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Abstract

With the growing number of resident space objects (RSOg)iggerbit determination and prediction plays
an increasingly important role. In the scope of protectipgrational spacecraft very accurate orbit predic-
tion is a prerequisite. Predicting close conjunctions asésasing collision probabilities well in advance on a
reliable confidence level enables planning and performfrgpliision avoidance manoeuvres. With sophis-
ticated post-processing methods, when all informatiowaglable accuracies in the order of centimeters can
be achieved. Post-processing of surveillance data (dptézdar) is still assumed to be in the order of meters.
The accuracy of orbit prediction rather than a post-fit ohda#tcommon operational products is inferior by
orders of magnitudes.

This paper addresses the task of orbit propagation baseateranly observations of RSOs in geostationary
and high eccentricity orbits. The focus is on objects whiomdt perform manoeuvres, to clearly separate
the effects of manoeuvre data — which is probably unavailaht/or inaccurate — from modeling the natural
forces. The angle-only observations stem from the ones@éiémerwald Laser and Astrometry Telescope
(ZIMLAT), the 18-cm Zimmerwald SMall Robotic Telescope (@SMART), both located in Zimmerwald,
close to Bern, Switzerland, and from the one-meter ESA Spaatwis Telescope (ESASDT) located on
Tenerife, Spain. The one-meter telescopes have been usB&€ surveys and for so-called follow-up ob-
servations over the past decade by the Astronomical Itstafithe University of Bern, which is a prime
contractor of the European Space Agency (ESA) in the fieldupbeillance and Tracking. Supplementary
observations are provided by the courtesy of the InternatiScientific Optical Network (ISON).

Orbit determination and propagation is performed with ahagted version of the CelMech tool (Beutler,
Methods of Celestial MechanicSpringer 2001). The force model used includes Earth’sistecoefficients

up to order and degree 12, perturbations due to earth tidesgc@rections due to general relativity. Earth
shadow passages are modeled. In addition, a model for esigrtae direct radiation pressure (DRP) is
used, which allows an estimate of the area to mass ratio adiagtactor, as well as the osculating elements.
Optionally, biases, which account inter alia for asymnestin the observed object, e.g. misalignment of
solar panels, can be estimated. Orbit propagation is paddrusing the determined osculating elements,
the estimated area to mass ratio, and the reflection coeffisi¢hin the force model mentioned above. The
estimated biases are not available for orbit propagatitwve. @phemerides of the propagated orbits are com-
pared to observations of the same object, which were not fmgearbit determination. Those additional
angle-only observations serve as ground truth. The additimbservations that belong to the same object are
validated by a further orbit determination including allsebvations. The influence of the temporal spacing
of observations and the effect of fusing data of differergasliation sites is investigated. As a reference, two
line element data (TLES) of the US Strategic Command (USSITRAM) catalogue are propagated with the
SDP4 propagator and the resulting ephemerides are comimatieel angle-only observations. Covariances
for the TLE data are then estimated.
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1 Introduction

The Astronomical Institute of the University of Bern (AlUBRs performed optical surveys of the geostationary orBt&sd) and
geostationary transfer (GTO) and other highly eccentrliter(HEO) for over ten years. For this process, AlUB taske dhe-
meter telescope ZIMmerwald Laser and Astrometry Teles¢@hdLAT) and recently the Zimmerwald SMall Robotic Telegen
(ZIMSMART), both in Zimmerwald close to Bern, Switzerlaraahd the ESA Space Debris Telescope (ESASDT) on TenerifénSpa
Single angle-only observations are connected to trackiethe first step, circular orbits are determined. In thesdcstep, follow-up
observations are performed, which allow determination fllasix-parameter orbit. AIUB maintains an independentatague of
space debris objects which overlaps only partly with the TSSTCOM catalogue. To maintain this catalogue, to secubpggrand to
provide highly accurate predictions of these orbits, farthbservations over longer time periods are necessannifia determination
of the spacing of the follow-up observations directly affescovery have been performed by Musci et.al.[1]. The amuof orbit
determination from densely spaced observational data s investigated in [2]. If a larger amount of objects iskeatin routine
catalogue maintenance, optical angle-only observationth® other hand are normally not very dense. Due to bad weattather
circumstances, larger gaps within the data have to be fa@dgt determination is performed with an accuracy levelhaf order of a
few arcseconds for normal routine optical observationsidReals for propagated orbits are remarkably higher. Tapep investigates
the orbit propagation of USSTRATCOM TLEs with different pegators and orbit determination and accuracy of propawatf
sparse angle-only observations, which are gained in reutitalogue maintenance measurements. The aspect ofgspadimerging
observations of different observation sites are invettiga

