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ABSTRACT

The European Space Agency (ESA) is developing alependent system for Space Situational Awareness
(SSA). One component of the draft architecture teé system foresees a network of optical telescdpes
observations in the GEO/MEO/LEO regions. The tapscnetwork will survey and track objects up toestain
limiting magnitude and will allow the collection afccurate orbits. Major design drivers are the irequents on
coverage of the existing object population, timedis for detecting particular events, such as, gagmentations,
releases, or orbit maneuvers, and orbit accuracgdtaloguing. In this work, a possible strategy dovering the
upper LEO regime by optical observations is analyZehe visibility limitations of LEO objects obse from
stations at different latitudes are evaluated. Cage simulations of the existing LEO population pegformed
considering different numbers of sites. Using seted LEO observations of selected test objects, oftidt
determination accuracy depending on different olzim intervals is examined.

INTRODUCTION technology have made possible optical sensors with
large fields of view and so it is appropriate ttiet use

o f optical sensors for the surveillance of LEO dHdue
Situational Awareness (SSA) system a network o ined disti S di he |
optical telescopes for observations in Geostat'y)narree.xamme - In two distinct ESA stu les the Issues
Earth Orbit (GEO), Medium Earth Orbit (MEO) and which need to be addressed, when optical sensers ar
Low Earth Orbit (LEO) regions is planned. The used for LEO surveillance, were considered and LEO

telescope network will survey and track space dbjte optical sensor system architectures were propdsad.
determine accurate orbital data. Several ESA si;udiemc the developed observation concepts is briefly

i . . described in [RD-7]. The strategy uses wide-field
were dedicated to observations in GEO [RD-1][RD-2] . i : .
and MEO [RD-5][RD-6] orbit regions. For the latter telescope with so-called dynamic horizontal fendée

ossible solutions within an SSA network have beeIow altitude of the LEO orbits makes it very diffit to

P : ind optimal observation geometries and low phase
proposed [RD-3][RD-4]. Relatively less research Wa$ngles are obtained for objects in proximity of Eeeth
performed on optical observations in LEO regime.

Traditionally, two type of technologies , opticairsors shadow border. The concept of dynamical fence bases

and radars, have been deployed for surveillance g the fact that the position of the fence is cllmhlg
distinct orbital regimes: radars for LEO, optics foe uring the night according to the motion of the

. - . . border to optimize the phase angle of the acquired
:ggthheer Eﬁ:sziﬂ;br:fé Ooftt'ﬁzl rs“enhseorrsEr;?t\;}e gr%?tr;eetml d observations. The fields are adapted not only duoime
€ hig e night but also depending on the day of the yeartaed
coverage at long range is a very inefficient predes

radars. Optical sensors, taking advantage of th@sSu position of the station.

illumination of targets and being able to have Varge In this work, starting from the above-mentioned
fields of view, excel at long range surveillanceorR concept, a possible strategy for covering the upf®

ESA's perspective, cost is a concern in the procang rﬁglmefby optical fol;servatlo.rl}s IS analyzed..stln gﬁidne
of a space surveillance radar and it has giventoigbe the p(?j( ormancE oft e-surve: ance.strategy.| uata
question of how much of the LEO population according to three principal requirements: coverage

. : fimeliness, orbit determination accuracy. The cager
surveillance could be covered by modern optica

refers to the amount of observed objects w.rt. an

sensors. Today, advances in computing and deteCtggdsting population. Timeliness is referred to the

In the architecture of the future European Spac
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detection of particular events, such as, e.g|,Symbol | Description
fragmentations, releases, or orbit maneuvers. y dsd

Sun opposition direction projected onto

quality of the catalogued data is given by the eacy (0] .

of the determined orbits. In the following we focnis the equatorial plane.

coverage and orbit accuracy. The visibility limibais Angular distance between the hour circle
of LEO objects observed from stations at differen ) through O and the meridian through the
latitudes are evaluated. The coverage is addresghd observing site.

simulations of the existing LEO population considgr : i i

different numbers of sites. Using simulated LEO| * Latitude of the observing site.
observations of selected test objects, the orbjt Angle between Sun opposition direction
determination accuracy depending on differen € and O direction.

observation intervals is examined.

