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ABSTRACT

Following the dedsion at the Ministerial Courcil 2008
to initiate a Preparatory Programme on Space
Situational Awareness (SSA), the European Space
Agency started a saies of adivities together with
industry, implementing both classcd  design
approadhes: bottom-up and top-down. For the Space
Surveillance and Tradking segment of the programme,
the bottom-up approach was initialy addressed through
various adivities to evaluate the potential performance
of contemporary European resources.

One element of this investigation was the assessnent of
the existing European assés that can be used to generate
tracking data on Earth orbiting objeds at all atitudes
between LEO and the GEO graveyard orbits. The study
addressal bath the technicd performances of the assds
and the identificdion of the operational constraints
charaderistic for ead sensor. In this context, a paper
was presented at the 2011 European SpaceSurveill ance
Conference in Madrid, Spain that disaussel the resuts
obtained using two existing European radars: EISCAT
and Chilbdton. The emphasis of this new paper is to
analysethe results obtained from a third asse: the BEM
Monge, a meassuement and test vessé of the French
Navy operated for the French Diredion Générae de
I'Armement (DGA).

The Monge's three primary radars were designed with
the spedfic misson to deted and charaderise the
trajedory of missies as part of France s national missie
defence programme, however the radar on-board the
Monge are aso able to deted and tradk Earth-orbiting
objeds. Even thoughthisrole is not the primary one for
the system, the achieved acaragy of the orbita tracks
and resulting orbit determination is several orders of
magnitude better than radars that have been developed
for other uses. The evaluation carried out in the frame of
the SSA programme helped demonstrate that the
systems provided by the Monge are able to perform
orbital tradking within the performance requirements of
a federated SSA system. During the campaigns, the
radars on the Monge were usal to tradk several known
saellites, pre-sdeded so as to cover a wide range of
atitudes and inclinations in the LEO region. Several
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separate campaigns were dore to tradk the saellites.
Upon recepts of the resulting tracking data, orbit
restitution was performed in order to charaderise the
significance and influence of the distinct obsevation
parameters and to indicate the optimum procedure to
improve the orbit estimation performance with a single
asse or with a combination of the different asses used
within the study. This paper desaibes the preparation of
the campaigns as well as the results obtained. The
campaigns were mainly driven by the avail ability of
radar asses and the visibilities of the saellites. The
predse orbit determination enabled the comparison of
the performance of the diff erent assés.

1 INTRODUCTION

1.1 The ESA SSA programme

The objedive of the SSA programme [Ref.2] is to
swppat Europe's independent utili sation of, and access
to, spacethroughthe provision of timely and acarate
information, data and sevices regarding the space
environment, and particularly regarding hazads to
infrastructure in orbit and on the ground In general,
these hazads stem from possble collisions between
objeds in orbit, harmful space weaher and potentia
strikes by natural objeds that cross Eath's orbit. The
SSA programme will, ultimately, enable Europe to
autonamously deted, predict and assssthe risk to life
and property due to remnant man-made space objeds,
re-entries, in-orbit explosions and relese events, in-
orbit collisions, disruption of missbons and saellite-
based sevice capabiliti es, potential impads of Nea
Eath Objeds, and the effeds of space wedaher
phenomena on space and groundbasel infrastructure.

Activities in the initial SSA Preparatory Programme
(200911) ae addressing the consdidation of
requirements and the architedural study and design of
the complete SSA system. But preaursor SSA savices
will also be established through the use of existing
national fadliti es, when possible. In parallel, essantia
comporents of the complete SSA system are being
designed, including radars, sensors, networks and data
centres.



The programme is adive in the following three main
aress:

= Survey and tracking of objeds in Eath orbit -
comprising adive and inadive saellites,
discarded launch stages and fragmentation
debris that orbit the Earth;

= Monitoring space wedgher - comprising
particles and radiation coming from the Sun
that can affed communicaions, navigation
systems and other networks in spaceand on the
ground

= Watching for nea-Eath objeds - comprising
natural objeds that can potentially impad
Eath and cause damage and assessing their
impad risk and potential miti gation measures.

Under the SSA Preparatory Programme, one of the
objedives of the Space Survey and Tradking (SST)
element is to provide an independent ability to promptly
aqjuire and caaogue predse information on objeds
orbiting Eath. Using these data, a wide range of
savices will be provided by the future European SSA
System, swch as warning of potential colli sions and
alerting when and where debris re-enters Earth's
atmosphere. Thesedatawill be stored in a caaogue and
made avail able to SSA customers aaossEurope.

The infrastructure required to provide these cgpabiliti es
is referred to as the “SST Segment'. It comprises
suveill ance and tradking sensors, which could useradar
or opticd techndogy, to aquire raw data, which are
then processel to correlate (or link) ead obseaved
objed with the ones already known, or to indicate a new
objed. Initialy, the SST Segment will obtain data using
existing sensors. When the full SSA programme begins,
additional systems may be developed and deployed as
required to achieve the objedive of European autonamy
in this area In that context, tracking campaigns have
been condicted in the frame of the ESA CO-VI study,
on saellites for which acarate orbital information
exists, in order to start investigating the posshility to
integrate European Sensas and data into the SSA
System.