2 Method of Investigation

Two different types of orbits are investigated in this pafmbits in the two line element format (TLE) — obtained frame USSTRAT-
COM catalogue — and internal orbits of the AIUB cataloguethi@ case of the internal AIUB catalogue, orbits are detegdhiinom
optical angle-only observations obtained from ZIMLAT, ZMART, and ESASDT, supplemented by some observations d5Dé&l
network provided by the Keldish Institute of Applied Mathatics, Moscow, Russia. The latter observations were obddirom differ-
ent sites of the ISON network, in this particular case, abted in Eastern Europe. The internal orbits are determviioa modified
version of the so called CelMech tool, whose original versian be found in [3]. The force model used for orbit detertnamatakes
into account earth’s potential coefficients of order andréed 2, perturbation of ocean and earth tides. Earth shadesep are mod-
eled and corrections due to general relativity are takem agtount. The direct radiation pressure (DRP) is availabla solve-for
parameter, which allows an estimate of the instantanedastiek area to mass ratio of objects. In addition, biasdschvaccount
inter alia for asymmetries in the observed object, e.g.atigisment of solar panels, can be estimated. The latter ar@yeestimated
if it was otherwise not possible to determine a good orbite TelMech tool allows setting further parameters as inolgidince per
revolution stochastic pulses. It turned out that thosenaige the fit of the orbit to the observed data but turned oulykiagropagation.

In the case of the TLEs, propagation is performed with theciaffiSDP4 and SDP8 propagators [4]. In case of the interratsor
propagation is performed with the CelMech tool again. Waerthe coefficient of the area to mass ratio, i.e., the estmaf the
direct radiation pressure, can be used for propagatiomatgtd biases are not available for propagation. In botes;abe accuracy
of the orbit propagation is determined with the COROBS tadipse functionalities are described below. For furtheaitistrefer to
Frih et al. [5]. The predicted ephemeris positions are @egpto the optical angle-only observations, which wereuset in orbit
determination. Residuals are determined directly on thestial sphere and in a projected intrack and crosstra@ctigm within the
observational plane. This projection is preferred ovemighnto account the range and working with a three dimeraioesidual
vector, since range information can only be gained via atbiermination, which introduces further constraints. Tésduals in the
projected intrack direction can have positive and negatalaes (that is in direction of the projected moving direatdf the object
(positive) and vice versa) whereas the projected crogstliaection residuals and residuals on the celestial sptareake only positive
values, as defined in Friih et al. [5]. The observation usethéocomparison stem from ZIMLAT, ZiImSMART and ESASDT andvee
as ground truth. At both sites regular comparisons of themfsional data to independent sources are performedgcergparison to
GPS state vector data. The additional data which are usededsrance here are all cross-checked. Cross-checked riedrigrther
successful orbit determinations were performed with afhdesed as ground truth to ensure that they in fact belongetedhy same
object.

