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Abstract

The exchange of orbit information is becoming more important in view of the increasing
population of objects in space as well as the increase in parties involved in space opera-
tions. The US Space Surveillance Network is an example for a system which obtains orbit
data from measurements provided by a network of globally distributed sensors.

The aim of this thesis was to highlight how the orbit information maintained by a
surveillance system is provided to the users of such a system. Services like collision avoid-
ance require very accurate information, while other services might work with less accurate
data. Individual users or entities might have different privileges concerning data they are
able to access.

An approach was studied, which allows to derive orbit information of predetermined
accuracy from a reference orbit. The method is based on aleast-squares fit with a modified
geopotential. It was shown that the method works for any Earth orbit and also provides the
residuals with respect to the reference, that can be used to construct a covariance matrix
in addition to the state vector information.

While orbit information today is often provided via tables of time-tagged ephemerides,
an approach was studied to use Chebyshev polynomials that allow for the provision of
continuous state vector and covariance matrix information. The major advantage is that
a user of this data does not have to do any extrapolation on his own and thus directly
retrieves the object’s orbit as provided for a given time span.

Representing the orbit in terms of series of polynomial coefficients is referred to as
ephemeris compression. It was shown, that the compression rates can be very high. More-
over, a method to also reduce the data amount by interpolating the variance envelope
functions was studied.

The method proposed in this thesis to provide state vector and covariance matrix infor-
mation of predetermined accuracy, gives access to highly accurate information from the
catalogue, where this information is required. On the other hand it can also provide less
accurate information, where the requirements are less restrictive, thereby allowing for a
significantly reduced amount of data to be transferred and stored.






Kurzfassung

Der Austausch von Bahndaten gewinnt zunehmend an Bedeutung: sowohl im Hinblick
auf'die steigende Population an Objekten in erdgebundenen Bahnen, als auch die zuneh-
mende Zahl an beteiligten Parteien im Betrieb von Raumfahrtmissionen. Das amerikanis-
che SSN (Space Surveillance Network) ist ein Beispiel fiir ein System, welches Bahndaten
aus den Beobachtungen eines global verteilten Sensornetzwerks gewinnt.

In dieser Arbeit wird untersucht, wie Bahndaten eines solchen Systems dessen Nutzern
zur Verfiigung gestellt werden. Darauf basierende Dienstleistungen, wie etwa die Kol-
lisionsvermeidung, stellen hohe Anspriiche an die Genauigkeit der katalogisierten Bah-
nen. Andererseits gibt es Dienste, die mit deutlich geringeren Genauigkeiten zuverlissig
funktionieren. Individuelle Nutzer, Gruppen oder auch staatliche Einrichtungen kénnen
unterschiedliche Privilegien im Hinblick daraufbesitzen, zu welchen Daten und welcher
Genauigkeit sie Zugang erhalten.

Eine Methode zur Ableitung von Bahndaten mit vorab festgelegter Genauigkeit im Ver-
gleich zu einer Referenztrajektorie wird untersucht. Dieser Ansatz basiert auf der Meth-
ode der kleinsten Quadrate und sucht eine Bahnlésung mit modifizierten Stortermen fiir
das Geopotential. Die Residuen einer solchen Losung gegeniiber der Referenzbahn kon-
nten auch genutzt werden, eine kombinierte Kovarianzmatrix neben der Bahnlésung zu
ermitteln.

Wihrend Bahndaten heute meist in Form von tabulierten Ephemeriden ausgetauscht
werden, wird in dieser Arbeit ein Ansatz mit Tschebyschow-Polynomen verfolgt. Diese
erlauben es, Bahndaten und zugehorige Unsicherheiten in kontinuierlicher Form bere-
itzustellen. Ein grofler sich daraus ergebender Vorteil ist, dass ein Nutzer der Daten keine
bahnmechanischen Extrapolationen benétigt und fiir ein gegebenes Zeitintervall direkt
die Bahnlgsung erhilt.

Dariiber hinaus wird ein Ansatz diskutiert, mit dem die Varianzen der Komponenten
des Zustandsvektors eines Objekts in der Zeit vorwirts gerechnet werden, anschlieflend
eine Einhiillende fiir diese berechnet und Letztere dann interpoliert wird.

Die in dieser Arbeit vorgestellte Methode, Bahndaten und zugehorige Unsicherheiten
in verschiedenen Genauigkeitsklassen zur Verfligung zu stellen, verspricht Nutzern hoch-
genaue Daten, wenn diese benotigt werden. Auf der anderen Seite ermoglicht sie eine
deutliche Reduktion des Datenaufkommens, insbesondere fiir Dienstleistungen und Nut-
zer, die vergleichsweise niedrige Anforderungen an die Bahngenauigkeit stellen.