1.2 Thetracking radar assets

The campaigns were planned commonly between three
different European assds, it is: Eiscat, Cam-Ra/STFC-
Chilbalton, and Monge assés. The interest of using
thesethree assts is their very different conception and
current use Since Chilbdton was conceved for
meteorology, EISCAT is mainly a sdentific radar for
the study of the interadion between the Sun and the
Earth, and the Monge is a ship dedicaed to the tradking
of missies and saellit es.

A detailed description of Cam-Ra is given in [3], while
a complete description of EISCAT can be foundin [4].

A short summary of the charaderistics of EISCAT and
CamRa asses was given in the introdwction of the
previous paper [1].

The Monge, named dfter the 18h century

mathematician Gaspard Monge, is a Missie Range
Instrumentation Ship of the French Navy dedicaed to
tracking and measuring rocket tragjedories. It was built
for the trials of the Submarine-launched ballistic
missies of the Navy, and is also used to monitor the
launch of Ariane rockets.

Figure 1-1: View of the Monge ship (source Marine
Nationale — Pascal DAGOIS)

The measuements gathered during these campaigns
have been processal in order to assessin particular the
acaragy of the data suppied by the different European
assés and in the end, their interest for the improvement
of orbital parameters (e.g. neaded in case of a high
colli sion probability). This information combined with
other types related to availability and operationd
processwill contribute to the refledions for the credion
of the most sutable Service Licence Agreament (SLA)
for the useof European Assésin the SSA system, in the
next phases of the program.

2 CAMPAIGN ORGANISATION AND
EXECUTION

Because of the several operational constraints of the
different assds, it was not possble to redize the
measurements with al of them simultaneously, but, they
were dore during the same periods when feasible.

2.1 Thetracked satellites

The obsaved saellites were chosen in order to have a
complete range of dtitudes and inclinations. The
retained list of obseved satellites is the following:
PROBA-1, CRYOSAT-2, ENVISAT, JASON-2,
METOP-A, GRACE-1 and STARLETTE.

The distribution of these satellites in terms of semi-
major axis andinclinationis given in Figure 1.
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detail s of the passes are given in Table 2-2.
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Figure 2-1: Distribution of tracked saellites over an
altitude-inclination graph

Due to the commonalty of Monge obsevations with
other on-going campaigns, the list of saellit es that were
observed by the Mongg, was slightly different. It was:
SROT-5, ENVISAT, STARLETTE, EXPLORER-27,
STELLA, GRACE, and JASON.

EXPLORER-27 had a spedfic interest becaise of being
on an ecceatric orbit with a low inclination, thus
providing different charaderistics than other saellites.
Nevertheless its low inclination prevented it from being
deteded by CAMRa most of the time.

The charaderistics of the orbits of al the sadllites are
summarized on Table 2-1:

Satellite Altitude (km) | Inclination (deg)
PROBA-1 615 97.9
CRYOSAT-2 717 92
ENVISAT 782 985
JASON-2 1336 66
METOP-A 840 988
GRACE-1 400 89
STARLETTE 812 498
SPOT-5 830 987
EXPLORER27 941/1304 4118
STELLA 803812 9855

Table 2-1: Characteristics of the orbits of the tracked
saellites

2.2 Thetracking campaigns

The obsavations were organized in two separate
campaigns, one at the end of 201Q and the second one
by the spring 2011

The detail s of the 2010 campaign are given in [1]. This
first campaign used EISCAT and CamRa radars, getting
a total of a hunded passes of the sdeded sadllites
(Chilbolton obseaved other additional saellites). The
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Satellite CAMRa passes EISCAT
Metop-A 9 8
Envisa 5 7
Proba-1 5 9
Jasm-2 4 12
Cryosd-2 7 12
Starlette 15 0
Gracel 7 0
TOTAL 52 48

Table 2-2: Synthesis of the acquired passes for the two
sensing asses during the first tracking campaign

The second obsavation campaign was scheduled by
April/May 2011 Since the avail ability of the Monge
was more limited than Chilbalton, it was the main facor
to fix the dates.

After afew iterations, the obsevations were planned on
the foll owing dates:

= 8" + 11-13" April, 11-13" May: on these
dates, both asses, CAMRa and MONGE
tradked the sae€llites

= April 23-25" these extra dates were added
spedficdly to tradk the saellites Jasan-2 and
Gracewith Monge. CAMRa did nat tradk any
saellit es during thesetwo days.

During the redizaion of the campaigns, the slot of
April 24" for GRACE satellit e had to be canceled anda
new slot was rescheduled on April 26™.

The passes that were finally aaquired during the second
tracking campaign are summarized on Table 2-3.

