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ABSTRACT

The Space Safety Expert Centre, developed within the
framework of ESA’s Space Safety Programme (S2P) and
hosted by the Astronomical Institute at the University
of Bern, provides an extensive array of services to ad-
dress the increasingly complex challenges of space de-
bris. By fostering a robust network of diverse stakehold-
ers and data providers, the Expert Centre is strategically
positioned to offer a comprehensive suite of services for
the Space Situational Awareness (SSA) and Space Traf-
fic Management (STM) domain. Attitude catalogue ser-
vice of the Expert Centre plays a pivotal role for the at-
titude motion characterization of the Resident Space Ob-
jects (RSO) based on the ground based observations. This
characterization is crucial for the applications such as ac-
tive debris removal and in-orbit servicing missions. We
illustrate this service by presenting results from coordi-
nated observation campaigns involving multiple sensors
over the span of a year. These campaigns aimed to ac-
quire more than 400 light curves of at least one hundred
RSOs of varying shapes and orbital regimes. Following
an overview of the infrastructure used to acquire and an-
alyze these light curves, we discuss a selection of notable
cases. Moreover, we summarize two other related ser-
vices of the Expert Centre —Validation and Qualification
(V&Q) of ground based optical sensors that contribute
data towards SSA/STM applications and support in stan-
dardization of data formats. Recently, the V&Q service
has been successfully offered to 21 sensors across the
world. We highlight the benefits of this service for the
sensor operators and their customers. On the other hand,
Expert Centre has undertaken reviews of existing inter-
national data format standards and provided recommen-
dations, improvised versions of these standards to aid
further analyses based on the raw observation data. As
the Expert Centre transitions to a new legal structure, we
also outline our roadmap for upcoming developments and
present avenues for collaboration, inviting the commu-
nity to join us in advancing space safety initiatives and

becoming a part of the solution for safe and sustainable
operations in the space.
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1. INTRODUCTION

Over past 10 years, Space Safety Expert Centre (hereafter
the Expert Centre) has been developed within the Eu-
ropean Space Agency’s (ESA) Space Safety Programme
(S2P). It is hosted at the Astronomical Institute, Univer-
sity of Bern (AIUB). Its mission is to enhance our un-
derstanding of the near-Earth space environment while
contributing to a safer and more sustainable operations
in space by offering services and support for Space Sit-
uational Awareness (SSA) and Space Traffic Manage-
ment (STM). It facilitates various applications, includ-
ing tasked tracking, survey, and characterization obser-
vations, currently utilizing ground-based passive optical
systems, and satellite laser ranging (SLR) stations. These
observations are sourced from a diverse sensor network,
integrating commercial, academic, research, governmen-
tal, and intergovernmental institutions. The Expert Cen-
tre is responsible for sensor planning, data quality con-
trol, analysis, calibration, and applying format conver-
sions/relevant corrections when necessary. While provid-
ing its services to the stakeholders, it oversees the mon-
itoring of Key Performance Indicators (KPIs) as defined
in Service Level Agreements (SLAs), ensuring the qual-
ity of data procured from several possible sources.

Over last decade, the Expert Centre project has been
evolved through different phases of the development,
testing, deployment, and operation [ 1] [2] [3] [4]. As a
consequence of such phases, it is capable of offering a
range of services tailored to its several stakeholders.

An overview of such services for the SSA/STM ecosys-
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Figure 1. Space Safety Expert Centre: stakeholders, services, network of sensors and observation types [5|].

tem is presented in Section 2] In Section 3] the attitude
catalogue service of the Expert Centre is presented. In
Section [} a brief overview of Validation and Qualifica-
tion (V&Q) service is provided while such service is de-
scribed in details in [5]]. Section [5]highlights the support
to standardization offered by the Expert Centre. Subse-
quent section provides the road-map for future of the Ex-
pert Centre, with a possibility of increasing its service
portfolio. Finally, acknowledgments for this work are
presented.

2. OVERVIEW OF SERVICES

IFigure I|shows an overview of various stakeholders, ser-
vices, types of sensors and observation techniques that
the Expert Centre often works with. Current service port-
folio of the Expert Centre includes data acquisition and
attitude catalogue service for assessing the state or atti-
tude of resident space objects (RSOs), as well as support
for re-entry and conjunction event observations. For sen-
sor operators and owners, it provides data quality moni-
toring services, such as V&Q and data calibration service.
For those sensor owners and operators that need a deeper
independent investigation of their data reduction software

pipelines, hardware infrastructure, the Expert Centre can
provide its subject matter expertise support. Additionally,
the Expert Centre contributes to the standardization of
data formats by reviewing existing standards and propos-
ing improvements. Research and development remain a
core aspect of its activities, driving scientific advance-
ments and solutions for space debris-related challenges.