Preface

In 2008, the European Space Agency (ESA) initiated the Space Situational Awareness (SSA)
programme, which was declared as an optional programme at the Ministerial Council
in November 2008. The first phase was launched in 2009 focusing on three areas: Space
Weather (SWE), Near-Earth Objects (NEO) and Space Surveillance and Tracking (SST). The
objective was to create a system made up of European assets which provide timely and
reliable data, information and services regarding the space environment.

During the Preparatory Programme between 2009 and 2012, ESA and the Institute of
Space Systems at the TU Braunschweig launched a cooperation in the frame of ESA’s Net-
working/Partnering Initiative (NPI) to develop core SST technologies related to orbit and
covariance data formats and catalogue backend processing. With a substantial background
in space debris research, the TU Braunschweig had all the prerequisites to significantly
contribute to ESA’s goals in the SST programme.

I was selected as the doctoral student in this NPI in 2011. Only knowing the very basics
of orbital mechanics back then, I was fascinated to learn about predicting trajectories of’
objects in space and contribute to a European space surveillance system. When I started
outlining my research, I realised very soon that my work would be covering many different
areas, including numerical analysis, software engineering, orbit determination and esti-
mation theory. This is why I felt very honoured to be supervised by Prof. Heiner Klinkrad,
the Head of ESA’s Space Debris Office at that time and an outstanding expert in this re-
search area. I am deeply grateful for all the discussions we had, the critical reflection of
every aspect of this work and the continuous support for more than five years.

I am grateful to Prof. Peter Vorsmann and Dr. Carsten Wiedemann, who gave me the
chance to become part of the Space Debris working group at the TU Braunschweig in
2010. After the retirement of Prof. Vorsmann, I felt delighted being accepted as a doctoral
student by his successor as the head of the institute, Prof. Enrico Stoll, when my work in
late 2014 was already in a very mature state. I have to express my sincere thanks to Prof.
Stoll for his support and the feedback on verious technical but also organisational aspects.

Every scientific contribution needs to be critically reviewed by experts in the field. It
was important for me to get feedback also from scientists external to the NPI between
TU Braunschweig and ESA. I want to acknowledge Moriba Jah, Associate Professor and
director of the Space Object Behavioral Sciences at the University of Arizona, from whom
I learned even more about my subject. I am very grateful for the time he dedicated to
review this work.

I have to express my sincere thanks to Prof. Joachim Block and Prof. Rinie Akkermans
for being in my doctoral committee.



There are many more people I met, discussed with, learned and even received contri-
butions from during the past few years. I have to say thank you to my students Sebastian
Weidemeyer, Michael Baade, Guido Lange, Esfandiar Farahvashi and André Horstmann,
who provided valuable contributions to the NEPTUNE software. I had many opportuni-
ties to reflect on various details of my work with my colleagues at the university, and I
have to thank Sven Flegel, Johannes Gelhaus, Marek Mockel, Christopher Kebschull for
their time. At ESA’s Space Debris Office, I received a lot of feedback and I have to say thank
you to Jan Siminski, Holger Krag, Tim Flohrer for their support. Many thanks go to all
the people from TU Braunschweig, ESA, to my friends, whom I did not mention here. I
know, I owe you a lot.

There are no words to describe that special feeling you have when a child is born. Levin
and Milan came into my life during the time I was working on this thesis and they taught
me the mostimportant lesson. Seeing how life evolves from the very first moment changes
everything - never before did I feel this great appreciation for life. Eugenia, thank you for
making this all possible. Thank you for your love, your patience and your never-ending
support!
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Introduction

With the onset of spaceflight operations, the provision of data and information on objects
residing in the near-Earth space environment has been of ever-growing importance. The
US Space Surveillance Network (SSN) is the most comprehensive combination of globally
distributed sensors to observe, track and catalogue the on-orbit object population. Tasked
by the Joint Space Operations Center (JSpOC) under the United States Strategic Command
(USSTRATCOM), this network is currently keeping track of more than 17 800" catalogued
objects.

For many decades, information on individual objects has been provided in a so called
Two Line Elements (TLE) format to users worldwide. Specifically designed for the purpose
of tracking space objects, TLE are based on a simplified general perturbations (GP) theory
resulting in low computational requirements. However, due to the need of high accuracy
information in various practical applications, like geodesy or oceanography, an individual
satellite’s owner and/or operator (O/O) would collect his own measurements to augment
the available data.