Satellite CAMRa passes MONGE

Spat-5 12 9

Envisa

Starlette

Stella

Grace

5
3
Explorer-27 6
7
9
1

| O 0| M M

Jasm

TOTAL 43 45

Table 2-3: Synthesis of the acquired passes for the two
sensing asses during the secondtracking campaign




3 CAMPAIGN DATA PROCESSING

Since the operational orbits are accessble, it was
possible to process the data in two steps: first, the
residuals were computed and the charaderistics of the
assés, and second, the orbits were restituted using a
Kaman filter.

3.1 Computation of theresiduals

Theresultsfor EISCAT and Chil bolton were detail ed on
previous paper [1] and as follows there are the residuals
for afew passes obtained with the Monge asst.

It is worth nating that the residuals are computed
withou the corredion of ioncsphere propagation delay
(the effed was of course introduced for orbit
restitution), so the signature of ioncsphereis expeded to
be visible (mainly on the low elevation measurements,
and depending on the band of the radar).

Only the information on the range has been use for the
orbit determination, the information on anguar
variablesis given only in s&e of completion.

Envisat residuals

500 800
Apr 2011 1322

Figure 3-1: Example of measurement residuds for
JASON-2 passtaken with a Monge assé the 24th April
(rangeis the way-back distance)

Jason-2 residuals

Figure 3-2: Example of measurement residuds for
Jason-2 passtaken with Monge assé the 24th of April
(range is the way-back distance)

3.2 Orbit Determination

The orbit determination consist in fitting the datainto a
dynamicd model of the orbit in order to minimize the
diff erence between the expeded meassurements and red.
This processrequires an extremely detailed desaiption
of the environment model and the forces ading on the
saellite.

For this study, he orbit determination was redized using
commercial sditware STK/ODTK, which is desaibed,
for example, in[6].

ODTK performs the treament of datain threesteps:

» First, a lesst square methods is usal to obtain a
good first guest to be introduced on the Kalman filter
(the Kalman filter is particularly sensitive to the quality
of initial condtions). The initial guest for the least
square method is the initia state isswed from the
avail able two-line el ements.

» Semnd aforward Kalman filteringis used to obtain
araw determined orbit.

= Third, a bakwards Kalman filtering is usel to
refine previous orbit and get the final predseorbit.

The dynamicd model that have been usel is the
following:

=  Gravity model to the order 70x70
»= Solid Earth Tides

=  Ocea Tides

= Third bodygravity effed



The first step when treding new data consiss on
charaderising the asst using well-known
measurements. Thanks to the operationa orbits that
were provided by saellit e operators, it was possble to
cdibrate the sexsasin terms of bias and noise

Once this task concluded, the orbits were restituted
using red measuements. Several parameters of the
restitution were tested in order to evaluate its impad.
Namely, the foll owing parameters were tested:

= Theinfluenceof the gravity field harmonics

= The estimation of the S/m ratio and its
variability

=  Theatmospheric and ioncspheric model

= Theinitial covariance matrix

All these parameters were adjusted in order to obtain
optimal resuts. The whale se of parameters that have to
be tuned for optimal orbit determination are listed in
Figure 3-3.

Parameters

Figure 3-3: Orbit determination parameters

3.3 Results exploitation

Resuts of Orbit Determination are provided in terms of
residuals with resped to measurements and in terms of
distanceto the reference orhit.

For synthetic resuts, the distance to reference orbit is
provided in RMS (Root Mean Square) of the along-tad,
crosstradk, radia stand-off vedor between reference
and determined orbit in 1 minutes time steps over a 24h
arc centred in the Orbit Determination epoch.

The definition of the results is visualy explained in
Figure 3-4.

Overall observation period

OD epoch = centre of the
N observation period
Visibility pass I

— i B s I i Bl i s

Reference 24h period for RMS
computation of OD error

Figure 3-4: Definition of the error that has been used to

ewaluate the performances of the radars.

Using this definition, the errors obtained with the
Monge measurements are the foll owing:

Alongtradk | Crosstradk Radial
RMS (m) RMS (m) RMS (m)
Spat-5 210 14 6
Stella 245 34 16
Jasm-2 17 72 6
Gracel 175 11 31
Envisa 100 14 8

Table 3-1: Summary of the precision of the orbits
determined using Monge measurements

The orbits were aso determined using al the avail able
data, including Chilbodton passes, but due to the
difference of acarracy between the measurements of the
two radars, noimprovement was deteded.

4 CONCLUSIONS

This paper presents the scheduling and the exeaution of
the severa radar tradking campaign as well as the
processing of the obtained data that were performed in
the frame of the ESA CO-VI study.

The campaign was defined in order to alow tradking
experiments on objeds spanning a wide dltitude vs
inclination window, covering the LEO domain. Beside
the assessent of the existing radar means capability to
redize trakking campaigns, the important number of
passe successfully rewvered from the CAMRa,
EISCAT and the Monge have permitted to perform a
parametric  investigation of  orbit  resttution
performance, considering combinations of passes over
time, and over the threeassés.

The results show heterogeneous performance on the
asse considered. CAMRa and EISCAT shows lower
acaracy with resped to Monge dedicaed assé.
However, foreseen improvements should help providing
enhanced performances.
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