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VORWORT 

 
 

Herr Tim Flohrer hat sich mit Strategien zur Suche und Überwachung von Raumschrott mittels 
optischer Beobachtungen beschäftigt. Die Thematik umfasst einen sehr weiten Bereich von Aspekten, 
beginnend mit der eigentlichen Detektion von Raumschrott-Objekten durch optische Teleskope bis hin 
zum Aufbau und Unterhalt eines Bahnkatalogs dieser Objekte. 
 
Für eine optimale Suchstrategie sollen ausgehend von einer Referenzpopulation, gegeben durch die 
Abmessungen und Bahnparameter der Objekte, Beobachtungssequenzen von Teleskopen an einem 
oder mehreren Standorten so definiert werden, dass möglichst viele der Objekte beobachtet werden. 
Dabei sind geometrische Randbedingungen – die Objekte müssen vom Beobachtungsort aus gesehen 
sichtbar sein – und radiometrische Bedingungen – die Objekte müssen unter den gegebenen 
Hintergrundverhältnissen hell genug erscheinen, um detektiert zu werden – zu beachten.  
 
Zum Aufbau und Unterhalt eines Bahnkatalogs müssen die Positionen der Objekte regelmässig 
gemessen werden, was entweder durch gezielte Nachfolgebeobachtungen oder, bei geeigneter 
Auslegung des Teleskopnetzwerkes, mittels zufälliger Beobachtungen im Suchmodus erfolgen kann. 
 
Die vorliegende Arbeit setzt sich mit allen genannten Aspekten auseinander. Der Autor hat 
insbesondere eine Programmumgebung aufgebaut, die es erlaubt, eine gegebene Such- und 
Überwachungsstrategie von der Einzelbeobachtung bis zur Bahnbestimmung zu simulieren. Die 
Simulationen basieren auf einem umfassenden Modell des Sensors (Teleskop und Detektor) sowie 
einer voll ausgebauten Bahnbestimmung. Diese Kombination ist einzigartig und stellt den Schlüssel 
zum Erfolg der von Herrn Flohrer entwickelten Strategien dar.  
 
Neben Strategien für bodengestützte Teleskopnetzwerke werden auch Konzepte zur Suche von kleinen 
Raumschrottteilen und zur Überwachung ganzer Bahnregionen mit raumgestützten optischen Sensoren 
untersucht. 
 
Die in dieser Arbeit entwickelten Strategien zur Suche und Überwachung von Objekten im 
geostationären Ring und in den Bahnen der Navigationssatelliten-Konstellationen haben in der 
Fachwelt grosse Beachtung erfahren. Die neusten Konzepte in den Studien der ESA zum Aufbau eines 
europäischen Überwachungssystems basieren zu guten Teilen auf Herrn Flohrers Arbeiten.  
 
Die Schweizerische Geodätische Kommission (SGK) bedankt sich bei der Akademie der 
Naturwissenschaften  Schweiz (ScNAT) für die Übernahme der Druckkosten. 
   
   
 
 
 
 
 
 
 
 
Prof. Dr. Th. Schildknecht       Prof. Dr. Alain Geiger 
Astronomisches Institut        ETH Zürich 
Universität Bern         Präsident der SGK 

  



  

PREFACE 
 
 

Le travail de Tim Flohrer se concentre sur les stratégies de recherche de débris spatiaux sur la base de 
mesures optiques ainsi que l’application de ces stratégies à la veille spatiale. Un large spectre d’aspects 
sont traités, de la détection des débris spatiaux sur la base de clichés pris avec des télescopes optiques, 
jusqu’à la création et la mise à jour d’un catalogue d’orbites pour ces objets. 
 
Une stratégie de recherche optimale a pour but de maximiser le nombre d’objets observés dans une 
population de référence définie par la taille et les éléments orbitaux de ces objets, en optimisant les 
périodes d’observation de télescopes à un ou plusieurs endroits. L’établissement d’une stratégie doit 
non seulement prendre en compte les aspects géométriques – les objets devant être visibles depuis le 
site considéré – mais aussi les contraintes radiométriques – les objets devant être suffisamment 
lumineux par rapport à la luminosité du ciel en arrière-plan. 
 
L’établissement et la mise à jour d’un catalogue d’orbites nécessitent des mesures périodiques de la 
position astrométrique des objets répertoriés, soit via la mise en place d’observations de suivi, soit via 
l’établissement de stratégies qui permettent l’acquisition «alléatoire» de suffisamment de données pour 
chaque objet. 
 
Tous ces aspects sont discutés dans la présente publication. L’auteur a développé un logiciel qui 
permet de simuler les stratégies de recherche et d’observation, en commençant par la synthèse 
d’observations individuelles en finissant avec la détermination de l’orbite complète. Cette combinaison 
inédite est à la clef du succès des stratégies développées par Tim Flohrer. 
 
En plus des stratégies développées pour des réseaux terrestres de télescopes, cette thèse traite aussi de 
concepts pour la recherche de débris spatiaux de taille restreinte ainsi que de l’observation de régions 
orbitales entières en utilisant des capteurs optiques spatiaux. 
 
Les stratégies pour rechercher et suivre des objets dans l’anneau géostationnaire et dans la région des 
satellites des systèmes de navigation élaborées dans ce travail sont désormais largement acceptées par 
la communauté scientifique. Les concepts en cours d’élaboration dans le cadre de l’initiative de l’ESA 
d’établir un système européen de veille et de suivi sont largement basés sur le travail de Tim Flohrer.
   
La Commission Géodésique Suisse (CGS) est reconnaissante envers l’Académie Suisse des Sciences 
Naturelles (ScNAT) pour avoir pris à sa charge les coûts d’impression du présent manuscrit. 
 
 
 
 
 
 
 
 
 
 
Prof. Dr. Th. Schildknecht       Prof. Dr. Alain Geiger 
Institut d‘astronomie        ETH Zürich 
Université de Berne        Président de la CGS  

  



  
 

FOREWORD 
 

 
This publication of Tim Flohrer focuses on strategies to search for space debris using optical 
observations and on the application of these strategies for space surveillance. The topic covers a wide 
range of aspects, starting with the actual detection of space debris on frames acquired by optical 
telescopes, and ending with the build-up and maintenance of a catalogue of orbit of these objects. 
 
An optimum search strategy aims at maximizing the number of observed objects of a reference 
population defined by the sizes and the orbital elements of the objects, by optimizing the observations 
sequences of telescopes at one or several sites. The design of the strategies must take into account 
geometrical boundary conditions – the objects must be visible from a given site – as well as 
radiometric constraints – the objects must be bright enough to be detected against the sky background. 
 
The build-up and maintenance of an orbit catalogue require periodic acquisition of astrometric 
positions of the catalogue objects. This may be achieved either by scheduling dedicated follow-up 
observations or by designing survey strategies in a way that enough observations of all objects are 
gained “incidentally”. 
 
All of the above-mentioned aspects are discussed in this publication. The author developed a software 
tool allowing to simulate search and observation strategies starting with the generation of individual 
observations and ending with a full orbit determination. This combination is rather unique and was a 
key element for the success of the strategies developed by Tim Flohrer. 
 
In addition to strategies for ground-based networks of telescopes the paper discusses concepts for the 
search of small-size debris and for surveys of entire orbit regions using space-based optical sensors. 
The strategies to search for and monitor objects in the geostationary ring and the region of the global 
navigation satellite systems presented in this work became widely recognized in the scientific 
community. Concepts currently developed in the framework of the ESA initiative to establish an 
European space surveillance and tracking system are based to a great extent on Tim Flohrer’s work. 
 
The Swiss Geodetic Commission (SGC) is grateful to the Swiss Academy of Sciences (ScNAT) for 
covering the printing costs of this volume. 
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1. Introduction and motivation

The uninterrupted availability of services provided through space systems is essential in today’s daily life.
The applications relying on space systems cover global navigation systems, global telecommunication
services, support of disaster control through Earth observation, just to name some popular examples. The
exploitation of the near-Earth space is indispensable and must be secured, as interrupts of the provided
services would not only impose severe economical risks, they might also have security-related, possibly
life-critical implications.

Space is “vastly hugely mindbogglingly big” in fact, quoting Douglas Adams. The near-Earth environ-
ment is, however, more and more populated with man-made objects. Since the advent of the space age
more than fifty years ago, about 4800 launches were performed, placing more than 6400 payloads into
orbit. But not only payloads form the population of man-madeobjects. Also rocket-bodies, mission-
related objects, and fragments from in-orbit explosions and incidental or accidental collisions may be
found. Space surveillance is the main technique to understand the population of Earth-orbiting man-
made objects. It involves detecting, tracking, cataloguing, and identifying man-made objects orbiting
Earth. As of today the U.S. Space Surveillance Network has collected orbital information for more
than 37000 man-made objects, which are available in a published catalogue. Only roughly 21000 of the
catalogued objects have decayed into the Earth’s atmosphere yet. The vast majority of the man-made
objects remaining in orbit, about 94%, are non-functional objects, or “space debris”. Two major events
led recently to a nearly 50% increase in the number of catalogued debris objects: the intentional destruc-
tion of Feng-Yun 1C by the Chinese government in January 2007, and the collision between the active
Iridium-33 satellite and the non-functional Russian Cosmos-2251 communication satellite in February
2009.

The sensor systems searching for and tracking space debris in order to maintain a catalogue of orbital
elements cannot track objects smaller than a few centimetres or decimetres, mainly depending on the ob-
ject’s altitude. Lower altitude bands (low Earth orbits, LEO) are mainly surveyed by ground-based radar
sensors. High-altitude bands (medium Earth orbits, MEO, and geostationary orbits, GEO) are observed
by electro-optical means from ground. Optimally, intermediate orbits and elliptical orbits would require
the fusion of radar and optical data. Space-based sensors, such as the space-based visible (SBV) instru-
ment on-board the midcourse space experiment (MSX) contributed significantly to space surveillance
of high-altitude regions until MSX was decommissioned in 2008. Its successor, the Space Based Space
Surveillance (SBSS) satellite, was launched in September 2010. A significant increase of space-based
contributions to the U.S. Space Surveillance Network can beexpected from the SBSS.

The population of smaller objects can only be described statistically, using space debris environment
models. According to ESA’s MASTER-2005 model, 600,000 objects larger than 1 cm are in orbit. One
centimetre is the widely accepted limit for which a collision would be catastrophic, causing the de-
struction of the objects involved in the collision. In addition the energy-to-mass ratio of a catastrophic
collision must exceed 40 J/g. Recent studies revealed that such collisions could lead to continuously
growing debris population, which in turn steadily increases the collision risk for operational satellites.
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1 Introduction and motivation

Both, the complete and timely information on the orbital elements of the trackable population of ob-
jects in space, and the availability of maintained and validated space debris environment models, are of
paramount importance for the future exploitation of space as an “enabling tool”. Catalogues of orbital
elements, provided by space surveillance systems, are central to perform conjunction analysis and colli-
sion risk assessments for the operation of satellites - not only to secure the functioning of the satellites,
but also as a main space debris mitigation practice. The space debris environment models are required
during the design phase of missions and satellites, in particular to address the threat imposed by space
debris.

In this context special attention must be paid to the formulation of efficient survey strategies for the sensor
systems used to search for unknown, or newly generated, space debris objects. Such survey strategies
are not only tightly bound to the capabilities of the utilised sensors, they are also strongly connected to
the aimed use of the generated data - i. e., catalogue build-up and maintenance, model validation, or even
a mixture of both. The various instrumental and processing-related, but also the financial and political
constraints of potential implementations of the proposed survey strategies have to be considered during
the formulation.

We study optical survey strategies in the framework of spacesurveillance. In Chapter 2 we start with
addressing the needs set by space situational awareness (SSA), which we relate to the space surveillance
principles, in particular to the passive optical observations of objects. We analyse the capabilities of
optical sensors in existing and planned space surveillancenetworks, including these of complementary
space-based sensors.

Chapter 3 introduces the relevant observation models and satellite orbit models of artificial Earth satel-
lites. Furthermore, different observation types and the reduction process are described in detail for optical
observations.

Chapter 4 is devoted to introducing the developed simulation environment. We review in particular
methods for initial orbit determination and discuss a new alternative formulation for analysing optical
observations. We use the simulation environment to assess the achievable performance for a system
proposal to survey small-sized space debris in lower and higher altitude by space-based optical means.

Chapter 5 discusses several options for realising optical survey strategies, already used ones, as well
as simulated ones. The discussion makes use of a classification scheme developed for considering
performance-related aspects, such as the estimated orbit determination accuracy, the covered fraction
of a population, and the achievable re-acquisition frequency of a particular object.

In Chapter 6 we investigate how the system proposal for space-based optical observations could be
employed for space-based space surveillance of objects in high altitudes.

Finally, Chapter 7 summarises the achieved results and draws conclusions potentially leading to further
investigations.
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2. Space situational awareness, space debris,
and space surveillance principles

In this chapter we present fundamental definitions relevantfor this work and introduce techniques, which
will be further refined in subsequent chapters. Special attention is paid to relate these basic definitions to
the currently ongoing European initiatives, and European sensors, in particular the optical ones.

2.1 Space situational awareness

Space systems face several major threats. Collisions with space debris objects, malfunctioning due to
space weather effects, or even deliberate attacks might endanger the space-segment. The concept of space
situational awareness (SSA), originating from the United States, takes into account these threats. A com-
monly accepted definition of SSA does not exist. The US Air Force defines SSA as “characterizing, as
completely as possible, the space capabilities operating within the terrestrial and space environments”
(Weeden and Kelso, 2009). The US SSA system has the core components surveillance, intelligence, re-
connaissance, command and control, and environmental monitoring. Widely, SSA is, understood as the
combination of space surveillance data (see below) with other data from various heterogeneous sources,
which allows the characterisation of known space objects asSpace Object Identification (SOI), and aims
at assessing the capabilities of the payloads, at identifying the owner and operator, and, finally, at deter-
mining and forecasting their intents. Observation technologies for SOI include narrow-band (variation
of the reflected energy), wide-band (radar imaging), photometry (analysis of intensity, luminance, and
illuminance), and optical imaging. Intelligence sources maybe included in SOI activities, as well.

SSA has received major and still growing interest in Europe in recent years. According to a definition
used by ESA (Anonymous, 2008a), SSA comprises the awareness and understanding of the orbital popu-
lation, the awareness of the space environment, and the awareness of threats to/by the orbital population,
and addresses the related data policy, security and governance issues. A SSA preparatory programme
(SSA-PP) was authorised at the 2008 ESA Ministerial Councilfor an initial period of three years, and was
formally launched on January 1, 2009. The SSA-PP encompasses three segments: space surveillance and
tracking (SST), space weather effects, and near-Earth objects. Considering the SST the customer require-
ments have been formulated (Krag et al., 2010) starting fromthe needs of the European user community.
Currently, the system requirements are derived from these requirements. Potential architectural solutions
for European SSA have been studied by European industry under ESA contracts (Donath et al., 2005,
2008, 2009) already. The SSA-PP also shall define the data andgovernance policy, and establish data
centers and management processes, launch precursor services and develop a radar breadboard.

The existing SSA systems were clearly driven by military needs. While the newer European definition
sees SSA as a dual use (harmonising and serving military and civil needs), there are also initiatives
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for an International Civil SSA. These initiatives anticipate the importance of fully opening the access
to SSA data for non-military users (Weeden and Kelso, 2009).All SSA activities are understood to
require a careful trade-off between costs (mostly directlyrelated to accuracy of the data) and system
complexity. Civil SSA will require a limited set of functionalities compared to the full set of military
SSA needs. The civil SSA users are not interested in all of theSOI, intelligence and reconnaissance
capabilities. Civil needs are limited to identify an objectand its operator, and to gather information
on manoeuvring capabilities and manoeuvre plans, which areessential inputs for collision avoidance
activities. Reducing the risk of accidental collisions in space is commonly understood as the driver for
developing an international SSA architecture (Ferrazzani, 2010).

Weeden and Kelso (2009) expect that a civil SSA system is freed from political and military constraints
by the intended open collaboration and data policy. Such a system may close some capability gaps
existing today in (US) military SSA, in particular in population coverage. The interesting approach
of civil SSA is rather new and significant technical, security, political, legal and diplomatic challenges
lie ahead. Weeden and Kelso (2009) are confident that these challenges may be solved. International
cooperation in SSA is also listed in the 2010 released US National Space Policy. The following “potential
areas for international cooperation” are inter alia listed: space nuclear power to support space science
and exploration; space transportation; space surveillance for debris monitoring and awareness; use of
space for maritime domain awareness.

Taking into account that space is a unique resource and that the unavailability of space-based services
would impose strong economical and social consequences the“Long Term Sustainability of Space Ac-
tivities” has been put on the agenda of the major space agencies recently, and is promoted by the United
Nations Committee on the Peaceful Uses of Outer Space (COPUOS). Ferrazzani (2010) expects that the
establishment of SSA capabilities will have to link with thesustainability activities, e.g. by fostering
comprehensive international exchange of SSA data.

2.2 Space surveillance

The acquisition and monitoring of the orbital population isof central importance for most SSA tasks. Ac-
quired and maintained object properties are the base for most products of a SSA system. They all require
the precise knowledge of the orbital elements of the object.Acquiring and maintaining the orbital infor-
mation is a key issue, and we may introduce the term “space surveillance” here. Klinkrad (2006) defines
it as the “combined, routine tasks of operational detection, correlation with sources, characterisation and
orbit determination of space objects”.

Here, we strictly limit to space surveillance techniques only, and thus focus on the population of artificial
Earth-orbiting objects. We divide this population into so-called trackable and non-trackable objects. We
define the trackable objects as the sub-population for whichwe may maintain a catalogue of orbital
elements and other object properties utilising a given network of so-called space surveillance sensors.
Search campaigns (“surveys”) carried out by this network will return information on the non-trackable
object population, too, but for different reasons this information is not sufficient to be maintained in
the catalogue. We may, however, use this information as input to describe the non-trackable object
population by using (statistical) modelling techniques. Strictly speaking, the term space surveillance is,
however, only applicable to trackable objects.

With more practical applications in mind, we use the term space surveillance as comprising the tasks of
1) systematically surveying and tracking all man-made objects above a certain size and 2) maintaining a
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catalog with regularly updated orbital and physical characteristics for these objects.

2.3 Space debris and its lifecycle

The entire population of artificial Earth-orbiting objectsmay not only be grouped into trackable and non-
trackable objects. We may use very different classificationschemes. For example we may use the orbital
regions as criteria, or we may distinguish active, i.e., transmitting and/or controlled, and non-functional
objects. With a share of less than approximately 6% of the entire mass placed in orbit, the about 1100
active objects are minor in number and mass compared to the non-functional objects.

Non-functional objects are commonly denoted as “space debris”, or, by an equivalent term, as “orbital
debris”. While “space debris” is mainly used in Europe, in particular promoted by ESA, the expression
“orbital debris” is commonly used in the United States. Irrespective of the term there is only a technical,
but no legal definition available. A definition agreed upon atinternational level is the following (Anony-
mous, 1999c): “Space debris are all man-made objects, including their fragments and parts, whether
their owners can be identified or not, in Earth orbit or re-entering the dense layers of the atmosphere that
are non-functional with no reasonable expectation of theirbeing able to assume or resume their intended
functions or any other functions for which they are or can be authorized.” By the International Academy
of Aeronautics (Anonymous, 1999b), space debris is defined as follows: “Orbital debris is herein de-
fined as any man-made Earth-orbiting object which is non-functional with no reasonable expectation of
assuming or resuming its intended function or any other function for which it is or can be expected to
be authorised, including fragments and parts thereof”. Themitigation guidelines of the Inter-Agency
Space Debris Coordination Committee (Anonymous, 2007) define space debris as “all man made ob-
jects including fragments and elements thereof, in Earth orbit or re-entering the atmosphere, that are non
functional”.

Major sources of space debris are launches and on-orbit operations. Space debris objects are non-
operational spacecraft, spent upper rocket stages, and mission related objects. Secondarily, a rapidly
growing share of space debris objects is produced by or from the primary objects through fragmentation
events (either deliberate or accidental collisions or explosions, or low-energy break-ups), through release
events, particle impacts, or surface degradation. More than 250 fragmentation events have taken place
till today (Johnson et al., 2008). Space debris objects alsoinclude solid rocket motor (SRM) combus-
tion residues (Al2O3 dust with sizes around 1 to 10µm, and slag, reaching cm sizes), NaK droplets
(sodium-potassium coolant liquids) released from ejectedreactor cores of Soviet radar ocean recon-
naissance satellites, with sizes up to 5.6 cm, and copper wire dipoles (product of the deliberate release
during the “Westford” experiment). Furthermore, up to millimetre-sized paint flakes produced by surface
erosion and ejecta generated by particle impacts (debris and meteoroid) contribute to the space debris
environment.

Figure 2.1 gives the spatial density of the space debris classes as a function of the altitude. The spa-
tial densities for different diameter thresholds are obtained from ESA’s Meteoroid And Space debris
Terrestrial Environment Reference (MASTER) model in the version 2005 (Oswald et al., 2005) for the
reference epoch May 1, 2005. The population larger than 1 cm is dominated by fragments, while the main
contributor to the mm-sized population is SRM slag, and for the 100µm population ejecta play a major
role. NaK droplets are absent in the dm-size population, and, due to their origin, above 1000 km altitude.
Space debris accumulates mainly in areas interesting for space operations and in orbital regimes required
to reach these interesting areas. The highest densities arefound in the low-Earth orbits (LEO), while

5
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Perigee height Apogee height Inclination 0.1 mm 1 mm 1 cm 1 dm
356 km 364.1 km 51.6° 8.95 636 41102 942507

773.5 km 789.2 km 98.6° 0.68 42.52 1252 43783
1400 km 1400 km 52° 1.72 102 9208 126550
20000 km 20000 km 55° 244.80 10794 1.14E+07 7.20E+08
560 km 35786 km 7° 36.76 2627 241546 4.41E+06

35786 km 35786 km 0.1° 676.30 18674 6.46E+06 1.40E+08

Table 2.1: Mean time [years] between collisions for different impactor diameters for 1 m2 surface in sev-
eral representative orbits for the reference epoch 1 May 2009, based on the most recent ESA MASTER-
2009 model (Bastida, 2011).

other peaks of the density can be found in the geostationary orbits (GEO) and the semi-synchronous or-
bits in the medium Earth orbits (MEO). The characteristics of these orbital regimes are further specified
in Sect. 3.2. In addition Table 2.1 lists the mean time between collisions for different size thresholds and
for several representative orbits based on the most recent ESA MASTER-2009 model for the reference
epoch 1 May 2009.

Space debris objects are removed from the Earth-orbiting population either by natural forces (atmo-
spheric drag and third body perturbations, forcing the object to re-enter into the atmosphere of the Earth),
or by an active removal. Most of the space debris objects havea long orbital lifetime (see also Sect. 3.2).
During the recent years the consensus emerged that not only continuing a business-as-usual approach
will lead to a growing population of space debris. This effect was first described by Kessler and Cour-
Palais (1978). Today it is widely accepted that even withoutadditional launches the very uncomfortable
situation of a continuously growing space debris population would emerge (see, e.g, analyses by Bastida
and Krag (2009), who used ESA’s long-time evolution forecast tool DELTA).

An expected 50% increase of close approaches in the next 10 years and a 250% increase in the next 50
years (Lewis et al., 2009) will have a strong impact on operating spacecraft. The operational costs will
increase due to an increasing effort for conjunction event analyses and the performance of collision avoid-
ance manoeuvres (see, e.g., recent results by Flohrer et al.(2009) for ESA missions). In addition, the
performance of avoidance manoeuvres shortens the mission lifetime and potentially degrades the quality
of the generated data products. Last, but not least, the costs for operating spacecraft in densely populated
regimes will become unaffordably high. Cascading collision events within the existing population will
make the situation even worse with time.

Strategies for space debris remediation, which is the effective and cost-efficient active removal of large
space debris objects, have to be identified soon. The first step, mitigating the release of new debris
objects, has become a widely accepted practice. National and international guidelines and regulations
exist and are widely followed.

2.4 Space surveillance principles

Three major space surveillance principles may be identified, namely surveying and tracking, correlation
and catalogue maintenance, object identification and characterisation. The following paragraphs will
look at each principle in more detail, in particular from theperspective of passive optical observations of
objects.
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2.4.1 Surveying and tracking

Surveying and tracking are the two primary tasks of space surveillance. Surveying denotes the systematic
search for unknown objects in defined spatial volumes. Tracking, on the other hand stands for the re-
observation of already known objects based on a-priori information. Accomplishing these two tasks
requires a network of sensors, formed by radars and optical telescopes, either operated on ground or in
space. At high-altitude regions (MEO and GEO), ground-based optical telescopes are preferred over
ground-based radars. This is mainly due to the higher sensitivity of telescopes at higher regions: the
sensitivity of optical telescopes only decreases proportionally to the distance with the power of two, the
sensitivity of radar decreases proportionally to the distance with the power of four. The optical technique
also has some disadvantages. The objects have to be in the sunlight in front of a dark sky background to
observe them by optical means. For lower LEO objects, the observation time therefore is limited to one
or two hours before sunrise and after sunset. For higher orbits observations may be acquired during the
entire night.

Figure 2.2 gives the sensitivity of radar and optical sensors as a function of the object’s altitude, based
on assumptions and on publicly available sensitivity information. For objects in the GEO region it is
assumed that the most advanced space surveillance networksprovide sufficient capabilities to routinely
track and catalogue objects down to about 1 m (mostly throughoptical means), in LEO down to 10 cm
(mostly through radars) (Klinkrad, 2006; Stansberry, 2010). There are, however, some solitary sensors,
which are not part in a network, but have a higher sensitivity, such as the Haystack radars in Westford,
Massachusetts, or ESA’s 1-m telescope at the Optical GroundStation (OGS) at Izaña, Tenerife, Spain.
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Figure 2.1: Space debris spatial density according to MASTER-2005, analysis epoch May 2005, (a):
fragments, (b): launch/mission-related objects, (c): NaKdroplets, (d): SRM slag, (e): ejecta. Top-left:
size threshold 1 dm, top-right: 1 cm, bottom-left: 1 mm, bottom-right: 100µm.
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Typical detection limits for optical telescopes (see Sect.2.5) are down to about 5 cm diameter in LEO
with the (no longer operational) Liquid Mirror Telescope (LMT), 0.6 m diameter object with albedo 0.2
at 36000 km using the (no longer available) CCD Debris Telescope (CDT), or about 20 mag for ESA’s
Zeiss 1-m-Telescope at Tenerife. These values correspond to objects of 0.1 to 0.2 m in diameter at
GEO. Cost-efficient, robotic small aperture sensors, such as the Zimmerwald Small Aperture Robotic
Telescope (ZimSMART/ZimSMART2), are able to detect metre-size objects in GEO. A knowledge gap
exists in the centimetre regime at higher altitude (see Fig.2.2). More details of the most important sensor
installations will be provided in Sect. 2.5.

Smaller, non-trackable, particles of space debris are not in the focus of our work. Information on such
objects can be retrieved from in-situ measurements, i. e., from surfaces that have been exposed in the
space region of interest and brought back to ground. This method is mainly used for the LEO region.
Some examples are the Long Duration Exposure Facility (LDEF), the European Retrievable Carrier
(EuReCa), the Standard in Situ Impact Detector (DEBIE), surfaces of the space shuttle and components
(mainly the solar arrays) from the Hubble Space Telescope. These surfaces provide knowledge of objects
smaller than 0.1 cm. The distinction between impacts from debris and from meteoroids is a problem.
From the impact craters (and calibration experiments on ground) the flux of space debris (and meteoroids)
may be deduced as a function of particle size.

2.4.1.1 Radar observation of space objects

A radar (radio detection and ranging) is always an active sensor that does not require illumination of
the target object. At all weather conditions a radar provides range measurements by registering the time
difference between the emission of energy (the “signal”) towards the target and the reception of the
reflected signal at the radar sensor.

Mono-static, bi-static, or even multi-static radars can bedesigned, depending on the co-location of trans-
mitter and receiver antenna. We may distinguish furthermore between continuous-wave and pulsed radars
according to the modulation of the amplitude of the transmitted signal. If a traditional radar system (that
is basically a large dish-shaped antenna) is equipped with encoders on the antenna mount, the system may
also provide angular information (e.g., azimuth and elevation) on the direction of the reflected energy.
Range-rate information can be derived from the Doppler shift between the frequency of the received
signal and frequency of the transmitted signal.