As illustrated in the Expert Centre’s services
cater to a wide array of stakeholders. In recent years, its
primary focus has been on serving its main institutional
client, the ESA Space Debris Office. However, it has also
extended its specialized services to sensor operators who
either provide or plan to provide observational data ac-
quired through various Space Surveillance and Tracking
(SST) techniques. Along with its affiliation with an aca-
demic research institution like AIUB, the Expert Centre
has also frequently collaborated with other research and
academic organizations. Additionally, certain services
developed within the Expert Centre are particularly rel-
evant to commercial and private-sector entities operating
in the SSA domain. For instance, companies engaged in
active space debris removal (ADR) missions benefit sig-
nificantly from attitude motion characterization of RSOs
of interest. Furthermore, the Expert Centre possesses
both the expertise and the commitment to collaborate



with other National Expert Centres, Centres of Excel-
lence, international organizations, governmental bodies,
non-governmental organizations (NGOs), and non-profit
organizations — fostering partnerships in standardization
efforts, policy-related initiatives, and capacity-building
activities.

3. ATTITUDE CATALOGUE SERVICE

3.1. Introduction

With the growing population of space debris, the impor-
tance of attitude motion characterization of RSOs across
different orbital regimes is widely recognized within the
SSA domain. Estimating the rotational properties of
these objects — such as spin period, spin-axis orienta-
tion, and their long-term evolution — is critical for future
ADR and in-orbit servicing missions. Additionally, con-
tinuous monitoring is essential to study the long-term ef-
fects of various perturbing forces on their attitude motion.
Recognizing this need and leveraging years of expertise
in this area, the Expert Centre has developed the Attitude
Catalogue service.

This service primarily utilizes ground-based observa-
tions of high-priority objects, including defunct payloads,
rocket bodies, fragmentation debris, and uncorrelated ob-
jects detected during coordinated surveys. These obser-
vations are compilation of data packets referred to as light
curves. A light curve is a time-series of discrete mea-
surements of an object’s brightness (intensity/magnitude)
over a specific observation period [6] — which is typ-
ically equal to or shorter than the duration of its visi-
ble pass over a given sensor. To ensure comprehensive
coverage, the Expert Centre collects observational data
from multiple sensors, optimizing observation strategies
while performing in-depth analysis of the received light
curves data. The results of this analysis are then made
available to key stakeholders, including ESA, academic
researchers, and commercial partners, contributing to im-
proved understanding and monitoring of such objects.

The Attitude Catalogue service is supported by a robust
infrastructure, developed through previous ESA initia-
tives. SLAs for data procurement have been established,
along with rigorous data quality monitoring procedures.
Additionally, relevant software infrastructure has been
developed, tested, and deployed to facilitate the storage of
both raw observational data and processed results. This
infrastructure is designed to be scalable, allowing future
adaptations and enhancements. In principle, the Expert
Centre can provide primary analysis, for estimated ap-
parent rotation periods, for any selected object of interest
as long as its visible (illuminated by Sun with adequate
brightness) through its sensor network.

In Section [3.2] few key details about the data procure-
ment and processing using the Expert Centre tools are
provided. Section [3.3|then summarizes the results of re-

cent observation campaigns that were coordinated to pop-
ulate Expert Centre’s attitude catalogue, serving as a key
demonstration of the Attitude Catalogue service. In Sec-
tion remarks concerning subsequent possible analy-
sis of such acquired data are provided.

3.2. Data procurement and processing

To deliver the Attitude Catalogue service, the Expert
Centre coordinates observation campaigns with one or
more ground-based optical sensors for a selected list of
targets. As outlined earlier, SLAs with sensor owners
establish the legal framework for data procurement and
define agreed quality metrics. Detailed technical require-
ments for light curve observations—including data for-
mat specifications via an Interface Control Document
(ICD) and expected data volume — are communicated to
sensor operators. The target list is periodically reviewed
based on sensor limitations, target observability, and the
required observation timeline. Additionally, key sensor
infrastructure details are documented using a sensor de-
scription form and stored in the Expert Centre’s database.

Once all prerequisites are met, sensor operators schedule
observations for the designated targets. The Expert Cen-
tre supports this process by providing tasking data (e.g.
ephemerides, visibility windows) on a nightly/weekly ba-
sis and optimizing observation opportunities over weekly
or monthly periods. If necessary and deemed feasible, si-
multaneous observations from multiple sensors can be re-
quested for the same target. After each observation night,
reduced light curve data is transferred to the Expert Cen-
tre via a predefined data exchange endpoint (such as the
Expert Centre SFTP server). Any additional remarks, es-
pecially on the weather conditions during the observation
night are also provided by the sensor operators to the Ex-
pert Centre.

Upon receiving the observation data, the Expert Centre
operator ingests it into the attitude catalogue, incorporat-
ing any supplementary remarks. Each light curve is then
analyzed, with an initial focus on estimating the apparent
rotation period using the Generalized Lomb-Scargle Peri-
odogram method [7]]. The results are stored in dedicated
database tables within the attitude catalogue for further
reference.

The attitude catalogue features a graphical user interface
with two interactive dashboards for data visualization.
[Figure 2| illustrates the dashboard used by Expert Cen-
tre operators to inspect each light curve of various ob-
jects. This dashboard allows visualization of magnitude
information as well as supplementary information such as
astrometric angles, elevation, phase angles. Meanwhile,
as shown in another dashboard displays varia-
tions in estimated apparent rotation periods over time for
a given object, providing valuable insights into its attitude
evolution.
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Figure 2. Example of ’Light Curve’ dashboard connected to the Expert Centre Attitude Catalogue Database.

