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1. Abstract

The Medium Earth Orbit (MEO) region becomes inciregly populated as new
navigation satellite constellations are deployed entisting constellations are
replenished with new satellites. As a consequengewaing number of space debris
including small size objects must be expected. As&onomical Institute of the
University Bern (AIUB) performs survey campaignssearch for debris objects in
MEO. The optical observations are performed witlAESZeiss 1-m telescope located
at the Teide Observatory on Tenerife, Spain antd thié 0.3-m ZImMSMART telescope
of the AIUB, located 10 km south of Bern, Switzeda

To characterize debris objects their orbits musddtermined and maintained over
a sufficiently long time interval. For a successfetovery of detected objects in the
subsequent night after the first detection, a pri@lary orbit has to be determined and
further follow-up observations within the same niighve to be carefully scheduled.

In this paper we present the results of differdmesvation strategies and discuss
the quality of the orbits determined from initialbbservations and follow-up
observations performed after different time intésva

2. Introduction

Space debris has been recognized as a seriousrdangeerational satellites and
manned space flight. The population of space debrithe Medium Earth Orbit
(MEO) is increasing and, unlike the extensivelydgtd Low Earth Orbit (LEO) region
and the more recently examined Geostationary Eartit (GEO) ring (Schildknecht
et al., 2001, Schildknecht et al., 2004), the papoh in MEO is not so well
investigated. Therefore, the Astronomical Institofethe University Bern (AIUB)
started surveys in the MEO region with the ESA gpaebris Telescope (ESASDT)
on Tenerife, Spain and with the Zimmerwald SmalleApre Robotic Telescope
(ZIMSMART) in Zimmerwald, Switzerland.

The main objective of these surveys, besides dbtpistatistical information
about the MEO population, is the determination otumate orbits for a better
characterization of the debris environment ancc&aaloguing. The latter task requires
so-called “secured” orbits that guarantee a satevery of the objects after a few
weeks. The objects could be inserted into a cat@ag soon as a “secured” orbit is
available. To investigate the conditions for “sexlir orbits in terms of follow-up
observations, MEO orbits were simulated and thesaibjecovery under various
conditions was tested. The generated orbits wezd tes simulate observations and to
illustrate the orbit improvement process from tlhgeot discovery up to the “secured”
orbit. Ephemerides were computed to compare thailated orbits with the ones
determined from simulated observations. A similaocpdure to investigate the
different follow-up strategies for GEO and GTO altgeis presented in Musci et al.
(2004) and Musci et al. (2005), respectively. Aahglly, in Musci et al. (2006)
follow-ups strategies are discussed using multpkervation sites.

3. Theprocess of orbit deter mination and improvement

An object is normally detected on two to four cangae frames of a survey
campaign of the ESASDT. From a single tracklet,ydiolur of the six Keplerian



elements can be determined. A circular orbit i®ideined as a first approximation. As
the length of the observation arc is usually vdrgrs (only a few minutes) a circular
orbit often is of better quality than a generalgarameter orbit. The orbit parameters
are determined with the method of least squareshi@e and more observations. If
follow-up observations are available, after thicwalar orbit determination a general
orbit improvement process is involved using all exbations and all six orbital
elements are determined. In the orbit determingpimtess the perturbations due to
the Earth’s oblateness and the gravitational ditma®f Sun and Moon are included if
the observation arc is less than 24 hours. If oflagiens arc is longer than 24 hours a
more sophisticated model is used. This model autditly includes the Earth’s
potential coefficients up to terms of degree artkoi 2, the perturbations due to the
Earth tides, the corrections due to general retgtiand a simple model for the direct
radiation pressure (DRP). All methods for the odetermination and propagation
used for this work are described in Beutler (2004).

4. Simulations
In order to study the orbit improvement procesbjtal elements for 100 different

MEO objects were simulated (from now on called étrorbits). The elements were
varied randomly within the limits specified in Tall.

Semimajor axis 20000 kma< 30000 km
Eccentricity 0.00 €< 0.05

Inclination 50° < < 70°

R.A. of ascending node 25°<Q < 35°

Argument of perigee 0° & < 360°

Table 1: Range of the orbital elements a, e, i, Q, and w used for the simulation of 100 MEO
orbits.