So-called phased-array radars, where the phases of the emited signals are differentially shifted within an
antenna array, are an alternative to the mechanically complex dish antennas. These type of radar allows
it to control the shift of the maximum of the emitted signal toa different direction. This technique,
also known as digital beam steering, allows for very flexiblebeam steering patterns and very short delays
between different pointing directions of the emitted signal. Even multiple parallel pointing directions can
be realised. Phased-array radars are of great importance for surveying large volumes efficiently (such as
the French GRAVES, or the Cobra Dane radar (see Sect. 2.5.1)).

While most phased-array radars operate survey-oriented, we may distinguish survey and tracking oper-
ations for the traditional (dish) radars. In order to conduct surveys, the dish radar may be operated in
a beampark mode, where the antenna points to a fixed elevationand azimuth. The acquired measure-
ment data is only sufficient for providing statistical information, such as number and size of the objects
crossing the field-of-view (FoV), as well as deducing coarseorbits. Operating the radar in tracking mode
helps to acquire more precise data, which allows the determination of precise orbits. In tracking mode,
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the radar usually follows previously (a-priori) objects for a certain period and registers epoch, angular
direction, range, range-rate, amplitude and phase of the radar echoes, so that measurements distributed
over a longer arc may be correlated with a particular object.Some radars can autonomously track in a
closed-loop mode.

More information about radar are provided in Sect. 3.3.1.

2.4.1.2 Optical observations of space objects

We focus on optical observations of objects in space, in particular at Earth-orbiting satellites. In this
section we focus on space surveillance applications of optical observations, the surveys and tracking
techniques introduced in Sect. 2.4.1, but also touch “non-space surveillance” applications.

Position and apparent brightness of objects can be measureddirectly with optical means. Other inter-
esting information is derived later on from these direct measurements, as, e.g., orbital elements (if more
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2 Space situational awareness, space debris, and space surveillance principles

than one observation is available), or the size of the object(from the phase angle at the observation epoch,
and by making assumptions concerning the object’s albedo and shape).

Optical observations of artificial satellites boomed in space geodesy before the 1970’s. At that time opti-
cal observations were the primary tool to determine the orbits of satellites. The principles and techniques
developed, e.g. by King-Hele (1983) are still valid today, but of course we need to take into account
technological innovations, too. The major technological break-through is the digitalisation of the ob-
servation process. Efficient electro-optical detectors, such as charge-coupled devices (CCD), have been
developed together with cost-efficient capabilities for handling the generated digital data. Optical obser-
vations only play, however, a minor role in modern space geodesy, because the achievable accuracy of
the data is inferior to that of other space-geodetic observation techniques. Combining optical observa-
tions with data from other techniques is thus limited to someselected applications, such as the calibration
of observing systems, or the validation of reference star catalogues (Flohrer, 2008). As Flohrer (2008)
pointed out, an improvement by one order of magnitude of today’s accuracy provided by optical obser-
vations might lead to a new type of coupling celestial and terrestrial reference systems. This so-called
CQSSP (Coupled Quasar, Satellite and Star Positioning) wasproposed by Baueršı́ma (1984) and further
refined by Schildknecht et al. (1991). The CQSSP proposal makes use of the fact that a satellite orbit
may be well determined in both, the stellar and the terrestrial reference frame. The latter is linked to the
quasar-based reference frame via the Earth orientation parameters (EOP). Thus, optical observations of
satellites would enable the monitoring of transformation parameters between the quasar-based and the
stellar-based reference frames.

Optical observations face the problem that the star background and the moving objects need to be seg-
mented in the acquired exposures. Applying a specific tracking scheme when acquiring the exposure
may help to solve this problem. Depending on whether star (sidereal) tracking or ephemeris tracking
was applied, either the stars or the object are (nearly) point-shaped, and either the object or the stars are
short streaks. It is, however, possible that both may appearas streaks if a different tracking scheme is
applied. This streak-vs-streak segmentation is very challenging.

The segmentation may either use single exposures or series of exposures to identify moving objects in
front of a star background. Several filter techniques may be applied in order to remove false detections
or detector failures from the list of detected moving objects. In a next step all remaining candidate
objects are subject to the so-called astrometric reduction. The measured centroid positions of the object
pixel coordinates are transformed into a standard reference system, either a celestial or a terrestrial one,
by applying corrections applicable to the observing system(mount/mapping), and, if necessary, station
coordinates and Earth-orientation parameters as functions of the observation epoch.

The next step of data processing consists of the orbit determination using these astrometrically reduced
observations. Objects found during surveys are usually unknown, implying that no a-priori orbital infor-
mation is available. It is thus necessary to proceed with initial orbit determination algorithms. Initial orbit
determination using the usually short observed arc will result in an orbit of limited accuracy and requires
later improvement by additional further observations. Therelevant definitions of detector parameters,
reference frames, astrometric reduction, and (initial) orbit determination are provided in Sect. 3.3.2.8.

The short observed arc, either represented by a set of initial orbital elements, or by a list of observations, is
the output of the survey and tracking tasks based on optical or radar observations. It is important to point
out that all subsequently presented space surveillance principles (correlation and catalogue maintenance
(see Sect. 2.4.2), and object identification and characterisation (see Sect. 2.4.3)) rely on short observation
arcs.
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2.4.2 Correlation and catalogue maintenance

The orbits and other properties of space debris objects are collected in a catalogue. These properties
may include: shape and size, mass, albedo, and launch information. The most relevant catalogues, which
are updated regularly, are the catalogue from the US Strategic Command (USSTRATCOM) and the
catalogue from the Russian Federation. Both catalogues include information on active satellites and on
space debris objects.

A catalogue contains at least the orbital elements of a certain number of objects at either a common
reference epoch, or at known individual reference epochs per object. From these orbital elements an
ephemeris can be generated through orbit propagation, where the same force model as for the orbit
determination should be applied. The catalogue may also contain the individual observations of each
object, which were used for orbit determination. Other observations, which were not used yet, are then
treated as so-called un-correlated observations in a separate data pool.

The aim of correlation is the identification of observationsof already known objects, which have already
been observed or may already have been catalogued, and to generate correlated observations. This im-
plies to decide whether or not an object detection is relatedto a “new” (i. e., a previously unknown or
newly generated) object.

Catalogue maintenance goes a step beyond correlation. Starting from a given catalogue performance
or quality criteria (like accuracy and timeliness of the stored data) certain rules for the re-acquisition of
catalogued objects are defined. The definition and update of the observation schedule of the survey and
tracking sensors takes these rules into account. The correlation of the resulting observations then helps to
maintain (i. e., to refine and update) the catalogued data, but also to identify so-called “no-shows”. The
latter are objects for which no new data could be correlated with the catalogue. In most cases “no-shows”
are due to manoeuvring spacecraft, and hopefully not so often due to fragmentation events. In any case
no-shows will trigger special observation patterns in order to restart the catalogue maintenance process
for these objects. Table 2.2 summarises the four possible states of catalogue maintenance for a certain
object as a function of object detection and object re-acquisition.

We treat correlation and catalogue maintenance as a single task, but these tasks are often discriminated in
the literature. It is, however, difficult to clearly draw theborderline between correlation (of observations)
and catalogue maintenance, because knowledge gained in thecorrelation of observations is useful for
catalogue maintenance and both processes use similar, if not identical, techniques. Even if only short
arcs are correlated with short arcs, our pragmatic definition of a catalogue supports that one may still

Object detection
Object reacquisition true false
true correct reacquisition miss-tag (wrong orbit determina-

tion)
false missed re-acquisition, potentially

leads to double object in catalogue,
delayed catalogue update

new object

Table 2.2: Possible states of the catalogue maintenance process, depending on results of object reacqui-
sition and detection tasks
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see this correlation as a catalogue maintenance task, if oneshort arc is treated as representing catalogue
containing only one object.

Algorithms and techniques for correlation of observationsand catalogue maintenance are not well doc-
umented in the open literature. No generic approach is known, if existing at all. All solutions and algo-
rithms that are available today are derived from specific problems. Some of them have been extended to
a broader range of applications later on.

Relevant aspects for correlating optical observations at observation level are, e.g., studied by Früh et al.
(2008). A similar brute force strategy is used in the widely used software package Apex by Kouprianov
(2010). Früh et al. (2009a) and Früh et al. (2009b) discuss how short arcs can be mapped on a given
ephemeris, which is one frequently used catalogue correlation technique. Correlation approaches based
on initial orbit determination algorithms are, e.g., presented by Olmedo et al. (2008) and Olmedo et al.
(2009).

Techniques and conceptual considerations for maintaininga catalog of specific near-GEO objects are
discussed by Musci et al. (2010). The authors apply the presented technique successfully to observa-
tional arcs of several months. The underlying observation concept covers also catalogue build-up and is
outlined by Musci et al. (2005) and further refined by Schildknecht et al. (2007). With that technique it
is possible to build-up and to routinely maintain a catalogue of the visible GEO region making use of
highly automated observation acquisition and processing systems (Herzog et al., 2010).

It has been shown recently that, as a principle, initial orbit determination and short arc formation, i.e.,
correlation of observations, can be combined into a common process (Farnocchia et al., 2010). This ap-
proach has been developed originally for heliocentric orbits and has been first introduced to Earth-bound
orbits by Tommei et al. (2007). The concept makes use of so-called admissible regions of the topocentric
distance and range-rate plane that contain all possible, i.e., physically meaningful, orbits, which could
be associated with a given short arc. Experimentally, the concept was applied to a set of optical GEO ob-
servations by Milani et al. (2010). Its applicability to optical observations of LEO has been established
by simulations. Maruskin et al. (2009) introduced a method of searching the admissible region more
efficiently using Delaunay elements. Fujimoto and Scheeres(2010) use probability distributions in the
Poincaré orbit element space to improve the mapping withinthe admissible region.

Taking into account the specific output of the survey and tracking tasks we may introduce in a more
general manner the following correlation and catalogue maintenance approaches:

• Correlation of orbital elements (orbital elements of shortarcs with catalogued orbital elements)

• Correlation of ephemerides (propagated ephemerides of uncorrelated objects with propagated
ephemerides of the catalogued objects)

• Correlation of observations (observations of short arcs with catalogued observations of objects)

• Correlation of orbital elements with ephemerides (orbitalelements of short arcs with propagated
ephemerides of catalogued objects, propagated ephemerides of uncorrelated objects with cata-
logued orbital elements)

• Correlation of orbital elements with observations (orbital elements of short arcs with catalogued
observations of objects, observations of short arcs with catalogued orbital elements)
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• Correlation of ephemerides with observations (propagatedephemerides of uncorrelated objects
with catalogued observations of objects, observations of short arcs with propagated ephemerides
of catalogued objects).

2.4.3 Object identification and characterisation

Space object identification and characterisation is per definition more an SSA task rather than part of
space surveillance. SSA requires the identification of objects that goes beyond the orbital elements and
the object size. Catalogued object data in SSA are not limited to orbital elements, they may also include
a subset of (at least) the following quantities: attitude parameters, object type (S/C, R/B, others and
fragments), sensor/antenna pointing, physical paremeters (e.g., shape, size, mass, material composition,
optical & radar parameters), launching data (nation, if possible launch time, launch site), owner, oper-
ator, status (operational for S/C, non operational for all others), object function(s) or mission type and
manoeuvre data. For all of these additional information thedata source, the data history and (if possible)
the degree of confidence in that information (i.e., the covariance) are also included. Typical problems of
space object identification and characterisation are the required technological effort and the associated
costs for acquiring the additional information, and the definition of an appropriate (i.e., a commonly
accepted) data policy for accessing the generated data.

For the core task “space surveillance” a clear launch identification (COSPAR-ID) is, however, considered
to be sufficient. The interest of civil SSA users is driven by collision avoidance activities and thus limited
to status and manoeuvring capabilities and owner/operatoridentification of a conjuncting space object.

Space object characterisation can only be achieved throughfusing data from heterogeneous techniques
and multiple sensors. Efficient and reliable methods for sensor fusion are understood to impose a key
problem today (see, e.g., recent work by Abbot and Wallace (2007) and Stansberry (2010)).

2.5 Sensors with space surveillance capabilities

Based on the introduction of space surveillance principleswe now discuss observation systems providing
space surveillance capabilities. The focus is on optical observing systems. Radars are only briefly
considered. Where applicable, we discuss the image acquisition and orbit determination algorithms. We
start with the ground-based optical observing systems, followed by a review of space-based observing
systems.

Compared to a ground-based optical instrumentation, a higher number of observations – with increased
accuracy – is possible from a space-based optical sensor, due to the absence of weather constraints.
Furthermore the whole longitude band is in principle accessible from a single space-based sensor, and
observations might not be limited by daylight conditions, as on ground. The big disadvantages are the
costs and development time of a space mission and the limitedoperation lifetime. In addition, there is
often no possibility to access space-based observation data in real-time due to limited data downlink or
relaying opportunities.

2.5.1 Ground-based sensors

The most successful ground-based systems are currently operated in the United States, in Russia and
in Europe. Other sensor systems exist in Japan, China, and Australia. We already mentioned the fact,
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that for carrying out space surveillance, a network of spacesurveillance sensors is required. Today, only
the United States and Russia operate such a network, and onlythe United States make a part of their
resulting data products available to registered users.

Table 2.5.1 lists the characteristics of the ground-based sensors provided in this section.
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Table 2.3: Ground-based sensors

Sensor name Abbreviation Observation technique Location Note
Ground-based sensors of US Space Surveillance Network
Air Force Space Surveillance System (dedi-
cated)

AFSSS continuous-wave fully multi-static
VHF radar interferometer

along 33° latitude in the continental US

Eglin (dedicated) AN/FPS85 single-side phased-array radar
Ballistic Missile Early Warning System (col-
lateral)

BMEWS two-side phased array radars (ex-
cept three-sided phases array radar
at Fylingdales)

Thule (Greenland), Clear (Alaska), Fyling-
dales (UK)

Phased Array Warning System (collateral) PAVE PAWS two-side phased array radars Cape Cod (Massachusetts), Beale (Califor-
nia)

Perimeter Acquisition Radar and Attack
Characterization System (collateral)

PARCS single-sided phased array radar Cavalier (North Dakota)

Antigua and Ascension radar (collateral)
Cobra Dane (contributing) AN/FPS108 single-side phased array radar Shemya (Alaska)
Millstone and Haystack radars (contributing) dish radars Westford (Massachusetts), operated by MIT
ARPA Lincoln C-band Observable Radar
(contributing)

ALCOR Kwajalein Atoll, operated by the US Army

ARPA Long-range Tracking and Identifica-
tion Radar (contributing)

ALTAIR Kwajalein Atoll

Maui Space Surveillance System (collateral)MSSS with MO-
TIF

several telescopes, and spectro-
graph

Maui (Hawaii) operated by Air Force Maui
Optical and Supercomputing Site (AMOS)

Ground-Based Electro-Optical Deep Space
Surveillance network (dedicated)

GEODSS electro-optical telescopes Socorro (New Mexico), White Sands Mis-
sile Range (WSMR), Mt. Haleakala at Maui
(Hawaii), Diego Garcia (British Indian
Ocean Territory), mobile site (MOSS) in
Moron (Spain)

Other US sensors
NASA CCD Debris Telescope CDT mobile 32 cm telescope Maui and Cloudcroft (New Mexico) no longer operational
NASA liquid mirror telescope LMT 3 m aperture telescope Cloudcroft (New Mexico) operated from 1996 to 2002
Meter-Class Autonomous Telescope MCAT 1.3 m telescope Kwajalein Atoll (Pacific) operations to start 2011
Michigan Orbital Debris Survey System MODEST 0.6/0.9 m telescope Cerro Tolo Inter-American Observatory

(CTIO), Chile
Panoramic Survey Telescope and Rapid Re-
sponse System

Pan-STARRS 1.8 m telescope

Goldstone radar bistatic dish radar
Russian Space Surveillance System
Volga radars Tracking and phased-array radars
Okno system Several telescopes Nurek site (Tadshikistan) operational since 1980
Other Russian sensors
International Scientific Optical Network ISON Numerous 0.4 m to 2.6 m telescopes30 telescopes of 20 observatories in 8 statesoperated by Keldysh Institute of

Applied Mathematics of the Rus-
sian Academy of Science (RAS)

European optical sensors
Continued on next page15
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Table 2.3 – continued from previous page
Sensor name Abbreviation Technique Location Note
Optical Ground Station OGS 1 m telescope Tenerife operated by ESA
Zimmerwald Laser and Astrometry Tele-
scope

ZIMLAT 1 m telescope Zimmerwald Observatory, Switzerland operated by the Astronomical In-
stitute of the University of Bern
(AIUB)

Zimmerwald Small Aperture Robotic Tele-
scope

ZimSMART 20 cm telescope Zimmerwald Observatory, Switzerland operated by the Astronomical In-
stitute of the University of Bern
(AIUB)

Télescope à Action Rapide pour les Objets
Transitoires

TAROT 25 cm telescope Calern, France operated by CNES

TAROT-S La Silla, Chile
Starbrook wide-field telescope 10 cm telescope Troodos/Cyprus sponsored by the British National

Space Centre (BNSC)
Starbrook North 15 cm telescope Herstmonceux, UK
Collepardo Automatic Telescope 40 cm telescope Collepardo, Italy
Observatori Astronòmic de Mallorca 40 cm telescope Mallorca, Spain
Gautier astrograph 33 cm telescope San Fernando, Spain operated by the Real Instituto y Ob-

servatorio de la Armada (ROA)
Baker-Nunn camera 50 cm telescope Montsec d’Ares, Spain
“Pi of the sky” project 8 cm telescope Las Campanas Observatory, Chile and

Mazagn near Huelva, Spain
working prototype

European radar sensors
Grand Réseau Adapté à la Veille Spatiale GRAVES bistatic radar, using VHF transmit-

ters
near Dijon and Apt, France operated by the French air force

Tracking and Imaging Radar mono-pulse
radar, parabolic
dish antenna

TIRA Wachtberg, Germany belongs to the Fraunhofer Institute
for High Frequency Physics and
Radar Techniques (FHR)

Effelsberg 100 m radio telescope operated with TIRA
Armor radar vessel Monge, France operated by the Systems Evaluation

and Test Directorate of the French
Ministry of Defence (DGA/DCE)

Bearn, Provence, Gascogne radars France operated by DGA/DCE
Chilbolton radar monopulse radar operating in S-

band
Winchester, UK operated by the Rutherford Apple-

ton Laboratory (RAL)
European Incoherent Scatter Radars EISCAT radar Tromsø(Norway), Kiruna (Sweden), So-

dankylä (Finland), Longyearbyen (Svalbard)
Fylingdales high-performance 3-face, phased-

array radar, operating in the UHF-
band

Fylingdales (UK) US SSN sensor, operated by the
British armed forces

Globus-II X-band mono-pulse radar,
parabolic dish antenna

Vardø, Norway US SSN sensor

Japanese sensors
Bisei SpaceGuard Center BSGC 1 m optical telescope Bisei SpaceGuard Center (BSGC) operated by the Japan Aerospace

Exploration Agency (JAXA)
Kamisaibara SpaceGuard Center KSGC S-band radar Okayama prefecture operated by JAXA

Continued on next page
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Table 2.3 – continued from previous page
Sensor name Abbreviation Technique Location Note
Australian sensors
Zadko 1 m telescope 90 km North of Perth owned by the University of Western

Australia
Chinese sensors
Purple Mountain Observatory 1 m-telescope and 0.65 m telescopeXuyi (Jiangsu province) operated by the China National

Space Administration (CNSA)
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2 Space situational awareness, space debris, and space surveillance principles

2.5.1.1 The US space surveillance network

The US Space Surveillance Network (SSN) of the US Strategic Command (USSTRATCOM) comprises
more than 20 ground-based optical and radar sensors and from1998 until 2007 and again from 2010
onwards it also has space-based observation capabilities.Currently, it tracks about 16500 man-made
objects in the publicly available catalogue, and, in addition, an unknown number of objects in the so-
called analysts catalogue.

The US space surveillance distinguishes between deep-space surveillance (more than 225 minutes revo-
lution period) and low-altitude surveillance (fewer than 225 minutes revolution period).

The sensitivity limits of the SSN are not published. It is widely assumed that 10 cm objects in LEO and
objects larger than 1 m in GEO (see Sect. 2.4.1) are covered. This sensitivity no longer meets future
needs of the US. Spencer et al. (2000) report on a study of cataloguing 1 cm objects at 1000 km altitude
by optical means. Schumacher (2009) expects a total catalogue size of more than 100,000 objects if 5 cm
objects in LEO are catalogued. He reports on the planned and ongoing sensitivity upgrades of a central
radar sensor of the SSN to achieve this enhanced sensitivity.

According to Chatters and Crothers (2009) three groups of sensors are distinguished in the US SSN (for
the global distribution see Fig. 2.3):

• Dedicated sensors (military sensors fully available for space surveillance): GEODSS, MOSS, AF-
SSS and AN/FPS 85 at Eglin,

• Collateral sensors (the primary mission is not space surveillance): MOTIF, MSSS, BMEWS, PAVE
PAWS, PARCS, the Antigua and Ascension radars,

• Contributing sensors (owned and operated by others, providing data on request of the US SSN):
Millstone/Haystack, ALCOR, ALTAIR, and AN/FPS108 at CobraDane.

Klinkrad et al. (2008) mentions that the Globus-II X-band tracking radar located at Vardø, Norway, is
connected to the US SSN.

The Air Force Space Surveillance System (AFSSS) was initially built-up and operated by the US Navy
(NAVSPASUR or NSSS at that time) in the early 1960s. The system is commonly denoted as “the
fence”. It is a continuous-wave fully multi-static Very High Frequency (VHF) radar interferometer that
now consists of 3 triplets of 1 emitter and 2 receivers with all sites distributed along 33° latitude in
continental US. This sensor provides most of the LEO observations for the US catalogue. An upgrade of
the fence to S-band aiming to detect 90% of 5 cm objects at 1000km distance is ongoing (Schumacher,
2009). This upgrade potentially involves new sites, e.g., on the Southern hemisphere. The new number
of sites is unknown yet. Various design options are considered. The final system development is expected
to start in 2012.

AN/FPS85 Eglin is a single-side phased-array radar. The ballistic missile early warning system BMEWS
has sites in Thule, Greenland, in Clear, Alaska, and in Fylingdales, UK. All radars (except Fylingdales)
has two-side phased array radars. The phased array warning system PAVE PAWS are two-side phased
array radars, too, with sites in Cape Cod, Massachusetts, and Beale, California. The Perimeter Acqui-
sition Radar and Attack Characterization System (PARCS) isa single-side phased array radar located at
Cavalier, North Dakota, and points northwards over Hudson Bay. The Antigua and Ascension radars are
used for telemetry tracking to support space control operations.
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2.5 Sensors with space surveillance capabilities

The AN/FPS108 Cobra Dane in Shemya, Alaska is a single-side phased array radar. Millstone and
Haystack radars are dish radars, operated by MIT in Westford, Massachusetts. The MIT radars and the
Cobra Dane sensor are also used for space debris observations (Stansbery and Foster, 2005). The ARPA
Lincoln C-band Observable Radar (ALCOR) is a radar located on the Kwajalein Atoll, operated by the
US Army. ALTAIR (ARPA Long-range Tracking and Identification Radar) is closely located to ALCOR,
and is able to track GEO objects. Imaging capabilities are provided by Haystack and ALCOR.

An overview status of US optical observations of debris is given by Africano et al. (2001) and Africano
et al. (2004). Results from debris observations from the AirForce Maui Optical and Supercomputing
Site (AMOS) operating the MSSS (Maui Space Surveillance System with the Maui Optical Tracking and
Identification Facility MOTIF) are presented. The MSSS comprises the large 3.7 m electro-optical tele-
scope (AEOS), a recently renovated Baker-Nunn system, a spectrograph and, of lower complexity, the
RAVEN telescope farm. The RAVEN telescopes are remarkable by using commercially available hard-
ware and software to perform space surveillance tasks. Withthese telescopes of 0.36 m aperture, 0.6°
FoV, and a moderate pixel scale of 4′′/pixel objects as faint as 17 mag could be detected with 20 s expo-
sure time. The RAVEN telescopes are designed to work absolutely autonomously. The results include
radiometric and spectroscopic observations in several passbands acquired by several telescopes, as well
as imaging. Automatic observations using COTS equipment (so-called RAVEN-Class) are introduced,
as well, as wide FoV applications (NEAT, GEODSS and Phoenix).

The backbone of the ground-based US Space Surveillance sensors observing high-altitude orbits is the
Ground-Based Electro-Optical Deep Space Surveillance (GEODSS) network. GEODSS sites are at So-
corro, New Mexico, on White Sands Missile Range (WSMR); Mt. Haleakala on the island of Maui,
Hawaii; Diego Garcia, British Indian Ocean Territory. A mobile site (MOSS) located in Moron, Spain,
is operated in addition. Observations are acquired with telescopes of basically Ritchey-Chrétien design
equipped with CCDs. Each site operates four telescopes, three main telescopes (102 cm aperture, 2°
FoV, f/2.15) and one auxiliary telescope (38 cm aperture, 6° FoV), with the exception of Diego Garcia
(three main telescopes), and the Moron Optical Space Surveillance System (0.5 m CCD telescope). A
brief outline of the original GEODSS instrumentation is given by Schefter (1982). The pixel scale of the
first main and auxiliary GEODSS telescopes was comparatively large: 15′′/pixel and 40′′/pixel. After
1999 the astrometric accuracy of GEODSS sensors was about 4′′(Faccenda, 2000).

The GEODSS network covers all altitude regions, from LEO up to GEO. The smaller aperture GEODSS
telescopes are used to survey lower altitudes, searching objects with higher relative velocities. Details on
sensor architecture and observation strategy are not available. It is known, however, that the observation
and analysis concept was developed by the Lincoln Lab of the MIT: the telescopes perform sidereal track-
ing, taking very rapid exposures. Consecutive observations are combined. In these combined images,
stars can be removed and objects - appearing as streaks can beextracted. Multiple objects in the same
frame can be processed (Faccenda, 2000). GEODSS currently undergoes a refurbishment, a significant
increase in the performance by 2-2.5 mag can be expected fromthe use of CCD detectors. Faccenda
(2000) describes the CCD as MIT/LL CCID-16 device, a monolithic back-illuminated array of 1960 by
2560 pixels with 24µm, covering nearly 60% of the focal plane. With 8 readout channels a readout rate
of 3 frames per second should be achieved.

2.5.1.2 Other US sensors

In this section we discuss the capabilities of non-SSN sensors in the US. These sensors may provide
either a higher measurement accuracy or a higher sensitivity compared to SSN sensors, but the acquired
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2 Space situational awareness, space debris, and space surveillance principles

data is only used for statistical analysis and these sensorsare not meant to contribute to the maintenance
of the US catalogue. It is important to note that several industry research and developing facilities exist
in the US (which are not listed explicitly by Johnson (2001))carrying out a major part of the space
surveillance and space debris related research.

The most detailed description of the results, search strategy, system design and operation of the NASA
CCD Debris Telescope (CDT) system is presented in a series ofpapers (Hebert et al., 2001; Jarvis et al.,
2001b; Matney et al., 2004; Barker et al., 2005). Talent et al. (1997) give a description of the search
strategy, focussing on high altitude regimes. The CDT was a mobile 32 cm aperture Schmidt telescope
equipped with a CCD providing a 1.7° FoV. The CDT had been operated at Maui and Cloudcroft, New
Mexico. The detection limit was reported at a visual magnitude of about 17.5. The CDT is no longer
operational.

From 1996 until 2002 NASA also operated the LMT. The LMT had a primary mirror of 3 m aperture
formed by a spinning dish of liquid mercury. The FoV was 0.34°. A video camera served as detector
(Stansbery and Foster, 2005). Descriptions of the telescope and of the attempts to use the LMT for the
detection of space debris in LEO and GEO from the telescope location in Cloudcroft, New Mexico are
given by Potter and Mulrooney (1997) and by Hebert et al. (2001). Results of LMT observations are also
presented by Potter and Mulrooney (1997) and, especially for a 1999/2000 LEO campaign, by Jarvis
et al. (2001a). Due to the special configuration of this telescope only zenith-fixed observations were
possible. The LMT mainly contributed statistical information on the orbital population, with a limiting
object diameter of down to 0.05 m objects in LEO. A comparisonof CDT and LMT results and their
operation is provided by Africano et al. (1999).