Angle describing the position of the

VISIBILITY OF LEO OBJECTS observed field (curved part, along the
() . )
! o . ) shadow border) starting from the field on

_ At fII’SF the y|S|b|I|ty of LEO obpc_t; from a given the hour circle through GIX= 0).
site was investigated. One of the limiting factrghe
minimal elevation that can be achieved to obsehee t 5 Declination of the observed field (straight
object. Following the approach with a dynamic fence| part, fixed declination stripe).
observing fields close to the Earth shadow bortles, - - -

. S X Right ascension difference between
minimal elevation is calculated. In this analysie t B observed field and O
following definitions are used. Figure 1 shows Heeth '
shadow (black circle) and a portion of a possible Alt Elevation angle of observed field in the
observation stripe schematically indicated in blach horizontal system.

around it. The stripe follows first the contour thfe
shadow (curved part) and then continues paralléhéo Table 1. Description of symbols used in the simiotet.

B axis (straight part). The position of the lattaipe is

defined with the angled. The geocentric shadow The results of the calculations are shown in
diameter for objects at 1000 km altitude is abd2@°1  diagrams as in Figure 2. Here the elevation arages
The O point is the sun opposition and the locatibthe  function of site positio® during the night and observed
observing site is given b§ (local time in deg) and  field ¢ (curved stripe) foA=30° ande=0° are exhibited.
(latitude). The angleg and 3 describe the position of The color legend indicates the elevation angle (or
the observed field on the curved and straight etrip Altitude angle). The shaded areas indicate two nmisne
respectively. The region of the Earth shadow wthé.  during the night where the range of visible fieids
equatorial plane is described fiyin summer and winter small (~ 20°) and large (~ 60°). The minimal eléwat

€ varies towards * 23°. Table 1 summarizes the sysnbousually considered for observations is around 10°.
used in the simulations. Figure 3 exhibits the elevation angles for theighia
stripe. The dark shaded area is not to be consldere
since the straight stripe starts onlypat60°. From the
diagram it is evident that fa=0° the objects are never
visible because the elevation angles are alwayswbel
0°.

120°
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Figure 1. Scheme showing the Earth shadow region
(circle) and the observation stripe around it.
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Figure 2. Elevation angles_fhp30° ande=0° for Figure 4. Elevation angles far30°,5=30°, anc=0°
curved stripe. for straight stripe.
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Figure 3. Elevation angles far30°,6=0°, ande=0° for

straight stripe. Figure 5. Elevation angles far30° ande=-23° for

curved stripe.

In Figure 4 a straight stripe &t30° is assumed and
the visibility is very much improved. The drawbaufka
stripe at higheb is the missing coverage of objects with
low inclination. In summer the visibility is bettéor the

Similar to the diagrams for the elevation, the next
figures show the phase angles as a function of site
position and observed fields using the same above
. S . . notation. Figure 6 and Figure 7 show the phaseeangl
period aroun(_j mldnlght as shown in Flgqre 5'for the curved stripe in spring/autumn and summer,
Unfortunately in winter the fields of the curvedipé respectively. The reddish region around midnight
are not visible. Only from sites with=50° and higher o pinits the worst phase angles. In summer theegalu
the obje_\cts start to bg visible Fjur|ng the wholghti .o slightly better reaching 90°. The shaded regjion
From Figure 4 an.d Flgure 5 It can t.)e seen that thegicate reasonable angles smaller than 60°. Fer th
coverage can be imagined like a sliding Wlndqw tha&traight stripe Figure 8 and Figure 9 evidence tige
covers around 20°-30° or 1.5-2 hours of the mogiitg) variation of angles between 20° and over 100°.

In conclusion, the diagrams show that in generl th
visibility is quite reduced in the curved stripgesially
in winter, for stations in the northern hemisphexad
vice versa. For a telescope at 30° latitude in semntime
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visibility corresponds to a window along the stripke
about 30°.

Phase angle

8 8 &8 &8 8 38 8 B

=

Figure 6. Phase angles for30° ande=0° for curved
stripe.

A =30° g=-23°
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Figure 7. Phase angles for30° ande=-23° for curved
stripe.
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Figure 8. Phase angles #r30°,56=0°, ande=0° for
straight stripe.
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Figure 9. Phase angles #o£30°,6=30°, anc=0° for
straight stripe.

COVERAGE SIMULATIONS

To investigate the results given in the previous
section, coverage simulations have been conducitbd w
the ESA simulation software described in [RD-8]. A
TLE population of ~ 2000 objects with eccentriolty
0.05 and inclination 50° - 100° was selected. The
altitude of the objects ranges from 1000 km to 2K®0
The observations are performed from 2 differergssit
Tenerife and Azores. For the straight stripe aidatibn
8=30° was assumed and for the minimal elevation 10°
were considered. Table 2 shows the number of abject
visible (illuminated in front of dark backgroundjirihg
one night observing the fields along the curvedight
stripe considered in the visibility diagrams. The
maximal coverage is reached observing from 2 statio
in summer. However, not all objects can be observed
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most of the missed objects lie in the twilight @giand
other are only visible below the minimal elevatidn.

fact simulations from 2 stations in June assumifig O
elevation and neglecting the observation

minimal
constraints at twilight yield 1953 objects, clogsethe

total population. To ignore the twilight constrainn the

simulation the night sky background is set immesljat
after sunset (sun center at 0° elevation).

