pass through the
specular cone, observe a bright reflection, and then the RSO will
dim as the MSX moves away from the specular cone. Then, the
spacecraft will reenter the specular cone as it moves away from the
pole. This model accounts for the two brightenings.

To test this qualitative model, we constructed a semi-empirical
brightnessmodel for the HS-376 that explicitlycalculatesthe chang-
ing sun-target-MSX geometry. We assume that the target is a
geosynchronousspin stabilized cylinder that orbits the Earth in the
equatorial plane, with a spin axis parallel to the rotational axis of
the Earth. To calculate brightness we begin with an empirical model
developed to explain ground-based observations of the older SMS
spin-stabilized cylinders (Bergemann private communication cited

& - SBS-S (19484)
—O— Galaxy 9 (23877)

M1 (M, at 36,000 k)

04:45 05:00 05:15
UT (hh:mm) April 10, 1997

Fig. 7 Mggy vs UT on day 100, 10 April 1997, for 23,877 (Galaxy 9)
and 19,484 (SBS-5), two HS-376 spacecraft.

Locus of Peak Specular for Cylindrical Geostationary RSO

Earth

Fig. 8 Geometry that would produce two brightness maxima during
the observation of a specular reflection from a cylindrical geostationary
RSO; maximum in the RSO light curve occurs at each point where the
MSX orbit intersects the locus of peak brightness.
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earlier). The visual magnitude of the SMS cylinders is expressed as
a function of off-specularangle:

My = —26.8 — 2.510g(0.134,%~"?) + 5log(R) (1)

where ¥ is the differencebetween the target-to-MSX vector and the
angle of peak specular reflection or off-specular angle. This is an
angular measure of how far the MSX-to-target geometry is from the
peak specular configuration (see Fig. 2). The constant0.13 primar-
ily represents the reflectivity of the satellite surface. The projected
area of the Synchronous Meteorological Satellite (SMS) cylinder
is ~4 m?; however, the HS-376 is larger (A, =10.3 m?). We have
scaled Eq. (1) by the ratio of the HS-376 to SMS areas to derive the
following brightness model for the HS-376 class:

My, = —26.8 — 2.510g(1.093%~"%%) + 51log(R) 2)

The peak brightness for this model is My = 8.4, which corresponds
well with the peak specular brightness of M, =8.2 observed from
the ground (Ref. 3 and W. Beavers and L. W. Swezey, Lincoln
Laboratory, Massachusetts Institute of Technology, October 1995,
private communication). We note that this model has no dependence
on the right ascension difference between the target and the sun.
Essentially, that means that the model brightness is not dependent
on how much of the target is illuminated, that is, the phase of the
target. For cylindrical targets, this assumption is good for specular
reflections out to relatively high phase angles (Bergemann, private
communication cited earlier). We also note that neither the SMS or
HS-376 cylinder models consider the antenna.

The results from this simple model are presented in Fig. 9.
The agreement between the model and the data is quite good for
19484 (SBS-5), and the double peak in the magnitudeis reproduced,
indicating that our qualitative explanation is correct. In the bottom
plot, we see that the model reproduces the phenomenological fea-
tures of the data, but the agreement between the model and the data
for 23877 (Galaxy-9) is not as good; Galaxy-9 appears to be up to
two magnitudes brighter than the model predicts. Speculations on

10 4

12 4

M1 (Mg, at 36,000 km)
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Fig. 9 Comparison of data (black) and model (grey) for SBS-5 (top)
and Galaxy-9 (bottom) on 10 April 1997.

the cause for the brightness difference are 1) unknown configura-
tional differences between the two spacecraft and 2) Galaxy-9 spin
axis is not perpendicularto the orbit plane as assumed. Galaxy-9 is
in a very low inclination orbit; this is not likely to be the cause of the
discrepancy.Finally, the differencein brightnesscould be indicative
of an ability to discriminate between RSOs of the same class based
on their age, assuming that there are no differencesin configuration
and that the orientation of both spacecraft are actively maintained
as assumed in the model. SBS-5 would presumably be dimmer due
to the effects of the space environment on the reflective solar cell
surface.

HS-601 Three-Axis Stabilized

The HS-601 class is a three-axis stabilized satellite with a central
box (~2.2 m on a side) and two large flat-panel solar arrays on the
north and south faces of the box (Fig. 1). The entire spacecraftspans
~21-26 m in length. Figure 10 presents the SBV observations of
HS-601 spacecraftin the same format as Fig. 3. Note the dearth of
observations on inactive spacecraft; there are 32 HS-601s on orbit
and only one of these is inactive. We have three observations on
the inactive satellite, making them difficult to distinguishin Fig. 10.
Most of the observations (1236 of 1854) in Fig. 10 are of the Direct
Broadcast Services (DBS) cluster at 259°E longitude, which con-
tains four HS-601s: 22930 (DBS-1), 23192 (DBS-2), 23553 (Mobil
Satellite 2 or MSAT-2), and 23598 (DBS-3). This composite phase
curve is well ordered compared to that for the HS-376 class. There
is a definite linear trend with respect to phase angle, indicating that
it is best to observe these spacecraftat low phase angles. The range
of magnitudes observed is Mggy =7.5-15. The specular reflection
from the relatively large HS-601 solar arraysis expected to be much
brighter than the M, ~ 8 reported by Beavers for the HS-376 class,
possiblydown to My =2-3. The SBV saturates for objects brighter
than about Msgy ~ 8; therefore, the bright points on the phase curve
inFig. 10 may or may notrepresentspecularreflections. Regardless,
there is a general brightening of the class near 30-deg phase angle.
This could be indicative of a solar array offset angle of ~15 deg.
This brightening implies that data collection for the purposes of de-
termining solar offset angles and, thus, power and age should take
place at low (20-30 deg) phase angles for this RSO class.