NASA now designs and is about to install in 2011 a 1.3-m class telescope (Stansberry et al., 2010) on the
Kwajalein Atoll in the Pacific for space debris research (theMeter-Class Autonomous Telescope MCAT).
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Figure 2.3: The US Space Surveillance Network (Source: (Klinkrad, 2011))
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The FoV of thef/4 modified Ritchey-Chrétien will be 0.7°× 0.7° (0.96° in diagonal). A 4k× 4k CCD
camera will be attached. For exposure times of 5 s it should bepossible to detect 10 cm objects at GEO.
A double horseshoe mount allows to operate at low latitude. Two operating modes are foreseen: a
“track before detect” mode during twilight hours at low inclination and a more conventional GEO search
elsewhere. Coordinated operation with the Kwajalein radars is planned with the goal to improve the
estimation of object sizes from optical observations.

The Michigan Orbital Debris Survey System (MODEST) is the most important operational optical sen-
sor for NASA today. The NASA program for ground-based optical observation of space debris has the
focus on the use of MODEST. MODEST is a 0.6/0.9 m Schmidt telescope located at the Cerro Tolo
Inter-American Observatory (CTIO), Chile, owned and operated by the University of Michigan. MOD-
EST with f/3.5 has a FoV of 1.3°. The detection limit is at a visual magnitudeof +18. More details
about MODEST, its survey campaigns, and the applied search strategy are provided by Seitzer et al.
(2004). MODEST can apply a follow-up strategy (for MODEST the term “survey and chase” is com-
mon) when it is used in conjunction with the 0.9 m Small- and Medium-Aperture Research Telescope
System (SMARTS) telescope that is also located at CTIO. MODEST is usually in survey mode while
SMARTS is used to follow-up new detections.

The large optical synoptic survey telescope system Pan-STARRS (Panoramic Survey Telescope and
Rapid Response System) will, after completion, consist of an array of four 1.8 m optical subsystems,
which provide a very large FoV of 7 square degrees. Each of thefour telescopes will be equipped with
a 1.4 billion pixel CCD camera (Kaiser, 2006). This system isdesigned to search for Minor Planets, but
its moving objects detection pipeline can be expected to detect, in principle, also objects in Earth-bound
orbits. This pipeline is expected to operate with a detection threshold of 3 (Jedicke, 2006).

Looking to non-SSN radars, the Goldstone radar, a bistatic dish radar, has demonstrated the detection of
3 mm diameter objects in LEO (Matney et al., 1999).

2.5.1.3 The Russian space surveillance system

While the Russian Space Agency is responsible for all Russian space activities, the Russian Space
Surveillance System (RSSS) is operated by the Russian SpaceForces. Dicky et al. (1993) introduces
the structure of the network and mentions that radar and optical observation means are available. Ad-
ditional public information reveals that the RSSS consistsof tracking and phased array radar systems
(“Volga”), passive (and potentially also active) optical tracking facilities, as well as R/F sensors (Anony-
mous, 2008b).

A catalogue based on radar measurements conducted by the RSSS includes objects of a minimum size of
0.2 to 0.3 m up to altitudes of several thousand kilometers. Acatalogue based on optical observations in
the geostationary ring contains data of about 700 objects, including about 230 active spacecraft (Blagun
et al., 1999). Klinkrad (2006) states that the catalogue maintained by Russian sensors is about 30%
smaller than its US counterpart, which might be due to the higher latitude of the sensors of the Russian
network preventing the cataloguing of low inclination orbits, or due to a lower sensitivity or reduced
availability of the individual sensors.

Not too much is known about the currently used optical instrumentation. Blagun et al. (2001) and in more
detail Batyr et al. (1993), later updated by Khutorovsky et al. (2001), give an overview, from which we
conclude that optical observations of the Russian Space Surveillance System focus on the GEO region.
The Okno system is the main optical sensor with 9 domes at the Nurek site in the Pamir mountains of
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2 Space situational awareness, space debris, and space surveillance principles

Tadshikistan (Anonymous, 2008b), which presumably is operational since 1980. No sensor andoperating
details are known.

Aksenov et al. (2003) give an overview about catalogued data. The results show that the Russian cat-
alogues contain only a few MEO objects (compared to the American catalogue). However, the source
of the data remains unclear. The optical part of the Russian Space Surveillance Network is assumed
to consists of up to 14 sites with heterogeneous instrumentsup to 2 m apertures, partly equipped with
CCDs. Considering that the sites are distributed over the former Soviet Union no full coverage of the
Earth’s near space environment is possible. The observations are limited to 30° up to 160° in longitude
in the GEO. All sensors operate with significant availability gaps.

2.5.1.4 Other Russian sensors

The Keldysh Institute of Applied Mathematics of the RussianAcademy of Science (RAS) conducts
a very successfull project on monitoring and surveying high-altitude orbits through the International
Scientific Optical Network (ISON) (Molotov et al., 2008).

Since 2004 ISON has partnered with the Astronomical Institute of the University of Bern (AIUB) to track
faint space debris objects mainly discovered with ESA’s 1 m telescope at the OGS and with the Crimean
observatory in Nauchniy. The tracking network covers more than 340° in longitude and consists of
telescopes between 0.4 m and 2.6 m aperture. A total of more than 30 telescopes of 20 observatories in 8
states is organised in ISON (Molotov and Agapov, 2009). ISONis able to maintain orbits of presumably
all larger objects that are not present in the US catalog, andto identify most of them (see the list of 235
identified objects provided by Flohrer et al. (2011b) based on ISON data). In addition, more than 500
faint space debris fragments, of which more than 200 are continuously tracked, were discovered (Molotov
and Agapov, 2009). ISON now is in the process of adding dedicated, automated, 22 cm telescopes with a
large FoV to the network, as well as designing 60 cm telescopes that will be added later on. Independently
of the military data ISON data is used for conjunction assessment of operational spacecraft at high
altitudes. Figure 2.4 illustrates the status of the ISON as of 2010.

ISON uses the identical open software package Apex-II (Kouprianov, 2010) at all core sites .

2.5.1.5 European sensors

A comprehensive overview on European capabilities is provided by Klinkrad (2006) and Klinkrad et al.
(2008). Optical and radar sensors are available as in the US and the Russian systems, but there is no
coordinated or integrated space surveillance system. All sensors operate independently, but there are as
well some limited coordinated observations.

Optical sensors The most successful optical search program in Europe is run by ESA using the
1 m telescope at the Optical Ground Station (OGS) at Tenerife(Flury et al., 2000). Thisf/4.47 sensor
covers a sector of 120° of the GEO ring. The telescope has a FoVof 0.7° , which maps onto a 2×2
mosaic of CCDs of 2048 by 2048 pixels each. The detection threshold is at +19 to +21 visual magnitude
(corresponding to 15 cm objects at GEO altitudes). The continuous update and validation of ESA’s
statistical space debris environment model MASTER using the PROOF tool is the key application for
ESA. Schildknecht et al. (1995) outline the core detection technique, and Schildknecht et al. (1999)
describe the observation strategy in detail. The common search strategy and the required use of follow-up
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techniques to refine the determined orbits from the surveys are discussed by Schildknecht et al. (2001). In
essence, initial orbits are derived from short observed arcs. These orbits are in general of adequate quality
to ensure the re-acquisition of the object within the same night, which allows successive improvement
of the orbit. This “follow-up” observation technique was applied to highly eccentric orbits and allowed
it to detect objects with high area-to-mass ratio originating from GEO (see works by Schildknecht et al.
(2004a) and Schildknecht (2007)). This long time series of now morethan 12 years of observations
allows statistical analyses of the GEO environment (Schildknecht et al., 2008).

ESA’s observation program is connected to the Zimmerwald Observatory of the AIUB. The core facilities
at Zimmerwald are the Zimmerwald Laser and Astrometry Telescope ZIMLAT (see Schildknecht et al.
(1997)) and the smaller ZimSMART/ZimSMART2. The operationscenario and the applied detection
techniques for survey and follow-up observations are presented by Flohrer et al. (2007a). From its
location in Zimmerwald, the telescopes cover a sector of 100° of the GEO ring. The primary applications
of ZIMLAT are astrometry and satellite laser ranging, whileZimSMART/ZimSMART2 is dedicated to
monitor objects at high altitudes. A significant share of theobservation time is used for follow-ups of
GEO objects discovered by the ESA telescope, or by the ISON network. ZIMLAT has been designed
as a multi-purpose instrument and has an aperture of 1 m and a FoV of 0.5°. A CCD of 2048 by 2048
pixels allows the detection of objects up to visual magnitude +19. The 20 cm ZimSMART telescope
complements ZIMLAT since 2006, and uses a CCD of 3056 by 3056 pixels with a FoV of 4.2°× 4.2°.
With ZimSMART2 the optics of ZimSMART was replaced by the endof 2009. ZimSMART2 is a
30 cm aperturef/3 telescope with an effective FoV of 2°×2 °. The pixel scale is 1.8′′/pixel and the
limiting magnitude is +15 (Herzog et al., 2010). Herzog et al. (2010) were also able to show that a
sensor like ZimSMART/ZimSMART2 is sufficient to cover a significant portion of the GEO objects in
the USSTRATCOM catalogue, and to detect and catalogue a large number of previously uncatalogued

Figure 2.4: The ISON network (Agapov et al., 2010).
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objects.

The French Space Agency CNES uses observation time of the TAROT telescope (Télescope à Action
Rapide pour les Objets Transitoires) to survey and follow-up objects in GEO. The fully robotic TAROT
is located at the plateau de Calern, France. The observationprinciples and strategies of TAROT and
other (deactivated) French optical sensors are presented by Alby et al. (2004). A companion telescope,
TAROT-S, has been deployed to La Silla, Chile. TAROT’s primary mission is, however, the detection
of the optical afterglow of gamma-ray bursts. Thef/3.5 TAROT has a 25 cm aperture, and a FoV of
2°×2°. Equipped with a CCD of 2048 by 2048 pixels, the detection limit is at a visual magnitude of
+18.2 for 30 s exposures. In 2009 both TAROT were connected with the Zadko 1 m telescope located in
Western Australia to form a network that covering nearly thefull longitude range (Laas-Bourez et al.,
2011). All three telescopes use the identical software for observation scheduling and image processing.

The British National Space Centre (BNSC) has sponsored the Starbrook wide-field telescope as an ex-
perimental survey sensor for high-altitude debris search since 2006. The telescope is located at Troo-
dos/Cyprus. It is able to detect objects down to a visual magnitude of +14. The telescope has an aperture
of 10 cm, and a wide FoV of 10°×6°. Starbrook is equipped with a CCD of 4008 by 2672 pixels. Star-
brook North is located at Herstmonceux, UK, and provides an aperture of 15 cm and a 4°×4° FoV. Both
sensors operate independently but use identical software.Dick et al. (2009) introduce the sensors and
survey results for the MEO region.

In 2002 an Italian group started to gather optical observations of space debris (Porfilio et al., 2002), which
later on were extended to coordinated trial observations. The telescopes used were both of the Ritchey-
Chrétien design: the 40 cm aperture, 0.43° FoVf/7.5 “Collepardo Automatic Telescope” located in
Collepardo, Italy, and the 40 cm aperture, 0.3° FoVf/5 telescope of the “Observatori Astronòmic de
Mallorca”, located in Mallorca, Spain (Porfilio et al., 2006). More optical observations are carried out
in Spain by the Real Instituto y Observatorio de la Armada (ROA) that observed satellites in GEO using
ROAs 33 cm aperture Gautier astrograph with a FoV of 0.45°×0.3°, located in San Fernando, Spain in
the frame of the PASAGE project (Montojo et al., 2010). ROA isalso involved in an ongoing upgrade
of a Baker-Nunn camera (50 cm aperture,f/1 5°× 5° ) at the summit of the Montsec d’Ares, Spain,
promising efficient survey capabilities.

The “Pi of the sky” project (Nalezyty et al., 2010), which performs an all-sky monitoring for gamma-ray
bursts, is one example for an observing system that uses space debris observation and space population
monitoring as a secondary mission goal. Since 2004 a workingprototype is installed at the Las Campanas
Observatory, Chile. The individual cameras provide 8 mm aperture withf/1.2 and a FoV of 20°× 20°.
The robotic installation combines 4 CCD cameras on one parallactic mount, so such a way that 40°× 40°
can be covered. A second sensor has been installed at Mazagn near Huelva, Spain.

Radar sensors GRAVES (Grand Réseau Adapté à la Veille Spatiale) is a French military sensor,
operated by the French air force. GRAVES has the capability to autonomously build-up and maintain a
catalogue of orbital elements of LEO objects from scratch (Michal et al., 2005). Together with Fylings-
dales it belongs to the few space surveillance sensors in theclassical sense in Europe. GRAVES is able to
maintain a catalogue of 2500 objects larger than 1 m with inclinations higher than 28° (Klinkrad, 2006).
It is a bistatic radar, using VHF transmitters located near Dijon and receivers located near Apt, some
380 km south of Dijon. GRAVES carries out continuous surveysand is able to acquire simultaneous
observation data (angles, Doppler shifts, and Doppler rates) for several objects.
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The German mono-pulse TIRA (Tracking and Imaging Radar) belongs to the Fraunhofer Institute for
High Frequency Physics and Radar Techniques (FHR) at Wachtberg, Germany. TIRA has a parabolic
dish antenna of 34 m diameter, housed in a 49 m diameter radome. The radar uses L-band for track-
ing at 1.333 GHz, with 1 MW peak power, and Ku-band for Inverted Synthetic Aperture Radar (ISAR)
imaging at 16.7 GHz, with 13 kW peak power. In its tracking mode, the TIRA system determines orbits
from angles, ranges, and Doppler shifts for single targets.The detection size threshold is about 2 cm at
1000 km distance. This sensitivity can be enhanced to about 1cm, when operating TIRA and the nearby
Effelsberg 100 m radio telescope in a bistatic beam-park mode with TIRA as transmitter and Effelsberg
as receiver. In this case only statistical data can be acquired. Details on the observation capabilities of
TIRA are provided by Jehn (2001) and Mehrholz et al. (2002).

DGA/DCE, the Systems Evaluation and Test Directorate of theFrench Ministry of Defence, is operating
several radar and optical sensors throughout France. Four types of radars are available: Armor, Bearn,
Provence, and Gascogne. Normandie type radars will be put inservice in the future. The most powerful
of these systems, Armor, is located on the vessel Monge. The two Armor radars operate in C-band with
5.5 GHz, at 1 MW peak power. They are dedicated to tracking tasks, based on high resolution angular
and range data.

The Chilbolton radar is located in Winchester, UK, and is operated by the Rutherford Appleton Labora-
tory (RAL). It is a monopulse radar operating in S-band at 3 GHz, transmitted through a 25 m parabolic
dish antenna. Chilbolton is mainly used for atmospheric andionospheric research. With a planned
upgrade the radar would be able to track LEO objects down to 10cm in size at 600 km altitude.

EISCAT is a network of European Incoherent Scatter Radars, with sites in Tromsø, Norway, (a trans-
mitter/receiver site with a 32 m dish antenna), in Kiruna, Sweden (receiver only), Sodankylä, Finland
(receiver only), and Longyearbyen, Svalbard (transmitterand receiver). The EISCAT system is mainly
used for high-latitude ionospheric research. Its radar echoes, however, also contain information on LEO
space objects. EISCAT has shown its capability to detect objects down to 2 cm sizes at altitudes of 500
to 1500 km (Markkanen, 2005). As these measurements are not sufficient to determine complete orbits,
EISCAT is of lesser importance for space surveillance tasks.

Two US SSN sensors (see Sect. 2.5.1.1) are located in Europe.Fylingdales (UK) is a high-performance
three-face, phased-array radar operating in the UHF-band.It is operated by the British armed forces and
is associated with and feeds data into the SSN. No technical details are available. Globus II is located in
Vardø, Norway. It is an X-band mono-pulse radar with a 27 m parabolic dish antenna housed in a 35 m
radome.

2.5.1.6 Japanese sensors

Nakajima and Kurosaki (2007) introduce space debris observations performed by the Japan Aerospace
Exploration Agency (JAXA). Both, radar and optical systemsare used. The optical systems are located at
the Bisei SpaceGuard Center (BSGC), while the radar is called Kamisaibara SpaceGuard Center (KSGC),
located in the Okayama prefecture.

The S-band KSGC is remotely controlled and can be operated daily. It is able to track up to 10 targets
simultaneously, with a range accuracy of 30 m, and accuracies of 0.2 ° and 0.3° in azimuth and elevation,
respectively. It can observe objects up to 1350 km range. Spherical objects of about 1 m at distances of
about 580 km may be detected.
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The “Large Optical Telescope” at BSGC, a 1 m telescope with a 3°× 3 ° FoV, observes NEO, GEO and
GTO objects. The CCD is remarkably large with a mosaic of 10 2k×4k pixel sensors. Objects with
velocities of up to 5 °/s can be tracked. Two smaller telescopes of 0.25 m and 0.5 m aperture sharing
the mount are used for tracking purposes. Both tracking sensors are wide-field telescopes with 5 °× 5 °
and 2 °× 5 ° , respectively. The 0.5 m instrument has a 4k×4k pixel CCD detector, while the 0.25 m
instrument uses a 2k×2k pixel detector.

Recently, JAXA has added two sensors at Nyukasa highland, namely a 0.35 m telescope with a 2k×2k
CCD camera and a 0.25 m telescope with a 2k×2k or 4k×4k CCD camera in 2006. A stacking method
for detecting faint objects in GEO has been developed, whichaccumulates the signals from an exposure
series (Yanagisawa et al., 2005).

2.5.1.7 Australian sensors

Laas-Bourez et al. (2011) describe an optical observation capability in Australia, which started operations
in 2009. The 1 m Zadko telescope is located 90 km North of Perthand is owned by the University of
Western Australia. Thef/4 telescope has a FoV of 0.39 °× 0.39 °. The limiting magnitude is +21 for
180 s exposures. The control and processing software of the French TAROT is used. The Zadko telescope
is also connected to the TAROT central scheduler. The current focus is on the GEO region, but concepts
for LEO observations are under development, as well.

Newsam (2008) announces that Australia may host sensors of the US SSN in the future, such as a radar
fence or optical telescopes. A surveillance and tracking system based on lasers already exists through
Electro-Optical Systems (EOS). Their system is capable of detecting and tracking objects smaller than
10 cm at a distance of 1000 km.

2.5.1.8 Chinese sensors

Only very limited information is available on Chinese sensors or activities on space surveillance and
space situational awareness. China develops space surveillance capabilities and investigates radar and
optical sensor technologies. Zhao et al. (2010) report on a catalogue of 100 defunct Chinese satellites
and spent upper stages, which is maintained by the Purple Mountain Observatory. In addition, a 1 m-
telescope located in Xuyi (Jiangsu province) has been reported to perform a recent GEO survey (Zhao
et al., 2010). MEO and LEO space surveillance capabilities also seem to exist at Xuyi. Back in 2002
the China National Space Administration (CNSA) operated a 0.65 m aperture 3°× 3° FoV telescope for
GEO surveys. The limiting magnitude was around magnitude +18. Furthermore, two mobile 0.25 m
aperture telescopes with 4°× 4° FoV telescopes with a limiting magnitude of +9.5 (Zhang, 2002) are in
use.

2.5.2 Space-based sensors

In this section we focus on examples and studies for space-based optical sensors. We group the available
information by origin, starting with the US, followed by Russia, Canada, Europe, and others.

A space-based sensor generates a higher number of observations than a ground-based sensor, and usually
with a higher accuracy. Furthermore, the whole longitude band is accessible from a single space-based
sensor. Costs and development time of a space mission and thelimited operation lifetime, are, however,
important disadvantages. Often is no possibility to accessspace-based observation data in real-time.

26



2.5 Sensors with space surveillance capabilities

2.5.2.1 US sensors

Reports on space-based optical observations in the US are mostly related to the Space-based Visible
(SBV) instrument onboard the Midcourse Space Experiment (MSX) satellite. The SBV instrument had
been the only dedicated space-based space surveillance payload in orbit until 2010. It acquired space-
based optical observations between 1996 and 2008 (Gaposchkin et al., 2000; Harrison and Chow, 1996;
Butler, 2008).

After launch the MSX was placed in a sun-synchronous orbit at898 km altitude. MSX is a 1.5 m× 1.5 m
× 5.1 m satellite with a mass of 2.7 tons. The goals of MSX with its four electro-optical sensors were
not only to observe man-made objects, but also to measure theatmospheric and celestial backgrounds
around Earth in a wide range of spectral bands, along with other technology exploration (Price et al.,
2001). The SBV became primary payload in October 1997 after the cryogen was depleted and also the
observations in the UV ended.

The SBV instrument is a 0.15 m aperturef/2.32 three mirror off-axis anastigmat. The camera has 420
pixels by 1680 pixels (27µm pixel size). The resulting rectangular FoV is 1.4°× 6.6°. The telescope was
designed to allow very close pointing to the Earth, which requires efficient reduction of straylight. To
ensure a high thermal stability the telescope was made of aluminium (Wang et al., 1991). The detection
limit of SBV was equivalent to a 22 cm-diameter sphere at a distance of 3000 km (Stokes et al., 1998).

Stokes et al. (1998) and Harrison and Chow (1996) provide a review on the SBV project, covering tech-
nology and operational demonstration, radiation issues, metric and photometric data collection and cat-
aloguing issues, and outline the hardware. Gaposchkin et al. (2000); Von Braun (1999); Von Braun et al.
(2000) focus on space surveillance issues of the SBV and present two observation strategies with some
implementation details, ephemeris and sidereal tracking.Updates to the observation strategy (which
increased significantly the detection performance so that now the GEO is very efficiently covered) are
given by Sharma et al. (2001). First orbit determination, orbit improvement and precise orbit determina-
tion for objects in GEO are discussed by Sharma (2000). Theseobservations substantially contributed
to cataloguing objects at high altitudes by USSTRATCOM (Miller and Schick, 1999). The achieved
astrometric accuracy for GEO objects is 10 to 20′′(Faccenda, 2000).

The SBV could also have been used to observe the MEO region. The total observational error of the
SBV was in fact determined by comparing the SBV-based orbitsof GPS satellites with the known precise
orbits from ground-based tracking networks.

The upcoming constellation of space-based space surveillance satellites (SBSS) can be viewed as the
successor of the SBV and is reported to have capabilities forquick tasking due to slewable telescopes
mounted on each satellite. The first SBSS was launched on September 25, 2010. SBSS is also expected
to provide higher resolution data.

Not much information is available on the SBSS. A factsheet released by the manufacturer Ball Aerospace
reveals that the first SBSS is designed for 5.5 years mission time. From a photograph the size of the
satellite is roughly estimated to be 4 m× 2 m× 2 m. The launch mass is below 1.1 tons. The telescope
is introduced as a three mirror anastigmat mounted on a two-axis gimbal allowing to access 3π sr. The
aperture is 0.3 m and the camera has 2.4 megapixels.

Reynolds et al. (1989) outline a search scenario based on a telescope using the Space Shuttle as a plat-
form. It is interesting that the authors considered debris in LEO with sizes as small as 1 mm in the
discussion.
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2.5.2.2 Canadian sensors

Canada has a long tradition is space-based optical observations. The observation of space debris is
investigated as a secondary application of space-based observations of Near-Earth Objects (NEOs) in the
NEOSAT mission and was scheduled for launch in 2010 (Wallaceet al., 2004). Canadian researchers
also have shown that tasked space-based observations of satellites can be extracted from other missions,
e.g., from the first Canadian space telescope MOST (Microvariability and Oscillation Of Stars) launched
in 2003 (Scott et al., 2006).

Reported to be of a similar design as the SBV the future Canadian Sapphire mission will be capable
to provide observations of high-altitude (in particular GEO) objects from a sun-synchronous dusk-dawn
orbit (Maskell and Oram, 2008). After its launch scheduled for 2011 Sapphire will become a key element
of the Canadian Space Surveillance System. Sapphire is expected to become a contributing sensor to the
US Space Surveillance Network.

2.5.2.3 European sensor studies

There are no past or current operational capabilities of space-based optical observations in Europe. Ac-
tive research and conceptual studies are, however, performed by European researchers, supported in
particular by ESA and the national space agencies.

A first theoretical study on how to choose and design an optical space debris search system for LEO
and GEO was made by Lobb (1992). Based on signal-to-noise estimations, detection probabilities for
different optical observation designs are discussed for ground-based and space-based systems.

Alby et al. (2000) discuss space-based optical observations for a 10 cm telescope with a 1024×1024
passive pixel detector and conclude that space based observations are feasible and that for the size range
of 0.1 mm-10 cm space-based passive optical observations are best suited.

A study made by CNES (Thillot et al., 2001) presents the results of a theoretical feasibility study about
micro-satellites for detection and classification of smalldebris. The authors compare an active (pulsed
micro laser) and a passive sensor, both using a 10 cm space-based optical telescope. The spatial and
temporal coverage of the space debris environment are discussed, the sensor optics is outlined and finally
a preliminary design proposal is made.

The use of small satellites in constellations is further studied by Vanwijck and Flohrer (2008), in partic-
ular in the context of a preliminary analysis of the benefits for SSA activities.

Interestingly, it was found that space-based sensors observing or searching for NEOs may also provide
observations of artificial satellites in Earth-bound orbits, such as space debris. DLR’s AsteroidFinder
mission (Mottola et al., 2008) may serve as an example.

As already stated, optical observations may help to close the knowledge gap in the space debris popula-
tion in the millimetre and centimetre regime by means of a passive optical instrument. Bendisch et al.
(1993) focus on the observation of small-sized space debrisenvironment in the 1 cm to 10 cm regime.
The authors formulate requirements for optical space baseddebris observation missions, propose mission
parameters and propose a mission concept. Based on that workKrag et al. (2001) focus on a specific pas-
sive optical in-orbit system. Various simulations using the PROOF tool were carried out. A deterministic
approach to model the observations is introduced. We will make extensive use of that approach in Sect. 4.
Oswald et al. (2004b) elaborates on space-based optical observations for the Robotic Geostationary Orbit
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Restorer (ROGER) study. A part of the ROGER study dealt with aspace-based telescope to observe the
small-sized geostationary orbit debris population. It hasbeen shown that even small telescopes are able
to provide promising results, compared to the capabilitiesof ground-based radar systems. Again, ESA’s
PROOF tool was used to simulate different mission scenarios(in terms of telescope mounts, viewing
direction and attitude stabilisation). The operational scenario for the ROGER telescope is a piggy-back
GTO launch for GEO observation. Instrument configuration and parameters are then optimised for a
24 month operations scenario.

In 2005 a Finnish/Dutch/Swiss consortium under ESA contract formulated the user requirements and
derived a suitable observation and processing strategy forspace-based optical (SBO) observation of
small-sized space debris. In parallel, the team developed asuitable sensor architecture, described the
corresponding ground support system architecture, and defined the instrument operations, as well as the
data processing concept together with the necessary calibration procedures. An end-to-end approach was
chosen to assess the performance of the instrumentation.

The primary goal of the SBO study was to analyse how the mentioned knowledge gap can be closed.
The SBO instrument was requested to provide statistical information on the space debris population, in
particular number of objects and their size distribution. The SBO architecture and the key characteristics
of the performance assessment have been published, see reports by Flohrer et al. (2005a, 2006); Wokke
et al. (2006).

The proposed SBO is a small, low-cost space-based mission concept. It considers a cost-efficient instru-
mentation with flexible integration requirements. Therefore, the integration of the SBO as a secondary
payload on satellites launched into low-Earth orbits (LEO)or into a geostationary orbit (GEO) was en-
visaged. A generic instrument architecture was found feasible for both. The platform was assumed to
be a 3-axis stabilised spacecraft, which shall accommodatethe telescope (a 20 cm aperture, 6° FoV,
45° folded Schmidt design withf/2.05 and a field flattener), the camera (either a CCD or a hybrid
CMOS detector with 2k×2k pixels), electronics, and radiators. The overall dimensions of the instru-
ment in nominal observation mode were found to be approximately 105 cm× 70 cm× 35 cm, with the
estimated mass (without radiators) of 33 kg.

The particular mission concept only allows for fix-mounted SBO components. The study team assumed
that the fixed pointing direction could be requested freely.The performance analysis showed that the
statistical information on small-sized space debris can only be collected if the observation distances are
comparatively small. Two regions of space debris populations were considered, the GEO and the LEO
regions. The two most promising concepts are the observation of objects in LEO from a sensor placed
into a Sun-synchronous LEO close to the terminator plane with the sensor pointing away from the Earth,
but slightly inclined, while objects in GEO should be observed from a GEO satellite, with the sensor
pointing to the North (or South). Another promising option to observe the GEO region with the sensor
pointing “away from the Sun” would require the satellite to be placed in a low inclination orbit with an
altitude below the GEO in order to achieve full GEO coverage,which was found only to be feasible in
the frame of a dedicated mission.

