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ABSTRACT

Ground based radars and telescopes are the only means
to provide information about the hazadous
uncaalogued space debris objeds. But due to their
limited sensitivity and observational constraints they
leave an observational gap of mm- and cm-sized ohjeds
in higher dltitudes. However, information about smaller
objeds in al regions is required for the validation of
debris models. Passve space based telescopes are the
most cost effective means to provide the required data.
Results from simulation runs with the PROOF todl show
the impad of sensor orbit and viewing geometry on the
kind and number of objeds crossng the FOV cone. The
influence of the design and operation parameters of the
telescope on the deteded obeds is discussed.
Observational aspeds for three possble sensor orbits
(S0, GTO and GEO) are analysed. It is shown that
space based telescopes employed in a low-cost mission
can fill the observational gap to a high degree

1. INTRODUCTION

Since the awareness of the hazad resulting from the
numerous ace debris objeds, high effort is gend on
assessing the number and dstribution of the objeds.
With the knowledge of quditative and quantitative
objed fluxes, this hazad can be mnsidered within the
planning of missions. While larger objeds can be
regularly tradked by the USSPACECOM fadlities and
thus are cdalogued with all their relevant parameters,
information on smaller objeds is rare. Here, the objeds
between 1mm and 10cm in LEO and 1cm and 1m in
GEO are of speda interest: These objeds are criticd as
they are too small for an orbit determination by tracking
fadlities but still | arge enough to cause serious damage
in the case of colli sions. For these objeds, usualy only a
few orbit parameters can be determined by
measurements. Models, on the other hand, provide the
full range of parameters but are incomplete and
inacaurate as they are based on generalised approaches.
A reliable description of the spacedebris environment in
the aiticad diameter regime can thus only be obtained

when models are aljusted acording to and validated
with measurement results. This underlines the urgent
need for more data wncerning the aitica diameters.

In situ measurements, due to the low probability for
impads of larger objeds, are restricted to the detedion
of objeds < 1mm and thus not of interest in connection
with the validation in the aiticd diameter regime.
Currently, only opticd telescopes and radar systems are
cgpable of providing data in this area Here, statisticd
information is obtained during observation campaigns
like beampark experiments. However, opticd and radar
sensors are subjeded to their limited senstivity and
geometric constraints, such as the latitude of the site that
might exclude the observation of lower inclination
bands. For the telescope the Sun and Moon positions are
relevant and atmospheric &feds add a high share of
disturbing contributions to the incoming signal.

An orbital sensor will operate independently from
several of these constraints. In addition, with a proper
choice of the orbit, the sensor can be put diredly into the
region of interest. Several sensor configurations are
posshle for such a misgon: Active instruments like
radars and lidars and passve opticd telescopes (see[4]).
Active instruments are independent from observational
conditions but the minimum detedable diameter is a
function of 1/r* (with r = range) and the demands for the
power supply are comparably high.

This paper will concentrate on the analysis of passve
opticd instruments in orbit. At present, they constitute
the most pradicd and cost effedive means for this
purpose. The gplicaion of CCD cameras ensures a
convenient sensitivity and allows the reduction of the
photometric signal in terms of objed size ad velocity.
For the edtimation of the trgedory, triangulation
techniques can be gplied. The instrument could be
installed on a minisatellite for pick-a-badc flight or, if
small enoudh, as an experiment on a larger commercial
or scientific payload. In this context, the sensor orbits
analysed here, are chosen acording to those of the
larger classpayloads.

Proceedings of the 3rd European Conference on Space Debris, ESOC, Darmstadt, Germany, 19 - 21 March 2001

(ESA SP-473, August 2001)



2. SIMULATING SPACE BASED TELESCOPES

2.1 The ESA PROOF'99too0l

The results presented here ae based on deterministic
simulations of the defined scenarios. In this simulation a
very redistic description of the ewironment and
observing conditions is possble. The tod enabling this
is the ESA PROOF (Program for Radar and Opticd
Observation Forecating) software (see [1]). This
software is cgpable of simulating any ground- or space
based opticd or radar sensor for debris measurements.
The main purpose of PROOF is the validation of debris
models by the comparison with measurement results.
The debris model is used for simulations of
measurement campaigns. The @mparison of the
simulation results with the data obtained during the red
campaigns alows deductions on the deficiencies in the
space debris model. These ca@abilities and
charaderistics of PROOF also qualify it for the planning
of observation campaigns based on an acairate debris
model. Here, the todl is applied with the MASTER’ 99
model, which covers objed diameters larger than 1um in
altitudes from LEO to GEO.