December June September
Tenerife 312 989 661
Tenerife + 456 1286 895
Azores

Tenerife, December

25

15

Percent

0.5

1 2 3
Hours after midnight UTC

Figure 11. Percentage of visible objects from Tiéaer
during one night in December.

Table 2. Number of objects visible observing tedd
along the curved/straight stripe.

The coverage at different times during the night ig

summarized in the following histograms. Figure 10
Figure 11, and Figure 12 illustrate the percentafje
visible objects from Tenerife during one night in
September,
percentage refers to the entire considered populatf

around 2000 objects. A gap of about 4 hours aroun

midnight can be noticed. This corresponds to tlea af
limited visibility also found in Figure 2. The

approximate coverage of the sliding window can be

roughly read from the gap diagrams and is about
hours, or 30°. In winter the nights are longer the
visibility for LEO is even more reduced. In summer,
during around 3 months there is no visibility gapusd
midnight. The only limitation is due to the twiligh

region. Figure 13 displays the coverage assuming (

minimal elevation and neglecting twilight consttain
the coverage is extended of about 2 hours.

Tenerife, September

|

6

H

Figure 10. Percentage of visible objects from Témer
during one night in September.
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Tenerife, June
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Figure 12. Percentage of visible objects from Tiémer
during one night in June.
2

Tenerife, June, 0 deg min. elev., no twilight constraints

Percent

0 1 2 3 4 5 6 7 8

Hours after midnight UTC

Figure 13. Percentage of visible objects from Tiémer
during one night in June assuming 0° minimal elievat
and neglecting twilight constraints.

ORBIT DETERMINATION

In addition to the coverage, the orbit determirmatio
accuracy is another key factor that influences the
observation strategy. Simulated orbits of 100 LEO
objects were used to generate synthetic obsergation
The orbits determined from these observations were
then compared with the original simulated orbitstHe
simulated observations a mean astrometric err@.sf
was considered. Note that this assumption reqeoese
effort for LEO, as it involves proper streak deieat
and reduction, or short exposure times, what lirtits
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number of stars in the FOV. In the simulations the
discovery observations of the objects are takemnfro
Tenerife, at midnight UTC of the 21.09.12. Every  ous
tracklet consists of 3 subsequent observationsinvit

s. The LEO population was selected with altitudegea
1000 km - 2000 km, eccentricity 0 - 0.01, and
inclination 60° - 85°. The ascending node and the
anomaly were restricted in order to have visiblgcts
within a region of about 5° in right ascension &
declination around the zenith, observing from Tdaer ool
at the discovery epoch.

The Figure 14 shows the angular position error as ..
function of the elapsed time. The starting time
corresponds to the first observation. After 5 masua
second series of observations was simulated, wisich
clearly visible in the diagram with a reduction thie
approximately to a second stripe close to the ane i Observations after 5 minutes.
which the first tracklet is observed. Figure 1&istrates
the histogram with the percentage of the angula x10
position error after 24 hours. The observationsewer
simulated after 5 minutes and 2 hours. The latiuld/
be approximately one revolution period. The ermr f
the most orbits varies between 0.13Heg (~ 0.3") and
1.5.10° deg (~ 5.5”). The histogram shows a peak
around 0.4-18 deg. To improve the accuracy additional
simulated observations after 4 hours were incluided
the orbit determination in Figure 16. The peak e t
error in this case is around 1”. Figure 17 exhiltite
simulations with observations after 20 minutes &nd
hours. In our hypothetical scenario the seconckesef
observations is taken by another station from witieh
object is visible after 20 minutes. The locatiomldobe
e.g. in the southern hemisphere at a longitudelaino 2 o = o =
the one of the first station. The peak also liesiad 1” Percent per Bin
with a slightly smaller percentage than in the caith
observations after 4 hours. In Figure 18 and Fidi'e Figure 15. Histogram of the angular position eafber
the almost ideal case with observations after ed&ry 24 hours. Observations after 5 minutes and 2 hours.
hours is shown. Over 60% of the orbits are detezchin
with accuracy well below 1”. Note that in this
simulations a proper correlation of reobserved dbjes
assumed, with 100% success rate.