Satellites operated in the densely populated orbits between 600 km to 1000 km are rou-
tinely performing collision avoidance manoeuvres. For example, in the year 2013, there
were seven conjunctions with a miss distance of less than 300 m for ESA’s Cryosat-2 which
led to two evasive manoeuvres (Klinkrad, 2014).

Until 2009, conjunction analysis was performed by the O/O through comparing their
accurate solutions for the satellite they were responsible for, with the trajectories of ob-
jects from the TLE catalogue. The main problem in this process is that TLE data do not
include any uncertainty measure for the provided state information. In addition, the GP
theory results in typical position errors in the Low Earth Orbit (LEO) region in the order
of magnitude of 100 m (Flohrer et al., 2008) at TLE epoch, with the largest error being in
the direction of motion.

For the Space Shuttle and the International Space Station (ISS), NASA performed con-
junction analysis based on Orbital Conjunction Messages (OCMs) issued by USSTRAT-
COM. Those messages contained uncertainty information for both, target and risk ob-
jects, which were derived from Special Perturbations (SP) techniques, known to provide

*https://www.space-track.org, as of December 5, 2016
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accurate numerical orbit predictions. However, the OCM were not available to non-US
entities.

The accidental collision between the two intact spacecraft Cosmos-2251 and Iridium-33
on February 10, 2009, in retrospect, may be considered as a pivotal incident in the way this
process changed. In the aftermath of this event, leading to 1668 and 628 catalogued frag-
ments® for Cosmos-2251 and Iridium-33, respectively, an internal review of the conjunc-
tion assessment process at USSTRATCOM was performed, which ultimately resulted in a
law allowing USSTRATCOM to share Space Situational Awareness (SSA) data with non-US
entities. In 2010, USSTRATCOM began providing collision warnings to their partners via
so-called Conjunction Summary Messages (CSMs) containing state vector and uncertainty
information for both objects at the time of closest approach.

Providing information based on SP techniques significantly improved the collision risk
estimation process. However, the CSM, later being subject to a data format standard-
ization process and becoming to what is today known as the Conjunction Data Message
(CDM), contained only information for the individual conjunction events. With the Space
Surveillance Network (SSN) being a military observation network, users and O/O are still
restricted to using TLE data or own observations for general tasks, while being provided
with accurate SP data in support of conjunction assessment only. The USSTRATCOM is
thus “walking that line between transparency and security” (Bird, 2010).

In 2009, the European Space Agency (ESA) launched its SSA programme with the main
objective to “support Europe’s independent utilisation of, and access to, space through the
provision of timely and accurate information and data [. . .]”3. Being an intergovernmen-
tal organization, a European observation network operated by ESA would inevitably have
to implement a data sharing policy between its member states and individual users, as
again, like for the JSpOC-tasked SSN, sensitive information might be collected, interfer-
ing with national security policies and thereby impeding an open data exchange between
the member states.

1.1. Motivation and scope

One of the key questions for any SSA system is related to how and to what extent collected
data should be provided to its users and customers. With different sensors involved in
taking observations, a space surveillance network is in general a heterogenous system
concerning the amount and quality of data obtained at the different sites. Also, a subset of’
the derived information from the observations is classified and thus not to be disclosed
to the public.

Taking a look at how JSpOC is providing information on in-orbit objects, we can see
that while there is a SP catalogue containing the high accuracy data of all objects, that
catalogue is, in general, not accessible. In order to provide orbit information, all orbits

2as of December 5, 2016.
3http://www.esa.int/Our_Activities/Operations/Space_Situational_Awareness/About_SSA, as of

December 5, 2016



1. INTRODUCTION

are subject to a fitting process, which applies an analytical model to ultimately provide
TLE data to the public (Hejduk et al., 2013; McKissock, 2016).

The problem is that assessing the accuracy associated with TLE and their underlying
analytical model is very difficult. The motivation for this thesis is to extend the already
operational methodology of having a non-public high-accuracy catalogue, with the possi-
bility of deriving orbit information with an assessment of the associated uncertainties. A
method is devised, which allows to have more flexibility in pre-defining the accuracy of’
the generated orbit product, as opposed to having only one solution when deriving TLE.

With orbit information of a given accuracy being available, one key question is which
format to use to distribute that information. In the recent years, orbit data messages have
been standardised and provide great flexibility in representing all kind of information
associated with an on-orbit object.

Furthermore, having orbit information available, users require methods for interpola-
tion, as data typically is provided as a set of discrete points referred to as ephemerides.
An approach to provide continuous data would be beneficial, when users do not require
a dedicated software package to recover orbit information at any point in time. This was
another point which motivated this dissertation and a method will be presented, which
not only allows to provide continuous data, but is also compatible with standardised data
messages. In Figure 1.1 a summary is given, showing the information flow from the cata-
logue to the user in the conventional way compared with a method which represents the
motivation for this thesis.