There appear to be two branches in the phase curve that parallel
each other and separate at higher phase angles. Because most of the
observationsare of the DBS cluster, we examined the data from each
of these four spacecraftindividuallyto determine if any of them was
responsiblefor the brighter branch. These data are shownin Fig. 11.
The top plot shows the observations of all three DBS satellites and
the bottom plot shows the observations for MSAT-2 and MSAT-1
(MSAT-1 is not a member of the DBS clusterbut is of the same con-
figuration as MSAT-2 and was included to increase the density of
MSAT data points). Obviously, the MSATs are distinguishablefrom
the DBS satellites, having a much flatter phase curve. Why this is
so might be due to their radically different configurations; the DBS

at 36000 km)

SBv

My (M

o] 20 40 60 80 100 120
Phase Angle

Fig.10 SBYV magnitude as a function of phase angle for HS-601 satel-
lites; total number of observations 1854.
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22930: DBS-1
O 23192: DBS-2
s & 23598: DBS-3

at 36000 km)
S

SBY

s 12 4 A
- &
= ¢} &7
14 A %ﬁ
) % 9
16 T T T T T
0 20 40 60 80 100 120
Phase Angle
6
O 23553: MSAT-2
A 23848: MSAT-1
8
T o
k]
o
8 104 o
©
3
T
>
g% 12
5
14 4
18

0 20 40 60 80 100 120
Phase Angle

Fig. 11 Comparison of phase curves for satellites in the DBS cluster:
observations of the three DBS satellites (top) and MSAT-1 and MSAT-2
(bottom).

satellites consist of a 2.2 m*® box with two four-panel solar arrays
(total area of 43.89 m?) and two 2.14-m-diam antennas, whereas the
MSAT satellites have smaller three-panel solar arrays (total area of
32.92m?) and two graphite mesh antennas that measure 4.9 X6.7 m
(Ref. 9). A diagram of each satellite is shown in Fig. 11 (approx-
imately to scale). The MSAT observations are indeed responsible
for the brighter branch in the composite phase curve at higher phase
angles.

The observations of this spacecraft class may be quite valuable
for investigationof sensor discriminants within an RSO class. There
are two main configurations for the HS-601, one with three-panel
solar arrays and one with four-panelarrays. The differencein areais
more than 10 m?. In addition, the antenna configurations differ sig-
nificantly for the various satellites.” We currently are examining the
data for other solarillumination dependencies,differencesin bright-
ness based on configuration, and we are constructing a theoretical
brightness model for the box and panels satellite configuration to
facilitate examination of the data.

Conclusions

We have presented an overview of the SBV sensor, the experi-
ments and methods used to collect visible-band photometric data on
various classes of RSOs, for example, payloads, rocket bodies, and
orbital debris, and the limitations of these data. Although the photo-
metric error budget remains undetermined for the signal-processed
data, we have a best-case estimate for the photometric accuracy and
have begun to analyze the data. We have presented examples with
preliminary interpretations.

These dataare beingused to constructand validateresident space
object brightness models for use in space surveillance mission plan-
ning and for SOIL. We touched very briefly on the utility of the data

for futuresurveillancescheduling. Specularreflections from the spin
stabilizedcylinderscanbe observedat phaseanglesof 0-80 degnear
the equinoxes that provides a wide window for scheduling obser-
vations. Conversely, the three-axis stabilized payloads should be
observed at low phase angles to enhance detectability and proba-
bility of observing specular reflections from the solar arrays; this
provides a narrower window for scheduling observations. Study of
the impact of these data on future mission planning is ongoing.

Preliminary comparisons between the HS-376 brightness model
developedby Beavers® from ground-baseddataand the SBV dataare
good, and the SBV data displays similar dependencies with respect
to phase angle and season as does the earlier ground-based data.
However, it is apparent that the brightness of the HS-376 satellites
is not well ordered by phase angle. The SBV data on three-axis
stabilizedsatellites (HS-601) appears well behaved and construction
of theoretical brightness models to facilitateexaminationof the data
is underway.

These data will also be used for space object characterization,
identification of sensor discriminants, and monitoring tools. The
HS-376 specular data and the HS-601 phase curves show some util-
ity for discriminationand monitoring. The HS-376 specular data are
particularly interesting in that we apparently observed a significant
difference in the magnitude of two cluster members of apparently
identical configuration, but differing ages. In addition, we noted a
double peak in the light curve for HS-376 specular data taken when
the SBV was near the pole when the parallax angle was near the
maximum value observable from the MSX orbit. A simple model
was developed for the brightness of the HS-376 as a function of
off-specular angle, and agreement with the data is good. The abil-
ity to obtain two specular returns separated by 0-30 min on every
orbit could prove to be a powerful tool for monitoring and maneu-
ver detection. The HS-601 phase curve demonstrated the ability to
discriminate between different satellite configurations.

Future work will concentrate on collection of additional photo-
metric data, determination of the photometric accuracy of signal
processed data, and continued analysis of the data and application
to space surveillance mission planning. In addition to the signal-
processed data, the SBV has taken a large amount of raw photo-
metric data on resident space objects that has yet to be analyzed.
Addition of these data to the database will also be a priority.
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