The instrument is designed for autonomous operation. Observations and data processing shall be con-
trolled by on-board software without the requirement of ground real-time commanding or specific space-
craft operations. Only subframes containing either reference stars or debris objects shall be downlinked
due to the proposed “dynamic masking” image processing approach using series of exposures. Astro-
metric reduction, object identification and orbit determination shall then be carried out on ground. This
approach keeps the downlink rate moderate.
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The SBO feasibility study concluded that the capabilities of ground-based radar are theoretically superior
in terms of sensitivity, but due to their limited availability an optical space-based system could still
contribute significantly to the monitoring of the space debris environment. At higher altitudes (GEO) the
SBO system is found to clearly exceed the capabilities of 1-mtelescopes on ground by enhancing the
knowledge about space debris from 10 cm diameter objects down to about 2 cm.

The performance of the SBO system proposal for observing small-sized space debris objects will be
discussed in Sect. 4.4 (Flohrer et al., 2006), while Sect. 6 will analyse in detail the application of this
instrument architecture for space surveillance tasks (Flohrer et al., 2011a).

2.5.2.4 Other sensors

The National Space Development Agency of Japan announced a Japanese “on-orbit debris observation
system” in collaboration with the Japan Society for Aeronautical and Space Sciences (Takano and Ima-
gawa, 1997). The feasibility of a Space Debris Observation Satellite (SDOS) was studied by Tajima
and Takano (2001) in 1995. Different mission scenarios wereconsidered for surveying the geostationary
region either by a secondary payload onboard a GEO satelliteor by a dual-launch. The two options
comprise a drift orbit near the GEO and a so-called HERO (HighEccentricity Elliptical Recurrent Orbit)
with a fixed line of apsides.
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In this chapter we introduce the fundamental concepts and quantities required to describe, simulate and
assess observation strategies and processing concepts. Westart with defining the relevant reference sys-
tems, as well as the transformation parameters to connect the systems. We cover the orbital regimes. We
also describe how measurements can be modeled with the focuson optical observations and show how
the acquired data can be reduced. The most important quantities used to discuss the optical observation
conditions of given objects (illumination conditions, signal-to-noise ratio (SNR), and apparent bright-
ness) are introduced. We conclude with a brief outline of therelevant models of the orbit of artificial
Earth satellites, also covering the frequently used two-line elements (TLE).

3.1 Reference systems

Subsequently, we will need an Earth-fixed and a celestial geocentric Cartesian coordinate system and the
transformation between them. The former system is the natural choice to describe the station positions
and motions, the latter to describe the satellite motion (via the equations of motion). A time-scale is
needed to describe the evolution of satellite orbits and station coordinates as a function of timet. For
a general discussion of time scales, reference systems, andreference frames we refer to Beutler (2005),
for precise definitions of the reference systems actually used today, namely the International Terrestrial
Reference Frame / International Terrestrial Reference System (ITRF/ITRS) and the International Ce-
lestial Reference Frame / International Celestial Reference System (ICRF/ICRS), we refer to the IERS
conventions (Petit and Luzum, 2010) as issued by the International Earth Rotation and Reference Sys-
tems Service (IERS). The geocentric inertial coordinate system should be called quasi-inertial, because
its origin is in accelerated orbital motion (of the Earth) around the Sun.

The transformation between the celestial and the terrestrial geocentric reference frames is governed by
three Euler angles, which are functions of time (Beutler, 2005). Subsequently, we will use the transfor-
mation equations as provided by Petit and Luzum (2010) to describe the transformation between the two
coordinate systems:

XC = P(t)N(t)R(t)W(t)XT (3.1)

where XC . . . Vector in the ICRF
XT . . . Vector in the ITRF
P . . . Transformation matrix containing precession parameters
N . . . Transformation matrix containing nutation parameters

31



3 Observation fundamentals, data reduction, and orbit modelling

R . . . Transformation matrix containing the Earth rotation angle
W . . . Transformation matrix containing the polar coordinates .

We will also need a detector coordinate system, which is a two-dimensional Cartesian coordinate sys-
tem rigidly attached to the detector and that assigns each pixel of an electro-optical detector array (see
Sect. 3.3.2.2) to two planar Cartesian coordinatesxp andyp. During the detector readout the current per
pixel is converted into its digital representationF (xp, yp). The astrometric reduction (see Sect. 3.3.2.8)
maps object positionsxp andyp to the associated apparent topocentric direction in the celestial coordinate
system.

The transformation of the observed apparent topocentric places into Earth-fixed coordinates consists of
the following steps:

1. Correction for parallactic refraction

2. Correction for light travel time

3. Correction for geocentric parallax

4. Application of the inverse of Eq. 3.1.

3.2 Orbital regimes

Orbital regimes are used to classify objects, mainly by the altitude and eccentricity of their orbits. It is
possible that an orbit crosses different regimes, which is why “resident” and “transient” orbits may be
distinguished. For a resident orbit the boundaries of the orbital regime are not violated. For a transient
orbit only a part of the orbit is inside the boundaries. Figure 3.1 illustrates the most important orbital
regimes LEO, MEO, and GEO and shows two transient and one resident upper MEO orbits as examples.

3.2.1 LEO

The Low Earth Orbit (LEO) region goes up to 2000 km altitude. The majority of the LEO objects are in
near-circular orbits. The revolution period of these objects is below 127 minutes. Due to atmospheric
drag the lifetime of LEO objects ranges from days to hundredsof years, strongly depending on the
selected altitude. The entire LEO region is a protected region where the generation of space debris
should be limited.

Due to the small distance to the Earth’s surface but also due to sun-synchronous orbits (the orbital plane
maintains always the same orientation relative to the Sun) the LEO regime is of particular interest to
communication, meteorological, remote sensing, or reconnaissance missions. The vast majority of all
catalogued objects (nearly 80%) and also the vast majority of all operational spacecraft resides in the
LEO.

Optical observations of LEO objects not only have to cope with the high velocities of LEO objects
with respect to the sensor, but also with the illumination conditions, in particular the Earth’s shadow.
Observations are limited to a few hours during dusk and dawn periods and strongly depend on the altitude
of the objects. Below 1000 km altitude optical observationsare extremely difficult.
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3.2.2 MEO

The MEO is implicitly defined as lying “between LEO and GEO” (Liou et al., 2004), roughly between
altitudes of 2000 km and to 35586 km. This region is sparsely populated. Only about 4% of the cata-
logued objects reside in MEO. The orbital lifetime of MEO objects ranges from several centuries to some
million years. Presently, there is no protected region in MEO. Johnson (2010) concludes that establishing
such a region in MEO currently is neither justified nor necessary.

In order to focus on the most densely populated MEO part, which is used for navigation satellite constel-
lations, Flohrer et al. (2008b) used a preliminary work definition of MEO with the perigee altitude above
2000 km and the apogee altitude below 34000 km and a mean motion between 1.5 and 2.5 revolutions per
day. Some other references use the term “semi-synchronous orbits” for orbits with a revolution period of
12 h in an equivalent manner to MEO, and, at times, the term ICO(Intermediate Circular Orbits) is used,
too. Figure 3.1 shows that ESA (Krag and Klinkrad, 2009) divides the MEO for practical reasons into a
“lower MEO” regime with perigee above 2000 km and apogee below 12846 km altitude, and an “upper
MEO” with perigee above 12846 km and apogee below 33786 km altitude.

In the MEO most of the active satellites are part of a satellite network or a satellite constellation. Most
networks are used for communication and for navigation. Other use of the MEO region is relatively lim-
ited. Two exceptions are the passive geodetic satellites ETALON-1 and ETALON-2, which areobserved
by Satellite Laser Ranging (SLR).

The lower MEO region is well suited for establishing global communication networks. However, none
of the networks planned in the early 1990s became reality: Odyssey, ICO, and Ellipso. The Odyssey
system was planned to consist of 15 MEO satellites (four satellites evenly spaced in three orbital planes
plus spares) in near-circular orbits at 10350 km altitude with 50° inclination. ICO (Inmarsat, then ICO,
now ICO-Teledesic) planned to have a constellation of 10 MEOsatellites at 10390 km altitude in two
orthogonal planes with 45° inclination. One successful launch took place on 19 June 2001. Ellipso was
designed to have four plus three satellites at 8050 km altitude, zero inclination orbits (“Concordia”) and
in elliptical, highly inclined sun-synchronous orbits at 116.6°inclination with the apogee at 7605 km

Figure 3.1: Classification of orbital regimes (not to scale), viewed from the celestial pole, modified from
(Krag and Klinkrad, 2009), showing as examples transient upper-MEO orbits with a solid line and one
resident upper-MEO orbit with a dashed line.
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and the perigee at 633 km (“Borealis”). The later Ellipso 2G constellation had a system of three orbital
planes housing five satellites each in inclined elliptical orbits. A fourth plane with six satellites in a
circular equatorial orbit, and a fifth plane with five satellites in an elliptical equatorial orbit.

The GNSS (Global Navigation Satellite System) are the most prominent parts of the current active MEO
population: the US-owned GPS (Global Positioning System) and the Russian GLONASS (Global’naya
Navigatsionnaya Sputnikovaya Sistema). The European GNSSGalileo is under development, as well as
the Chinese Compass/Beidou.

Deactivated satellites will drift with respect to the operational satellites of the constellation and therefore
impose a risk. No end-of-life manoeuvring has been observedfor GLONASS satellites, while GPS
satellites are manoeuvred into higher graveyard orbits. Similar debris mitigation measures are discussed
for Galileo (Jehn et al., 2009).

GPS The first GPS satellite was launched in 1978. After that the nominal constellation changed several
times. Since about ten years more than 30 satellites are in orbit. In February 2011 32 satellites are active,
implying that in general six satellites are simultaneouslyobservable with elevations above 15° anywhere
on Earth. The GPS constellation consists of 6 orbital planes, separated by 60° in longitude in the equator,
with an inclination of 55° . Each plane nominally holds four unequally spaced satellites in circular orbits.
The nominal altitude is 20200 km, thus the revolution time isabout 11h58min, giving rise to a deep 2:1
resonance with Earth rotation.

The first class of GPS satellites, the so-called Block-I satellites formed a test constellation optimised for
the coverage of North America. Block-I satellites had an inclination of 63.4° . No Block-I satellites are
operational today. In 1989, Block-I was followed by the Block-II/IIA satellites. Since 1997 Block-IIR
satellites are launched. By February 2011 a total of 59 GPS satellites are in orbit: 10 belong to Block-I,
28 to Block-II/IIA, 20 to Block-IIR, and 1 to Block-IIF.

GPS satellites are moved into graveyard orbits at the end of their mission (Jenkin and Gick, 2001; Jehn
et al., 2009), as the current US guidelines require to clear the “semi-synchronous” orbit by≈500 km
(Anonymous, 1999a). GPS IIF satellites shall be put into a graveyard orbits 832km above the nominal
orbit (Chao and Gick, 2004).

GLONASS The GLONASS started operation as a Soviet system in 1982 and is now operated by
the Russian Federation’s Ministry of Defense. The GLONASS satellites orbit at an altitude of about
19130 km, 1000 km below the GPS orbital height. The revolution time is 11h16min or8/17 of a side-
real day, i.e., the configuration repeats after eight sidereal days. The nominal GLONASS configuration
consists of three orbital planes, separated by 120° in longitude. The nominal inclination is 64.8° . In the
nominal configuration eight satellites are equally spaced in each orbital plane, spaced by 45° . The sys-
tem reached its full nominal configuration in 1995. The average lifetime of a GLONASS satellite used
to be relatively short, only about three years, which is why Russia was not able to maintain the complete
configuration. During recent years the constellation has been restored. As of 5 December 2010 the Uni-
versity of New Brunswick’s GLONASS Constellation Status report lists 19 operational satellites, two
satellites in reserve, and five unhealthy but active satellites. Due to the short lifetime of the GLONASS
satellites, there are a higher number of inactive satellites. DISCOS logs 92 inactive satellites in orbit.

GALILEO Europe develops its own GNSS named Galileo. The Galileo Program is a joint initiative of
the European Commission (EC) and the European Space Agency (ESA). The goal is to provide Europe
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with its own independent global satellite navigation system under civil control. Galileo will have a nom-
inal configuration of 30 satellites in three orbital planes with 56° inclination in a Walker-type (Walker,
1971) configuration 27/3/1, including three in-orbit sparesatellites. The orbital planes will be spaced by
120° in longitude. All orbits shall be nearly circular with anominal altitude of 23616 km. The orbital
period is thus about 14h04min. The satellites shall be placed equally distributed in the orbital plane.

Two experimental satellites are already in orbit: GIOVE-A launched in 2005, followed by GIOVE-B
launched in 2008. The first IOV (in orbit validation) satellites were launched in 2011.

Compass/Beidou Compass is the second phase of the Chinese Beidou satellite navigation system.
Compass will consist 30 satellites in MEO, and will have five satellites in inclined orbits near the GEO.

In 2007 the first Compass test satellite has been launched into a MEO orbit with an altitude of about
21150 km and an inclination of about 55.5° . Two more Compass satellites were launched into highly-
inclined geosynchronous orbits. The system is currently under rapid development.

Population assessment No fragmentation events are known in the MEO region, which iswhy only
few debris objects are catalogued (see Table 3.2.2). The statistical knowledge on space debris in MEO is
illustrated by Fig. 2.1. Debris objects in super LEO and sub-GEO dominate the resident MEO population.
A peak is visible at the altitude of the GNSS. The largest partof the population results from solid rocket
motor slag particles, which are too small to be detected withground-based optical observations. Further
assessment also shows that debris objects are distributed over the whole inclination range, with a clear
peak below an inclination of 70° .

The existence of small debris in resident or transient MEO orbits is still somewhat uncertain. Elliptical
and circular MEO orbit regions have not been subject to intense search campaigns yet. Breiter and
G. Métris (1998) estimate that the lifetime of GPS transferorbits with the perigee at an altitude of
about 190 km is between 1.8 and 32 years, depending on the initial right ascension of the Sun and the
right ascension of the ascending node, with a mean lifetime of about 5.5 years. GLONASS transfer
orbits have a higher perigee altitude of 400-500 km. Objectsin GLONASS transfer orbits may have a
lifetime of hundreds of years. Considering the lifetime of MEO objects in circular and elliptical orbits
and the launch activities to MEO, we conclude that the debrispopulation in MEO will continue to grow
significantly, but will stay below the population density inLEO and GEO.

In the USSTRATCOM TLE catalogue of 25 February 2011 351 objects have the perigee altitude above
2000 km and the apogee altitude below 34000 km. The majority of these 257 objects performs fewer than
6 revolutions per day. A breakdown of that population according to their origin is given in Table 3.2.2.

Figure 3.2 and Fig. 3.3 show the distribution of the orbital elements w.r.t. inclination and ascending node,
eccentricity and semi-major axis for the lower (indicated by circles) and upper (indicated by squares)
catalogued MEO objects. Most of the MEO population is in near-circular orbits, only a smaller fraction of
the upper MEO is found in highly-eccentric transfer orbits.In the inclination-node diagram (Fig. 3.2) the
highly-inclined lower MEO in sun-synchronous orbits are visible in the centre of the figure, as well as the
constellation design of GPS (six equally distributed orbital planes at≈55° inclination) and GLONASS
(three equally distributed orbital planes at≈64° inclination). Figure 3.3 shows that a large part of
the upper MEO objects are in near-circular orbits, while thelower MEO objects have slightly higher
eccentricities. Figure 3.3 also indicates the presence of some objects in highly eccentric orbits meeting
our MEO definition.
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Identification in DISCOS Number
NAVSTAR 59
GLONASS 118
Other COSMOS 3
GIOVE 2
BEIDOU 1
Rocket bodies 52
Debris 7
Others payloads 15
Total 257

Table 3.1: Catalogued objects in MEO orbit withn <6 rev/day, sorted according to DISCOS identifica-
tion.

MEO, n<6 rev/d
MEO, n>6 rev/d

GEO

80 60 40 20 0
Ω=270°

Ω=180°

Ω=90°

Ω=0°

Inclination [°]

Figure 3.2: Inclinationi vs. right ascensionΩ of the ascending node for catalogued MEO and GEO
objects at the epoch 25 February 2011.

At a typical mid latitude observation site a large fraction of the MEO population is visible within 24 h.
For the OGS a total of 332 objects out of 351 objects is above the horizon during 24 h, 237 of these
objects complete fewer than six revolutions per day.

Figures 3.4, 3.5, and 3.6 give the apparent density and average dwell time for visible MEO objects per
1°× 1° bin in different coordinate systems averaged for a 24 h interval for the OGS site for the analysis
epoch 25 February 2011.
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Figure 3.3: Eccentricitye vs. the semi-major axisa for catalogued MEO and GEO objects at the epoch
25 February 2011.

Figure 3.4 shows the predominant objects belonging to different GNSS, in particular to the GLONASS
constellation. The apparent MEO density shows that most GNSS use Walker-type constellation designs,
and therefore all satellites are placed into a limited number of specific orbital planes. The dwell time per
bin varies more in the equatorial frame than in the local topocentric frame (Fig. 3.5).

The preferred GNSS constellation design in MEO is visible inFig. 3.5 in the local topocentric frame. The
apparent object density is low in the topocentric North direction around the celestial pole. GNSS objects
are not expected in this area. Around this sparsely populated region, a ’caustic’ around the culmination
is prominent for azimuth angles between 320° and 40° and for elevation angles up to 45° . This caustic
corresponds to the highest possible declination, where thehighest spatial density is expected. The dwell
time does not vary much around 170 s per 1°× 1° bin. The s-shaped features in the figure are due to
single objects in highly-eccentric orbits.

No relevant structures can be seen apart from the GNSS-driven latitude cut-off in the rotating earth-fixed
coordinate frame (latitude/longitude). The average dwelltime for the GNSS objects per bin is about
220 s. In both pictures of Figure 3.6 one can see the equally distributed background scatter from the
lower-MEO objects.
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Figure 3.4: Apparent density and average dwell time in the J2000 frame for 332 MEO objects visible
from the OGS on 25 February 2011, which are listed in the USSTRATCOM public TLE catalogue of
that date per 1°× 1° bin. The density is calculated from 120 s sampling of the objects’ ephemerides.
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Figure 3.5: Apparent density and average dwell time in the OGS topocentric frame for 332 MEO objects
visible from the OGS on 25 February 2011, which are listed in the USSTRATCOM public TLE catalogue
of that date per 1°×1° bin. The density is calculated from 120 s sampling of the objects’ ephemerides.
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Figure 3.6: Apparent density and average dwell time in the Earth-fixed rotating frame for 332 MEO
objects visible from the OGS on 25 February 2011, which are listed in the USSTRATCOM public TLE
catalogue of that date per 1°× 1° bin. The density is calculated from 120 s sampling of the objects’
ephemerides.
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3.2.3 GEO

Satellites with an inclination of 0° and an altitude of 35 786km have a revolution period of 23h56min
and appear stationary in an Earth-fixed reference frame. This characterisation makes the GEO an unique
resource, in particular for Earth observation, communication and broadcasting purposes.

Usually satellites are not directly launched into GEO, but are injected from a Geostationary Transfer
Orbit (GTO). As objects will remain in GEO for millions of years, it is of paramount importance to
remove retired satellites from the GEO, which is achieved byre-orbiting satellites to a graveyard orbit
at least 235 km above the nominal GEO altitude, outside of theprotected GEO region. This region
is defined for the altitudes of 35 786± 200 km and inclination between 0° and 15° . This definition
corresponds to an circular orbits with an orbital period of 1425.6 to 1446.7 min.

The motion of the orbital planes of GEO objects can be described as a precession around the Laplacian
plane with a period of about 53 years. The inclination of 7.3°of the Laplacian plane (the plane normal to
the vector of total angular momentum) remains approximately constant during the precession, so that the
inclination of the orbital planes of the GEO objects increases from 0 to 14.6° during 26.5 years and then
decreases to 0 over the next 26.5 years. Other perturbing forces, in particular induced by solar radiation
pressure, may add more periodic variations of the inclination. Therefore, most objects in that altitude
band have a low inclination below 17° (Flohrer et al., 2006) to 20° (Krag and Klinkrad, 2009).

Due to the non-circularity of the Earth’s equator (no-zeroJ22-term of the Earth’s gravitational potential),
satellites at nominal GEO altitude are subject to periodic longitude variations usually around one of two
stable equilibrium points at longitudes 75.3° East and 104.7° West. Therefore a classification scheme
for GEO objects can be defined distinguishing controlled, drifting and librating objects (Flohrer et al.,
2011b).

Often a band of±2000 km around GEO is referred to as “the GEO region” to cover also graveyard objects
and fragments. Space debris from fragmentation events exists in GEO, although they are not listed in
the catalogue. Two explosions in the GEO region are confirmed. Johnson et al. (2008) list a Titan 3C
Transtage, which fragmented in 1992 and an EKRAN 2 satellitethat fragmented at an unknown epoch.
The existence of small-sized space debris objects could be confirmed later by optical observations from
ESA surveys (Schildknecht et al., 1999; Schildknecht, 2007). Statistical analysis from observing space
debris clouds in GEO by Schildknecht et al. (2008) indicate that more fragmentation events in GEO have
occurred. With modelling techniques ESA’s MASTER model introduces several (eight to nine) synthetic
fragmentation events to explain the observational data.

Flohrer et al. (2011b) use a working definition of GEO, which limits the eccentricity to 0.2 and the
mean motion to between 0.9 and 1.1 rev/day, corresponding toa semi-major axis between 39 664 km and
45 314 km, and the inclination to 30° . As recently more objects have been launched into high inclination,
near circular orbits, ISON proposes to define the GEO inclination between 0° and 30° , the eccentricity
below 0.2, and the mean motion between 0.7 and 1.3 revolutions per day.

The distribution of the orbital elements of the catalogued GEO population is given in addition to the
catalogued MEO population in Figs. 3.2 and Fig. 3.3, and is indicated by triangles. Figure 3.3 shows
that GEO objects are in near-circular orbits, for some of thecontrolled objects the eccentricity is kept at
very low values. The precession of the orbital planes aroundthe Laplacian plane is visible in Fig. 3.2.
The first objects in GEO, which ended operational life duringthe 1960s, are about to finish their first
revolution around the pole of the Laplacian plane.

As of 25 February 2011 985 objects in the USSTRATCOM TLE catalogue meet the common GEO
definition with an altitude band of±2000 km (Table 3.2.3). Flohrer et al. (2011b) state that 397 of
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Identification in DISCOS Number
Payloads 809

Rocket bodies 160
Debris 16
Total 985

Table 3.2: Catalogued objects in GEO orbit sorted accordingclass in DISCOS.

the catalogued objects in GEO are controlled objects of which 268 are under longitude and inclination
control. Flohrer et al. (2011b) also provide information based on ISON observations on 235additional
controlled and uncontrolled objects in GEO. For 163 of theseadditional objects orbital elements are
available and 157 objects can be correlated with a launch. The total number of known objects in the
geostationary region exceeds the catalogued population byabout 23%.

Only a certain part of the GEO population is, in principle, observable for a given site. The fraction
strongly depends on the latitude and on the number of station-keeping satellites in the accessible longi-
tude band. For a low-latitude site, as, e.g., the OGS, the accessible longitude band is about 120° for a
10° elevation mask. At the OGS 462 of the 985 catalogued objects are above the horizon during 24 h.

Figures 3.7, 3.8, and 3.9 show the apparent density and average dwell time of catalogued GEO objects
observable from the OGS per 1°× 1° bin averaged over 24 h for epoch 25 February 2011.

Figure 3.7 gives the apparent density and dwell times for GEOobjects in the inertial frame. The highest
density is visible for the large group of station keeping low-inclination satellites with a declination close
to 0° . The motion of the orbital planes of uncontrolled objects is reflected by a region with higher
densities forming a ’caustic’. This caustic region starts at α=90° towards the maximum declination, as
well as heads fromα=270° towards the minimum declination. This properly indicates how the orbital
pole starts to drift towards the vernal equinox when the satellites are no longer controlled. One can also
see that the oldest objects in GEO are about to finish their first rotation around the pole of the Laplacian
plane. In the most densely populated regions of the caustic up to 120 objects can be counted per 1°×1°
bin during one day. The average dwell time is about 340 s per bin, slightly longer in the maximum and
minimum declination areas.

Figure 3.8 shows the density and dwell time in the local horizon of the OGS. GEO objects culminate in
the South direction while they cross the local meridian. Thehighest density of objects in the nominal
GEO (0° declination) is visible, which, due to inclination and longitude control, leads to infinite dwell
times for some objects. Objects with non-zero inclination angles follow an eight-shaped curve closing
after about 24 h. Longest dwell times of objects without inclination control are expected at the maximum
distance from the nominal GEO, where it can reach about 3600 seconds, while in the other 1°× 1° bins
the average dwell time is about 1800 seconds.

Figure 3.9 also illustrates that only part of the full longitude band can be accessed from a single site.
The highest density is again associated with the controlledsatellites. These satellites are skipped in the
dwell-time picture of Fig. 3.9. The shortest dwell times canbe expected at the maximum distance from
the GEO with about 600 seconds in this frame, while the average is about 3000 seconds per 1°× 1° bin
and object.
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Figure 3.7: Apparent density and average dwell time in the J2000 frame for 462 GEO objects visible
from the OGS on 25 February 2011, which are listed in the USSTRATCOM public TLE catalog of that
date per 1°× 1° bin. The density is calculated from 120 s sampling of the objects’ ephemerides.
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Figure 3.8: Apparent density and average dwell time in the OGS topocentric frame for 462 GEO objects
visible from the OGS on 25 February 2011, which are listed in the USSTRATCOM public TLE catalog
of that date per 1°×1° bin. The density is calculated from 120 s sampling of the objects’ ephemerides.

44



3.2 Orbital regimes

 1  10  100  1000
Apparent density of objects (in 120s) per bin and day

0 360

Longitude [deg]

-20

20

La
tit

ud
e 

[d
eg

]

 0  500  1000  1500  2000  2500
Dwell time (averaged) in s per bin and day

0 360

Longitude [deg]

-20

20

La
tit

ud
e 

[d
eg

]

Figure 3.9: Apparent density and average dwell time in the Earth-fixed rotating frame for 462 GEO
objects visible from the OGS on 25 February 2011, which are listed in the USSTRATCOM public TLE
catalog of that date per 1°× 1° bin. The density is calculated from 120 s sampling of the objects’
ephemerides.
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3.2.4 Highly eccentric orbits

The three regimes LEO, MEO and GEO are mostly populated with near-circular orbits. Highly eccentric
orbits are often transient. One example are GTOs, which are used for the transportation of satellites to
the GEO region. GTOs usually have a low inclination, their perigee is at LEO altitude and their apogee
at GEO altitude. The revolution period of GTOs is about 10.5 to 12 h, and the orbital velocity varies
from about 10 km/s at perigee to about 1.5 km/s at apogee. Highly-inclined Molniya and Tundra orbits,
used for communication constellations covering higher latitudes, are other examples for highly-eccentric
orbits.

3.3 Observations

Figure 2.2 introduced the primary observation regions for radar and optical sensors. We present in
this section the observation principles for both observingtechniques. Section 3.3.1 covers the radar
observations, while Sect. 3.3.2 discusses the principles of passive optical observations of objects in Earth-
bound orbits.

3.3.1 Radar observations

The primary observables of radar are range measurements andangular measurements, the latter are
typically in the local horizon frame. The two-way rangeR from the radar to the target is

R = c
∆t

2
(3.2)

with the time of flight∆t and assuming that the radar pulse travels at the speed of light c.

Radars can also acquire range-rate information, if the Doppler shift of the frequency of the received
signalfr with respect to the frequency of the transmitted signalft is measured:

fr − ft = fd = 2Ṙ
ft

c − Ṙ
≈ 2Ṙ

ft

c
(3.3)

The radar power budget, also called the link budget, allows assessing the sensitivity of a radar, and is the
fundamental equation for all radar systems. According to Krag (2003) the relevant equation reads as:

Pr =
PtGt

4πR2
Ar

σ

4πR2

1

Ltransmitter

1

L2

radome

1

L2
atmos

1

Lreceiver

1

Lpolarisation

(3.4)

where Pr . . . the received power
Pt . . . the transmitting power
Gt . . . the antenna gain
R . . . the distance to the target
Ar . . . the receiver antenna area
σ . . . the radar cross section (RCS) of the target
Li . . . the losses
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The signal-to-noise ratio (SNR) is given in the formulationby Krag (2003) as:

SNR =
Pr

kT0FNB
(3.5)

where k . . . Boltzmann constant
T0 . . . noise temperature of the ideal receiver
FN . . . noise figure of the internal receiver noise
B . . . receiver bandwith

3.3.2 Optical observations

There are three visibility constraints (see Sect. 3.3.2.1)that are relevant for the detection of an object.
The detector parameters limiting the observation possibilities are outlined in Sect. 3.3.2.2.