In the simulation process a two step filter is applied on
the population: The first filter seleds objeds that
geometricdly cross the FOV cone of the sensor
(crosdng objeds). No sensitivity is refleded yet, sensor
and debris motion are @nsidered. Basic pass
charaderistics like range, rangerate, and angular
velocity are recorded and transferred to the second filter
stage. The seaond filter processes the preseleded set
with resped to the performance of the opticd instrument
(deteded objeds). The time dependent phase angle of
the objeds and the pixel dwell times are determined,
resulting in a signal share per pixel. Opticd parameters
like the gerture, point spread function, integration time
and system noise ae mnsidered for that. The different
badground signal terms for the space based scenario
are: Badkground stars, galaxies, planets and zodiacad
light. The stars are proceseed semi-deterministicdly,
using dsatistics on number and magnitude and
deterministic imaging and trace generation on the
matrix. The Earth’s $adow and passes of Moon, Earth
and Sun through the sensor’s FOV are refleded as well.

The subset of the MASTER'99 poplation used here
comprises objeds larger than 1mm subdivided in 3
source terms. Fragments and large objeds that are
modelled as randomly tumbling plates, NaK reador
codant droplets (modelled as pheres) and Solid Rocket
Motor slag (modell ed as randomly tumbling plates). The
albedo dstribution is assumed to follow a log-normal
probability density with a mean of 0.1 and a standard
deviation of 0.05 for al objeds. In contrast to ather

parameter studies caried out before ([2], [3] and [4]),
due to the deterministic goproach, the charader of this
analysisisvery closeto that of red measurements.

2.2 Instrument design considerations

The spacebased sensor discussed here will have to face
both, technical and cost constraints. The goerture of the
telescope which has a mgjor impad on the minimum
detedable diameter is at the same time the main driver
for the msts as its diameter determines the size of the
whoale instrument. Here an instrument aperture of 10cm
is assumed to be a justifiable cmpromise between
performance and costs.

Fig. 1 shows the signa to noise ratio (SNR) in
dependence of the objed diameter and range for an
examplary sensor on a Sun Synchronous Orbit (SS0).
The arves represent the trend oltained from PROOF
data. The impad of the different angular velocities of
the objeds can be estimated from the spreading of the
points for ead diameter.
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Fig. 1: Dependency of the SNR on detedion range and
objed diameter (splines through PROOF results)

It can be seen that cm- and mm-sized oljeds only
become visible within comparable short ranges below
about 100km. The number of objeds appeaing in that
range window is quite small, thus alarge FOV would be
favourable to increase the sample. However, there ae
technicd constraints for the ratio o the focd length to
the diameter of the gerture. In addition the resolution
cgpabilities of the opticd system and the sum of
badkground signal per pixel increases with the FOV.
Hence a FOV of 30° seems to be a feasible and
accetable compromise and has been used for this work.

Besides the design criteria, the operational parameters
have asignificant impad on the SNR. Fig. 2 shows the
influence of the integration time on the resulting SNR
for a sensor on a SSO. The lower the range to the objea
gets, the higher isthe angular velocity of the objed.



SNR vs. range for different integration times
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Fig. 2: Dependency of the SNR on the integration time

for a10cm objed (splines through PROOF results)

The optimum choice for the integration time is a value
close to the pixel dwell time. Here, as the passages of
the objeds are not orthogonal like for the ground-based
case, the pixel dwell time is not constant for ead
passage. Long integration times incresse the
performance for more distance objeds with respedively
lower angular velocity. An integration time of 0.001s
seems to be too short for all cases. For the detedion of
small objeds, as we saw, a good performance in short
distances is important. Here an integration time of 0.01s
gives best results. The CCD matrix chosen for the
following experiments is a 512x512 pxel matrix fitting
very well to the integration time of 0.01s. Three orbits
for the sensor have been analysed. The crresponding
optimum configuration and the results to be expeded are
presented in the foll owing.

3. SUN SYNCHRONOUSORBIT

A sun synchronous orbit with 800km altitude will bring
the sensor into the most dense region of the Earth’'s
space debris environment. Usudly, the mm-sized
objeds in that region are invisible to ground based
instruments. This region is of high interest, as the high
spatial densities of debris objeds could provide abase
for a setting in of collision cascading. The aossng rates
as a function of the viewing diredion are shown in Fig.
3. The objed numbers are highest for viewing diredions
of —20° elevation (see &so Fig. 4). For lower elevations
the dosdng rate is very small due to the gpeaance of
the Earth in the FOV that covers most of the objeds. For
the azmuth, it can be seen that highest crossing rates
can be expeded from diredions orthogonal to the plane
of the sensor orbit. Thisis a amnsequence of the spedal
angular distribution of the objed flux. At the same time
the line of sight orientation has an impad on the
encounter duration and dredionality.