The ranges are given by a hypothetical explosigulation in a typical orbit of the
existing navigation satellite constellation. Théseie” orbits were then used to
simulate observations. The object position fordimeulated discovery observation was
close to the meridian. An error 6f= 0.5" was assumed for the accuracy of the single
observations. This value is a typical error for E®2A observations. An observation
tracklet consists always of four single observatianth an arc length of one minute.
The time interval between observations inside @& wacklet was set to 20 seconds for
all tracklets. All simulated observation tracklétBscovery and follow-up tracklets)
for a given object are based on same orbital elessndrhe simulated observations
were used to determine circular and elliptical txblrhese orbits were propagated and
compared with the “true” orbits to assess theidigua

Discovery observation

Four observations were simulated for the discoveagklet. Circular orbits were
determined using all four observations with anlangth oft = 1 min. The averages of
the formal errors of the determined elements (froow on called “mean formal
errors”) are given in Table 2. The a posteriori rmsof the observations was
determined for all simulations and its averagevemgin the last column of Table 2.



a i Q To m
2490 m 6.1° x 18 8.1°x 10° 2.25s 0.29"

Table 2: Mean formal errors of the orbital elements and mean a posteriori rms m for the
circular orbit determination representing the discovery observations to the perigee passing
time.

In order to recover an object after a few hours ihecessary that the determined
orbit represents the “true” orbit rather accuratdlying this time interval. Therefore
ephemerides for each determined orbit were companddhe differences between the
ephemerides of the determined orbit and the “tnrbit were calculated using

A=arccog siw, sid, + co§ cd§ chg), (1)

whered; anddy are the declination values from the “true” and dieéermined orbit and
Aa is the differences in right ascensienThe differencea as a function of time are
shown in Figure 1. Each curve represents one ofsii0lated MEO objects. For all
simulated orbits the differences are smaller th& @ithin the first 30 minutes after
the discovery. The differences have to be smahan thalf of the Field Of View
(FOV) of the instrument for a successful recovdilye results in Figure 1 show that
most of the objects may be successfully recoverétiirw30 minutes with the
ESASDT, which has a FOV of about 0.7°. With ZimSMRRwvhich has a FOV of
about 4.2°, a successful recovery after one hopossible.

Time [hours]

Figure 1: Difference A between “true” and circular orbit representing four discovery
observations spanning one minute of time. Each curve represents the result for one of the 100
simulated MEO objects.

First and second follow-up observation sequences for ZImSVIART

The next step consists of simulating follow-up olsagons. Based on the result
from the previous section, observations after ooer twere simulated and all the
observations were used to determine new orbitse®hagons arcs of one hour are
long enough to determine elliptical orbits. Thdalénces between orbits as a function
of time are shown in Figure 2. Almost all differescare smaller than 0.3° within two
hours and smaller than 2° within four hours.
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Figure 2: Difference A between “true” and elliptical orbit representing the discovery and the
first follow-up observation spanning 1 hour of time. Each curve represents the result for one of
the 100 simulated MEO obijects.

A second follow-up observation during the same higlabsolutely necessary for a
successful recovery during the next nights. Theesfosecond follow-up tracklet was
simulated three hours after the discovery. Thedattpresents in general the latest
possible follow-up because of the available obgemaime during the night. Figure 3
shows the differences between the “true” orbit d@etermined elliptical orbit. The
mean formal errors and the mean a posteriori rrasgasen in Table 3 for the first
follow-up (second row) and the second follow-uprthrow). Note that the big error
of To is directly correlated with the error of the lohgie of the perige. This
behaviour is a consequence of the small eccentricit
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Figure 3: Difference A between “true” and elliptical orbit representing the discovery, first and
second follow-up observations spanning 3 hours of time. Each curve represents the result for
one of the 100 simulated MEO objects.

a e i Q W To m
6.3x10m | 1.1x10 | 4.2°x10° | 7.2°x10° | 9.1° 9725s 0.3"
23x10m | 47x10 [ 2.1°x10°| 3.8°x10°| 0.7° 65.1s 0.3"

Table 3: mean formal errors of the orbital elements and mean a posteriori rms for the elliptical
orbit determination representing the first and the second follow-up observations.