88 General / Rotational period ¢«

221740 -

COSPARID 22174C

Figure 3. Example of 'Rotational Period’ dashboard con-
nected to the Expert Centre Attitude Catalogue Database.

3.3. Observation Campaigns

This section presents the results of recent light curve ob-
servation campaigns coordinated by the Expert Centre.
Following these observations, the attitude catalogue was
updated with acquired light curves and the corresponding
analysis results. The campaigns began in December 2023
and were conducted in three phases: build-up, mainte-
nance, and priority. Each phase progressively focused
on a smaller subset of targets that exhibited intriguing
attitude motion characteristics. [Table 1] summarizes the
key specifications of the sensors involved in the first two
phases of these campaigns.

For these observation campaigns, more than 150 RSOs of
varying shapes and sizes[ﬂ located across different orbital
regimeq} were selected as targets of interest. The follow-
ing list outlines some of the key categories of selected
targets. As seen, rocket bodies from multiple launch
vehicles were included, along with payloads from var-

This information is obtained from [8].
20rbital regime definitions follow those provided in [9].

ious Global Navigation Satellite System (GNSS) con-
stellations, such as Global Positioning System (GPS),
Galileo, Global’naya Navigatsionnaya Sputnikovaya Sis-
tema (GLONASS), and BeiDou.

* Fregat upper stage rocket bodies from Soyuz launch
vehicle

* Rocket bodies from Falcon 9 launch vehicle

* SL-14 rocket bodies from Tsyklon-3 launch vehicle
* Rocket bodies from Pegasus launch vehicle

» Rocket bodies from Ariane 3/4/5 launch vehicles

* Rocket bodies from H-2A launch vehicle

* GPS satellites

* Galileo satellites

* GLONASS satellites

* BeiDou satellites

¢ Communication satellites such as TDRﬂ Astra,
Gorizont

In total, more than 300 light curves were acquired for tar-
gets of interest such as above, since December 2023 until
beginning of March 2025. Observation campaigns are
still ongoing with particular focus on acquiring data us-
ing CMOS sensors (which provide higher sampling rate)
during the priority phase.

3Tracking and Data Relay Satellite System




Table 1. Sensors currently participating in the observation campaigns coordinated for the Attitude Catalogue service

provision by the Expert Centre.

Sensor name  Owner/operator

Observatory

Field of View Aperture [m]
[degrees]

AGO70

Faculty of Mathematics, Physics, Astronomical and Geophys- 0.475x0.475 0.7

and Informatics at Comenius Uni- ical Observatory, Modra

versity, Bratislava
ORI-22

Group of Astrodynamics for the ISON-Castelgrande Obser- 4.0x 4.0 0.22

Use of Space Systems (GAUSS) vatory, Castelgrande

S.rl
ZimLAT-CCD AIUB

Swiss Optical Ground Sta- 0.22 x 0.22 1.0

tion and Geodynamics Ob-
servatory, Zimmerwald

In following sub-sections, some selected cases of ac-
quired light curves and their analysis for the apparent ro-
tation periods are highlighted. Sensor operators of ORI-
22 and ZimLAT-CCD sensor often provided outcome of
their own analysis while providing observation data to the
Expert Centre. Such an analysis by the sensor operator of
ORI-22 sensor was primarily based on the Phase Disper-
sion Minimization method [10]] or sometimes the Lomb-
Scargle Periodogram [11]. Sensor operator of ZimLAT-
CCD sensor also provided outcome of independent anal-
ysis based on the Phase-diagram reconstruction method
[6]. In following sub-sections, various targets are referred
by their name and in brackets first international designa-
tor (i.e. COSPARE] ID) is listed, followed by associated
NORADF|ID.

3.3.1. Fregat upper stage rocket bodies

LC acquired by ORI-22 for target 40083 on 2024-11-24
Max sampling rate (Hz) = 0.2
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Figure 4. Light curve acquired for Fregat R/B (NORAD
40083) during the observation night of 2024-11-24 by
ORI-22 sensor.

In this section, light curves for a particular Fregat
rocket body are presented. [Figure 4| and [Figure 3|
show the acquired light curves for ‘Fregat R/B (2014-
038E/40083)’ by the ORI-22 sensor. This rocket body

4Committee on Space Research
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LC acquired by ORI-22 for target 40083 on 2024-12-17
Max sampling rate (Hz) = 0.2
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Figure 5. Light curve acquired for Fregat R/B (NORAD
40083) during the observation night of 2024-12-17 by
ORI-22 sensor.

is in Medium Earth Orbit (MEO) and it has irregular
shape (width/depth of 3.3 m and height of 1.7 m). Ac-
quired light curves indicate that the rocket body is spin-
ning. Sensor operator estimated apparent rotation peri-
ods as 324.25 seconds and 325.2 seconds respectively.
Expert Centre’s analyses led to estimated periods of
161.574 £7.496 seconds and 163.271 +£6.112 seconds re-
spectively. As per a prior work that tested different meth-
ods for spin period extraction [12]], for rotation periods
up to 40% of the observation duration (length of the light
curve), the Lomb-Scargle algorithm has been found to
detect period value or half of such value.