Conventional approach

> SGP4 fit = TLE - 8
Catalogue of Users
man-made > Declassification J
objects
.
Fit with predeter- Ephemeris Data
mined accuracy compression message
New approach

Figure 1.1.: Data flow from the object catalogue to a general user. The conventional approach is
shown for the provision of TLE data, which are the result of fitting the SP ephemeris
with the analytical SGP4 theory (Hejduk et al., 2013; McKissock, 2016). The new ap-
proach gives the motivation for this thesis, including an orbit fit with predetermined
accuracy and a subsequent interpolation, the latter referred to as ephemeris compression.

In the following section, the state-of-the art of collecting and distributing orbital in-
formation is described, including systems that have been operational for many decades,
as well as the ambitious efforts to establish an SSA system in Europe. This provides some
insight into who the users of such a system are and which services there are relying on

3
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orbit information of differing quality. Based on this, the key questions this thesis shall
adress will be defined in Section 1.3.1, and the methodology is outlined thereafter.

1.2. Background

Comprehensive information on objects orbiting Earth is essential to a wide spectrum of
different users and applications. Hence, in order to obtain the required data, dedicated
sensors are required, which are typically operated within a network of globally distributed
stations.

So called space surveillance systems shall be first described in the following paragraph
in order to understand how observational data is obtained. In the next step, it will be pos-
sible to understand the orbital data products which are to be provided to certain groups
of users. Those users as well as their requirements shall be specified subsequently.

Operational space surveillance systems

The first space surveillance systems, serving to detect, track, catalogue and identify ob-
jects orbiting Earth, were devised and implemented in the context of the first few launches.
With military users having a key interest in such systems becoming operational, the first
ground-based network of sensors, placed at more than 150 different sites, was controlled
by the United States (US) via the National Space Surveillance Control Center (NSSCC) from
the late 1950’s (Hoots et al., 2004). The first version of the Satellite Catalog served to support
ballistic missile early warning systems operated by the US Air Force, as well as to alert US
Navy fleet units of being observed by reconnaissance satellites (Hoots et al., 2004). Grad-
ually, the sensor network and the control structures evolved to become what is known
today as the US SSN operated by JSpOC, the latter being commanded by the USSTRAT-
COM. The SSN is tasked by JSpOC to collect between 380 0coo and 420 coo observations
each day (U.S. Strategic Command, 2015) and keep track of more than 17 800 objects.

Today’s workhorse of the SSN is the AN/FPS-8; phased array radar system at Eglin AFB
(see Figure 1.2), after another main contributor, the Air Force Space Surveillance System
(AFSSS), also known as the Space Fence, had been shutdown on September 1, 2013. The
AN/FPS-85 accounts for 30 % of the total workload of the SSN and can detect, track and
identify up to 200 satellites simultaneously (PAFB, 2015). This task is accomplished by
its scan coverage of 120° in azimuth and from +3° to +105° in elevation, with the antenna
beam pointing south and being inclined 45° with respect to the local horizon (PAFB, 2015),
which allows to track up to 95 % of all catalogue objects (Klinkrad, 2006).

While phased array systems operated in surveillance mode would typically be targeting
at objects in low Earth orbits (although, for AN/FPS-8s, objects greater than about 25cm
can be detected up to a distance of 22 ooo nautical miles (PAFB, 2015)), passive optical sys-
tems are used to observe deep space objects. Within the SSN, the Ground-based Electro-
Optical Deep-Space Surveillance (GEODSS), the Maui Optical Tracking and Identification
Facility (MOTIEF), as well as the newly installed Space Surveillance Telescope (SST) in 2011,
are operational sites used for observing satellites and space debris at higher altitudes. The
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(a) Part of the master transmitter antenna (b) The AN/FPS-85 phased array radar at Eglin AFB,
at Lake Kickapoo, Texas, contributing Florida. (Public domain image, https://commons.

to the AFSSS until 2013. (Public domain wikimedia.org)
image, https://commons.wikimedia.
org)

Figure 1.2.: Until September 2013, the workhorses of the SSN had been the AFSSS (a), also known
as the Space Fence, and the phased array at Eglin AFB (b). The discontinuation of the
Space Fence operation involved modifying operational modes at Eglin AFB in order to
maintain routine SSA operations.