Two more quantities that are related to the observation conditions have to be introduced: the angular
velocity of the objectvrel and the apparent magnitude are also needed to characterise the source signal of
an object received in a pixel. This will be discussed in Sect.3.3.2.3 and Sect. 3.3.2.4. After that we are
able to develop the SNR equations in Sect. 3.3.2.5 where we only consider passive approaches starting
from the received irradiation at the telescope aperture. This SNR is the major criterion governing the
detection of an object by optical observations.

In Sect. 3.3.2.6 we link the size of objects to a certain apparent magnitude by introducing and discussing
the albedo as an object property.

With these fundamentals we can now relate design parametersof optical sensors to observation strategies,
which is a complex multi-dimensional optimisation process. In Sect. 3.3.2.7 we try to outline the basics
of this process.

The astrometric reduction process of optical observations, transforming acquired exposures into mea-
sured and epoch-related object positions, is presented in Sect. 3.3.2.8.

3.3.2.1 Visibility constraints

An object is considered as “observable”, if it is illuminated by the Sun and the ground-based observer is
in the Earth’s shadow, or the space-based observer is not affected by the presence of the Earth or the Sun
in the line-of-sight.

Based on these considerations we may formulate three conditions, which must be met for the successful
optical observation of an object (see Fig. 3.10):

1. The angle observer-object-Sun (the phase angleθ) must meet the condition 0 °≤ θ < θmax. The
maximum allowed phase angleθmax depends on instrumental and operational constraints. If we
accept the presence of the Sun in the FoV,θ may have values up to 180 ° , if fully reflecting spheres
are assumed. In reality the reflected energy is significantlylower and any appearance of the Sun in
the FoV will rule out optical observation.

2. The angular distance of the object to the edge of the Earth’s Shadowζ must meet the condition
ζ >0 ° .
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3. For space-based observations the angular distance to theEarthγ must meet the condition

γ > arcsin

(

rEarth

‖xobs‖

)

+ ξ (3.6)

to avoid the presence of the Earth in the FoV. The parameterξ depends on the diameter of the
sensor’s FoV and has to take into account the limb. Usually a distance of 3 ° is sufficient for
moderate FoV sensors.

From Fig. 3.10 we can writeθ, ζ, andγ as functions of the object positionxobj , the observer position
xobs, the Sun’s positionxSun relative to the geocentre, and the Earth’s radiusrEarth:

θ = arccos

(

(xobj − xobs) � (xobj − xSun)

|xobj − xobs||xobj − xSun|

)

ζ = π − arccos

(

xSun � xobj

|xSun||xobj |

)

− arcsin

(

rEarth

|xobj |

)

(3.7)

γ = arccos

(

xobs � (xobs − xobj)

|xobs||xobs − xobj |

)

Crossings of the Moon shadow were not taken into account. Object crossings of the Moon core shadow
will very rarely happen in the considered high-altitude regions, but crossing’s of the Moon’s penumbra
region (possible around New Moon) may cause a loss of about 1 mag in the objects apparent brightness
(see Schildknecht et al. (2004b)).

3.3.2.2 Detector parameters

There is a big variety of different image acquisition sensordesigns. We limit the discussion to the most
commonly used integrating silicon-based detector techniques, i.e. the analog charge-coupled devices

Figure 3.10: Visibility and observability conditions of objects.
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(CCD), the active pixel sensors based on complementary metaloxidesemiconductor (CMOS) technology,
and hybrids based on CCD or CMOS. For applications in astronomy CCD still dominate.

The photon counting technique is, in contrast to CCD or CMOS,a non-integrating technique. The use of
image intensifiers makes this approach very sensitive to power supply and environmental variations (see
Schildknecht (1994) for a detailed comparison of CCD and photon counting techniques). Furthermore,
the dynamic range is limited by the readout rate and is therefore smaller than for integrating techniques.
At present, photon counting devices are used for very low SNRand very short exposure times (<0.1 s),
but this is not typical for optical observations of space objects.

There are CCD detectors suitable for astronomical purposeswith pixel sizes in theµm-range. Today,
single chips up to 4096× 4096 pixel are available. Several single chips can be combined to build mosaic
sensors with more pixels. For astronomical purposes mostlyCCD detectors with ’Full Frame’ archi-
tecture are used. The whole detector area is utilised to collect photons within the exposure time. After
that the whole frame is read out. This concept can be extendedto a ’Frame Transfer’ CCD architecture,
where the detector is divided into two identical arrays: theimage array and the storage array. Technically
speaking, the image is shifted to the storage array after theexposure. From there it can be read out, while
the image array is available for the next exposure. Higher frame rates are possible With this procedure.

For the optical observation of space objects several CCD detector parameters are important:

• Binning combines a matrix of m× n pixels (usually 2× 2 or 4× 4) into one logical ’binned
pixel’ during the readout prior to digitisation. The SNR is increased by binning for cases where
the SNR is dominated by the readout noise. However, in order to limit the noise contributions
from the background and the detector dark current, the size of the resulting binned pixel should
not substantially exceed the diameter of the point-spread function of the source. Binning also
increases the achievable frame rate, but lowers the spatialresolution.

• Thefullwell capacity of a pixel can be defined as the total amount of electrons an individual pixel
can hold before saturating. The fullwell capacity parameter may be given by the manufacturer
or third parties doing calibrations. The fullwell capacitydepends on the pixel size (the area) and
on the operating voltages. Techniques used to reduce the dark current signal and to speed up the
detector readout lower the fullwell capacity.

• Dark current originates from thermal energy within the silicon lattice of the CCD and is therefore
independent from exposing. The detector signal is overlaidby the dark current signal, which only
can be described by statistical methods. The aim should be toreduce the dark current signal so that
its contribution to the error budget can be neglected. Obviously, the dark current signal decreases
linearly with the extension of the exposure time. Cooling reduces the dark current exponentially.

• A wide dynamic rangeof a detector denotes the ability to detect very dim and very bright objects
within the same exposure. Considering a given fullwell capacity, the readout noise and the dark
current have to be minimised in order to get the desired maximum dynamic range. The dynamic
range is defined as the ratio of the fullwell capacity and readout noise.

• Thenonlinearity is a measure of the camera gain constant as a function of signal strength. Nonlin-
earity impacts the brightness/magnitude estimations and should therefore be as small as possible.

• Thequantum efficiency(QE) is the probability of a photon of getting absorbed by thedetector to
produce electric charge. To indicate the effectiveness of adetector QE is given by the manufacturer
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as a function of wavelength. As QE is directly proportional to the source signal, QE drives the
achievable SNR of the observing system.

• The angular resolution (also known aspixel scale) depends on the telescope to which the detector
is connected. For a given telescope the aperture and the focal length (or the focal ratio) are known.
The pixel scale follows directly from pixel size and focal length.

• Detectors can be divided intofrontside- and backside-illuminated detectors. Photons have to
pass through a gate before they can interact with the resistance silicon for the front-side cases.
These gates are made of very thin polysilicon, implying thatthe gate is opaque at wavelengths
shorter than 400 nm and therefore the QE value for front-sideilluminated detectors is degraded
over a part of the working spectrum. As opposed to front-sideilluminated detectors the back-side
illuminated provide a much better QE performance due to the absence of the polysilicon gate in the
path of the photons. The sensitivity is improved significantly in the blue part of the spectrum and
ranges from soft x-ray to near-infrared regions of the spectrum. Back-side illuminated detectors
are produced by thinning down the detector substrate to lessthan 10µm.

• Thedetector duty cyclespecifies the time span during which the detector is not available to ac-
quire exposures. For space surveillance one would like to keep the duty cycle as short as possible.
The duty cycle is dominated by the readout time. The readout of CCD detectors is performed by
shifting the accumulated charges along the detector columns to the top row. The current top row
is read out by a shift towards the output amplifier. This process is repeated until the last row of
the detector array has been transferred. The use of frame transfer detectors allows it to shorten the
duty cycle. In order to get the full benefit from the frame transfer architecture the readout time
should be shorter than the exposure time. An increase of the readout rate allows it to minimise
the duty cycle, but this increase of the readout rate will also increase the readout noise depending
on the quality of the used amplifier. From manufacturer data typical detectors can be read out at
3. . . 5e− at 50 kHz up to 20e− at 20 MHz at typical operating temperatures.

3.3.2.3 Relative angular velocity

The angular velocity of a object crossing the FoV is the projection of the angular velocity perpendicular
to the line-of-sight, therefore in the instrument-fixed coordinate frame. This relative angular velocity
vrel of the crossing object is identical to the velocity of the image of the crossing object at the detector
plane. If this angular velocity is known, one easily can calculate the numberm of pixels covered during
an exposure timet from the pixel crossing timetp, the number of pixels illuminated by the source at a
given instantm0, and the pixel scalePS

m = m0 +

√
m0 tp
t

=

√
m0 vrel

PS
t. (3.8)

The quantitym0 depends on the instrumental point-spread function (PSF), the physical pixel size of the
detector and on the detection algorithm.

Vice-versa, the definition of observation strategies has totake into account the resulting achievable rela-
tive velocity of targetted objects crossing the FoV.
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3.3.2.4 Apparent magnitude

The apparent magnitude measures the brightness of a certainobject. A difference of five magnitudes is
equivalent to a factor of 100 in brightness. If the scattering is grey, meaning that the reflected radiation
has the same spectral distribution as the incident solar radiation, the apparent magnitudemobj of an
object can be related directly to the solar irradiation outside the Earths atmosphereEsol = 1367 Wm−2

and the irradiation received from the object at the telescopes’ apertureEobj

mobj = mSun − 5
√

100 log10

Eobj

Esol

≈ mSun − 2.5 log10

Eobj

Esol

. (3.9)

It is assumed that the magnitude of the Sun in near-Earth space around 1 AU ismSun = −26.74 mag
and refers toEsol.

A reference point of the relation between brightness and photo-electrons is obtained by using the relation
E = hc/λ (Schildknecht, 1994), whereh is the Planck constant (6.62606896× 1034 Js), andc the speed
of light (299 792 458 m/s). This relation has to be integrated over the whole response spectrum of the
optical system, considering the wavelength dependent losses due to the telescope optical efficiencyǫλ

and detector quantum efficiencyqλ. For a typical back-side illuminated CCD we may assume from this
relation that 16 mag correspond to 8000 photo-electrons/s outside the Earth’s atmosphere.

3.3.2.5 Signal-to-noise equations for optical detectors

The total object signal can be considered as the sum of the photon flux stemming from the source of
interestS0, the sky and atmospheric backgroundSs, and the detector dark currentSd. The source signal
accumulated for an exposure timet for a circular aperture with diameterD can be estimated to be

S0 = π
4

D2t
∫

λ

Eλτλǫλqλdλ, (3.10)

whereEλ denotes the irradiance of the object outside atmosphere andτλ the atmospheric transmission.

The sky background signalSs can be calculated in analogy toS0. For space-based observationsτλ can
be assumed as 1, and the atmospheric background signal does not exist. The estimation of the sky back-
ground signal is then limited by the fixed natural sky glow. Continuous sources, like the zodiacal light,
light from faint stars and galaxies, and the light from discrete sources, as from bright stars and planets
contribute to the natural sky glow outside the atmosphere. This corresponds to a magnitude of 21.8-
22.0 mag/arcsec2 . Apart from the natural background signal a part of the sky background signal depends
on the observational strategy and varies with time and instrument pointing: visibility of the Moon in the
FoV, Gegenschein, aurora effects, satellite flares, aeroplane strobe lights, meteors, planets. The Gegen-
schein becomes relevant if the instrument is pointing fixed away from the Sun (this would ensure small
phase angles). Straylight from the Earth’s atmosphere may also largely impact the background signal.

The noise to be considered in principle in the SNR equation consists of the photon noise of the source,
the sky and atmospheric background noise, the detector darkcurrent noise, the readout noise (due to
readout signal amplification), and the flat-fielding noise. The photon noise (variation of the number of
photons emitted by any source) cannot be avoided as this is a fundamental property of the light. A
Poisson distribution is assumed, where the noise is the square root of the signal. The dark current noise
is the noise of the dark current signalSd. The amplifier noiseSr consists of reset noise, white noise,
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3 Observation fundamentals, data reduction, and orbit modelling

flicker noise, shot noise, contact noise, and popcorn noise and depends on the readout frequency and on
the quality of the amplifiers components. This readout noiseis specified by the detector manufacturers
and is measured in [e−].

Finally, the SNR per pixel can be calculated from the ratio ofthe objects signal to the accumulated noise
as

SNR =
Ṡ0t

√

m0Sr +
(

Ṡ0 + m0

(

Ṡs + Ṡd

)

+
√

m0vrelSr

)

t +
√

m0vrel

(

Ṡs + Ṡd

)

t2
. (3.11)

This formulation is used in a similar way in the PROOF environment (Krag et al., 2000; Krag, 2003).
Note that the numeratoṙS0t is expressed in photo-electrons and the denominator is in “equivalent” photo-
electrons.

Normally, even for sophisticated segmentation approaches, a SNR higher than 3 to 4 is required to
discriminate objects from background in an exposure. We assume for the sake of simplicity that the
background signal can be determined from object-free regions and that the individual noise sources are
uncorrelated.

As shown by Schildknecht (1994) the SNR per streak can be calculated by replacingm0 by m as defined
in Eq. 3.8:

SNR =
Ṡ0t

√

mSr +
(

Ṡ0 + m
(

Ṡs + Ṡd

)

+
√

mvrelSr

)

t +
√

mvrel

(

Ṡs + Ṡd

)

t2
. (3.12)

The photon fluxΦ is defined as the number of photons per second per unit area. The power densityH
for photons at a particular wavelength (the irradiance) canbe calculated from the photon wavelengthλ
and the photon fluxΦ at that wavelength

H = Φ
hc

λ
≈ Φ

1.24

λ[µm]
. (3.13)

Because the dark current and, predominantly, the sky-background signal grow with the exposure time,
and because the read-out noise is independent of the exposure time, two typical cases for the SNR result.
Schildknecht (1994) discusses the relation of the sky-background-dominated and the readout-dominated
cases in detail. Here, we just revisit the two cases for a typical optical sensor proposal (Schildknecht
et al., 2005; Flohrer et al., 2008b) making the following assumptions:vrel=15′′/s, τ=0.88, ǫ=0.60,
QE=0.80,D=0.80 m,f=1.46 m,dpixel=12.50µm (this leads to a diameter of the FoV of 2.5°), diameter
of PSF=2.00 pixels,Sd=0.14 e−/pixel/s, and no binning during readout.

Figure 3.11 introduces the resulting SNR for a 2 second exposure as function of background values. A
typical site in central Europe, such as Zimmerwald, will provide conditions around 17 mag/arcsec2 on
average (unpublished estimates by L. Ostini based on acquired routine observations), while astronomical
sites, such as the OGS, may be expected to have values around 19 mag/arcsec2. Roughly, this difference
relates to a gain of 1 mag object brightness if the darker siteis selected.

The variation of the exposure time for a 18 mag object in Fig. 3.12 reveals that for exposure times shorter
than≈1 s a lower background signal does not significantly increasethe SNR of a given object. For longer
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Figure 3.11: SNR as a function of the background brightness for different object brightness forvrel=
15′′/s andt=2 s. The sensor is characterised byτ=0.88, ǫ=0.60, QE=0.80, D= 0.80 m,f=1.46 m,
dpixel=12.50µm, diameter ofPSF=2.00 pixels,Sd=0.14 e−/pixel/s, no binning, and

√
Sr=10.0 e−.

exposure times the effect of a lower background signal is eminent, but the relative velocity compensates
in part for these improvements, so that exposure times longer than≈2 s do not provide additional benefit.

Figure 3.13 varies the readout noise signal for a 18 mag object and 2 s exposure time. The figure shows
that noise levels better than

√
Sr=10.0 e− should be aimed at. Otherwise, the readout signal dominates

the improvements from a reduced background signal.

From the above discussion of a single sensor scenario it becomes clear that the definition of an obser-
vation strategy has to consider the sensor design and vice versa. Sensor design parameters are mostly
dependent or correlated. As the technical feasibility of the sensor design becomes a key issue, it is rec-
ommended that an optimal observation strategy should be defined together with the sensor developer in
order not to compromise the achievable detection threshold. See Sect. 3.3.2.7 for more information.

3.3.2.6 Brightness-size relation

Optical observations do not directly measure the object size ddeb, which can only indirectly be deduced
from brightness measurements. The most important quantityfor relating the observed apparent magni-
tude to the object size is the albedo. Two types of albedo are frequently used, the Bond albedo and the
geometric albedo.

The Bond albedo is the fraction of the total incident radiation and the radiation reflected by the object. It
is an “effective reflection coefficient”.

The geometric albedo is the ratio between the incident intensity and the intensity of reflected radiation at
θ=0° phase angle. It is a “resulting reflection coefficient”.

Specifying the shape and the scattering properties of an object allows to relate the geometric to the Bond
albedo. Shape and scattering are important characteristics for the brightness estimation, in particular
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Figure 3.12: SNR as a function of the background brightness for different exposure times forvrel=15′′/s
and an object brightness of 18 mag. The sensor is characterised byτ=0.88,ǫ=0.60,QE=0.80,D=0.80 m,
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Figure 3.13: SNR as a function of the background brightness for different readout-noise levels for
vrel=15′′/s, t=2 s, and an object brightness of 18 mag. The sensor is characterised byτ=0.88,ǫ=0.60,
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for debris objects. Usually, objects of unknown shape are either assumed as spherical or as plates.
Lambertian scattering properties are assumed (i.e., the radiance is independent of the viewing angle).

The irradianceH received at the telescope aperture can be written as the product of the following four
quantities:

1. the total reflectable energy calculated from the solar irradiance outside the atmosphereEsol per
solid angleΩ suspended by the object as

Esol
Ω

4π
. (3.14)

The debris object seen by the observer defines a cone with the apex angle 2α that has the solid
angleΩ, which is

Ω = 2π (1 − cos α) = 2π

(

1 − cos

(

arcsin

(

ddeb

2R

)))

. (3.15)

For typicalddeb and observing distancesR this can be approximated better than 0.1% even for
10 m objects at 100 m distance to

Esol

πd2

deb

4R2
(3.16)

2. the phase function defined as (Schildknecht, 2003)

ϕ (θ) =
1

π
(sin θ + (π − θ) cos θ) (3.17)

3. the Bond albedoρBond

4. the reflectivityα (for a perfect white diffuse (non-specular) reflecting sphere α =
8

3
).

We can finally write:

H = Esol

πd2

deb

16πR2
ϕ(θ)ρBondα =

2

3π2
Esol

πd2

deb

4R2
(sin θ + (π − θ) cos θ) ρBond. (3.18)

We can use the geometric albedoρgeom instead of the Bond albedoρBond, following the definition
ρBond = qρgeom with q denoting the phase integral, which is defined as function of the incident intensity
I(θ, φ) and the intensity of incident radiation normally reflected from a surfaceI(0):

q =

∫

I(θ, φ)dΩ

πI(0)
. (3.19)

For a sphere we haveI(θ, φ) = I(θ) and the phase integral becomes

q =

2
π
∫

0

I(θ) sin(θ)dθ

I(0)
= 2

π
∫

0

ϕ(θ) sin(θ)dθ =
2

π

π
∫

0

(sin θ + (π − θ) cos θ) sin θdθ. (3.20)
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Solving the integral gives

π
∫

0

(sin θ + (π − θ) cos θ) sin θdθ =

π
∫

0

sin2 θdθ + π

π
∫

0

cos θ sin θdθ −
π
∫

0

θ cos θ sin θdθ

=
π

2
+ 0 +

π

4

=
3π

4
, (3.21)

so thatρBond = 3

2
ρgeom.

The received irradianceH becomes

H =
1

π2
Esol

πd2

deb

4R2
(sin θ + (π − θ) cos θ) ρgeom. (3.22)

Hejduk (2007) uses a similar formulation also assuming the diffuse sphere approximation for debris
objects, which can be written by keeping the original symbols as

Mv = −26.74 − 2.5 log10

(

Aρ
2

3π2
((π − θ) cos θ + sin θ)

)

+ 5.0 log10(R) (3.23)

with A denoting the cross-sectional area of the object,ρ the “targets albedo” (we understand that this
refers to a Bond albedo) and the observing distanceR.

We may now relate the apparent brightness to object diameters. In Fig. 3.14 we assume spherical objects
with a constant albedo observed under a constant, small phase angle. With these assumptions Fig. 3.14
may be used to approximate the input required for a SNR assessment or more general as input for a
sensor design starting from the minimum detectable object diameter. Vice versa Fig. 3.14 provides an
easy look-up for the dependencies between topocentric distance and apparent brightness for objects of a
given diameter.

If we consider a reference size and assume Lambertian scattering with a fixed albedo, the most important
quantities for the apparent brightness are the topocentricdistance and the phase angle at the observation
epoch. For 1 m objects Fig. 3.15 allows it to estimate this important parameter for optical observation
strategies and sensor design considerations.

From Fig. 3.15 we conclude that a 1 m object in GEO typically isobserved with an apparent magnitude of
16, if the phase angle is small. For low phase angles an apparent magnitude of about 18 can be expected.
A 1 m object in MEO typically may be observed with an apparent magnitude between 14 and 16.

3.3.2.7 Optical sensor design

Optical sensor design parameters are mutually dependent, and are closely linked to the planned obser-
vation strategy. The definition of an observation strategy is governed by the user requirements. For
maintaining a catalogue the essential user requirements are population coverage, timeliness of the ob-
servations, and accuracy of the observations (Krag et al., 2010). The ability to cover a given object
population is dominated by the limiting SNR of the sensors. We find that the timeliness of the observa-
tions can be related mainly to the re-visiting time of a particular survey field in the case of surveys. The
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accuracy of the determined orbit is dominated by the SNR of a single observation and by the length of
the formed short arc, which in turn is a function of the numberof subsequent exposures of the object.

These parameters directly derived from the user requirements together with the parameters character-
ising an observation strategy can be related to parameters for the sensor design and selection. For an
optical sensor we identify the diameter of the FoV, the pixelscale, thef -number, the aperture, and the
general telescope design constraints. The general constraints comprise the detector parameters and the
detector/optics interface.

0.1

0.5

1

2
3
5

10

20
30

D
ia

m
et

er
 o

f s
ph

er
ic

al
 o

bj
ec

t [
m

]

A
pp

ar
en

t b
rig

ht
ne

ss
 [m

ag
]

Topocentric range [km]

 5

 10

 15

 20

100 10000 20000 30000 40000 50000

3020
10

5
3

2
1

0.5

0.1

Figure 3.14: Apparent brightness for Lambert-scattering spherical objects following Eq. 3.18 assuming
ρBond=0.1 andθ=20° (modified and extended from a classical figure by King-Hele (1983)).
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of topocentric distance and phase angleθ following Eq. 3.18 and assumingρBond= 0.1
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Figure 3.16 shows relations and dependencies of sensor parameters (grey), user requirements (dark-grey),
and the parameters for the characterisation of observationstrategies (white) simplified to the essential pa-
rameters and main relations. The pixel scale and the FoV diameter have most links to other parameters. A
strict top-down or bottom-up design process for selecting or designing the optimal sensor is not possible
without knowledge of the observation strategy and of the user requirements. In analogy, the formulation
of an observation strategy without considering the feasibility of the assumed sensor is impossible. Usu-
ally, the design process is iterative, allowing it to re-visit the observation strategy definition and sensor
design, respectively. Obviously a good initial guess is essential for the success of that iterative approach.

The relation between SNR and pixel size may be selected as oneexample for such a complex multi-
parameter optimisation process. Large size pixels, resulting in a larger pixel scale, would significantly
lower the SNR, because for a given exposure time, the background signal grows more rapidly while the
source signal per pixel remains unchanged. As the astrometric position accuracy benefits from a smaller
pixel scale and a higher accuracy is desirable, one might conclude that the pixel size should be chosen
as small as possible to receive higher SNR and better orbit determination accuracy. Unfortunately, small
pixel sizes also lead to a shorter pixel crossing time, whichin turn, for a given exposure time, results in
more pixels forming an object. Longer pixel trails require more sophisticated segmentation algorithms,
which are more demanding in terms of computing power and could even be less sensitive. In addition,
the readout noise becomes significant for small pixel sizes,as the detector has to provide more pixels to
cover the given FoV and thus has to be read out faster, with higher noise, lowering the achievable SNR.

The design of an optical observing system dedicated to spacesurveillance is subject to a multi-dimen-
sional optimisation process. A large FoV combined with a lowf -number, high detector efficiency and
capabilities for rapid and frequent repositioning are generally acknowledged to be good characteristics.
Often, additional design goals are added, such as NEO observation capabilities, or SOI or imaging capa-
bilities. The latter is, e.g., the case for DARPA’s Space Surveillance Telescope (SST) program striving
to combine multiple observation goals with an innovative telescope design, such as the use of detectors
for a curved focal plane.

3.3.2.8 Astrometric reduction of optical observations

Through a process called “astrometric reduction” the direction from the observer to an object at the
observation epoch may be derived. The observables eventually are right ascensionα and declinationδ
describing the apparent topocentric place:

ρ
.
= |r(t − ρ

c
) − R(t)| (3.24)

e
.
=

r(t − ρ
c
) − R(t)

ρ
(3.25)

α = arctan
ey

ez
(3.26)

δ = arcsin ez (3.27)

where ρ . . . Geometric distance between the observer at the epocht and the object at
the epocht − ∆t (slant range)

e . . . Unit vector pointing from the observer to the object
r(t − ρ

c
) . . . Position vector of the satellite at the epocht − ∆t

.
= t − ρ

c

R(t) . . . Position vector of the observer at the epocht
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t . . . Observation epoch
c . . . Speed of light
α . . . Right ascension of the object
δ . . . Declination of the object
∆t . . . One-way signal travel time.

The astrometric reduction of the raw data comprises three steps.

In a first step, the moving object must be identified in front ofthe reference star background. This task is
sometimes called “segmentation”, as it identifies reference stars and moving objects, and provides their
position in the detector coordinate frame. The correct estimation of the background signal to enable
the detection of very faint objects is challenging. Severalsegmentation approaches are known. Some
successful approaches use several sequential exposures (a“series”) (Schildknecht et al., 1995; Schild-
knecht, 2007). Alternatively, single exposures may be segmented by subsequently applying a global
threshold, where the background is estimated from large kernels for a median filter, followed by a logical
bit masking (Kouprianov, 2008).
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Figure 3.16: Simplified mutual relationships and dependencies of user requirements on maintaining
a catalogue (dark-grey), sensor design parameters (grey),and the main characteristics of observation
strategies (white).
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In the next step, the identified stars and objects are subjectto refined measurements, the so-called “cen-
troiding”. This task, depending on the parameters of the observing system and on the observation strat-
egy, results in the centres of the stars and objects (the “rawobservations”) with sub-pixel precision in
a detector coordinate system. The reference algorithm for centroiding is a fitting of a PSF, e.g., as de-
scribed by Kouprianov (2008) and Kouprianov (2010). A PSF fitting has limits for very faint objects
where the signal is not strong enough to allow the fitting of a PSF model.

Eventually, through a set of transformations, the centroidpositions in the detector coordinate frame are
mapped to the celestial reference system (see Sect. 3.1) in order to derive the observables.

The mapping of reference positions onto the focal plane is disturbed (at lower order there is, e.g., a
tilt). This non-uniformity is described by a specific model,the so-called “mapping model”. The model
takes into account the various characteristics of the observing system. The model may be rather complex
and has to consider the orientation of the focal plane, the plate scale, and radial, typically non-linear,
deformations stemming from imperfect optics. Therefore, anumber of well distributed reference stars
is commonly used in a least-squares adjustment process to determine the parameters of the mapping
model. Mapping models need to be maintained regularly. Theyare a mandatory input to the astrometric
reduction process.

The following specific relevant aspects of the astrometric reduction process are based on the work of
Schildknecht (1994) and Flohrer (2008). The formal error ofthe transformation into the system defined
by the star catalogue at the end of the astrometric reductionprocess should also give a first estimate for
the total error, as the accuracy of a reference star catalogue usually is assumed not to contribute much to
the overall error budget. However, some systematic effectsin star positions or proper motions of some
catalogues have been identified (Flohrer, 2008). As a reference we may assume the recently released
UCAC3 (Zacharias et al., 2010) from the US Naval Observatory(USNO), with a claimed accuracy of
about 0.015′′ to 0.1′′ per coordinate, depending on magnitude. The GEODSS system uses a modified
USNO-B or UCAC catalogue to meet the requirement of 0.3′′ for the astrometric position and 1 ms for
the epoch (Faccenda, 2000).