3.3.2. Falcon-9 rocket bodies

One of the Falcon-9 rocket body of interest was ‘Falcon-9
R/B (2022-174C/54757)’. |[Figure 6|and [Figure 7|show the
light curves acquired for this target by ZimLAT-CCD sen-
sor during early 2024. This rocket body is in MEO and it
has cylindrical shape (diameter of 3.66 m and span/height
of 15.53 m). Acquired light curves indicate that the
rocket body is spinning. Sensor operator estimated ap-
parent rotation periods as 135.4 seconds and 131.55 sec-
onds respectively. In close agreement with such analy-




ses, Expert Centre’s analyses led to estimated periods of
137.376 +6.886 seconds and 132.292 +19.884 seconds
respectively. For the first light curve, sudden drop in the
magnitude can be attributed to lower elevation of the tar-
get towards the end of observation duration.

Light-curve of 22174C acquired on 2024-01-30
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Figure 6. (Top) Light curve acquired for Falcon-9 R/B
(NORAD 54757) during the observation night of 2024-
01-29 by ZimLAT-CCD sensor. (Bottom) Elevation vs
time during the observation duration.

Light-curve of 22174C acquired on 2024-02-05

Time in sec from MJD: 60345.03615955

Figure 7. Light curve acquired for Falcon-9 R/B (NO-
RAD 54757) during the observation night of 2024-02-04
by ZimLAT-CCD sensor.

Another target of interest was ‘Falcon-9 R/B (2021-
001B/47307)’. |Figure 8| and [Figure 9| show the light
curves acquired for this target by ZimLAT-CCD sensor
during April 2024. Although it has same shape and
dimensions as ‘Falcon-9 R/B (2022-174C/54757)’, this
rocket body is in Highly Eccentric Earth Orbit (HEO).
Sensor operator estimated apparent rotation periods as
157.913 seconds and 158.25 seconds respectively. On
the other hand, Expert Centre estimated periods of 79.251
+2.699 seconds and 79.213 £2.367 seconds respectively.

3.3.3. SL-14 rocket bodies

Two SL-14 rocket bodies are shown as examples for

this category of targets. and

show the light curves acquired for ‘SL-14 R/B (1996-
009G/23793)* and ‘SL-14 R/B (1987-068B/18313)’ re-
spectively. Both of these rocket bodies are in Low Earth
Orbit (LEO), and have cylindrical shape (diameter of

Light-curve of 21001B acquired on 2024-04-02
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Figure 8. Light curve acquired for Falcon-9 R/B (NO-
RAD 47307) during the observation night of 2024-04-02
by ZimLAT-CCD sensor.

Light-curve of 21001B acquired on 2024-04-11
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Figure 9. Light curve acquired for Falcon-9 R/B (NO-
RAD 47307) during the observation night of 2024-04-11
by ZimLAT-CCD sensor.
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Figure 10. Light curve acquired for SL-14 R/B (NORAD
23793) during the observation night of 2024-08-29 by
ZimLAT-CCD sensor.

Light-curve of 87068B acquired on 2024-07-28
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Figure 11. Light curve acquired for SL-14 R/B (NORAD
18313) during the observation night of 2024-07-28 by
ZimLAT-CCD sensor.

2.4 m and span/height of 2.7 m). Acquired light curve
seemed ‘stable’ - without indicating any apparent rota-
tion period (when independently analyzed by the sensor
operator and by the Expert Centre). Simple signal present
in these light curves, seen when visually inspected, is the
result of changing phase and elevation angles for the tar-
get during the observation duration. For the second light



curve, sudden drop in the magnitude can be attributed to
target’s entrance into Earth’s shadow towards the end of
observation duration.

3.3.4. Ariane 5 rocket bodies

One of the Ariane 5 rocket body of interest was ‘Ariane 5
R/B (2016-069E/41863)’. [Figure 12|and [Figure 13|show
the light curves acquired for this target by ZimLAT-CCD
sensor while[Figure 14 shows the light curve acquired by
ORI-22 sensor. This rocket body is in Navigation Satel-
lites Orbit (NSO)/MEO, and has cylindrical shape with a
cone (diameter of 3.9 m and span/height of 4 m). For the
light curve shown in[Figure 12] sensor operator estimated
period of 4.361 seconds, while the Expert Centre esti-
mated period of 4.3606 +0.0065 seconds. In this figure,
outcome of analysis by the Expert Centre is also shown
as an example.
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Figure 12. (Top) Light curve acquired for Ariane 5 R/B
(NORAD 41863) during the observation night of 2024-
04-18 by ZimLAT-CCD sensor. (Bottom) Outcome of
power-frequency analysis using the Generalised Lomb-
Scargle Periodogram.

Following the first light curve, further observations of this
rocket body also indicated that it is a fast rotator object.
For the light curve shown in sensor operator
and the Expert Centre estimated periods of 4.364 seconds
and 4.362 seconds respectively. For the light curve shown

Light-curve of 16069E acquired on 2024-05-25
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Figure 13. Light curve acquired for Ariane 5 R/B (NO-
RAD 41863) during the observation night of 2024-05-25
by ZimLAT-CCD sensor.

in[Figure T4] another sensor operator and the Expert Cen-
tre estimated periods of 4.36 seconds and 16.934 seconds

respectively.