(a) The Diego Garcia site, as one (b)The new Space Surveillance Telescope (SST), devel-
of three GEODSS sites, consists oped by DARPA, has undergone testing in the last few

of three Cassegrain telescopes years and shall become operational in 2016, support-
and is located in the Indian ing the SSN from Australia. (Image source: DARPA)
ocean. (Public domain image,

https://commons.wikimedia. org)

Figure 1.3.: A few examples of optical systems contributing to the SSN.

GEODSS sites are distributed around the globe to enable observations, for example, of the
whole geostationary region. Some of the dedicated optical sensors are shown in Figure 1.3.

A major drawback of ground-based optical systems is that observations can only be
taken at night and under clear weather conditions. In order to sidestep these restric-
tions, the US Air Force is developing the Space Based Space Surveillance (SBSS) system,
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which is a space-based constellation of optical sensors. In 2010, the first SBSS satellite was
launched, carrying a 30 cm telescope (Ball Aerospace, 2015) ought to provide observations
of all geosynchronous objects from its sun-synchronous orbit.

Concurrently with the development of the US SSN, the Soviet Union began with its own
space surveillance programme from the early 1960’s. The (Russian) Space Surveillance Sys-
tem (Sistema kontrolja kosmicheskogo prostranstva, SKKP) has been operated by the military
from the early days, the motivation being basically the same as for the US system: to sup-
port ballistic missile defence operations (Gavrilin, 2008). Besides the various radar sites on
the territory of the former Soviet Union, which are part of the Early Warning System (EWS)
network and of Dnestr, Dnepr or Daryal type, there are also dedicated space surveillance
sensors. Being operated by the 821st Main Space Surveillance Centre, the most important
facilities Okno (“window”) and Krona (“crown”, radiooptichesky kompleks raspoznavaniya
kosmicheskikh obektov) were both built in 1999. While the Krona complex in the Cau-
casus employs both, optical and radar means, the Okno facility in Tajikistan consists of’
multiple telescopes to monitor objects at altitudes above LEO.

Assessing the capabilities of the surveillance system is not easy and provided figures
are quite differing. For example, Allahdadi et al. (2013) states that the number of tracked
objects in the Russian catalogue is about 5000. A similar number is provided on the web-
site of GlobalSecurity.org (2015). However, considering the fact that with Krona and Okno
two relatively new systems were added to the network, with the latter specifically designed
for deep-space observations, and noting a statement of a Russian Colonel (A. Nestechuk)
from 2011, stating that four new radar systems will be added to the network till 20204,
it can be argued that the system clearly evolved in the recent years and will continue to
do so, although sensor sites at lower latitudes are still missing. Interestingly, Nestechuk
also gives the number of tracked objects as 12 0oo, which clearly difters from the numbers
given by the other authors mentioned above.

In contrast to the US system, the data gathered by the Russian network is for military
users only and can not be accessed publicly. However, one can get a quite good impression
of the orbit theory behind the cataloguing by referencing, for example, Khutorovsky (2007)
or Boikov et al. (2009).

While currently only the USA and Russia have comprehensive space surveillance ca-
pabilities, there are many other sensors and networks, like the International Scientific
Optical Network (ISON), or national radar facilities in different countries, providing indi-
vidual observations, tracking support and debris research possibilities, for example, the
German Tracking and Imaging Radar (TIRA) or the European Incoherent Scatter Scien-
tific Association (EISCAT).

The situation in Europe

In Europe, agencies and other users so far have been largely dependent on orbit data,
for different applications, provided by USSTRATCOM. The situation started to change in
the 1990’s, when the French Department of Defense (DoD) started to work on the Grand

4http://www.gazeta.ru/social/2011/09/21/3776721.shtml, accessed on January 7, 2015.
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Réseau Adapté a la Veille Spatiale (GRAVES) system, which became operational in 2001
(Klinkrad, 2000). It is able to perform space surveillance tasks with its phased array trans-
mitters at Dijon and a receiver array, based on Yagi antennae, at Apt and was able to cata-
logue 2200 objects during a one month test in 2001 (Klinkrad, 2000).

In 2009, ESA launched its Space Situational Awareness Preparatory Programme (SSA-
PP), with its overall aim being “to support the European independent utilisation of and
access to space for research services, through providing timely and quality data, informa-
tion, services and knowledge regarding the environment, the threats and the sustainable
exploitation of the outer space surrounding our planet Earth” (ESA Council, 2008). With
the ever increasing number of satellites on orbit and services on Earth relying on the space
infrastructure, like weather or navigation applications, the European SSA, with the latter
being defined as “a comprehensive knowledge, understanding and maintained awareness
of the (i) population of space objects, of the (ii) space environment, and of the (iii) existing
threats/risks” (ESA Council, 2008), is aiming towards all kinds of user groups, with the
military being only one of them. In 2012, the mandate was extended until 2019, going
from the preparatory phase into the so-called Phase II, which puts increased emphasis on
the two branches Space Weather (SWE) and Near-Earth Objects (NEO).