0.0z

a 2 4 B 10 12 14 16 13 20

B
Time [minutes]
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Figure 18. Angular position error vs. elapsed time.

Figure 16. Histogram of the angular position eatter Observations after 5 minutes and every 2 hour$ 2u4ti

24 hours. Observations after 5 minutes, 2 houd 4an
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Figure 19. Histogram of the angular position eeafber
24 hours. Observations after 5 minutes and every 2
hours until 24 hours.

Figure 17. Histogram of the angular position egafter
24 hours. Observations after 20 minutes and 2 hours

To compare the results with the requirements
defined within the SSA framework the output of the
simulations was expressed in radial, along-tracld a
out-of-plane components of the state vector error.
Figure 20 illustrates as an example the along-track
component of the position error in the scenariohwit
follow-ups after 20 minutes and 2 hours. The
corresponding histograms for the radial and aloagkt
component of the position error are shown in Figitte
and Figure 22. In the following analysis the latter
components are considered as representative for the
obtained accuracy. We assume 4 m and 30 m for the
required radial and along-track accuracy, respelstiv
The strategy illustrated in Figure 21 and Figure 22
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seems to partly satisfy the requirements. Conwersel
follow-ups after 5 minutes and only after 2 howes ot

enough to reasonably satisfy the requirements, ¢
indicated in Figure 23 and Figure 24. In the sdenar

with follow-ups after 5 minutes, 2 hours, and 4 spu
the histograms in Figure 25 and Figure 26 exhihit a
amount around 50% within the requirements for fadia
and along-track component. Obviously the accuracy i
much improved for the ideal scenario with obseorai
every 2 hours as illustrated in Figure 27. For st
critical along-track component the histogram intbsa

Faos. err. along-track [m]

that > 90% of the orbits reside in the requireduaacy
range.

Fos. err. along-track [m]

Figure 20. Along-track component of position ewer
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Figure 21. Histogram of radial component of positio
error after 24 hours. Observations after 20 minates

2 hours.
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Figure 22. Histogram of along-track component of
position error after 24 hours. Observations after 2

z000

minutes and 2 hours.
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Figure 23. Histogram of radial component of positio
. error after 24 hours. Observations after 5 minatet 2

hours.
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Figure 24. Histogram of along-track component of
position error after 24 hours. Observations after 5
minutes and 2 hours.
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100 b
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Figure 25. Histogram of radial component of positio
error after 24 hours. Observations after 5 minutes,

hours, and 4 hours.

IAC-13-A6.7.2

Pos. err, along-track [m]

0 5 10 15
Percent per Bin

Figure 26. Histogram of along-track component of
position error after 24 hours. Observations after 5
minutes, 2 hours, and 4 hours.
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Figure 27. Histogram of along-track component of
position error after 24 hours. Observations after 5
minutes and every 2 hours until 24 hours.

CONCLUSIONS

The visibility limitations for LEO objects are
determined by the minimal elevation that can behed
during astronomical observations, in general ~ Tb®
ideal strategy needs an observation stripe whiltbvig
the contour of the Earth shadow and continues with
approximately constant declination. Diagrams for a
telescope at 30° latitude, depending on time ohibét,
observed fields, and period of the year, show that
visibility is in general reduced to a window alotige
stripe of about 30°. Also, for most of the yearcept in
summer, during about 4 hours of the night, thepstri
can not be observed. Sites at high latitude woeldb
advantage, but not indispensable, in order to tfitk
visibility gap. The phase angles remain mostly atbu
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60° and less, but there are few situations withentban
90°.

Observation simulations from Tenerife and Azores
of a LEO TLE population (1000-2000 km altitude)
confirm the results indicated by the diagrams. Abouirp-3]
65% of the population can be observed in summer and
25% in winter. In addition to the minimal elevatjamne
of the limiting factors is the twilight (20% rediam).

The orbit determination from simulated LEO
observations with 0.5” error, without consideringgl
and assuming 100% correlation success of obsengtio
indicates that a two stripes strategy is needetach
reasonable accuracies after 24 hours. Neverth#iess
degree of accuracy is reached only for part ofohject
population. Two situations were analyzed:

[RD-2]

[RD-4]

[RD-5]

* 1 site in the northern and 1 site in the southern
hemisphere at similar longitudes. Follow-ups
after 20 minutes and 2 hours.

« 2 sites in same hemisphere with about 30{RD-6]
separation in longitude. Follow-ups after 5
minutes, 2 hours, and 4 hours.

In both situations on average more than 50% of the
orbits meet the assumed accuracy requirementshdfurt
improvement can be obtained with even more siteERDJ]
distributed in longitude.
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