LC acquired by ORI-22 for target 41863 on 2025-02-28
Max sampling rate (Hz) = 0.2
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Time in sec from MJD (UTC): 60734.094438657405

Figure 14. Light curve acquired for Ariane 5 R/B (NO-
RAD 41863) during the observation night of 2025-02-27
by ORI-22 sensor.

Moreover, another Ariane 5 rocket body was also ob-
served - ‘Ariane 5 R/B (2020-005D/45029)’. This rocket
body is in LEO-MEO Crossing Orbit (LMO), and has
cylindrical shape with a nozzle (diameter of 5.45 m and
height/span of 7 m). shows a light curve ac-
quired for it by ZimLAT-CCD sensor. For such a light
curve, sensor operator estimated period of 2.919 seconds,
while the Expert Centre estimated period of 6.333 +0.127
seconds. Further observations (not shown here) and anal-
ysis also led to the conclusion that this target is a fast
rotator object.

Light-curve of 20005D acquired on 2024-10-28
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Time in sec from MJD: 60611.92642414

Figure 15. Light curve acquired for Ariane 5 R/B (NO-
RAD 45029) during the observation night of 2024-10-28
by ZimLAT-CCD sensor.



3.3.5. H-2A rocket bodies

As an example of H-2A rocket body, light curves
are shown in this section for ‘H-2A R/B (2006-
004B/28938)’. This rocket body is in LMO, and has
cylindrical shape (diameter of 4 m and span/height of
9.2 m). During the initial build-up phase, light curves
for this object were acquired only by ORI-22 sensor and
these are shown in |[Figure 16|and |Figure 17} Sensor op-
erator estimated periods of 287.63 seconds and 284.36
seconds respectively based on these light curves. In close
agreement with such results, Expert Centre’s independent
analyses led to periods of 289.726 £15.923 seconds and
281.935 £22.885 seconds respectively. Due to such in-
teresting outcome, the target was selected for further ob-
servations under the subsequent maintenance phase, to be
observed by AGO70 sensor.

LC acquired by ORI-22 for target 28938 on 2025-02-13
Max sampling rate (Hz) = 0.167
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Figure 16. Light curve acquired for H-2A R/B (NORAD
28938) during the observation night of 2025-02-13 by
ORI-22 sensor.

LC acquired by ORI-22 for target 28938 on 2025-02-16
Max sampling rate (Hz) = 0.2
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Time in sec from MJD (UTC): 60722.791684027776

Figure 17. Light curve acquired for H-2A R/B (NORAD
28938) during the observation night of 2025-02-16 by
ORI-22 sensor.

[Figure 18| and |[Figure 19| show the light curves acquired
for ‘H-2A R/B (2006-004B/28938)’ by AGO70 sensor.
Expert Centre’s analyses for these light curves led to pe-
riods of 153.826 +10.164 seconds and 158.482 +10.335
seconds respectively. More observations are foreseen for
this target during the subsequent phase of observations.
Further characterization of rotation axis orientation for
such rocket body is also possible, given its shape and re-
flective properties of various surfaces.

LC acquired by AGO_70 for target 060048 on 2025-03-05
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Figure 18. Light curve acquired for H-2A R/B (NORAD
28938) during the observation night of 2025-03-05 by
AGO?70 sensor.

LC acquired by AGO_70 for target 060048 on 2025-03-09
Max sampling rate (Hz) = 0.269
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Figure 19. Light curve acquired for H-2A R/B (NORAD
28938) during the observation night of 2025-03-09 by
AGO?70 sensor.

3.3.6. GPS satellites

One of the GPS satellites of interest was ‘NAVSTAR 31
(1993-017A/22581)’. This is an inactive/retired GPS
satellite in NSO/MEO regime with box-wingﬂ shape
(width/depth of 1.8 m, span of 5.3 m, and height of 2.4
m). [Figure 20| and [Figure 21| show the light curves ac-
quired for this payload by ORI-22 sensor during Novem-
ber 2024. While for the first light curve, neither sensor
operator nor the Expert Centre could reliably estimate
any period, the second light curve led to estimated pe-
riod between 7.479 and 7.488 seconds by the sensor op-
erator, and a period value of 15.453 +0.231 seconds was
estimated by the Expert Centre.

Due to such interesting outcome, the target was selected
for further observations under the subsequent mainte-
nance phase, to be observed again by ORI-22 sensor.
Jure 22] shows the light curve acquired recently for this
target. Although sensor operator could not estimate any
period value, Expert Centre’s analysis led to estimated
period of 16.962 +3.452 seconds.

An example of light curve acquired for active/operational
GPS satellite - viz. ‘NAVSTAR 65 (2010-022A/36585)’
- is shown in [Figure 23] This payload is in NSO/MEO
regime with box-wing shape but different dimensions

6Box and two solar-panels.
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Figure 20. Light curve acquired for NAVSTAR 31 during
the observation night of 2024-11-06 by ORI-22 sensor.