First and second follow-up sequences for the ESASDT

For the ESASDT the time interval for follow-up obsstions has to be smaller
because of a smaller FOV. Therefore a first follgpviracklet was simulated 30
minutes after the discovery. All observations hdeen used again to determine
elliptical orbits and the differences are shownFHig. 4. Within two hours, all
differences are smaller than 0.3°.
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Figure 4: Difference A between “true” and elliptical orbit representing the discovery and the
first follow-up observation spanning 30 minutes of time. Each curve represents the result for
one of the 100 simulated MEO objetcs.

A second follow-up tracklet was assumed two houfterathe discovery. All
observations tracklets have been used to determmeelliptical orbit and the
differences are shown in Fig. 5.
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Figure 5: Difference A between “true” and elliptical orbit representing the discovery, first and

second follow-up observations spanning 2 hours of time. Each curve represents the result for
one of the 100 simulated MEO objects.



The mean formal errors and the mean a postericriama given in Table 4 for the first
follow-up (second row) and the second follow-upr{thiow).

a e i Q w To m
1.9x10m | 35x10 | 1.2°x10°| 1.9°x 10° | 20.0° 2071 s 0.3"
33x10m | 6.3x10 |2.1°x10°|4.4°x10°| 0.37° 415s 0.3”

Table 4: mean formal errors of the orbital elements and mean a posteriori rms m for the
elliptical orbit determination representing the first and the second follow-up observations.

For both, ZIMSMART and ESASDT, the differences aftee second follow-up
observations show significant peaks for some objetb understand this behavior
Monte Carlo simulation for a single object was parfed with 50 different runs. The
error of a single observation was again assumdeeto = 0.5”. Figure 6 shows the
results after the first and the second follow-wgekiet.
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Figure 6: Difference A between “true” and elliptical orbit representing the discovery and the
first follow-up tracklet (left) and the second follow-up tracklet (right). The curves represent the

result of 50 simulations of one object with observation errors statistically distributed within ¢ =
0.5".

For one and the same object the peaks are moes®pftonounced depending on
the individual Monte Carlo run. We therefore susgpleat the large peaks in Figure 3
and Figure 5 are not due to same patrticular obbitsather due to statistical
observation errors. The peaks have a period diaixs, which corresponds to a half
revolution of the object. The time of the peaksmige related to the apogee and
perigee passing times of the object.

Third follow-up observation sequence

The results from the previous sections show thatdifferences get too large for a
safe recovery after a few days. A third follow-upcklet was therefore simulated 24
hours after the discovery for the ESASDT and the@WART. Elliptical orbits were
determined using all four observations trackletse Tifferences between “true” and
the determined orbits are shown in Figure 7 andirei@ and the mean formal errors
are given in Table 5 (ZImMSMART) and Table 6 (ESASDT
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Figure 7: Difference A between “true” and elliptical orbit representing the discovery and three
follow-up observations for ZIMSMART and spanning one day of time. Each curve represents
the result for one of the 100 simulated MEO objects.
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Figure 8: Difference A between “true” and elliptical orbit representing the discovery and three

follow-up observations for ESASDT and spanning one day of time. Each curve represents the
result for one of the 100 simulated MEO objects.

For both telescopes these observation series Witte tfollow-up tracklets and a
total arc length of one day allow a successful vecp of all objects after several days.

Figure 9 shows the differences for 20 objects akeskbwith ZIMSMART extrapolated
over 60 days.
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Figure 9: Difference A between “true” and elliptical orbit representing the discovery and three
follow-up observations spanning one day of time. Each curve represents the result from one of
20 simulations of MEO orbits