Crossing rate for different viewing directions (SSO)
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Fig. 3: Crossing rate in dependence of the viewing
diredion (SO, all ranges, objeds >5mm, FOV=1°)

The ranges of the objeds approaching to the sensor can
be estimated from Fig. 4. The high pe&k at an elevation
of —20° appears at ranges that are too high to alow
detedions. High crossng rates within short ranges can
be expeded for an elevation of the LOS of 0°.

Crossing rate as a function of
range and elevation (SSO)
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Fig. 4: Crossings per hour in dependence of range and
elevation (SSO, objeds >5mm, FOV=1°)

At the same time this elevation ensures a mnstant
optimal illumination of the objeds. For this, an eath
oriented satellite with a viewing diredion of 90°
azmuth and O° elevation away from the sun is chosen
(see &s0 [2]). Fig. 5 shows the detedion rate per day in
dependence of the deteded dameters. The detedion of
about 10 dvjeds below 1cm diameter per day can be
expeded. The brightness of the badground during the
experiment was at about 21 mag/arcsec. The smallest
detedable objeds are dout 5mmin size
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Fig. 5: Detedions per day for SO (result from 5 Monte
Carlo runs)

This diameter threshold can be extended by using a
narrower FOV. This, of course, would deaesse the
detedion rate to alevel that would be unacceptable from
the statisticd point of view. The presented configuration
provides information in the desired diameter range with
sufficient statistica relevance

4. GEO TRANSFER ORBIT

This orbit is frequently used by severa types of transfer
vehicles. Moreover, there ae only few demands from
other types of mini-satellites for this kind of orbit, that
could therefor bemme eaily available for such a
mission. A GTO spacecaft passes through al altitude
regimes, with a particular high residence time in
geostationary altitudes. For a sensor on a 0° inclination
GTO, any objed orbit should be visible, but the
conditions for detedion are deteriorated for some
regions. While in the gogee the relative angular
velocities to the GEO debris are quite low, angular
velocities to the LEO objeds in the perigee ae very
high. In addition the sampling time is short as the sensor
only resides for about 1h per day in this altitude region.

To obtain constant optimal phase angles, a three axis
stabilised platform with a viewing dredion away from
the Sun that must be adopted in dependence of the date
would be favourable (sun-fixed). Like it is shown in Fig.
6 aright ascension of the LOS of 90° in the orbital plane
provides best objed illumination conditions for
Deceember 21. As Fig. 6 indicaes, the orientation of the
line of apsides with respeda to the Sun influences the
viewing geometry in relation to the sensor orbit. In
addition to the anual rotation with resped to the Sun,
this orbit, due to the low inclination, will be significantly
influenced by the perturbation forces resulting from the
non symmetric gravitational field. As a maor

consequence, the line of apsides will rotate with an
inertial angular velocity of about 0.42° per day.

Fig. 6: Rotation of the sensor orbit causing a change in
the relative viewing geometry (Dec 21)

For ead revolution a dlightly deviating scenario and
consequently different crossing and detedion rates can
thus be expeded. Consequently, the impaa of the Earth
shadow on the observation result will also change. In
addition, objeds are invisible to the detedor when the
Earth is insde the FOV which is inevitable for 0°
dedination staring diredions. It will thus be interesting
to seehow crossing rates of all objeds and o invisible
objeds depend on the orientation of the line of apsides
to the Sun (or: on the agument of perigee (w) for Dec
21). Fig. 7 shows the number of crossng objeds > 1cm
within a 2000kn range window (i.e. the objeds most
likely to be deteded) with resped to the atitude of the
line of apsides (variation asindicaed in Fig. 6).
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for different arguments of perigee
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Fig. 7: number of all crossing and number of invisible
objeds per day for avariation of wasindicaed in Fig. 6
(range >2000km, objeds >1cm)



It is quite remarkable that highest crossng rates occur at
argument of perigees of 30° and 15C. This is mainly
caused by the high number of LEO objeds. The high
numbers of invisble objeds at the @mplementary
angles are resulting from the same dfed. The number of
GEO objeds encountered is more or lessconstant for all

angles. Fig. 8 shows that the intersedion area between
the mnsidered range band and the most populated area
around 800km is much higher for the orbit with the
perigee & 30° than for that with the perigee & 21C. In
contrast to that, the intersedion areainside the invisible
band is higher for the orbit with the perigee & 21C. In
addition to the intersection areg higher crossng rates
can be expeded from tangentia intersedion of the orbit
than from radial ones which provide a shorter
intersection length. The FOV cone on the orbit with 30°
attitude mainly interseds the visible region in a radial

way in contrast to the 210C° orbit. High crossng rates at
90° and 18C do not occur due to similar reasons.
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Fig. 8: lllustration of the intersedion areas (GTO with w