LC acquired by ORI-22 for target 22581 on 2024-11-22
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Figure 21. Light curve acquired for NAVSTAR 31 during
the observation night of 2024-11-22 by ORI-22 sensor.
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Figure 22. Light curve acquired for NAVSTAR 31 during
the observation night of 2025-03-05 by ORI-22 sensor.

(width/depth of 1.8 m, span of 18 m, and height of 2.5 m).
However, its light curve seems to be ‘stable’ and such a
behavior is expected for 3-axis stabilized spacecraft. Nei-
ther sensor operator nor the Expert Centre could estimate
any period based on this observed light curve. Simple
signal present in this light curve, seen when visually in-
spected, is the result of changing phase and elevation an-
gles for the target during the observation duration.

3.3.7. Galileo satellites

As an example of Galileo satellites, light curves are
shown in this section for ‘GIOVE-A (2005-051A/28922)’.

LC acquired by ORI-22 for target 36585 on 2024-11-05
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Figure 23. Light curve acquired for NAVSTAR 65 during
the observation night of 2024-11-05 by ORI-22 sensor.

This is an inactive/retired Galileo satellite in NSO/MEO
regime with box-wing shape (width/depth of 1.8 m, span
of 11 m, and height of 1.3 m). [Figure 24] and [Figure 23|
show the light curves acquired for this target by ORI-
22 and AGO70 sensors respectively. For the first light
curve, sensor operator reported estimated period value
of 1204.8 seconds. Expert Centre’s analysis based on
first light curve led to estimated period value of 301.466
+10.407 seconds. For the second light curve, period value
of 265.455 £29.199 seconds was estimated by the Expert
Centre. Another light curve (not shown here), with ob-
servation duration over 40 minutes, also led to estimated
apparent rotation period of 275.135 +9.306 seconds.

LC acquired by ORI-22 for target 28922 on 2024-12-28
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Figure 24. Light curve acquired for GIOVE-A during the
observation night of 2024-12-28 by ORI-22 sensor.

LC acquired by AGO_70 for target 05051A on 2025-03-06
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Figure 25. Light curve acquired for GIOVE-A during the
observation night of 2025-03-06 by AGO70 sensor.



3.3.8. GLONASS satellites

Satellites of the GLONASS constellation were other tar-
gets of interest, and two examples are described in this
section. ‘COSMOS 1413 (1982-100A/13603)" is re-
tired/inactive GLONASS payload in NSO/MEO regime.
It has cylindrical shape with 2 solar panels (span of 8.356
m, diameter of 1.01 m, and height of 3.47 m).
and [Figure 27| show the light curves acquired for this tar-
get by AGO70 sensor during January 2025. Expert Cen-
tre’s analyses for the apparent rotation period revealed
that this is a fast rotator object, with estimated periods
of 10.905 +0.053 seconds and 10.935 +1.8237 seconds
respectively.

LC acquired by AGO_70 for target 82100A on 2025-01-18
Max sampling rate (Hz) = 0.263
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Figure 26. Light curve acquired for COSMOS 1413 dur-
ing the observation night of 2025-01-18 by AGO70 sen-
sor.

LC acquired by AGO_70 for target 82100A on 2025-01-30
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Figure 27. Light curve acquired for COSMOS 1413 dur-
ing the observation night of 2025-01-29 by AGO70 sen-

Sor.

On the other hand, observations were also coordinated for
another retired/inactive GLONASS payload - ‘COSMOS
1520 (1983-127B/14591)’. Two light curves acquired
for this target during November 2024 by AGO70 sensor
are shown in [Figure 28] and [Figure 29} This target is in
the same orbital regime and has same shape and dimen-
sions as that of COSMOS 1413. However, Expert Cen-
tre’s analyses for the apparent rotation period revealed
that this is comparatively slower rotating object, with es-
timated periods of 222.943 +20.436 seconds and 223.296
+16.631 seconds respectively.

LC acquired by AGO_70 for target 831278 on 2024-11-01
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Figure 28. Light curve acquired for COSMOS 1520 dur-
ing the observation night of 2024-11-01 by AGO70 sen-
sor.

LC acquired by AGO_70 for target 831278 on 2024-11-05
Max sampling rate (Hz) = 0.263
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Figure 29. Light curve acquired for COSMOS 1520 dur-
ing the observation night of 2024-11-04 by AGO70 sen-
sor.

3.3.9. BeiDou satellites

As an example of BeiDou satellites, light curves
are shown in this section for ‘Beidou 1B (2000-
082A/26643)’. This is an inactive/retired BeiDou satellite
in Extended Geostationary Orbit (EGO) with box-shape
and one panel (width/depth/height of 3 m, and span of 6
m). [Figure 30| and [Figure 31| show the light curves ac-
quired for this target by ZimLAT-CCD and ORI-22 sen-
sors respectively. For these three light curves, sensor
operators reported estimated apparent rotation periods of
30.12 seconds, 30.157 seconds, and 30.157 seconds re-
spectively. The Expert Centre estimated apparent rotation
period of 7.528 £12.738 seconds for light curve shown in
For the two light curves acquired during the
night of 2024-10-30, periods of 29.657 +0.2904 seconds
and 30.179 +0.1502 seconds were estimated respectively.
also shows an example of phase-diagram gen-
erated by the sensor operator of ZimLAT-CCD during the
analysis using Phase-diagram reconstruction method.