3 Propagation of TLEs

Orbital data is distributed courtesy of the US Strategic @@md in the two line element (TLE) format and does not contairariance
information. Covariances estimated on the basis of a laag@unt of optical data can be found in Frilh et al. [5]. Theaciances
estimated there are based on propagation with SDP8 prapagad the best fitting TLES to the observational epoch. Redscthat
were determined are of the order of three degrees on thetieklgshere, 20 to 30 km in intrack and roughly 10 km in craassitr
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Figure 1: residuals in arc length on the celestial spherefabjected intrack (b) and crosstrack direction (c) witlet8DP4 and SDP8
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Figure 2: residuals in arc length on the celestial sphere(abjected intrack (b) and crosstrack direction (c) witlet8DP4 and SDP4
propagator for HEO objects

direction for objects in geostationary orbits and sliglitigher of the order of five degrees, 35 and 25 km for objectewstationary
transfer and other highly eccentric orbits. On the othedhérould be shown in Frih et al. [6] that the primary probleith the TLE

data is the large fluctuations in single TLE data sets. Tosiigate that aspect further, single TLE data sets of 14 GHécthand 8
HEO objects have been studied in further detail. One TLE sebpject was propagated backward and forward in time angaosd

to optical observations with COROBS. The COSPAR numberseguaths of the TLE sets used can be found in the appendix. The
optical observations for the comparison stem from ZIMLAOahimSMART and were cross-checked by several orbit deteatiuns

with CelMech. The single epochs of the TLE data set were ¢chasder the premise to be covered best by the optical referdaiz.
They differ from object to object. A similar analysis wasfoemed in Kelso [7] with GPS precision ephemeris for the mediarth
orbital (MEO) regime. There the SDP4 propagator was usedoahdthe residuals in range were taken into account. Relsidna
range are not displayed here, as explained in the previatiose

The comparison was performed twice for each object and eatadependently with the SDP4 and the SDP8 propagator. 8diduals
for the GEO objects are displayed in Fig. 1: Fig. 1a shows ¢isitipn residuals in degrees on the celestial sphere, Bithelprojected
intrack, and Fig. 1c the projected crosstrack residualsfaadion if time relative to the official TLE epoch. First,9hould be noted
that the differences in the residuals obtained from the ggafion of SDP4 and SDP8 are negligible in the GEO orbitdhreg The
classical expected “butterfly” shape (as it was also founielso [7] with the GPS data in MEO) in the data around the @ffi¢iLE
epoch can only be seen in the intrack residuals. It was esgect see “half-butterfly” due to the positivity of the datative arc
and crosstrack residuals, which is not the case. There ass eghere the intrack residuals are small and the crosseaduals are
large. The observations are cross-checked and orbit digi@ion showed that they in fact belong to the regarded ¢dgjebe large
crosstrack residuals do not result from one single objattatk and crosstrack residuals, when viewed togethealdvat there is not
a prominent decrease in residuals around the official epbtted’ LEs. Even around that epoch, residuals are still obtider of over
0.2 degrees. There is also no remarkable decrease of rissadudher epoch, either.

The results for the HEO objects are displayed in Fig. 2. Fig.sBows the position residuals in degrees on the celestigrep
Fig. 2b the projected intrack, and Fig. 2c the projectedstrask residuals as a function of time relative to the offi€leE epoch. Due
to standard surveys and follow-up schemes performed atithen&rwald observatory, significantly less data is avadabVhat can be



seen nevertheless is, that SDP4 produces smaller residitatsugh the differences are small. The sparse data seeindi¢ate that
there is no prominent decrease around the official TLE epeiter.

4 Orbit Determination and Propagation with CelMech

4.1 Selected Objects, Data Density and Spacing

To investigate the orbit determination and propagatiorcgse routinely performed for the internal catalogue of theB\in more
detail, four representative objects from the internallogize of the AIUB were chosen, which are not in the USSTRATC&ithlogue
and have been followed over longer time periods. Those tshge clearly space debris, since no maneuvers could beteidia the
data. The AIUB did not have information what those objectaalty were before becoming debris. From the apparent niaggit can
be concluded that those are all fragmentation pieces. Tdretehey represent typical objects found in GEO surveyiflproperties
are listed in Tab. 1.