Reference stars also allow it to determine the mount model (or pointing model) defining the system ori-
entation (i.e., the nonorthogonalities) and the misalignment of optical axes. The mount model usually is
characterised by a set of parameters that allow it to compensate for pointing deviations in the observation
planning process.

In the previous section we have stated that the how achievable SNR dominates the detection process and
the astrometric reduction process, where the pixel scale isa key parameter. We also need to consider
seeing conditions and the quality of the observing system.

Seeing characterises the effect of turbulence within the airmass, which results in changes of the refraction
index. Seeing is highly variable from site to site and is mainly a function of altitude and wavelength.
Therefore, the received object signal and the observed colour of objects varies with moderate frequency
(scintillation). As seeing leads to “smearing out” of the received object signal, the full width at half
maximum (or FWHM) of the seeing disc is an important characteristic. Through the SNR degradation
and the smearing out effect seeing directly impacts the achievable astrometric accuracy. Seeing can
also vary significantly during the observation night, and even with pointing direction. Astronomical
observatories, such as the OGS typically have a seeing around 1′′, while sites close to urban areas only
have a seeing in the range of 2′′-3′′ .

Differential atmospheric refraction reflects the fact thatthe refraction is a function of wavelength, thus
is variable within the FoV, and needs to be modelled. Refraction is defined as the angle between the
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apparent direction of an object as seen by the observer and the direction in the absence of the atmosphere.
In the absence of atmospheric dispersion correctors the differential atmospheric refraction of a white
point source is projected into short trails along the elevation angle.

Parallactic atmospheric refraction is important for the observation of non-stellar objects. This effect
covers the differences in the refraction effect between an object observed at infinite and at finite distances,
and needs to be considered in the astrometric reduction process.

Colour refraction may impact the astrometric reduction process if (some) reference stars and the observed
object have different colours. This may lead to systematic offsets in the determined object position. The
colour of stars may be known from the star catalogue, which allows it to reject such stars of exotic colours
in the reduction process. In the case of an unknown object having an extreme colour such an approach
may not work.

The motion of the observer caused by the rotation of the Earthand the finite speed of lightc leads to the
so-called “ abberation”. Diurnal abberation is caused by the motion of the observer with respect to the
geocentre. At the equator it reaches 0.32′′. Annual abberation is due to the motion with respect to the
barycentre of the solar system. Secular abberation is due tothe motion of the solar system, and can be
neglected. The annual abberation has an amplitude of about 20′′, which has, e.g., been reported for the
GEODSS processing by (Faccenda, 2000).

The accuracy of epoch registration that is introduced by theshutter timing technique and may introduce
position errors of a stochastic or systematic nature. The effect may be a function of the object’s offset to
the centre of the FoV, and should be modelled. Depending on the centroiding algorithm the registration
of epoch marks of an object streak in the exposure may be more difficult.

Total measurement accuracy is obtained by a calibration using active satellites. The satellite position
resulting from astrometric observations is compared to thesatellite’s precise ephemeris, see (Flohrer,
2008) for GNSS.

3.4 Orbits of artificial satellites

Beutler (2005) gives the equations of motion in the quasi-inertial coordinate system in the following
generic form:

r̈ = −GM

∫

V
♁

ρpr

r − rp

|r − rp|3
dV

♁
− G

n
∑

j=1

mj

(

r − rj

|r − rj|3
+

rj

rj
3

)

+
∑

ang (3.28)

where GM. . . product of the gravitational constant and the mass of theEarth,
GM = 398600.4418 ± 0.0008 km3s−2

rj . . . Geocentric position of the point massj
rp . . . Geocentric position of a discrete volume elementdV

♁
of the Earth

V
♁

. . . Volume of the Earth
ρpr

. . . Relative density function
n . . . number of perturbing solar system objects
mj . . . Mass of the point massj
ang. . . Non-gravitational accelerations .
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The first term on the right-hand side may be written as the gradient of the Earth’s gravitation potential
V (r, λ, φ), which is usually specified in the Earth-fixed coordinate system as:

V (r, λ, φ) =
GM

r

∞
∑

n=0

Rn

rn

n
∑

m=0

Pnm(sin φ) {Cnm cos(mλ) + Snm sin(mλ)} . (3.29)

where λ, φ . . . Geocentric longitude and latitude
R . . . Mean equatorial radius of the Earth
n,m . . . Degree and order of the geopotential term
Pnm . . . Associated Legendre functions of degreen and orderm
Cnm, Snm. . . Geopotential coefficients of degreen and orderm .

As the potential is given in the Earth-fixed coordinate system, we first have to transform the satellite
coordinates into the Earth-fixed system (using the inverse of transformation Eq. 3.1), then we have to
calculate the gradient of the potential via Eq. 3.29. Eventually, we have to use the transformation equa-
tions Eq. 3.1 for back-transformation into the quasi-inertial coordinate system.

The second term on the right-hand side of Eq. 3.28 representsthe sum of n gravitational point-mass
attractions, those due to Moon and Sun being the most important ones. There are other accelerations of
gravitational nature, which we do not consider here (e.g., the effects due to the tidal deformation of the
solid Earth, the oceans and the atmosphere).

Two forces of non-gravitational origin have to be mentioned, namely solar radiation pressure and the
drag due to the upper atmosphere (for LEOs only). For detailswe refer to Beutler (2005).

When solving the equations of motion (3.28) we have to provide the initial state vector consisting of the
initial position and velocity vectors at the initial epocht0:

r(t0) = r0

.
= r(a, e, i,Ω, ω, u0)

ṙ(t0) = ṙ0

.
= ṙ(a, e, i,Ω, ω, u0) . (3.30)

The second expression on the right-hand sides of Eq. (3.30) indicates that the initial position and velocity
vectors may be expressed by the corresponding osculating elements:

a . . . Semi-major axis
e . . . Eccentricity
i . . . Inclination with respect to the equatorial plane
Ω . . . Right ascension of the ascending node
ω . . . Argument of perigee
u0 . . . Argument of latitude,

referring to the initial epocht0 (see Fig. 3.17 for an illustration).

From the geometrical point of viewa ande define the size and the shape of the orbit, whilei andΩ
define the orientation of the orbital plane in the inertial system.ω defines the orientation of the orbit in
the orbital plane, and finallyu0 defines the position of the satellite in the orbit at a certaintime.
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Figure 3.17: Orbital elementsa, e, i,Ω, ω, u0 and state (r, ṙ)

3.5 Two-line element (TLE) sets

So-called two-line elements (TLEs) are commonly used in space surveillance applications to represent
orbital information. The US space surveillance network provides TLEs, for example via the website
www.space-track.org. TLEs are not just a specific format for writing orbital elements, these data
sets are mean elements and contain additional information.The modelling of the Earth’s gravitational
field and of the third-body perturbations is limited. Therefore, TLEs should only be used in connection
with the underlying propagation theory. TLEs are given in a true equator-mean equinox (TEME) system.

The analytical theory to be used for propagating TLE sets from USSTRATCOM is the so-called Simpli-
fied General Perturbation 4 (SGP4/SDP4) model (Hoots and Roehrich, 1980). Objects with a revolution
period longer above 225 min (or more than 6 rev/day), equivalent to a circular orbit above 5876 km alti-
tude, are called deep-space objects.

The accuracy of TLEs is not known. Some attempts (as, e.g., byLaporte and Sasot (2008); Flohrer et al.
(2008a); Levit and Marshall (2010) were made to assess the uncertainties associated with TLEs provided
by USSTRATCOM. All studies conclude that in LEO the uncertainties are up to several hundred meters,
and in GEO the uncertainties are several kilometres.

Listing 3.1 gives a standard example for a TLE set. Noted thatin the TLEs the mean motionn =
√

GM
a3 ,

and not the semi-major axisa is not provided.

Listing 3.1: Sample TLE for ISS (source: space-track.org)

1 1 25544U 98067A 04236.56031392 .00020137 00000-0 16538-3 0 5135
2 2 25544 51.6335 341.7760 0007976 126.2523 325.9359 15.70406856328903

where the columns refer to the following values:
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Line1
1 . . . Line number
3-7 . . . Satellite catalogue number
8 . . . Classification
10-17 . . . COSPAR object identifier (year-launch-piece)
19-32 . . . Element set epoch (UTC), two-digit year, DoY, fraction of day
34-43 . . . First derivative of the mean motionṅ (rev/day/2)
45-52 . . . Second derivative of the mean motionn̈ (decimal point assumed)

(rev/day2/6)
54-61 . . . B∗ drag term (earth radii−1)
63 . . . Element set type
65-68 . . . Element number
69 . . . Checksum

Line 2
1 . . . Line number
3-7 . . . Satellite catalog number
9-16 . . . Inclinationi (deg)
18-25 . . . Right ascension of ascending nodeΩ (deg)
27-33 . . . Eccentricitye (leading decimal point assumed)
35-42 . . . Argument of perigeeω (deg)
44-51 . . . Mean anomalyM0 (deg)
53-63 . . . Mean motionn (rev/day)
64-68 . . . Revolution number at epoch
69 . . . Checksum
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4. Simulation environment for optical
observations

In this chapter we introduce an end-to-end simulation chaintailored for optical observations. This
toolchain allows it to assess the performance of ground-based and space-based optical observation strate-
gies.

The geometric and radiometric observation conditions are obtained from ESA’s Program for Radar and
Optical Observation Forecasting (PROOF) using modeled optical sensor means. PROOF supports dif-
ferent object reference populations (see Sect. 4.1). The initial orbit determination (IOD) based on mea-
surements is a crucial step in the end-to-end simulation. For IOD we use a modified version of ORBDET
from AIUB’s program system CelMech supporting ground-based and space-based sensors (see Sect. 4.2).
In Sect. 4.2.2 we describe an alternative formulation for IOD that has been implemented into ORBDET.
We evaluate the capabilities of this approach using ground-based and space-based test scenarios. Section
4.3 shows how PROOF and ORBDET are linked through a measurement simulator module SIMOBS.
Based on the work of Flohrer et al. (2006) we present the capabilities of the simulation environment for
a proposed space-based optical observation scenario in Sect. 4.4.

4.1 PROOF

Originally, PROOF was developed as a tool for the validationof ESA’s MASTER model through the
comparison between observed detection rates of space objects and model predictions for given observa-
tion scenarios and sensors (Krag et al., 2000; Krag, 2003). This approach opens, however, also a wide
range of applications beyond the original goal, ranging from the evaluation of sensor capabilities (see,
e.g., the approaches chosen by Landgraf et al. (2004) or by Flohrer et al. (2005b)) to search for biases
or selection effects in specific observation programs (Schildknecht et al., 2008). PROOF has extensively
been used to discuss space-based optical observation capabilities. Krag et al. (2001) and later on Krag
(2003), presented concepts for optical observations from asensor in a sun-synchronous orbit (SSO),
from a near-GEO drifting orbit, and from GTO. Oswald et al. (2004a) discuss orbit determination from
optical observations via a space-based platform. These early studies introduced PROOF as an extremely
valuable tool for observation forecasting and performanceevaluation of space-based observations, but
did not focus on the technical feasibility of the proposed system architecture and processing concept.

The first release of PROOF was associated with the MASTER model in the version 1999. Subsequent
releases of MASTER were always accompanied with updated PROOF releases for the versions 2001,
2005, and 2009. Today, PROOF supports the simulation of optical and mono- or bistatic radar sensors,
either on ground or in space. In addition to the main application based on statistical MASTER pop-
ulations for selected reference epochs, PROOF may be used toforecast the observation conditions for
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discrete population files that must be in TLE format (see Sect. 3.5). In the latter case an implementation
of the SGP4/SDP4 theory (Hoots and Roehrich, 1980) is used topropagate the object positions. PROOF
considers all relevant constraints of the observation conditions, and finally allows it to estimate the SNR
for the observed object at the simulated observation epoch.The tabulated results are grouped into so-
called crossing, detected, and gap objects. “Gap” objects are within the sensor FoV while the sensor is
not able to perform measurements; “detected” objects are visible with a sufficiently high signal while
the sensor acquires measurements. The term “crossing” refers to all objects that are in the sensor FoV
irrespective of meeting the detection and operation constraints. The ESA PROOF tool, version 2005,
was used here to study the various performance issues.

The major input parameters of PROOF for optical sensors include:

• sensor location or sensor orbit,

• optical instrument description and performance model,

• simulation settings (e.g., observation epoch and duration).

PROOF provides the following output parameters for each simulated observation epoch:

• geometrical observation conditions, such as, e. g., the time of closest approach (TCA) in the FoV,
observation distance, angular velocity between object andsensor pointing, and the dwell time in
the FoV,

• radiometric observation conditions, e.g., phase angle, object’s apparent magnitude, background
brightness, estimated SNR per pixel,

• osculating elements of the object at the TCA,

• used object diameter for SNR estimation (derived either from the statistical model of the population
or from deterministic settings for a TLE population).

4.2 CelMech

For the simulation of orbit determination we use CelMech, a program package for celestial mechanics
applications developed by Beutler (2005). CelMech supports a broad range of applications from nu-
merical integration to tools allowing it to assess the stability of the planetary system. The algorithms
in CelMech and their application to ground-based orbit determination from short arcs using astromet-
ric places of unknown objects are described in detail by Beutler et al. (2003). The modules used here
are the program for initial orbit determination ORBDET and,to a lesser extend, the program for orbit
propagation and orbit improvement SATORB.

ORBDET is used to determine a first orbit, and, subsequently,to improve the determined initial orbit
using all observations available. ORBDET requires no a-priori information for first orbit determination.
The only input information are the astrometric places of theobject and the observation epochs. No
dynamical parameters are determined in ORBDET.

ORBDET supports two different approaches for initial orbitdetermination based on angular measure-
ments: one approach assuming a circular orbit, and another using a “boundary value” method. Two
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measured astrometric places are required for the determination of a circular orbit. The boundary value
method requires at least three astrometric places. The subsequent orbit improvement step may be invoked
after both initial orbit determinations. We introduce the circular orbit and the boundary value method in
Sect. 4.2.1 and Sect. 4.2.2, respectively.

In this work SATORB is only used to determine and propagate a reference ephemeris. As SATORB pro-
vides a sophisticated modelling of the perturbing forces acting on artificial Earth satellites, we consider
ephemerides generated by SATORB being the “truth”, if a longarc of observations has been available
for SATORB. In SATORB we include perturbations due to Sun andMoon, consider Earth tides, model
the Earth’s gravity potential up to degree and order 12, apply corrections due to general relativity, use a
simplified radiation pressure model (spherical satellite), and perform the numerical integration of order
10. The orbit determination epoch is set to the centre of all available observations. The created ephemeris
data has a spacing of 10 min.

4.2.1 Circular orbits

For circular orbit determination the eccentricitye and argument of perigeeω are 0. The determination of
a circular orbit is interesting, if either only two observations are available, which is not sufficient for the
determination of six orbital elements, or if the observed arc is very short. In the latter case typically the
determination of the shape of the orbit (a ande) is rather difficult, but the orientation of the orbit (i and
Ω) may still be determined with sufficient accuracy.

The circular orbit can then be used to schedule follow-up observations. From the combination of initial
and follow-up observations the full set of orbital elementscan be determined, see, e. g., the process
developed by Musci (2006).

An algorithm may be defined, which searches for the radius, aswhere the angle between the two position
vectors is calculated from the observation geometry and from the known mean motion an the observa-
tion times. Limits for the semi-major axis need to be defined in the search process. We consider two
observations at the epochstA andtB, introduce the topocentric observer positionsRA andRB, the two
observed directions in the topocentric frameeA andeB , and the two topocentric distancesρA andρB ,
so that (ignoring the light travel time)

ri = Ri + ρiei , i = {A,B}. (4.1)

To solve the circular IOD problem Beutler (2005) formulatestwo ways of estimating the difference
between the arguments of latitude∆u at tA andtB:

• ∆ug: determined directly from the angle enclosed byrA andrB, which requires an assumption
ona that in turn fixes the distancesρA andρB , and

• ∆ud: determined from the uniform mean motion of the object on a circular orbit via

∆ud =

√

GM

a3

(

tB − tA −
(ρB

c
− ρA

c

))

, (4.2)

which again requires an assumption ona.
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As ∆ug and∆ud have to be identical, we can search for the root of the nonlinear equation

B(a) = ∆ug − ∆ud (4.3)

by varyinga within the assumed ranges. Having founda, the remaining orbital elements of the circular
orbit i andΩ can be easily found with

h̃ = rA × rB (4.4)

Ω = arctan

(

h̃1

−h̃2

)

(4.5)

i = arccos

(

h̃3

|h̃|

)

, (4.6)

and for the argument of latitude, e.g., attA we obtain

uA =

√

GM

a3

(

tA − ρA

c

)

. (4.7)

The solution may be ambiguous ifB(a) has multiple roots, which occurs in particular for short arcs.
Therefore, a reasonably defined search window fora is essential. If more than just two observations are
available, and a boundary value approach cannot be used, it is often helpful to determine a circular orbit
for all possible pairs of observations. This may help to resolve the ambiguities of multiple roots.

Note that all observations have to be within the same revolution of the orbit.

ORBDET allows it to execute an orbit improvement step after the IOD, which takes into account the
major perturbing forces. Orbit improvement is based on a least squares adjustment using all given ob-
servations. An interpretation of theorbit determination results is therefore possible using the RMS a
posteriori, and the obtained residuals.

4.2.2 Boundary value method

First orbit determination may be based on a boundary value problem, and not on an initial value problem.
The particular boundary value problem used here may be solved by numerical integration. The method
tries to identify a local minima of the residuals over all observations or, alternatively, over a selectable
subset of all available observations within the consideredarc. The sum of the residuals squares from a
least-squares adjustment process is used to find the local minima. The particular solution of the equations
of motion for satellites is used in this process, and may include perturbations.

Beutler et al. (2003) showed that this approach is applicable to determining orbits of GEO and GTO
objects from ground-based observations. The approach is stable and fast. Usually, good results are
achieved for short observation arcs, which is a typical casein surveys. The ORBDET approach may
therefore be used for space-based observations as well, after some modifications of the original ORBDET
code. The instrument’s position (the orbital elements of the instrument) is introduced as input data.

Figure 4.1 illustrates the used quantities. The topocentric observer is located atR(t). The objectS is
observed in the directione(t), and has the topocentric distanceρ of the observer at the observation epoch
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t. The directione(t) can be approximately calculated from the equatorial coordinatesα andδ. The light
travel time∆t must be taken into account for the observation geometry. Theobserved short arc has the
boundariesA andB .

The boundary value method has the advantage of being robust and highly flexible and may be used
for both, ground-based and space-based applications. The method works for different arc lengths, but
Beutler (2005) states that the best performance can be expected for arc lengths between 10° and 30°.
Boundary value methods may deal with eccentric orbits - a significant advantage compared to assuming
a circular orbit. As the implementation is comparably easy,even a use in on board software system seems
feasible.

For the boundary value method the typical limits of any initial orbit determination applies. If the short arc
is too short compared to the measurement accuracy, what may occur, e.g., for objects crossing a narrow
FoV, or for poorly determined object positions, any initialorbit determination will fail.

In a space-based scenario several projection effects may also cause the algorithm to fail. Not enough
information can be collected, e.g., for a pointing direction in-flight, which sees the observed object
approaching from or departing into a head-on direction, or for co-planar fly-bys with the observed object.

Both boundary value approaches follow the idea that two boundary vectorsrA andrB (geocentric po-
sitions of the unknown object at the boundary epochstA andtB) can be calculated from the observed
direction between sensor and unknown object and the known sensor position, if the topocentric distances
ρA andρB are known (similar to Eq. 4.1). By systematically varyingρA andρB , one will find the best fit
of the observed directionsα andδ on an orbit fixed by the boundary conditions by minimising thesum
of the squared residuals. These residuals between observations and determined orbit are estimated in
right ascension and declination. At least three observations (in fact astrometric position measurements)
are required for the boundary value approach.

Two implementations of a boundary value method are discussed allowing for full-parameter orbit de-
termination. The first approach (BNBNDV) is the original oneused in ORBDET. The second one
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Figure 4.1: Boundary value method - schematic view of the used quantities.
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(BNBN2D) is based on a newly developed 2D-search.

4.2.2.1 BNBNDV

In particular for short arcs we can assume that the topocentric distances at the boundary epochs are similar
(ρA ≈ ρB). This allows formulating an interesting approach for the majority of survey observations of
MEO or GEO objects. Beutler (2005) demonstrates how in ORBDET a one-dimensional search over
topocentric distances can be used for initial orbit determination.

The following steps are proposed:

• Variation ofρA within user-defined search limits with the given stepsize∆ρ

• Re-computation of the geocentric distance attA via r2

A = (RA + ρAeA)2

• Approximation ofρB via rA ≈ rB = (RB + ρBeB)2 = R2

B + 2(RBeB)ρB + ρ2

B

• Fixing ρA, αi, andδi with i = {A,B} allows solving the linearised observation equations given
by Beutler (2005) for only one remaining parameterρB

• A simple one-dimensional search criterion is defined by using the sum of the squared residuals
∆α and∆δ as function ofρA, considering alln observations:

B(ρA)
.
=

√

∑n
i=1

(

cos2 δi∆αi
2(ρA) + ∆δi

2(ρA)
)

n − 1
. (4.8)

• The minima ofB(ρA) give the best solutions in a least-squares sense, and from that the associated
orbital elements can be calculated.

4.2.2.2 BNBN2D

BNBN2D represents an alternative formulation to BNBNDV. This concept was originally developed by
Beutler for his lectures on astrodynamics at the Universityof Bern and is briefly outlined in (Beutler,
2005), but, as opposed to the one-dimensional search algorithm BNBNDV, it has not been implemented
into the released version of ORBDET.

If n observations are available in the interval(tA, tB) an approximation of the observed arc through a
truncated Taylor series with the coefficientsbj can be formulated from these observations. This approx-
imation around the epocht and its second derivative are:

r(t) =
n
∑

j=0

(tA − t)j bj (4.9)

r̈(t) =

n
∑

j=2

j(j − 1)(tB − t)j−2bj . (4.10)

For n = 3 the equation system is linear and we can build a simple least-squares system, if we ask the
solution to meet the equation of motion at the boundary epochs. In principle, an approximation up to
orderq = n is possible, if a system ofq − 2 differential equations is used.

70



4.2 CelMech

Ab = l

A =









1 tA − t (tA − t)2 (tA − t)3

1 tB − t (tB − t)2 (tB − t)3

0 0 2 6(tA − t)
0 0 2 6(tB − t)









b = (b0, b1, b2, b3)
T (4.11)

l =

(

rA, rB ,−GM
rA

r3

A

,−GM
rB

r3

B

)T

A is fixed for knownt, tA, andtB the4× 4 matrix can be inverted directly. The equation system can be
solved easily forb as a function of systematically variedρA andρB. This variation searches for the best
fit to the observed arc. A filtering mechanism may exclude all hyperbolic solutions (e>1).

A possible fit criterionB for observed (O) and computed (C) positions obtained from the reconstituted
arc is :

B (ρA, ρB) ≈

√

∑n
k=1

cos2 δO
k

(

αO
k − αC

k

)2
+
(

δO
k − δC

k

)2

2n
. (4.12)

Varying both topocentric distancesρA andρB at the boundary epochs of the observed arc allows it to
perform a two-dimensional search.

Figure 4.2 illustrates a typical case of initial orbit determination using BNBN2D from a short arc obser-
vations. We consider a space-based observation scenario, where a sensor orbiting in the GEO observes
other near-GEO objects. For this example we study a typical situation, where the observed arc contains
280 observations acquired in 280 s.

The left picture refers to a simulation without any measurement error, while in the right picture a random
measurement error of 2.5′′is assumed. The major challenges are obvious: without a goodinitial values
ρA andρB , the search volume is large, and the minimum can be very sharp. Therefore, selecting an
appropriate sampling width is essential. The implementation of BNBN2D foresees a fine-search within
the gridpoint containing the found minima. On the other hand, if the noise level is high, the minimum is
less prominent and “flat”, and searching for the minima becomes a cumbersome process.

In BNBN2D the minimum is sought for using either a brute-force method with a fine-search as a second
step ensuring completeness, or using a gradient-step method, which is more rapid, but may run into
numerical problems with very sharp or flat minima.
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Figure 4.2: BNBN2D minimum search for 0′′ (left) and 2.5′′ (right) RMS of single observation.
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Table 4.1: Test objects for the evaluation of BNBN2D, with osculating elements referring to the latest
available observation epoch per object.

Object a [km] e [-] i [°] Ω [°] Class

E07311A 41334 0.00 9.52 -32.45 GEO
E07343D 42026 0.49 11.23 3.55 HAMR
E08035A 41206 0.05 12.95 -0.14 GEO
E08061B 23162 0.71 7.30 23.23 GTO
E08125C 42302 0.21 6.65 -41.03 HAMR
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E08035A

E08061B

E08125C
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O
bj

ec
t I

D

Month of years 2007/2008

Tenerife
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Figure 4.3: Distribution of the observations acquired withESA’s 1-m telescope at the OGS at Tenerife,
and with ZIMLAT, located at Zimmerwald (Switzerland).

Evaluation of BNBN2D We will now demonstrate the capabilities of BNBN2D for initial orbit de-
termination. We use ground-based observations acquired with ESA’s 1-m telescope and with ZIMLAT,
and we use simulated space-based observations for the SBO proposal. We assume that the astrometric
accuracy of the observations is better than 0.5′′(RMS).

Ground-based observations Table 4.1 introduces the selected 5 test objects, which cover 5 classes
of typical objects found in high altitudes. The class indicates whether a particular object belongs to
GEO or GTO, or is an object with an extremely high ratio of areato mass (HAMR). HAMR objects
originating from GEO are of certain interest as the solar radiation pressure leads to a comparably fast
growth in eccentricity and inclination. The evolution of eccentricity and inclination of HAMR objects
shows complex periodic patterns.

Figure 4.3 outlines the distribution of the available observations acquired in 2007/2008.

Figure 4.4 presents for all 5 test objects the result from theorbit determination using ORBDET with ini-
tial orbit determination through BNBN2D, and a subsequent orbit improvement step. Each blue dot refers
to one solution from a single short arc, which is formed by associating observations of one observing
unit typically covering 3 to 5 observations within about 1-2minutes. A yellow dot refers to the results of
an orbit determination based two consecutive short arcs. Figure 4.5 shows the corresponding arc length
for both cases, together with the resulting RMS a posteriori. We considered an orbit determination with
a small RMS as successful. A small RMS a posteriori does not really imply that the determined orbit is
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correct.

The left column of Fig. 4.4 gives orbit determination results in thea-e space with error-bars indicating
the results from the orbit improvement step. The right column shows the results in theΩ-i space. The
indicator “Truth” refers to the best possible orbit determination result obtained from a long arc of all test
observations via SATORB, with the orbit determination epoch set to the epoch closest to the middle of
all available observations.

Figure 4.4 shows that in all test cases the solutions using a combination of subsequent arcs give signif-
icantly better results than the orbit results from a single short arc. The determination ofa ande from
short arcs is often difficult and returns wrong results of high eccentricity, while the determination ofΩ
andi is more robust in all cases. The orientation of the orbital plane seems to be determined better in
cases where the eccentricity is low (E07311A and E08035A).

Space-based observations We apply ORBDET with the BNBN2D algorithm to a set of selected
test cases simulating a space-based optical observation scenario. Here, we focus on capabilities of the
initial orbit determination algorithm. We will discuss thesimulation environment combining PROOF
and ORBDET in Sect. 4.3 and the observation scenarios in Sect. 4.4.

We consider two comparably problematic test cases, a SBO-like sensor platform orbiting in GEO and
observing GEO objects, and a similar platform orbiting in LEO observing LEO objects. The possible case
of a LEO sensor observing GEO is understood to be easier, due to larger distances and smaller angular
velocities of the objects. This case would allow it to acquire comparably long observation arcs and would
also provide observations of better astrometric accuracy.We will discuss this case in Chapter. 6.

From the known sensor position at the observation epochs andthe orbital information of the object cross-
ing the sensor’s FoV, both calculated from the PROOF settings, error-free observations are generated. A
dedicated processing engine (SIMOBS) allows it to add various noise sources. A list of “true” epoch-
related astrometric positions results. ORBDET is then usedto determine a first orbit and to improve
the orbit using the given observation file and the instrumentorbit as input. ORBDET will in most cases
be able to determine an orbit for the object from the simulated measurements. We may either use the
RMS or the residuals of the orbit improvement step as decision criteria, whether the orbit determination
was acceptable. All successful orbit determinations may becharacterised and classified according to
the achieved quality by comparing the estimated orbital elements with the “true” elements provided by
PROOF.