3.3.10. Communication satellites

As examples of light curves acquired and analyzed for
the communication satellites, we discuss two cases -
for one of the Gorizont satellites and the AMC-5 satel-
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Figure 30. (Top) Light curve acquired for Beidou 1B dur-
ing the observation night of 2024-10-28 by ZimLAT-CCD
sensor. (Bottom) Phase-diagram generated during the
analysis of acquired LC by the sensor operator.

lite. ‘Gorizont 3 (1979-105A/11648)’ is a decommis-
sioned Russian civil communications satellite. It is in
EGO/Geostationary Orbit (GEO), and has a cylindrical
shape with two panels (height of 5.44 m, diameter of 3.3
m, and span of 9.5 m). Two light curves were acquired
for this target by the AGO70 sensor on two consequent
nights, as shown in[Figure 32]and [Figure 33| Expert Cen-
tre’s analysis led to apparent rotation periods of 28.344
+0.2758 seconds and 28.32 +0.2678 seconds respectively
based on these light curves.

On the other hand, ‘AMC-5/GE-5 (1998-063B/25516)’ is
retired commercial communications satellite, currently in
EGO orbital regime. It has box-wing shape (width/depth
of 1.6 m, height of 2.2 m, and span of 22.4 m). Two light
curves were also acquired for this target by the AGO70
sensor in January 2025, as shown in [Figure 34| and [Fig-|
Expert Centre’s analysis led to apparent rota-
tion periods of 105.311 +4.5477 seconds and 104.244
+3.5377 seconds respectively based on these light curves.

3.4. Follow-up analysis

In this work, only the results of primary analysis for
the apparent rotation periods based on light curves are
shown. In certain cases, even further characterization of
attitude motion is possible for the RSO, given known in-
formation about its shape (e.g. availability of 3D model),
surface properties, precise/reference orbits etc. The pos-
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Figure 31. Two light curves acquired for Beidou IB dur-
ing the observation night of 2024-10-30 by ORI-22 sen-

sor.

LC acquired by AGO_70 for target 79105A on 2024-11-03
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Figure 32. Light curve acquired for Gorizont 3 during
the observation night of 2024-11-03 by AGO70 sensor.

LC acquired by AGO_70 for target 79105A on 2024-11-04
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Figure 33. Light curve acquired for Gorizont 3 during
the observation night of 2024-11-04 by AGO70 sensor.

sibility of such analysis is decided case-by-case and often
driven by the scientific interest for research on attitude



LC acquired by AGO_70 for target 980638 on 2025-01-18
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Figure 34. Light curve acquired for AMC-5/GE-5 during
the observation night of 2025-01-18 by AGO70 sensor.
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Figure 35. Light curve acquired for AMC-5/GE-5 during
the observation night of 2025-01-29 by AGO70 sensor.

determination algorithms or by the requirements of vari-
ous stakeholders that the Expert Centre works with. For
example, a number of light curves acquired in the afore-
mentioned observation campaigns were used for the re-
search on attitude determination algorithms, which was
part of the same ESA activity.

4. V&Q SERVICE

The V&Q service is one of the core functions of the Ex-
pert Centre, ensuring the data quality and format com-
pliance of a sensor’s observations for applications in the
SSA/STM domain. The Expert Centre acts as an indepen-
dent data quality auditor, coordinating observation cam-
paigns and providing technical support to sensor opera-
tors for data calibration, quality assurance, and format-
ting compliance based on international standards.

With increasing congestion in near-Earth space, accurate
and reliable orbital data is essential to prevent collisions
that could endanger space assets, navigation, communi-
cation services, and human spaceflight. Independent data
quality assessment by the Expert Centre helps to main-
tain consistency across multiple sources, reducing errors
and improving decision-making. The Expert Centre of-
fers V&Q services for various observation types and tech-
niques used to characterize RSOs via ground-based sen-
sors. Four variants of such V&Q service are currently

offered:

* Tasked tracking (follow-ups) of RSOs in MEO and
GEO

* Photometry (light curve) observations for RSOs in
LEO, MEO, and GEO

* Surveys of RSOs in the GEO ring

» Space Debris Laser Ranging observations

A comprehensive description of the various V&Q vari-
ants is provided in [5], which also highlights the pro-
vision of this service to 21 different sensors. For light
curve data, the service is referred to as Validation and
Characterization (V&C) due to technical reasons.
[ure 36)illustrates the standard road-map for the V&Q pro-
cess applicable to any candidate sensor seeking to partic-
ipate in these observation campaigns. During the cam-
paigns, sensor operators receive prompt feedback after
each observation night, following the reception and anal-
ysis of the acquired dataset. At the conclusion of V&Q
campaigns, a comprehensive report is provided, detail-
ing the analyses conducted across multiple observation
nights and summarizing key findings and high-level con-
clusions. Additionally, a Certificate of Qualification is
issued, aptly summarizing the sensor’s performance and
the criteria for which it has been qualified. These docu-
ments serve as valuable assets for sensor operators, en-
abling them to showcase their infrastructure capabilities
to potential customers and systematically audit their data
reduction pipelines for quality assurance.