The available optical measurements are plotted in Fig. dutiit 6. The observations are binned for each night. The Zimme

Table 1: Internal name, eccentricity, inclination (deggnsi-major axis (km), area to mass ratiof /kg) and apparent magnitude
(mag) of the selected objects of the AIUB catalogue
NAME E | A AM Mag

E03174A 0.001 10.1 41900 0.01 146
E06321D 0.036 7.0 42900 2.46 15.3
E06327E 0.060 11.9 42400 0.326 17.2
E08241A 0.040 13.26 43200 1.20 16.1

wald observations were obtained from ZIMLAT and ZimSMARAgtTenerife observations from ESASDT, and the supplemegntar
observations from ISON, which come from from different s¥ssn Eastern Europe.

4.2 Residualsfrom Single and Combined Sites

With the available data, orbit determinations and progagawvere performed with an enhanced version of the CelMeoh tdhe
propagated ephemerides were correlated with the COROBS 40w additional observations which were not used in tht oleter-
mination process. All observations were obtained from ZMllland ESASDT, and all data was cross-checked via indepermabit
determinations. There were no observations from ISON usedfarence data.

Different orbits were determined for the ZIMLAT data and 88ASDT data separately. In the second step, data of bothwséee

combined,; if data was available, supplementary ISON datausad in the combined step, too. To get comparable resultaxanum

of six observations at the beginning of the observationartitwas used for orbit determination and a maximum eightrebtens at

the end of the fit span. At minimum, there were three obsematused at each end. The observations itself can consigtref timan

one tracklet. When observations from different sites aelusither the first set of observations stem from one sitet@decond
from another or there are observations from different sitesmilar epochs used within the first and/or the last sebegovations or a
mixture of those options. No additional observations imaen were used.

@
S
o

@

S
W
S

IS
S

BooNN

o S

# observations
w
8

# observations

N
S

=

S}

=
S
o

# observations
N w IS
S S S

1000 1500

1] ‘\IHM. L LT
500 1000 0 -

500 0 1500 Z?OO 600 800 1000 1200 1400 —1%00 -100 500 0 500
epoch (mjd)-54000.0 epoch (mjd)-54000.0 epoch (mjd)-54000.0

@ (b) (©)

'
00 -1000 -

&

Figure 3: Data density of object E03174A (a) all observasiotb) Zimmerwald, (c) Tenerife



90 5 40
80 35,
20
70 30
« 60 I’y 7
s 15 g 25
g 50 g g
20
2 40 3 2
3 ] 3
° © 10 © 15
#* 30 3 i
20 10
<Ll 1 gl H LAl ‘\ \I
) Lol oL Ll . L |
200 400 6 0 BDD 1000 1200 1400 0 200 400 600 1000 1200 1400 0 200 400 800 1000 1200 1400
epoch (mjd)-54000.0 epoch (m]d) 54000 poch mjd -54000.0
@ (b) ©
90
80
70
«» 60
2
2
T 50
H
240
S
* 30)
20
sl il
0
0 200 400 600 800 1000 1200

epoch (mjd)-54000.0

(d)

Figure 4: Data density of object E06321D (a) all observasip(b) Zimmerwald, (c) Tenerife, (d) ISON network

70

w A g @
& S5 o 38

# observations

N
S}

0

0 H”Hm ‘I

l \‘.l‘.‘lh.

\‘IM

epoch (mjd) 54000 0

@

1200

1400

# observations

# observations

200

# observations

20

=
@

=
)

@

\HW

400 800 1000 1200
epoch (m]d) 54000.0

(b)

1400

il

400

600 800 1000
epoch (mjd)-54000.0

(d)

1200

0
[

epoch mjd 540000

(©

Figure 5: Data density of object EO6327E (@) all observasiofb) Zimmerwald, (c) Tenerife, (d) ISON network

30 1
25 14
20
12|
o 20| ) )
s 5 15 5§10
] 15 S ] 8]
2 2 2
3 S 10 S 4
. s s
4
5 5
Il | :
90 0 1200 1300 90 0 900 1 00 1100 1200 1300 900 800 1100 1200 1300

epoch (m d) 54000 0

@

epoch (mjd)-54000.0

(b)