= 30° and with w=210°)

For argument of perigees higher than 18(° crossng rates
remain on a low level as the sensor mainly stares
towards the Earth during the perigeepassage and outside
the geostationary ring during the gpogee passage. The
results for two seleded arguments of perigee (30° and
270°) combined with the viewing diredion of 90° are
shown in Fig. 9. The integration time cosen was 1s
with a FOV of 30° and a512512 CCD matrix. Most of
the deteded oljeds between 1mm and 1m are LEO
objeds. As could be expeded from Fig. 8, the detedion
rate for LEO objeds for the 90° orbit is much lower than
for the 30° orbit. During the perigee passages, the sensor
is behind Earth encountering all objeds in the dense
region during their shadow passage by mainly radia

orbit intersedions. The number of GEO objeds
observed by a sensor on the orbit with 90° attitude is
slightly higher. Satisfadory, also a @mnsiderable number
of GTO objeds can be deteded.
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Fig. 9: Detedions per day for GTO (Q = 0°, w= 30° and
w = 90°, right ascension of LOS = 90°, result from 5
Monte Carlo runs, objeds between Immand 1m)

The lowest deteded dameters reat from 7cm in LEO
over 5cmin GTO to even 8mm in GEO. Due to the high
angular velocity in the perigee performancein the LEO
region is deteriorated. Thus preference should be given
to the observation of GTO and GEO objeds. If the orbit
can't be mntrolled, the initial orientation of the line of
apsides with resped to the Sun should be chosen such
that during its motion until the end of the misdon the
conditions are optimal for the observation of GTO and
GEO objeds(i.e. from 180° to 360).

5. GEOSTATIONARY ORBIT

The geometric conditions for a sensor dedicaed to the
observation of GEO objeds are wmparably simple.
Two scenarios have been analysed: A three «is
stabilised platform providing a viewing diredion
constantly away from the Sun and an Earth oriented
platform. For the sun-fixed viewing diredion a
geostationary sensor orbit has been selected. By this,
geostationary objeds can crossthe sensors FOV for any
orbital paosition. However, as the longitude of the sensor
is fixed, new detedions can only originate from objeds
drifting with resped to the platform. For the Earth
oriented sensor a drcular orbit 100km below GEO
(radius = 41164km) has been chosen. For half of the
orbit revolution this sensor will encounter phase angles
higher than 90°. For the other half of the revolution time
the opticd conditions sould be good enough to alow
several detedions. Due to the distance of 1000km, more
passges of geostationary and inclined geostationary
objeds will occur. The orbital period d the platform is
at about 23h. Thus, within 24 day al regions of the



geostationary ring will have been observed. The
distribution of the deteded diameters for an integration
time of 10sis $own in Fig. 10.
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Fig. 10: Detedions per day for a 3 axis gabili sed and an
Earth oriented sensor platform on GEO (result from 20
Monte Carlo runs)

The lowest detedable diameter is 8mm for bath
missions, where detedion rates for the sun-fixed
platform are higher due to the constant phase angle of
0°. GTO debris is contributing to the larger objeds.
Beside fragments, a high number of Solid Rocket Motor
dag particles can be deteded. The detedion rates are
high enoughto provide aprofound statisticd base.

6. PERFORMANCE OF ORBITAL
TELESCOPES

All sensor orbits analysed here ae dosen such, that
generaly al inclination bands can be observed.
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Fig. 11. Posshle wntribution of spacebased sensors to
the aurrent state of measurement results.

Fig. 11 summarises the results for the three orbits
showing that space based telescopes can significantly
improve our knowledge @out the smal size debris
population. Using triangulation techniques and
analysing the objed’s trace on the matrix will help to
retrieve some of the orbital parameters of the objeds.

7. CONCLUSIONS

Ground based opticd and radar sensors can only provide
an incomplete picture of the hazadous mm- and cm-
sized particles in the Earth’s gpacedebris environment.
ESA’s PROOF 99 todl was used to simulate missons of
small spacebased telescopes to deted objedsin this sze
classin dl dtitudes. Three different configurations and
scenarios were analysed focusgng on different regions
ead. The seleded orbits and the assumed instrument for
this analysis are predestined for a pick-a-badk launch on
amini satellite platform. A sensor on a SSO can deted a
statisticd relevant number of LEO objeds, while
sensors on GTO and GEO can provide information
about cm-sized GTO and GEO objects. The results show
that the observational gap (objeds between 1mm and
1lcm in LEO and oleds between 1cm and 1m in all
higher regions) can be cvered to a satisfactory degree
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