From the perspective of sensor operators, some of the key
benefits of the V&Q service are as follows [5]]:

* Accelerated customer validation

Expert Centre’s independent and neutral qualifica-
tion process reduces the time needed for customer-
specific validation, allowing for faster integration
between sensor operators and data users. This min-
imizes delays caused by extended validation cam-
paigns, as the ground based observations are often
affected by unfavorable weather conditions.

* Improved system development
Expert Centre provides valuable feedback on data
accuracy, system stability, and operational scenar-
ios, helping sensor operators refine their processes
to meet the expected customer requirements.

* Increased operational readiness
By simulating real-world challenges and high-
performance standards, the V&Q campaigns pre-
pare sensor operators for diverse customer demands,
ensuring their data meets stringent quality expecta-
tions.



V&Q agreement
i — Sensor description Establishment

Sensor operator Non-disclosure form P of data
interested in V&Q agreement exchange
Detailed V&Q end-point

requirements
J
Feedback Data evoluqtlon Davtv_a‘ Low-leye\
— rovision and quality acquisition campgaign
P monitoring and reduction planning
Qualiication ertfcote of oniroctuel
Report Qualification agreement (optional)

Figure 36. Road-map for the Validation and Qualification service offered by the Expert Centre.

5. SUPPORT TO STANDARDIZATION

One of the other services of the Expert Centre is the
support offered for the standardization of various ele-
ments such as data formats. The Expert Centre collab-
orates with various stakeholders such as institutional cus-
tomers (e.g. ESA), sensor operators, satellite operators,
etc. to define new data format standards or to revise ex-
isting data format standards in order to increase the scien-
tific/operational benefits of using captured metadata and
data. Such standardization support can also extend be-
yond data format standards, applying it to various proce-
dures and practices followed specifically in the SST do-
main.

In the context of ongoing ESA activity, a particular exer-
cise was undertaken to review the existing data format
standards relevant to exchange of light curve observa-
tion data. First part of such an exercise focused on the
review of Tracking Data Message (TDM) v2.0 data for-
mat as defined by Consultative Committee for Space Data
Systems (CCSDS) [[13]]. After a thorough review, an ex-
tended version of this data format was formulated and an
ICD was created. ICD for this extended version - referred
to as ‘ExpCen-TDM’ format - was then shared with var-
ious sensor operators providing light curve observation
data. Based on the feedback received from the sensor
operators, minor errors in the ICD were fixed, clarifica-
tions were added at some places, and a format valida-
tion tool was also implemented. ‘ExpCen-TDM’ format
essentially provides additional keywords in the data and
metadata section of the TDM, that can capture values for
additional parameters of interest for the light curve anal-
ysis. For example, it allows provision of time-series of
phase angle values, which can be quite useful to under-
stand & analyze brightness variations apart from those
due to inherent attitude motion of the object. A sensor
operator providing data using this data format standard

can also provide uncertainty information about estimated
magnitudes, uncertainty characterization procedure, cali-
bration information etc.

Second part of the exercise focused on yet another data
format standard for the exchange of light curves. In
one of the previous ESA activities, a data format for the
light curve observation data exchange, as recommended
by the Inter-Agency Space Debris Coordination Commit-
tee (IADC) was selected for ingesting the raw observa-
tion data into Expert Centre’s attitude catalogue database.
However, during implementation, it was also realized that
IADC’s recommended data format standard can accom-
modate few minor changes to enhance it further. In this
activity, such improved version was clearly defined and
referred to as ‘ExpCen-IADC’ format standard. ICD was
formulated, and appropriate conversion tools were also
implemented. Similar to ‘ExpCen-TDM’ format, it also
provides additional keywords in the data and metadata
section and it is well suited for quick reading by a human
operator.

It should be noted that standardization exercise for the
data format standards also compliments the validation of
various candidate sensors by the Expert Centre. For ex-
ample, all sensors mentioned in this work, first partici-
pated in the V&C campaigns for light curve observations
as coordinated by the Expert Centre. During the valida-
tion phase, it was confirmed that they can provide reduced
light curve data in a valid ‘ExpCen-TDM’ or ‘ExpCen-
IADC’ format standard. After successful validation and
characterization, these sensors contributed to the obser-
vation campaigns mentioned in Section[3.3]



6. ROADMAP FOR FUTURE

The Expert Centre is currently exploring future possi-
bilities and actively pursuing collaborations with vari-
ous community partners. Having successfully completed
its development & deployment under the ESA S2P, it is
now equipped with the necessary infrastructure and op-
erational expertise to offer its services under a commer-
cial model. Currently undergoing a transition in its legal
structure, the Expert Centre aims to maintain its focus
on its core mission — delivering independent, unbiased
quality assessments. By doing so, it aims to support sen-
sor operators, academic institutions, governmental bod-
ies, institutional and private sector clients in ensuring
high-quality SST data. The Expert Centre seeks to lever-
age the knowledge of its experts, having over 30 years of
expertise, and draw upon its strong heritage in research
and development. By forming new partnerships, the Ex-
pert Centre will support existing services and drive the
development of new offerings relevant to the SSA/STM
domain.
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