The following input was used for the evaluation of the algorithm performance:

• image acquisition frequency of 1 Hz providing equally spaced observations of the same accuracy
(RMS),

• astrometric accuracy with RMS of 0′′, 0.5′′, 1′′, 2.5′′, and 5′′ ,

• contribution of the sensor position to the error budget neglected (assumption that the sensor posi-
tion during the processing is known better than 1 m),

• assumption that the epoch registration accuracy is contained in the assumed astrometric accuracy.

Table 4.2 lists the ten test objects (five each for the GEO and LEO cases) for which the orbit determination
using the BNBN2D algorithm was tested. The table provides the basic orbit characteristics and the arc
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Figure 4.4: Orbit determination for single arcs (blue) and combined arcs (yellow), and best (true) solution
(red circle) in thea-e (left column) andΩ-i space (right column); test objects (top to bottom lines):
E07311A, E07343D, E08035A, E08061B, E08125C.
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Table 4.2: Test objects for the evaluation of the space-based initial orbit determination capabilities of
BNBN2D.

Object a [km] e [-] i [°] Ω [°] arc [s]

GEO1 28568 0.48 13.50 96.29 282
GEO2 26723 0.65 66.94 -101.83 120
GEO3 40950 0.03 11.14 42.34 212
GEO4 24681 0.72 6.83 105.47 210
GEO5 34060 0.22 3.93 -23.71 776
LEO1 7923 0.00 102.38 177.92 24
LEO2 8093 0.02 74.07 146.40 11
LEO3 10070 0.32 57.04 -134.30 26
LEO4 7771 0.01 101.73 150.63 48
LEO5 25085 0.72 4.24 -81.80 9

length, as well. The high angular velocities in the LEO case allow only observation arcs of several
seconds, while the typical length of the arc for the GEOC caseis of a few minutes.

The middle epocht was varied fromtA to tB for each simulated observation (1 observation per second).
The relevant figures for the simulated GEO and LEO test objects, which give the results for the test
orbit determination are contained in Appendix A (Figs. A.4 to A.13). Each of these figures refers to one
object and presents, grouped by the assumed astrometric noise, the relative frequency of the differences
between the estimated and “true“ orbital elementsa, e, i, andΩ. Differences outside the shown interval
are not covered by the figure.

GEO1 gives good results for the determination of the orientation of orbital plane, often better than 1° for
the cases with lower noise level. In most cases with a small RMS the determination of the eccentricity is
estimated close to the reference value. If the orbit determination fails, this is usually caused by a higher
astrometric noise level.

The GEO2 case shows a high sensitivity to the astrometric noise level. The orbits are only acceptable
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Figure 4.5: Obtained RMS as function of the arc length of the used short arc. Left: short arc formed
from single observation unit; right: short arc formed from adding subsequent observation units.
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for the case without noise. In all other cases for realistic noise the results show large differences to the
reference values.

For GEO3 (a nearly circular drifting orbit of high inclination) the shape of the orbit (a ande) can be deter-
mined if the astrometric noise is small. The observation geometry may cause problems when estimating
the orientation of the orbital plane, independent of the noise level.

It was not possible to estimate an orbit of good quality for the object GEO4. The estimated eccentricity is
about 0.98 in most ”successful“ orbit determinations and therefore offset by about 0.3. High-eccentricity
orbits based on short arcs are difficult to be established by this algorithm.

The orbital plane for GEO5 (an eccentric sub-GEO with comparably long visibility in the FoV) maybe
estimated usually better than 1°. A dependency from the astrometric noise is only visible for the semi-
major axis. This indicates a very favourable observation geometry.

The orbit determination fails for the LEO1 and LEO5 simulations. While for LEO5 the arc is probably
to short, in particular in view of the high eccentricity, thetest for LEO1 probably fails because of the
observation geometry. The circular orbits LEO2 and LEO4 areof better quality for comparable arc
lengths.

The test for LEO2 returns very good results for the orientation of the orbital plane (mostly about 1°).
The determination of the shape of the orbit is difficult. The tests without astrometric noise and with 0.5′′

noise are successful in determining of the shape in about 40%of the cases, but reveal a bad performance
for higher noise levels.

For LEO3 a good performance is indicated for the determination of the orientation of the orbital plane.
The results differ for the selected noise levels, but are consistent for each individual noise level, and are
always within some degrees. The determination of the shape of the orbit is not successfull. The eccen-
tricity can not be determined with a high degree of confidenceif there is noise added to the observations.
The case for a noise level of 5′′ could be traced to a statistical outlier, as there are only two runs that
terminate with an elliptical orbit as result.

The result for LEO4 shows problems in the estimation of the shape of the orbit. The estimation of the
orientation fails.

BNBN2D, as an alternative to the previously used initial orbit determination approach, has proved to
be highly flexible, and easy to implement. Observations fromdifferent sites and space-based observa-
tions are supported. This is important for surveys of space debris, where potentially the combination
of heterogeneous observations from different sites is required. Such observations typically differ in the
astrometric accuracy due to the sensor design and due to processing issues, and are arranged in very short
arcs combining very few observation. Initial orbit determination algorithms hence are important aspects
in the correlation task of space surveillance.

Apart from specifying the search range, which is an efficiency-related issue, no further assumptions on
the orbit are required by BNBN2D. An implementation based onthree observations for the estimation
of a first set of elements, with a subsequent orbit improvement step taking into account all available
observations, has considerable potential for (onboard) processing of space-based observation, or as one
component of a complex correlator function.

It was not surprise that the arc length matters for determining an initial orbit. For the problematic LEO
case, where the observed arcs are very short, the determination of a circular orbit with subsequent orbit
improvement step could be a valuable alternative. We will further study this in Sect. 4.4.

76



4.3 Simulation environment

The selection of appropriate observation scenarios is crucial, as limitations set by the actual observation
geometry impact the performance of all algorithms and cannot be circumvented later on by selecting
different algorithms.

Let us finally point out that the discussion of the BNBN2D capabilities did not take into account data
processing issues (as, e.g., star occultations, extended background sources, etc.), which may degrade the
astrometric accuracy. It is well known that the achievable astrometric accuracy is a function of the object
brightness, implying that the selection of an observation scenario driven by the results from a simulated
orbit determination also has to consider the characteristics of the target objects. Here we just assumed
that any FoV crossing event would allow the full image processing and the acquisition of the necessary
number of measurements for the orbit determination, which is a too optimistic assumption.

Future work on the BNBN2D algorithm may include different data types, such as range or range-rate
observations. There are two possible ways for an implementation. If there are only few observations,
each range observation may be added as a constraint to the least squares adjustment. The other possibility
is to use this additional data types to limit the search rangein ρA andρB . It is an interesting open issue,
whether either the range and angular observation have to be simultaneous for a significant improvement
of the solution, or a certain time difference is tolerable.

4.3 Simulation environment

In this section we discuss how PROOF and ORBDET can be linked to create, with the addition of a
measurement simulator module SIMOBS, an end-to-end simulation environment for ground-based and
space-based optical observations.

Figure 4.6 shows how PROOF may be connected to SIMOBS via a plug-in interface, which provides the
topocentric observation geometry for all crossings events. The entire population of crossing objects, not
only a few selected objects, is accessible. SIMOBS creates the astrometric positions expressed by the
anglesα andδ, and allows it to add controlled noise. The noise is Gaussianand can be either added to the
astrometric place, or to the sensor positions. We assume that the epoch registration accuracy is absorbed
by the astrometric accuracy. The SIMOBS output correspondsto the result after the image processing
and astrometric reduction of the observations. The generated measurement file from SIMOBS is the input
file for ORBDET, which will in most cases be able to determine an orbit of the object from the simulated
measurement data. We may either use the RMS or the residuals provided by ORBDET to decide, whether
the orbit determination was successful. All successful orbit determinations may be characterised and
classified, according to the achieved quality by comparing the determined orbital elements with the input
reference elements provided by PROOF.

There is one major issue for that approach. Through the PROOFplug-in the object identification is not
possible. We therefore developed a very simple correlationtechnique selecting via observation epoch
and velocity vector those observations belonging to the same object from the PROOF plug-in output.

There are limits of this tool chain that relate to the interface between PROOF and ORBDET. PROOF
is fully trusted and validated for providing via the plug-infunction single pixel SNR and topocentric
observation geometry. A more realistic modelling of the observations makes the estimation of the asso-
ciated uncertainties challenging. This task requires a model for an astrometric reduction process, which
includes an image processing model, and a model for correlating observations. Such a link module must
be either an existing processing software that is capable ofusing synthetic images, or it has at least to
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Figure 4.6: Simulator data flow.

consider realistically the detection conditions as a function of angular velocity, object brightness, de-
tailed sensor parameters, etc. The correct parametrisation of this model is a multi-parameter exercise and
rather difficult. The development of such a link is an extremely complex task and we are far from having
such a tool available.

The developed simulation environment furthermore does notcover some of the more complex space
surveillance tasks, which go beyond the discussion of observation strategies. These missing function-
alities include the performance of catalogue correlation processes, the applicability of re-acquisition
scenarios, and object identification.

The combination of observations of different accuracy fromdifferent sites is possible with this environ-
ment, and SIMOBS allows it to model the measurement accuracyof different sensor systems. Manual
interaction is, however, required for such simulations.
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4.4 Application of the simulation environment to a proposed
space-based optical observation scenario

Let us now apply the simulation environment to a proposed optical space-based mission. The SBO
project we briefly introduced in Sect. 2.5.2. It will also be the topic of a more extensive discussion on its
space surveillance capabilities in Sect. 6. We briefly introduce the observation strategies for searching
small-size space debris in Sect. 4.4.1. We present a performance evaluation including radiometry, image
processing, and orbit determination aspects. The performance of the proposed system is evaluated in
three steps. In a first step (Sect. 4.4.2) we discuss the observable objects using a statistical reference
population from ESA’s MASTER-2005 model with the help of PROOF-2005. Using the characteristics
of objects crossing the FoV, we discuss the key parameters limiting the detection of objects. The next step
(Sect. 4.4.3) consists of the analysis of the proposed imageprocessing algorithm on board. Finally, in the
third step, the orbit determination of the detectable spacedebris population is evaluated in Sect. 4.4.4. A
combined performance estimation of the system is performedin Sect. 4.4.5.

4.4.1 Sensor baseline and proposed observation strategies

It is the goal of the SBO to improve the knowledge on small-size space debris (millimetre to centimetre
objects) in LEO and GEO by passive optical means. For reasonsof cost-efficiency only fixed-mounted
telescopes were considered in the study, which do not require a dedicated mission. The sensor shall
provide all measurements needed for orbit determination and for the estimation of the size of objects
from a single crossing of a particular object through the sensor’s field of view. To reduce the system
requirements (mainly to limit the amount of transmitted data), data processing must be split between
processing on board and on ground. Object detection of both,reference stars and debris objects (and
discrimination), will be carried out on board, while the astrometric reduction, orbit determination, and
size estimation are part of the processing on ground.

We found that the same instrument might be sufficient for bothoperating scenarios, LEO and GEO.
Nevertheless, to ensure sufficient system performance the range to the small-size objects must be small.
This is why space debris objects orbiting in LEO need to be observed from a sensor in LEO, while space
debris in GEO must be observed from a platform in or near the GEO.

For the LEO region the study proposes a sensor mounted on a satellite orbiting in a nearly circular sun-
synchronous orbit of about 800 km altitude and close to the terminator plane. The line-of-sight (LOS)
shall point away from the Sun, almost perpendicular to the orbital plane, and slightly inclined in order to
access densely populated regions in LEO (see Fig. 4.7).

Two concepts were studied for the GEO region. The first concept assumes use of a sensor mounted on
a dedicated spacecraft in a low inclination circular orbit about 1000 km below the GEO, in a so-called
subGEO orbit. In this case the sensor is proposed to point in the opposite direction to the Sun (see
Fig. 4.8). In the second concept the sensor is mounted as a secondary payload onto a GEO satellite,
with the instrument LOS mostly perpendicular to the orbitalplane, pointing almost to the North or to the
South (see Fig. 4.9). The LOS orientations in LEO and subGEO lead to optimal phase angle conditions
(close to 0°), while the LOS orientation in GEO results in average phase angle of about 90°.

The proposed instrument consists of a 20 cm aperture folded Schmidt telescope, a four megapixel, fast
read-out camera using either a frame-transfer charge coupled device (CCD) or an Hybrid Visible Silicon
Imager (HyViSI) sensor. With a focal length of 41 cm, the diameter of the FoV is 6°.
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Figure 4.7: LEO operations concept: placed in a sun-synchronous orbit close to the terminator, the LOS
of the sensor is slightly inclined to the normal of the orbital plane, ensuring a pointing into the densely
populated regions in LEO.
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Figure 4.8: SubGEO operations concept: a dedicated spacecraft in a near-circular, slightly inclined orbit
below the GEO, the LOS of the sensor is pointing away from the Sun.

4.4.2 Assessment of the observable objects using PROOF

We used ESA’s PROOF-tool version 2005 for the estimation of the number and the characteristics of
FoV crossing events. The FoV crossing events were generatedby PROOF from a statistical reference
population of space debris objects, namely the ESA MASTER-2005 population. PROOF-2005 was used
in the “statistic mode”, and the reference epoch was 2005-05-01. To save computing time, the minimum
object diameter was set to 5 mm, and the considered distanceswere limited to 10000 km. Furthermore,
we combined the results from four Monte Carlo runs covering 24 h of observation time each, in order
to improve the statistics. The PROOF-runs were executed forthe 6th and 21st day of each month, over a
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Figure 4.9: GEO operations concept: mounted as secondary payload on-board a GEO satellite, the LOS
of the sensor points to the North or South, but slightly inclined towards the Earth by 15°.

one-year period starting December 2005. This altogether results in 576 h of simulated observation time.
It must be kept in mind that all numbers presented are strongly dependent on the underlying space debris
population model, which does not yet reflect the impact from the recent catastrophic changes to the LEO
environment around 800 km altitude.

The results for CCD-detectors do not differ significantly from the HyViSI-detector results, which is why
we will only present the results for the HyViSI detector. Theconsidered observation distance is far more
important for the interpretation of the simulation results. Due to CPU-time limitations only a limited
band of observation distances can be simulated. The main focus of the SBO sensor is on small-size
space debris. As the detection performance is expected to bebetter for short distances to the objects, the
lower limit is 0 km, while for the upper bound we used 10000 km for all operation scenarios.

In the LEO there is, however, a significant loss in the detection sensitivity for increasing distances.
Figure 4.10 shows the peak signal-to-noise ratio (SNR) as function of the object diameter for five selected
distance ranges. Subsequently, we will always refer to the peak SNR per single pixel. Figure 4.10
indicates that for a reasonable SNR>3 a significant number of detectable FoV crossing events of small-
size space debris objects (<0.1 m) can only be expected for distances below about 400 km.

The FoV dwell time is significantly shorter for short-distance FoV crossings, but for small objects the
increase of the SNR due to the shorter distance exceeds the decrease of the SNR due to the higher FoV
crossing velocity. The comparison of the FoV dwell time withthe observation distance in Fig. 4.11
shows that for observation distances below 500 km the FoV dwell time is typically between 0.4 and 5 s.
For the long-distance observations, dwell times of severalminutes are possible. In order to acquire the
required number of position measurements, dwell times below 10 s are demanding. Due to this fact, we
will analyse the LEO operation concept with a distance cut-off at 400 km (subsequently called LEO400)
in addition to a distance cut-off at 10000 km. For both concepts of the GEO operation, we analyse the
FoV crossing characteristics with a 10000 km distance limit.

Table 4.3 and 4.4 summarise the results of the performance simulation with PROOF. The so-called unique
crossings are listed in Table 4.3, which are the number of objects observed only once within the simu-
lation period, and the number of so-called multiple crossings, which refer to objects crossing the sensor
FoV at least twice during the simulation. The visible big differences between the number of LEO and
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LEO LEO400 subGEO GEO
Unique crossing events 18906 10829 2595 1619
Multiple crossing events 48765 10695 162 243

Table 4.3: Number of FoV crossing objects larger than 5 mm diameter within 576 h simulated observation
time for the three considered operation concepts (LEO, subGEO, GEO).

LEO LEO400 subGEO GEO
SNR>1 43076 7 6589 7 642 9 254 12
SNR>2 33452 8 5055 8 513 9 198 30
SNR>3 28620 8 4417 8 434 23 163 34
SNR>4 27301 8 4273 8 419 23 157 34

Table 4.4: Number of FoV crossing objects larger than 5 mm diameter within 576 h simulated observation
time for various simulated SNR detection thresholds (peak values per FoV crossing event), together with
the related minimum object diameter (in mm) initalic.

GEO FoV crossing events is due to the significant differencesin the density of the space debris popu-
lation. Table 4.3 shows that the majority of the objects cross the FoV more than within the simulation
period in the LEO case. For the subGEO and GEO most FoV crossing events are unique. The GEO
case is worse than the subGEO and LEO case because of to the non-optimal phase angle conditions (the
North/South pointing leads to average phase angles of 90°).

Table 4.4 shows that small-size debris objects are detected, even for the higher SNR detection threshold
of four. In LEO smaller objects compared to the subGEO and GEOcases are observed for a given SNR
detection threshold, due to the smaller distances to the objects. The numbers do not yet take into account
a possible loss due to failed image processing or orbit determination. It is thus more interesting to assess
the number of objects having crossed the FoV, for which the objects were detected, and for which the
orbit determination was successful.

From Table 4.4 we calculate a rough estimate for the average detection rate. A number of 7.5 objects/hour
are expected in LEO within the 400 km distance, if a SNR detection threshold of 4 is assumed. Within
the 10000 km distance we calculate 47 objects/hour in LEO, 0.7 objects/hour for subGEO, and 0.3
objects/hour for GEO (North/South). The rates refer to continuous operation over a full revolution of the
sensor. However, in the subGEO the Earth will be in or close tothe FoV of the sensor once per revolution
and thus only about half of the total mission time can be used for observations.

For optical observations the parameters that limit the detection of objects are:

• the FoV dwell time, which is equivalent to the angular velocity with respect to the FoV taking into
account a path offset,

• the brightness of the background, and

• the apparent brightness of the object, determined by distance, phase angle, object diameter and
albedo.

The exposure time and the instrumental noise are set to fixed values.
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We first analyse the orbital elements of the objects crossingthe FoV. This allows assessing the coverage
of the space debris population with the proposed operation concepts. Figures 4.12 and 4.13 refer to the
orbital elements output by PROOF.

The eccentricitye is shown as a function of the semi-major axisa in Fig. 4.12. A reasonable number
of GTO objects are crossing the FoV in all concepts, visible as the clustered population at higher eccen-
tricities. Both GEO concepts give similar results, the subGEO case generates additional crossings with
a semi-major axis of about 40000 km– mainly objects which do not cross the FoV of the North or South
pointing GEO telescope.

Fig. 4.13 shows the inclinationi as a function of the right ascension of the ascending nodeΩ . For the
GEO concepts we may distinguish two classes of objects. The first class comprises the GEO objects
with an inclination below about 20°. We recognise the well-known pattern in thei-Ω space (see also
Fig 3.2). Due to the North- or South-pointing in the GEO operation concept, there are basically no
crossing objects in very low inclination orbits. A second class of objects withi ≈ 67° could be traced
back to MEO objects in the MASTER population with a semi-major axis between approximately 25000
and 30000 km crossing the FoV at distances below 10000 km. ForLEO400 one recognises the preferred
inclination bands for sun-synchronous and telecommunication satellites. This is the region where most
of the small-size debris detections are expected. The graphfor LEO covering long-distance observations
shows a good agreement with the modeled space debris environment in LEO, the entire right ascension
range is covered uniformly and selected inclination bands with higher crossing rates can be identified.
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Figure 4.12: Eccentricity vs. semi-major axis for objects larger than 5 mm crossing the FoV within the
576 h simulation for LEO400 top-left, LEO bottom-left, subGEO top-right, GEO bottom-right.
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Figure 4.13: Inclination vs. right ascension for objects larger than 5 mm crossing the FoV within the
576 h simulation for LEO400 top-left, LEO bottom-left, subGEO top-right, GEO bottom-right.

Figure 4.14 compares the expected FoV dwell time for all observation concepts. This figure illustrates
some of the key problems related to the orbit determination.As already pointed out, the dwell times
in the LEO operation concept are very short, while in GEO dwell times of several minutes allow the
observation of an arc of sufficient length. In GEO only a few short-distance FoV crossings are expected
while in LEO the placement of the sensor platform into a densely populated region causes a large number
of short-distance crossings. The much higher number of expected detections in LEO requires on-board
data processing, and impacts the data transfer budget.

Fig. 4.15 shows the apparent brightness of the FoV-crossingobjects as a function of the brightness of
the sky background. We conclude that the majority of the objects are very faint. In LEO, near objects
(within a distance of 400 km) are usually brighter than 15 mag, and, without limiting the distance, 5 mm
objects may appear even fainter than 20 mag. The largest partof the objects in GEO appears fainter than
15 mag. Brighter objects (as bright as 0 mag in LEO or 5 mag in GEO) may cross the FoV in all cases
occasionally. The instrument is designed to cope with this large dynamic range. All operation concepts
allow observations where the sky background is fainter than20 mag.

Figure 4.16 shows the phase angle variations as function of the observation epochs. A 15 day structure
is due to the simulation of runs spanning 24 h. The phase angles are between 0° and 60° in LEO,
irrespective of the selected distance range. In GEO the phase angle is comparably bad, always between
50° and 130°, with an average of 90°. Best phase angle conditions are obtained in the subGEO operation
concept due to the optimum pointing in right ascension away from the Sun, keeping the phase angle
below 25°. The phase angles show prominent seasonal variations caused by the varying declination of
the Sun. In the GEO operation concepts the daily periodic variation of the phase angle is constant (about
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Figure 4.14: Minimum distance vs. FoV dwell time for the simulated LEO, subGEO and GEO opera-
tional concepts considering objects larger than 5 mm diameter within 576 h simulated observation time;
LEO400 top-left, LEO bottom-left, subGEO top-right, GEO bottom-right.

5° in subGEO and 25° in GEO), but the 24 h average of the phase angle shows an annual variation. In
LEO the daily average of the phase angle stays constant, but there is an annual variation of the daily
amplitude. The variation within 24 h is narrow in spring and autumn, when the declination of the Sun is
low. The largest amplitude is expected at high declinationsof the Sun. The subGEO operation concept
allows for optimal illumination conditions (phase angle is0°) twice a year, when the declination of the
Sun equals the inclination of the SBO sensor orbit.

Finally, Fig. 4.17 gives the most important information relevant for the sensor performance – the simu-
lated peak SNR as a function of the object diameter. The analysis reveals for a SNR detection threshold
of four an average diameter of the FoV crossing objects of about 7 cm for the LEO case and about 10 cm
in the two GEO operation concepts. For a given SNR detection threshold the associated diameter covers
a range of about 10 cm. For a SNR of four there are detections below 1 cm in LEO and at around 2-3 cm
in GEO possible, as Table 4.4 already showed.

4.4.3 Performance of the image processing

A large number of test images were generated un order to evaluate the performance of the proposed SBO
instrument. The images were simulated with the Image Reduction and Processing Facility (IRAF). Test
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Figure 4.15: Brightness of the FoV crossing objects vs. the brightness of the sky background for all
objects larger than 5 mm diameter within 576 h simulated observation time; LEO400 top-left, LEO
bottom-left, subGEO top-right, GEO bottom-right.

images were simulated for the different operation concepts, the sensor architecture, and for various FoV
crossing angles. The proposed algorithm for on-board object detection was applied to the test images.
The SBO study concluded that the acquired images should be processed on-board using a “dynamic
masking” approach with dedicated image pre-filtering processors. The resulting sub-frames containing
stars and candidate debris objects (plus probably some cosmic ray events, processing artifacts, etc.)
should be further processed on-ground. The necessary processing steps are centroiding, astrometric
reduction, orbit determination, and estimation of the sizeof the objects. For the on-ground processing
system it was proposed to use the border-and-fill algorithm applied in AIUB’s off-line data processing
system.

A slightly modified implementation of the border-and-fill algorithm was applied in the SBO study in
order to precisely discriminate object and background pixels and to determine the centroids of the star
and debris objects. A comparison of the determined centroids with the input into the IRAF program
system allows it to determine the SNR cut-off and to assess afterwards the accuracy of the centroiding
procedure.

The astrometric error is governed by the centroiding error of star and object, and the epoch registration
error. The determination of the centroid of fainter objectsclose to the SNR limit is of lower accuracy
compared to the brighter objects. The centroiding error wastherefore determined as a function of the
apparent brightness. The apparent brightness is not only a function of the diameter of the objects. It also
depends on the phase angle, the distance to the objects, the shape, and surface properties of the objects.

A limiting apparent brightness of the detection algorithm was found at about 15.6 mag for GEO, 15.8 mag
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Figure 4.16: Phase angle variations as function of the observation epoch; LEO400 top-left, LEO bottom-
left, subGEO top-right, GEO bottom-right.

for subGEO and 10.3 mag for LEO using the CCD detector with this approach. In the HyViSI detector,
the values are 16.0 mag for GEO and subGEO and 10.6 mag for LEO.The limiting magnitude is com-
parable for the GEO and the subGEO operation concept; the faintest objects can be detected in these two
concepts. The limiting SNR value is around four for the GEO and three for the LEO operation concepts.

Lowering the detection threshold allows the detection of fainter, and thus of smaller and more objects,
but produces also a higher number of “false” detections. It is an issue of the on-board software imple-
mentation and telemetry limitations, which false detection rate may be allowed by selecting the SNR
detection threshold. We assumed that 95% correct detections must be guaranteed.

Table 4.5 gives classes of the object centroiding errors in pixel coordinates (∆x and ∆y) for a wide
range of apparent brightness values. The smallest errors correspond to the brightest objects, the largest
errors to objects crossing the FoV at the SNR detection limit. Due to the proposed operation concepts
(mainly the orbital and pointing strategies) the centroiding error covers different ranges. Table 4.5 also
provides the transformation of the centroid determinationerror to a centroid position error using the pixel
scale of the SBO. In the next section we will use the centroiding error classes while simulating position
measurements as part of the orbit determination. “Error-free” position measurements are obtained from
the observation geometry at the simulation epoch. The instrumental noise sources need to be addressed
realistically. The centroiding accuracy derived from the image processing will be used to add normal-
distributed noise to the simulated position measurements for orbit determination.

With the release of PROOF-2005 it became possible to dump thesynthetic images used by PROOF in-
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Figure 4.17: Peak SNR vs. diameter of the FoV crossing objects larger than 5 mm within the 576 h
simulation for LEO400 top-left, LEO bottom-left, subGEO top-right, GEO bottom-right.

ternally. User-defined image processing algorithms may replace the PROOF built-in detection criterion,
which is basically an SNR detection threshold, by means of a plug-in mechanism. As a first step we
developed a conversion routine in addition to the plug-in, which exports PROOF’s synthetic images in
the FITS format. It is possible now to directly feed PROOF data into existing image processing facilities
like IRAF or AIUB’s off-line data processing system. The detailed analysis of the image processing
using these synthetic PROOF images directly has to be done inthe future.

4.4.4 Performance of the orbit determination

To determine orbits of unknown space debris objects is the major objective of the SBO system. For the
estimation of the size of the objects from the apparent brightness the distance to the objects must be
known. The distance is computed from the determined orbits of the objects and the sensor orbit. Both,
the (at least statistical) knowledge of the orbital elements and the size of the objects, are required as input
to space debris population models.

The simulation is based on PROOF output. ORBDET was adapted to support space-based platforms
and the output of the observation geometry from the PROOF tool. PROOF provides via the plug-in the
observation geometry for the simulated exposure epochs, the arrays containing the pixel coordinates,
the object and star signals, and the background signal. The data combines the epoch, the position of
the sensor, and the position and velocity of the observed object. Unfortunately, it is not possible to
trace the output observation geometry back to the simulatedFoV crossing characteristics. This missing
functionality of the PROOF plug-in would be needed to assigndirectly a specific astrometric error as
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Apparent brightness [mag]∆x, ∆y[pix] Centroiding error [′′]

LEO

Brightest objects 0.15 1.98
<8.5 0.4 5.2
<9.5 0.6 7.9

<10.5 1.2 16.0

subGEO

Brightest objects 0.01 0.13
<14.5 0.1 1.3

<15 0.2 2.6
<15.5 0.3 3.9

<16 0.4 5.2

GEO

Brightest objects 0.01 0.13
<11 0.03 0.4
<12 0.1 1.3

<14.5 0.4 5.2
<16 1.2 16.0

Table 4.5: Centroiding accuracies (after the astrometric reduction step in the on-ground processing) in
pixel units and maximum corresponding position error in arcseconds, assuming a SBO pixel scale of
9.041′′/pixel.

a function of the simulated brightness and FoV crossing velocity to the orbit determination. SIMOBS
processes the data from PROOF, and generates astrometric observations (pairs of right ascension and
declination of the object centroids) for all epochs. Noise that reflects the astrometric error and the error
in the determination of the sensor position is added.