Contemporaneously, the European Union (EU) has started to promote the development
of an SSA system through its member states. Recognizing the member states’ national
assets, like TIRA or GRAVES, being associated with national security requirements, an
exemplary work was the Support to Precursor Space Situational Awareness Services (SPA)
project under the European Union’s Seventh Framework Program (FP7) studying aspects
of SSA governance and data policy (Valero et al., 2013). As Valero et al. (2013) point out, the
principle behind SSA governance and data policy lies in protecting “the interests of the
EU, its [member states] and allies, while maximizing the exploitation of SSA capabilities.”

While it is still unclear, which systems and sensors will finally contribute to a European
Space Surveillance System, following the current development, it becomes clear that there
will always be information gathered by individual sensors, which might be classified or
sensitive and thus distributed to other member states only under special conditions. A
surveillance system is therefore expected to have a data policy in place, which allows to
separate classified from un-classified (orbit) information. As sensor raw data is supposed
to represent the best available data, it is thus important to have methods and procedures
available allowing the operating entity to forward de-classified and, maybe, also degraded
orbit information to their users.

Orbit determination and satellite catalogue maintenance

The sensors within a space surveillance network collect observational data for the orbit
determination (OD) process, which aims at providing a set of orbital elements for each
tracked object. For the SSN, the publicly available orbital elements are TLE, which contain
doubly averaged Keplerian elements (and mean motion instead of semi-major axis). A
simplified scheme of the cataloguing process chain, showing an exemplary sensor at its
top and the satellite catalogue database as its final product, is shown in Figure 1.4.
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Figure 1.4.: A simplified scheme of'the cataloguing process chain. Observational data from a sensor
is processed to finally result in a catalogue update. The data is subject to a data policy
scheme, which may contain a declassification, a conversion or fit to provide orbital

elements, or an ephemeris compression.

The type of measurements obtained depends on the sensor used. Radars would typically
provide information on range, range-rate, elevation and azimuth, while telescopes are
restricted to angles-only observations, i.e. elevation and azimuth, in general. Individual
observations are combined to form a tracklet, which contains all observations of a single
object obtained during one station pass. Single or multiple tracklets are then correlated
with catalogued objects in order to see, whether the observed object matches the predicted
trajectory of a catalogued object. If the correlation is successful (denoted as a Correlated
Track (CT)) a catalogue update is possible for the newly obtained data. Therefore, the CT
as well as the State Vector (SV) (in its simplest representation, a state vector combines the
radius and velocity vector for a given epoch, often also referred to as an ephemeris) from the
catalogue are passed to a process known as Statistical Orbit Determination (or Precise Orbit
Determination), which uses estimation techniques to incorporate the new information into
the SV update.
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For unknown objects, an Uncorrelated Track (UCT) is passed to the Initial Orbit Deter-
mination (IOD), which provides a first orbital arc, allowing for follow-up observations and
subsequent orbit refinement through statistical orbit determination.

The data centre is responsible for tasking sensors, e.g. for observing objects that require
a catalogue update. Finally, data may be provided to users subject to a data policy scheme.

An important design parameter for an SSA system is the update interval of the catalogued
objects. Due to orbit determination uncertainties and modelling errors in the propagation
techniques, the computed trajectory will degrade over time with respect to the true orbit.
In order to re-acquire an object and being able to correlate it with its catalogue entry, it
is thus necessary to re-observe it. A fundamental quantity to assess when it is required
to update the existing orbit information for an object is the Fisher information (Frieden,
1998). It measures the available amount of information about the state vector of an object,
which is assumed as a random variable. Being a function of the object’s orbit, the Fisher
information allows to derive how often an object needs to be re-observed. In practice,
however, the update interval is shorter, as satellites perform manoeuvres, or more frequent
observational information is required for single objects. The latter is typically associated
with collision avoidance (CA) operations, where orbit information has to be valid for a
time span sufficient to verify, implement, upload and execute a manoeuvre (Krag et al.,
2010).

If orbit determination is performed by means of a batch least squares process, an addi-
tional quantity, the fit span, needs to be defined as the number of observations taken into
account for a single orbit update. It is important to note that, while update intervals may
be quite short, fit spans used for each update may overlap and are therefore not necessarily
linked to the update cycle.