1000
epoch (mjd)-54000.0

©

Figure 6: Data density of object E08241A, (a) all observatip(b) Zimmerwald, (c) Tenerife
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Figure 7: Mean value and standard deviation of residualshimithe first 50 days after orbit determination between pgaied and
observed positions of object EO3174A as a function of théeagth between the first and last observations used for dedérmination:
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Figure 8: Mean value and standard deviation of residualshimitthe first 50 days after orbit determination between pggiad and
observed positions of object E06321D as a function of théeaigth between the first and last observations used for ddtgrmination:
(a) position residual on celestial sphere (degree), (b)guted intrack residuals, (c) projected crosstrack residu

In Fig. 7 through Fig. 10 the residuals between predictedadrsgrved position are displayed in arc length on the calegihere, and
in projected intrack and crosstrack direction as a funotittihe arc length between the first and the second set of aiigmmg, which
were used in orbit determination. Displayed are the mearegahnd the standard deviations of residuals of the singlesoThe mean
value and standard deviations are determined out of siegiduals of predicted position to observed ones, all wiliirdays since
orbit determination. For the mean values and standard titmvia six to 30 single residuals were used.

What can be seen in Fig. 7 through Fig. 10 is that the resicaral$n general — even though only a small amount of data wab use
— are all very small. The vast majority of the detemined arkiten produce residuals smaller than 0.6 degree. Excethddirst
object, each object also shows some outliers, with larggduals. These larger residuals also tend to show largedatd deviations.
It can also be seen, that the larger residuals not only shoin the projected intrack direction but also in crosstradlection — it is
not just a runaway argument of an ill-defined semi-major.axiaddition, the value of the residuals seems to be, at iedbis setup,
quite independent of how large the difference between teedird the second observations set is. Moreover, Fig. 7ghréig. 10
also show that there is no significant difference in usingeolations only from one observation site for orbit detemation or using
observations from different sites. It could not be shown tha latter approach is more advantagous for orbit detextioin. Different
observation sites still have advantages in terms of avlifiatweather conditions, and so on. In Fig. 11, the root mequare of the
orbit determinations is shown, which were used for the pgagian, as a function of the arc residuals. It shows thatewcdis visible,
all orbits which were used had a small root mean square ofibiiee arcseconds. From the orbit determination aloneniatbe
uniquely concluded how good the propagation will be. Forah#t determination with CelMech biases can be estimatetiate not
available for orbit determination. Fig. 12 shows the argtarresiduals on the celestial sphere as a function of théoruof estimated
parameters in addition to the osculating elements. If omlg parameter is estimated, only the advanced model fortdiea@tion
pressure and a new area-to-mass value was estimated. If tthhoee parameters are estimated, in addition to the DRredtfily the
R-bias or the R- and the W-bias (RSW coordinate system) waimmated. Although the biases cannot be used for the préipag#

cannot automatically be concluded that the propagated prixluces large residuals.

In Fig. 13, the area-to-mass ratio, which was determinenh fiee estimated direct radiation pressure, is displayezhritbe observed,
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Figure 9: Mean value and standard deviation of residualshimitthe first 50 days after orbit determination between pggiad and
observed positions of object EO6327E as a function of theeagth between the first and last observations used for ddtgrmination:
(a) position residual on celestial sphere (degree), (bjguted intrack residuals, (c) projected crosstrack resigu

18 * zim 200 1200 —
16 + ten ten
[
o [ = ten-zim| 100| 1000 = ten-zim
5 1.4
2 -
= T E
@12 £ o " = 5 Mty « @ 800
2 P E
S 1 ] E ) 2
% 2 -100 8 600
3os8 4 S
c I 51
S S g {
206 ) € 200 B 400
© = @
E} [] + = o
2 0.4 i 3] g
<4 - -300 ® zim 200 ] L]

0.2 LI N ten " %

0 e " -i-“-‘ = = ten-zim e " [l ) .
0 00 %% 100 % 100

20 40 60 80
arc length used for orbit determination (days)

@

20 40 60 8
arc length used for orbit determination (days)