Fourth follow-up observation sequence

The present simulations include only a subset asiide scenarios. In general,
based on actual experience with observations of GEDGTO objects, we know that
further follow-up tracklets might be necessary tetedmine a “secured” orbit.
Therefore, a fourth follow-up tracklet for bothattgies (ESASDT and ZImSMART)
was simulated three days after the discovery. Bdepvations have been used again to
determine an elliptical orbit. The differences betw the determined elliptical orbit
and the “true” orbit as a function of time are show Figure 10. The differences are
slightly worse for the ESASDT strategy (right), bitboth cases all objects could be
safely recovered up to 60 days after the last ellip observation. The mean formal
errors are given in Table 5 (ZImSMART) and TablEGASDT).
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Figure 10: Difference A between “true” and elliptical orbit representing the discovery and four
follow-up observations spanning three days of time. Each curve represents the result for one
of the 100 simulated MEO objetcs. Left (ZIMSMART strategy): first follow-up after 1 hour,
second after 3 hours, third after 24 hours, fourth after 3 days. Right (ESASDT strategy): first
follow-up after 30 minutes, second after 2 hours, third after 24 hours, fourth after 3 days.

Fifth follow-up observation sequence

A fifth follow-up tracklet was simulated 30 daydefthe discovery observations.
A gap of 30 days was chosen according to a reatmisahedule of the observation
campaigns. The orbits are shown in Figure 11. Tiestill a difference between the
ESASDT (right) and the ZImMSMART (left) strategy.
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Figure 11: Difference A between “true” and elliptical orbit representing the discovery and
five follow-up observations spanning 30 days of time. Each curve represents the result for one
of 50 simulated MEO objects. Left (ZIMSMART strategy): first follow-up after 1 hour, second
after 3 hours, third after 24 hours, fourth after 3 days, fifth after 30 days. Right (ESASDT
strategy): first follow-up after 30 minutes, second after 2 hours, third after 24 hours, fourth
after 3 days, fifth after 30 days.

Arc a e i Jo; w To m
3.F-up| 24h| 61, | 2210 | 4.4°10 | 3.8°-1C° 4.8°.10° 0s 0.3"
4.F-up| 3d 4.7m 8.0.70 | 2.7°:10 | 2.3°1C° 1.6°-10° 0s 0.29"
5. F-up| 30d| 09m 4810 | 2.5°10 | 2.1°-10° 1.2°.10 0s 0.29"

Table 5: Mean formal errors of the orbital elements for the elliptical orbit determination
representing the third, fourth and fifth follow-up observation with ZINSMART.

Arc a e i Q 10} To m
3.F-up| 24h] 70.6 2.9:1¢ | 4.8°10 | 3.9°10 | 4.3°10 0s 0.3
4.F-up| 3d 7.8m 1.7.f0 | 3.1°.10° | 2.3°10° | 3.5°10° 0s 0.3"
5. F-up| 30d| 1.2m 6.6-70 | 2.6°10 | 1.9°10F° | 2.2°-10° 0s 0.3"
Table 6: Mean formal errors of the orbital elements for the elliptical orbit determination

representing the third, fourth and fifth follow-up observation with ESASDT.

Conclusions

Observations of MEO objects for different discovand follow-up scenarios were
simulated. Differences between the “true” orbitd asetermined orbits based of
simulated observations were analysed to assesgdtiermance of the follow-up
scenarios. All simulations were done for two sped#lescopes, the ESASDT with a
FOV of 0.7° and the ZIMSMART with a FOV of 4.2°. &hesults show that after two
follow-up observations during the same night théedeined orbit has a sufficient
accuracy for the successful recovery of a newlyectet MEO object in the
subsequent night. In many cases the objects canle/escovered after several nights,
however, depending on the FOV of the used instranaethird follow-up tracklet
might be necessary. In general, the arc coverethéybservations should be few
hours long for a reliable orbit determination. Aridecured” orbits based on
observation arcs of a few days can be used to lpild catalogue. The choice of an
appropriate follow-up strategy right after the dwery is important for all the
subsequent recoveries. The simulations show thattithe intervals between the



discovery and the follow-up tracklets may impaa #tcuracy of the following orbit
determinations, even after several months.

The simulations performed in this work cover onlyfeav of many possible
scenarios and observation geometries. Dependingino®, site, object orbit, and
observation constraints, better follow-up strategrgght be envisaged. Nevertheless,
the results represent a valid starting point forengpecific analysis and, give a tint
estimate of the time intervals to adopt in thedwlup strategies and the degree of
confidence to expect for the object recovery.
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