Orbit determination accuracy

The most accurate Orbit Determination (OD) results today are obtained for a very lim-
ited set of geodesy and oceanography satellites. The combination of Satellite Laser Rang-
ing (SLR), Doppler Orbitography and Radiopositioning Integrated by Satellite (DORIS)
and Global Positioning System (GPS) measurements, as well as a fit span of several days
(e.g. 10-day orbital arcs are used for TOPEX/Poseidon (IDS website, 2015)) provides solu-
tions with an accuracy on the order of 1 cm in the radial component®. So-called Precision
Orbit Ephemerides (POEs) are generated with a further delay of several weeks, in order to
incorporate the latest environmental information (IDS website, 2015).

For near real-time data, Klinkrad (2006) provides examples for the OD accuracy of ESA’s
ERS-2 and Envisat satellites, both were operated in sun-synchronous orbits. The radial
position accuracy (standard deviation) is 0.5 m, while the other components are 1.0m in
out-of-plane and 3.0 m in along-track direction (Klinkrad, 2006). The corresponding ve-
locity errors are 1.ommy/s for out-of-plane and along-track directions and 3.0 mm/s in
radial direction (Klinkrad, 2006).

Shttp://ids-doris.org/organization/about-ids.html, accessed on January 15, 2015.
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While the previous examples are valid for single satellites under certain conditions,
specifying the capabilities of a surveillance network is difficult. For a given object of the
catalogue, the orbit determination result will be strongly impacted, for example, by the
number of observations and dedicated trackings, the orbit itself, or the size and area-to-
mass ratio of the object. Rough estimates of the bias and noise characteristics of some
SSN sensors are given by Vallado and McClain (2013). For example, the AN/FPS-85 (Eglin)
radar is given with a range measurement noise of'32.1 m, while the corresponding values
for azimuth and elevation are 55” and 53", respectively. While for a single measurement,
using these values, a satellite at 1000 km altitude would be associated with an error of
about 260 m in azimuth and elevation direction, this information is not comparable to
the OD results, which process multiple observations using SP techniques.

Deriving SP catalogue uncertainties from data messages

Taking into account all relevant perturbations, including all secular and periodic contri-
butions, and integrating the equations of motion numerically, SP have become a standard
today. USSTRATCOM’s SP orbits are classified, but, as a result of the Iridium-Cosmos col-
lision in 2009, in July 2010 USSTRATCOM started sharing so-called CSMs with non-USG
entities, especially with satellite O/O. In April 2014, the CSM was replaced by the stan-
dardised CDM, its format being defined by the Consultative Committee for Space Data
Systems (CCSDS) (CCSDS 508.0-B-1, Blue Book, 2013). With the main intention being to
support Collision Avoidance (CA) operations, an operational CDM, as provided by JSpOC
provides the variances and covariances of the position vector for a specific conjunction
event at the time of closest approach (TCA). Although CDM information contains prop-
agated values for the covariance matrix, it is still possible to roughly estimate the order of
magnitude of the SP state vector errors at epoch. As an example, average values for the
position uncertainties were obtained in a detailed CSM analysis for ESA’s Assessment of’
Risk Event Statistics (ARES) tool and showed large variations for different orbits and ob-
ject sizes (Sdnchez-Ortiz et al., 2013). The results range from large objects (RCS>o0.1 m?)
with 1-0 uncertainties in the order of magnitude of 10 m to errors for small objects in the
km-regime (Sdnchez-Ortiz et al., 2013).

Uncertainties in the TLE data

The public subset of the TLE catalogue as provided by USSTRATCOM, results from an
analytical (or General Perturbations (GP)) theory, which was pioneered by Brouwer and
later adapted by Lane, Cranford and Hujsak (Hoots and Roehrich, 1980). The currently
used models are Simplified General Perturbations (SGP4) for all orbits with a period of
T < 225min, and Simplified Deep-space Perturbations (SDP4) for deep-space objects with
T > 225 min (Hoots and Roehrich, 1980).

Until 2013, the SGP4/SDP4 models were directly applied to the observations, in parallel
with the SP techniques, to obtain an orbit fit over the observation span. The mean Keple-
rian elements were found for a TLE epoch which was close to the latest observation and
typically near the ascending node of the orbit.
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Table 1.1.: Averaged results for component uncertainties (in metres) in satellite-centered UVW
frame from orbit determination with TLE as pseudo-observations based on catalogue
snapshot from 2008-01-01. (Flohrer et al., 2008)