(b)

20 40 60 8
arc length used for orbit determination (days)

©

Figure 10: Mean value and standard deviation of residualthimithe first 50 days after orbit determination between pggted and
observed positions of object E08241A as a function of theeagth between the first and last observations used for ddtgrmination:
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Figure 13: arc length on the celestial sphere as a functiothefestimated area-to-mass ratio.
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Figure 14: Arc length residuals as a function of the numbentaervations used for orbit determination

that the area-to-mass ratios of the different objects vagy different ranges. It can also be seen that in some ortetrménations
values were determined, which are far off the median areadss ratio value for that specific object. These, in mosaaso lead
to large residuals in the propagated orbits. This suggkatdiiere seem to be short periodic changes in the areads-ato.

In Fig. 14, the arc length residuals on the celestial spherali@played as a function of the actual number of single wbtiens
that entered orbit determination. It can be seen that nagtrorrelation is visible between the actual number of alzgems used and
the value for the residuals. More importantly, seems to beatle length of the observations itself. In Fig 15, the argtlemesiduals
are displayed as a function of the actual arc length withénttto sets used in the beginning and the end of the fit arc, witthe
time gap in between the two sets. A strong correlation idigsiFig. 16 shows that there is no strong correlation betviiee number
of used observations and the arc length within the sets. sample,for the Tenerife observation strategy, primariynsely spaced
observations are available.
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Figure 15: Residuals in arc length on the celestrical sphase function of arc length covered by observations usedrfat determi-

nation.
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Figure 16: Arc length covered by the observations as a foenabf the number of observations used for orbit determimatio
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5 Conclusions

In this paper, examples of the accuracy of orbit propagatiere investigated for orbits using TLE data from USSTRATC@ivtl
orbits from the AlUB catalogue determined with the CelMeobl under controlled conditions.

In case of the TLE data, propagation was performed with th®4sBnd SDP8 propagators. In case of the AIUB orbits, with the
CelMech tool. The ephemerides of the propagated orbits wampared, using the COROBS tool, with optical angle-onlgesta-
tions as ground truth.

The examples of the TLE data used in the investigation seenssidgest that the effect of the different propagators isigibte
for objects in geostationary orbits. Slightly better résare achieved for the SDP4 propagator for objects in hightentric orbits
compared to the SDP8 propagator.

Regarding the accuracy of orbit determination and propagatf orbits in the internal AIUB catalogue, the influencespirse data
sampling of angle-only observations from different obaé&pon sites for different lengths of observations arcs tsexutbit determina-
tion was investigated in a controlled setup of only two data st the beginning and the end of the fit arc.

The vast majority showed residuals of below 0.6 degreesim&f days after orbit determination, even with such a spdase sam-
pling; even the largest residuals were found to be below gseks. No strong correlation was found for the value of ¢iseduals to
the time gap between the two data sets used. A strong depmnderthe use of observations of one or more observationcsitéd not
be observed. The actual number of observations used ingbd$fie setup was less critical than the arc length withimezfdhe two
observation sets used for orbit determination. This seenssiggest that precise orbit determination, which allowdirfig an object
again in follow-up observations, is possible even for spalata sampling — which could be due to bad weather condjteystem
failures and so on — as long as a mimimum arc is covered by thalaabservations used.
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7 Appendix:

Table 2: GEO objects: COSPAR number and epoch as displaytbe ifLES.
COSPAR epoch

02040B  9073.16
78035A  5029.65
79105A  5298.79
80081A 6072.67
82044F  6303.96
83089B  6303.96
84035A  7359.67
85035B 8324.71
90061D 8324.79
91010F 8289.16
92088A  8289.06
93073B  7070.85
970498  9015.72
99047E  8202.46

Table 3: HEO objects: COSPAR number and epoch as displayte ilLES.
COSPAR epoch

00016C  8247.25
00067D 9014.34
00068B  9053.41
70055B  8036.02
77105A  8290.06
88018C  9020.14
91015P  9021.19
91084C  8052.04
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