Perigee altitude / km  Direction Standard deviation / m
e<0.1 e>0.1
i[deg i[deg
<30 30to60 >60 <30 30to6o > 60
Radial (U) 67 107 115 2252 620 494
< 800 Along-track (V) 118 308 517 4270 909 814
Cross-track (W) 75 169 137 1421 2057 1337
Radial (U) 191 71 o1 1748 1832 529
800 to 25000 Along-track (V) 256 228 428 3119 1878 817
Cross-track (W) 203 05 114 971 1454 1570
Radial (U) 357 - - 402 4712, -
> 25000 Along-track (V) 432 - - 8 6223 -
Cross-track (W) 83 - - 83 1208 -

According to Bowman, 2014, that process changed in the early months of 2013: For a
“great majority of objects” (Bowman, 2014), SP were now used to first obtain an accurate
ephemeris for the fit span. The next step is to perform a 3-day prediction of the ephe-
meris, where also solar indices and the Disturbance storm time (Dst) index of the JB2008
model are forecast. The extrapolated ephemerides are then used to generate a fit with the
SGP4/SDP4 model to provide the TLE, with the TLE epoch now being at the beginning of
the predicted ephemerides.

From an operational point of view, the new procedure allows to maintain only one SP
catalogue, while GP-based TLE data sets may be generated on demand from SP epheme-
rides and do not require their own catalogue, which was already outlined by Schumacher
and Hoots (2000) and Wilkins et al. (2000) shortly after SP techniques started being inte-
grated into routine operations.

Recalling the motivation for the development of the SSN, the TLE data format was orig-
inally intended for tracking purposes. Being the only comprehensive space object data
source, however, it is widely used for all kind of applications, also in conjunction analysis.
In the latter case, covariance information is required, but it is unavailable in the TLE for-
mat. Thus, several studies in the past have focused on estimating uncertainties in the TLE
data, e.g. Kelso (2007), Flohrer et al. (2008), Levit and Marshall (2011), Aida and Kirschner
(2011) or Kahr et al. (2013). As an example, the average results for different orbit classes
from Flohrer et al. (2008) are shown in Table 1.1.

The results in Table 1.1 were obtained by generating pseudo-observations using TLE
and the SGP4/SDP4 theory. The orbit determination, based on SP techniques, then pro-
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vided a fit for an orbital arc of 24 h with the residuals (as shown in Table 1.1) representing
the combined errors of both, the analytical theory behind SGP4/SDP4 and the numerical
theory used for the fit (Flohrer et al., 2008). A general difficulty using such an approach is
to select a suitable weighting matrix (see also Section 3.4.1). In Flohrer et al. (2008) a diag-
onal weight matrix was used, where the three radius components had equal weights. The
velocity components weights were scaled by 10~2 compared with the radius components
and were also of equal size.

It can be seen in Table 1.1 that for low-eccentricity (e<o.1) orbits, the radial and cross-
track position errors in most cases are in the order of magnitude of 100m, while the
along-track component may be in error by up to about 500 m. For high-eccentricity orbits
(e>o0.1) the obtained errors were up to a few kilometres in some cases.

The above procedure assumes that TLE are unbiased and individual objects are consis-
tently tracked, which might not be true (Vallado and Cefola, 2012). In fact, the new proce-
dure to generate TLE data, as employed by USSTRATCOM in 2013, was already analysed by
Wilkins et al. (2000) and the results showed a major improvement in accuracy for the sub-
set of SLR satellites analysed in that work. For high-altitude objects the accuracy of 1 km to
5 km, for a propagation of'a few days, was reduced by a factor of 5 to 10 (Wilkins et al., 2000).
The GP theory thus seems to provide better results, after the raw observations have been
already smoothed by SP techniques (Wilkins et al., 2000). Also, as the SGP4/SDP4 model
is used to generate a fit on a forecast trajectory with numerical accuracy, the propagation
error of the analytical theory can be reduced (Wilkins et al., 2000).

Identification of orbital data users and associated requirements

In contrast to the US and Russian surveillance system, the initial design for the Eu-
ropean SSA system is based on the requirements of a wide range of different users (or
customers), also because SSA is defined in a much broader context as stated above. Ac-
cording to Bobrinsky (2009), the following entities could be included:

m European governments (EU, national, regional)

m European space agencies

Spacecraft operators (commercial, academic and governmental)

Academic and research institutions

m Space insurance and space industry

Energy industry, including surveying, electricity grid operators, electrical power
suppliers

Network, telecommunication and radar system operators

Space weather service providers
m European and other air traffic control and navigation service providers
m European and international rescue and disaster-response authorities

United Nations and other international bodies



m Defence sector [ defence secur

ity
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Of course, the identified users and user groups are in need of different information and
rely on several distinct services the SSA system has to provide. A general overview on the

basic products, services and user groups for the Space Surveillance and Tracking (SST)

segment of the SSA system is provided in Figure 1.5, based on Krag et al. (2010)