We consider all FoV crossing objects in the simulation of theorbit determination, irrespective of their
FoV crossing characteristics. We will ignore in particular, whether the SNR allows for a detection or
not. This approach allows us to discuss the performance of the orbit determination with a larger number
of events. We combine the results of orbit determination with the results from simulating the image
processing and the characteristics of the FoV crossing.

In the IOD we make use of all available observations of a crossing event. We obtain a two-body orbit.
In the simulations we use a search range of 50 km<ρ<12000 km with a step size of 15 km for both
algorithms, BNBNDV and BNBN2D.

The SBO study concluded that it is possible to use HyViSI detectors for epoch registration with mil-
lisecond accuracy. It is therefore assumed that the contributions from the epoch registration accuracy to
the overall error budget are contained in the considered astrometric error. No epoch registration error
was added to the simulated observations. The astrometric error was included as a function of apparent
brightness (Table 4.5). Four classes in LEO, and five classesin the subGEO and GEO are considered in
the simulation of the orbit determination.

The position of satellites can be determined without special means to better than 2 m in LEO, and 10 m
in GEO. This is why a random normally distributed noise with a1-σ error of 10 m in each of the 3 axes
in subGEO and GEO operation concept, and of 2 m in LEO, was added to the position of the observing
platform.

Let us now discuss the results of orbit determination for thesubset of the PROOF data consisting of 24 h
of observations on June 12, 2006.
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Orbits were determined from 38572 FoV crossing events in theLEO concept, 510 events in the subGEO
concept and 293 events in the GEO concept. With the assumption of a 1 s image acquisition spacing
about 10% of the FoV-crossing events in LEO do not give enoughobservations. In the case of deter-
mining a circular orbit this applies only to about 2% of the events. Circular orbit determination was
only considered for the LEO. In the GEO and subGEO basically all events give a sufficient number of
observations for a full orbit determination.

Orbit determination was not always successful. The determined first orbit may not be good enough
as input for the orbit improvement step. The number of failures increases with the astrometric error
of the position measurements. BNBN2D is more successful in determining first orbits than BNBNDV.
BNBN2D successfully treats about 90% of the cases in all three concepts considered. This is attributed
to the exclusion of hyperbolic orbits prior to orbit improvement. BNBNDV succeeds for about 50% in
LEO and about 80% in subGEO and GEO.

All successful orbit determinations may be characterised and classified according to the achieved accu-
racy by comparing the determined orbital elements to the “true” elements provided by PROOF.

The definition of the acceptance criteria is crucial. For oursimulation, we accept an orbit, if the difference
between “true” and “determined” is smaller than

• 500 km in the semi-major axisa, 0.05 in eccentricitye, 5° in inclinationi, and 5° in right ascension
of the ascending nodeΩ (in the LEO case), or

• 1000 km in semi-major axisa, 0.1 in eccentricitye, 2° in inclinationi, and 2° in right ascension of
the ascending nodeΩ (in the subGEO and GEO case).

A detailed analysis of the orbits which were not accepted showed that mostly the highly eccentric orbits
(e>0.3) were difficult to determine. As these orbits are not of primary interest for the SBO system (the
focus is on small objects in LEO and GEO and thus more on low-eccentricity orbits), we may exclude
these objects after orbit determination. A simple perigee/apogee height criterion using the determined
perigee and apogee values turned out to be suitable for first tests.

The a posteriori filters had the following characteristics:

• Minimum perigee height of 6500 km and maximum apogee height of 15000 km in LEO,

• Minimum perigee height of 30000 km and maximum apogee heightof 60000 km in subGEO and
GEO.

A test was carried out to ensure that the proposed filter criteria do not exclude “poorly determined, but
interesting objects”. We compared the filtering of the PROOFresults (our “truth”) to the filtering of the
ORBDET output. Only about 1-2% of the objects were erroneously excluded (7 out of 390 in subGEO
in the worst case, 1 out of 178 in GEO in the worst case). Due to the shorter passes in LEO the number
of erroneously excluded objects is much higher, up to 30%. Thus the filtering in LEO is not reliable.

The IOD from the short observed arcs must be considered as difficult. Figures A.1 to A.3 in Appendix
A show the results of the comparison between “true” and determined orbital elements for the a poste-
riori filtered successful IODs. The value 100% refers to all successful IODs. We may conclude from
the figures that in all cases, and for all used algorithms, theperformance of orbit determination only
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slightly degrades with an increasing astrometric error. This fact implies that orbits of faint objects can be
determined with almost the same quality as orbits of bright objects.

The determination of a circular orbit is much more reliable than the determination of an orbit using either
one of the boundary value approaches in the LEO. The right ascension of the ascending noteΩ is only
weakly determined. The determination ofa, e, andi is acceptable in about 50% of the successful IODs.

In the subGEO case the BNBN2D algorithm fails to find the correct minima, yielding a bad performance.
The BNBNDV algorithm is capable of determining the shape of the orbit (a, e) in about 90% of the
successful IODs and the orientation of the orbital plane (i, Ω) in about 70% of the successful IODs.

The results in the GEO show a comparable and good quality for both algorithms, BNBNDV and BNBN2D.
The shape of the orbit (a, e) is better determined than the orientation of the orbit (i, Ω). The determi-
nation of the shape is accepted in 70-90% of the successful IODs, while the orientation of the orbit is
accepted only in 50-60%. BNBNDV gives slightly better results for the fainter objects than BNBN2D,
but the total number of successful IODs is higher for the BNBN2D algorithm.

With the BNBNDV algorithm the shape of the orbit can be determined with acceptable accuracy in most
of the cases where IOD was successful. The determination of the orientation of the orbital plane with
the assumed accuracy of 2° mostly succeeds in the subGEO, andsucceeds in the GEO in about 50% of
the cases. The determination of a full-parameter orbit in the LEO is difficult. But with the determination
of circular orbits (an assumption simplifying the IOD) the shape of an orbit can be determined meeting
our acceptance criterion in more than 50% of the successful IODs. The determination of the orientation
of the orbits in LEO is difficult due to the very short arcs (in the order of seconds) and is thus not very
reliable.

We furthermore conclude that the RMS criterion is not sufficient to qualify the accuracy of the determined
orbits. In subGEO and GEO the astrometric accuracy of the position measurements does only slightly
impact the quality of the determined orbit. The determined orbits of fainter objects are of a comparable
accuracy with these of the brighter objects. In LEO there areoften not enough observations available for
an orbit determination.

4.4.5 Combination of the performance simulation results

The combination of the result from the PROOF analysis with the simulation results for image processing
and orbit determination gives an estimate for the number andcharacteristics of objects for which we may
determine orbits.

We start with the application of the detection threshold (peak SNR) as filtering criterion to the list of
crossing objects for 576 h of simulated observations. Merging the resulting lists of “objects above the
detection threshold” with the results of the simulated orbit determination (percentage of successful IODs
and percentage of accepted IODs) leads to an approximate number of determined orbits. By adding
margin to these percentages we take into account that the orbit determination of fainter objects is slightly
more difficult. We do not assume a correlation between apparent brightness of a particular object and
the orbit determination. We present the statistics for 24 h of observations, neglecting that in subGEO
observations are not possible throughout the entire revolution of the sensor, and that in all cases probably
some observation time is dedicated to calibration. The number of objects is given for different ranges of
object diameters.
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LEO subGEO GEO
Accepted determination of (a,e) 500-600 12-13 4-6
Accepted determination of (i,Ω) 200-300 10-12 3

Fraction of ’accepted’ objects
1%<5 cm 3%<5 cm 1%<5 cm
5%<10 cm 12%<5 cm 5%<5 cm

41%<20 cm 26%<20 cm

Table 4.6: Number of objects per day for which the initial orbit determination meets the acceptance
criteria.

LEO subGEO GEO TIRA ESA 1-m tel.
Min. detected diameter [cm] 0.8 2.3 3.4 2.1@1000 km ≈15@GEO
Detections 2 -10 cm per day 25-30 1.5-1.6 0.2-0.3 ≈400 0
Sensor operation 24 h/d >12 h/d 24 h/d 24 h/year ≈120 h/month
Orbit determination results Circular Full Full Circular Circular/Full
Tracking/follow-up capability No No No Yes(*) Yes

Table 4.7: Capabilities of the SBO compared to existing ground-based sensors ((*): stare and chase for
TIRA.)

The number of position measurements provided by the image-processing algorithms is an important
assumption in the combination. The wide range of processingissues (star occultations, extended back-
ground sources, streak length, ratio between peak and average signal, selected detector readout approach,
adjustment of the centroiding algorithm, etc.) is not covered here. We simply assume that, if the peak
SNR is larger than our estimated value, any FoV crossing event would allow it to perform the full image
processing, resulting in the acquisition of the necessary number of measurements for orbit determination.
Already small improvements in the SNR detection threshold would, however, lead to a higher number of
detected objects.

Table 4.6 shows the results of the combination of the performance simulation results. The estimate of
the number of objects for which the orbit determination meets the acceptance criteria is provided, as
well. We use these data as input to Table 4.7, where we summarise the capabilities of the SBO system
and compare them to the capabilities of existing ground-based systems. In LEO ground-based radars
are theoretically superior, but due to their limited availability a space-based system could still contribute
significantly to the monitoring of the LEO space debris environment. At geostationary altitude (or 1000
km below) the proposed SBO system is clearly exceeding the capabilities of 1-m telescopes on ground.
The SBO would improve the knowledge concerning space debrisby decreasing the minimum object size
from about 15 cm to below 5 cm.

4.5 Conclusions

In this chapter we have introduced an end-to-end simulationenvironment connecting ORBDET of the
CelMech Program System to PROOF via a measurement simulator. Different approaches for IOD in
ORBDET were discussed. The capabilities of an alternative formulation of the boundary value method
are discussed in detail for ground- and space-based scenarios. This algorithm requires three astrometric
observations, is highly flexible, and easy to implement, supports observations from different sites and

93



4 Simulation environment for optical observations

space-based observations, is free of assumptions, and can initialise a subsequent orbit improvement step
based on all available observations. The choice of appropriate observation scenarios is crucial for IOD.
The length of the arc covered by observations matters for determining an initial orbit, which is critical
for LEO orbits, where a determination of a circular orbit with subsequent orbit improvement is a viable
alternative.

The simulation environment is used to assess the capabilities of a proposed space-based optical observa-
tion scenario. The evaluation involves analysis of the characteristics of the FoV crossing objects, estima-
tion of the limitations of the image processing based on simulated images, and first orbit determination
and orbit improvement based on simulated orbits. The detection of small-size space debris (smaller than
10 cm in diameter) is possible using the sensor architectureand operation scenario proposed in the ESA-
study “Space-Based Optical Observation of Space Debris” for the three proposed operation concepts,
LEO, subGEO and GEO. In LEO the highest detection rate is expected; small-size space debris objects
are mostly observed with sufficiently high SNR at short distances. The proposed operation concepts pro-
vide dark sky background conditions better than 20 mag. Seasonal variations in the detection efficiency
are expected due to varying phase angles. Best phase angle conditions result for the subGEO operation
concept, fair conditions for the LEO operation concept, andmoderate phase angle conditions for the
GEO observation concept. First orbits with an acceptable accuracy for statistical assessment of the space
debris population can be determined from a single FoV crossing event in all three concepts, but not for
all detections. Ranges for the number of successful orbit determinations within 24 h are given assuming
different astrometric errors. From the determined orbits of unknown objects, the object diameter can be
determined using the observed apparent brightness. We conclude that the proposed instrument if placed
in the LEO would significantly contribute to the monitoring of the space debris environment; placed
at GEO altitude the instrument could decrease the current minimum of the observed object diameter to
below 5 cm. The instrument would allow it to improve the knowledge about the uncatalogued small-size
space debris population in LEO and GEO by using a relatively simple and straightforward instrument
design and processing strategy.
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5. Ground-based optical observation
strategies

In this chapter we will discuss and propose ground-based optical observation strategies, including well
established and new ones. Based on the assessment of the GEO and MEO population in Sect. 3.2 we
first analyse of the evolution of the population (Sect. 5.1).This analysis is complemented by a discussion
of the accessibility of the population to ground-based sensors (Sect. 5.2). Afterwards we propose and
classify ground-based observation strategies for GEO and MEO in Sect. 5.3. The classification scheme
considers performance related aspects, such as the achievable re-acquisition rate of a particular object,
the estimated orbit determination accuracy, and the covered fraction of a population. We also estimate
the minimally detectable object diameter for a particular sensor architecture, considering uncatalogued,
as well as catalogued objects.

5.1 Population evolution

The long-term evolution of the GEO population is widely discussed in the literature (see, e.g., Beutler
(2005); Hugentobler (1998)). We already revisited the key issues of the orbital dynamics in Sect. 3.2.3.
The long-term evolution of the MEO population is not so well addressed, and we analyse it in more detail
in this section.

For the definition of observation strategies it is interesting to know how many objects are added to a
population and how many drop out in a certain time period. About 25 objects are launched into GEO
each year (Flohrer et al., 2011b), which adds spacecraft, upper stages, and mission-related objects to
the population. Fragmentation debris exists in GEO, as well. Two fragmentation events are known to
have occurred in GEO, and more are suspected to have happened(see Sect. 3.2.3). As no natural forces
remove objects from the GEO region, the population will grow. For small fragments with high area-
to-mass ratio (A/M > 1m2/kg) the growth in eccentricity may induce a decay from GEO, because the
perigee will be lowered into the LEO region were the atmospheric drag dominates. For the definition of
observation strategies it is important to note that for suchhigh-area-to-mass ratio objects the motion of
the orbit pole may be more rapid. The amplitude of the periodic variations of the inclination can grow
up to≈50° (Anselmo and Pardini, 2005).

Defining efficient MEO survey strategies implies the discussion of the long-term evolution of orbits
in MEO. This discussion has to take into account long periodic and short periodic variations. Both,
gravitational and non-gravitational perturbations need to be considered. Resonance effects dominate the
long periodic variations, mainly due to the low degree and order terms of the gravitational field.

Beutler et al. (1998) compare the effects of the various kinds of perturbations by the corresponding
accelerations and by orbit determination from 1 and 3 day arcs. Relevant accelerations acting on satellites
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Table 5.1: Relevant accelerations acting on a GPS-like satellite in MEO (modified from (Beutler, 2005)).

Perturbation Acceleration
[m/s2]

Orbit error after one
day (radial/along-
track/out-of-plane)
[m]

Main term 0.57 ∞
Oblateness (C20) 5.1×10−5 2750 / 32000 / 15000
Moon’s gravity 4.5×10−6 400 / 1800 / 30
Sun’s gravity 2×10−6 200 / 1200 / 400
Earth’s gravity (higher degree
terms)

4.2×10−7 60 / 440 / 10

Solar radiation pressure (for
GPS)

9.7×10−8 75 / 180 / 5

in MEO are contained in Table 5.1 together with the results from the orbit determination over a 1 day
arc using equally spaced Cartesian coordinates of the satellite positions as pseudo observations. For
MEOs the dominating perturbations apart from the oblateness and luni-solar perturbations are due to the
Earth’s gravity potential and solar radiation pressure. Nonatural forces will remove objects from the
MEO region within centuries. For space surveillance strategies the short periodic variations are of lesser
interest.

Table 5.1 shows for GPS-like satellites that the oblatenessterm C20 is the dominating term for short-
periodic effects. The semi-major axis oscillates within periods ofPi = Psat/i; i = 1, 2, wherePsat is the
revolution period of the satellite. The eccentricity does not grow substantially, if the initial eccentricity
is small. This is the case for most of the MEO objects. The ascending rotates in the clockwise direction.
Only for GPS satellites the inclination grows, showing semi-annual and semi-monthly variations, as well
as short-periodic variations due to resonance effects. Forthe same reason variations of the argument
of perigee and the mean anomaly are highly correlated and show short-periodic variations in case of
circular GPS orbits. These resonance effects in the GPS orbits, caused by the deep 2:1 resonance of the
satellites’ revolution period with Earth rotation (2Psat = 1 sidereal day), require frequent (about once
per year) along-track manoeuvres to keep the satellites at their nominal position within the orbital plane.
Hugentobler (1998) covers resonance phenomena of GPS orbits with the Earths gravitational field and
findsC32, C44, C22 andC52 to be the main contributors to resonance effects. This implies that there is
a dependency on the (geographical) longitude of the satellite while passing the equator, so that not all
satellites in one orbital plane see the same perturbation signals.

The stability of MEOs was assessed recently by Chao and Gick (2004); Jenkin and Gick (2001); Beutler
(2005); Deleflie et al. (2011). Beutler (2005) sees an increase in eccentricity for GPS satellites of up to
0.008, but only small changes in inclination and semi-majoraxis within 20 years after decommissioning
(without applied disposal measures). Chao and Gick (2004) looked at the long-term evolution of the
eccentricity of abandoned satellites of the GPS, GLONASS and the future GALILEO constellations.
For a 200-year integration, the solar radiation pressure was considered to be the dominating perturbation
effect. The eccentricity may grow up to 0.7 within 150 years,an effect caused by resonance perturbations
due toC20 and lunisolar perturbations (Deleflie et al., 2011). The effect depends on the object’s altitude
and inclination. This long-term eccentricity growth wouldmake it possible that objects in MEO have
their apogee in GEO and the perigee in LEO after about 50 years. GLONASS satellites will start crossing
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Table 5.2: Summary of the assessed population evolution in MEO.

Eccentricity (30 years) Motion of node Inclination variation
GPS up to 0.08 -11°/year (Block-I) 60° – 66° , 35 years period

(Block I)
(in 50 years up to 0.16) -14°/year (Block-II) 50° – 58° , 30 years period

(Block II)
GLONASS up to 0.015 -12°/year 63° –67° , 35 years period
Galileo 0.01 (for higher A/m) -12°/year 53° –60° , 45 years period

GPS orbits after about 40 years.

Jenkin and Gick (2001) investigated the stability of MEO disposal orbits. Currently proposed disposal
orbits are not necessarily stable, because the eccentricity may grow significantly. In consequence this
leads to a collision risk with the active GNSS constellations. Finally, collisions in MEO may happen and
hence the number of debris objects in MEO might rise. Up to now, despite several survey activities are
ongoing (Rumyantsev et al., 2010; Dick et al., 2009; Hinze, 2011), no fragmentation events have been
found in MEO.

The number of launches into the upper MEO is difficult to predict, as the dominating GNSS constel-
lations are subject to strong political funding constraints. The recent strong variations in the launching
activities reflect the (re-)building of operational GNSS constellations. In view of the concrete European
and Chinese plans we may assume that the current number of about 10 launches per year might be a
minimum.

In order to study the evolution of reference objects in MEO weused the orbit propagation capabilities
of the program SATORB contained in the CelMech program system (Beutler, 2005). The software was
slightly adapted to match the requirements of a long-term propagation. We used the initial values of real
objects of the GPS and GLONASS population and simulated initial values for Galileo satellites.

Table 5.2 summarises the results of this experiment. Figure5.1 illustrates the results for the GPS popula-
tion. The analysis of the simulation results shows that (as expected from theC20 perturbation) the motion
of the node is maximal with -14°/year for GPS-like objects. While the MEO population is still arranged
in rather small nodal bands reflecting the GPS and GLONASS constellation design, uncontrolled MEO
objects will start covering the entire range of ascending nodes due to small differences in the individual
nodal drift rates. Therefore the definition of space surveillance strategies needs to consider the complete
range of right ascension of ascending nodes. A serious issuebecomes obvious in the analysis of the
simulation results. All orbits in the MEO show a long-term growth of the eccentricity, with eccentricity
reaching up to 0.08 within the next 30 years or 0.16 within thenext 50 years. This effect has maximal
effect for the oldest GPS satellites (Block I), which today already have an eccentricity of about 0.03. It
needs to be noted that the consideredA/m-ratio of 0.1 kg/m2 is rather high for operational satellites. It is
also possible that during decommissioning theA/m-ratio may become intentionally lowered. Jehn et al.
(2009) show that end-of-life operations in place now move the GPS satellites out of the 2:1 resonance.

5.2 Accessibility of population

The possible observation time at a given site is a common constraint to all optical observations, inde-
pendent of the targeted population. This quantity is subject to strong seasonal variations and varies with
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latitude. Figure 5.2 gives the average night time as a function of the geographical latitude and considers
different twilight conditions:

• Sun entirely below the horizon: this is the case for elevation angles of -0.5°

• Civil twilight for the Sun below the horizon and elevation angles below -6°

• Nautical twilight following the civil twilight and for elevation angles below-12°

• Astronomical twilight following the nautical twilight and for elevation angles below -18°

For optical observations of space objects it is sufficient tomeet the nautical twilight condition. From
Fig. 5.2 we see that at up to 30° site latitude the variation ofthe average nautical night is marginal
compared with the maximum annual observation time of≈10 h that can be obtained at the equator. For
sites higher than≈45° latitude the possible observation time drops drastically and reaches the minimum
between about 60° and 80° .

Figure 5.3 shows the average nautical nighttime during one year as a function of the geographical latitude.
For medium latitude (including European sites) at about 50°nautical nights can be as short as 4 h around
the summer solstice, but also can be more than 13 h in the winter. For sites higher than 55° latitude the
astronomical twilight may not be reached every night, and hence no observations will be possible during
such nights. For a GEO observing site at 30° latitude the nautical night varies between 8 h and 12 h,
which is why the annual variations of the possible observation time may set significant limitations.
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Figure 5.1: Long-term evolution of the GPS population from 2005 to 2059, from a numerical propagation
considering luni-solar perturbations, the Earth’s gravity field up to degree and order 30, Earth tides,
general relativity, and the direct solar radiation pressure for anA/m-ratio of 0.1 kg/m2.
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Apart from the available observation time, the geometricalaccessibility of the objects from a given site
is an issue. We discuss this separately for the GEO and MEO regime.

5.2.1 GEO

The accessible fraction of the GEO region is a function of thesite’s latitude and of the applied elevation
mask. Figure 5.4 shows that at medium latitudes and low elevation masks it is possible to access a suffi-
cient longitude range. Ignoring refraction, typically 120° in longitude can be covered with an elevation
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Figure 5.5: Ground-based infrastructure proposed for a European space surveillance system, modified
from (Donath et al., 2005).

cut-off angle of 20° from latitudes below 20° . The elevationmask is directly proportional to longi-
tude coverage gain. Lowering the elevation cut-off mask by 10° roughly relates to a gain in longitude
coverage of 20° .

Full access to the GEO region requires a network of geographically well distributed sites. For the site
selection also non-technical issues, as, e.g., accessibility, political issues, and the weather conditions are
important factors. The site selection process is rather cumbersome. For our discussion we make use
of the proposal for a European space surveillance system (Donath et al., 2005). Figure 5.5 presents the
proposed network. Optical observation sites are proposed to be located at (approximate coordinates):

• Marquesas Islands, a French overseas collectivity in the Southern Pacific Ocean (φ = −9.80° ,
λ = −139.03° ),
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• Tenerife, Canary Islands, Spain, (φ = +28.18° , λ = −16.30° ),

• Cyprus in the Eastern Mediterranean (φ = +35.0° , λ = +33.0° ),

• Perth, Western Australia (φ = −32.0° , λ = +115.0° ).

Figure 5.6 gives the accessibility of objects at GEO distance as function of the elevation mask for this
sensor network. Zimmerwald has been added for comparison. For the low declination angles of GEO
objects the proposed sensor network of 4 sites at low latitudes allows complete coverage for elevation
masks below 20° and nearly complete coverage for higher elevation cut-off angles with only small gaps
over the Americas and the Western Pacific.
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Figure 5.6: Coverage map for objects at GEO distance for different elevation angles in 10° steps, top:
e =0° bottom:e =30° .
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Figure 5.7: Coverage map for objects at typical MEO geocentric distance of 25000 km for different
elevation angles in 10° steps, top:e =0° bottom:e =30° .

5.2.2 MEO

Due to their relatively high inclinations MEO objects are observable in wider declination bands. For the
proposed sensor network the accessibility of objects at a typical distance of 25000 km is given in Fig. 5.7.
Coverage gaps are visible for objects at higher latitude in aband from North America to North-East Asia,
and in the Southern Atlantic Ocean.
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5.3 Proposed observation strategies

This section is based on work and studies carried out for a proposal for an European space surveillance
system (Donath et al., 2005, 2008). Special attention is at the definition of the optical part of the system
(Flohrer et al., 2005b; Schildknecht et al., 2005). The proposed strategy and a performance estimation
for GEO space surveillance are reported in summary by Flohrer et al. (2005b). MEO space surveillance
is discussed in more detail in subsequent work by Flohrer et al. (2008b). In both cases small objects or
objects with extreme area-to-mass-ratios (A/m) in high altitudes (Schildknecht, 2007) are not considered
in the proposal. The analysis considers objects larger than1 m in diameter with a “classical” area-to-mass
ratio.

We clarify the essence of observation strategies and introduce fundamentals for the classification and
evaluation of optical observation strategies (Sect. 5.3.1) before we discuss observing the GEO and MEO
region in Sects. 5.3.2 and 5.3.3, respectively. We use the PROOF tool as part of our simulation environ-
ment, as well as for the discussion of the sensor performance, mainly focusing on the evaluation of the
minimally detectable object diameter. For the statisticalmode we use the following options of PROOF
(relevant options listed only, if changed from the default settings):

• No geometric prefilter, maximum of 50000 statistical objects,

• no Monte Carlo run,

• Node and perigee of object orbits left unchanged (i.e., not propagated),

• 10° elevation cut-off angle,

• 400 simulation steps per crossing,

• Diameter of objects limited to 10 cm – 100 m,

• Observation distance range 5000 – 60000 km.

For the discussion of the catalogue coverage we always assume (if not stated differently) that observa-
tions can be acquired every night for 8 hours. This in turns means that we have not taken into account any
outage time, such as bad weather or sensor unavailability, during the simulation. For the image acquisi-
tion strategy we assume that initial orbit determination must be possible from consecutive observations
of the same object that are linked together for the FoV dwell time.

5.3.1 Fundamentals for classification and evaluation of obs ervation strategies

An observation strategy combines all relevant informationfor the planning and execution of data acqui-
sition tasks. It shall therefore name the target populationof objects in terms of orbital parameters and
physical size. Furthermore the required network architecture and sensor system need to be specified.
Finally, the strategy shall describe which data shall be acquired.

Unfortunately, there is no single “full-coverage” criterion allowing it to compare different observation
strategies directly. At the first level we have to distinguish between geometric and radiometric criterion.
From geometric criteria we can assess which objects of a given population are in principle accessible.
By comparing with sensor locations the geometry may dictatethe selection of possible sensors. The
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radiometric criteria allows it to decide, which of these accessible objects a given sensor can actually
detect. Only the combination of geometric plus radiometricparameters allows the complete evaluation
of observation strategies. It is also important to note thatthe criteria are connected and show mutual
dependencies. A simple top-down process for the derivationof an optimal observation strategy cannot
be formulated.

From simulating the dynamics of a reference population we derive these geometric criteria a suitable
observation strategy has to meet (typical values and limits):

• Angular velocity of a single object w.r.t. a sensor, and, as aderivation, the dwell time in a (nor-
malised) FoV for possible tracking scenarios, and depending on pointing directions,

• Observation distances,

• Phase angle.

From distance and phase angle we can estimate the first radiometric criterion, and the typical, as well as
minimum, and maximum object magnitudes. The angular velocity and the tracking scheme are the two
central issues for the estimation of the length of the streaks in an exposure. The streak length is closely
related to the achievable astrometric accuracy, and to the SNR (Sect. 3.3.2.5).

The covered population, expressed as the fraction of a reference population, can be determined by simu-
lations considering these geometric and radiometric criteria. The covered population usually is analysed
as a function of accessible orbital regimes.

From the simulations we can derive other geometric criteria, such as, most importantly, the achievable re-
acquisition period, either given for a single sensor site, or applicable to the entire network. To determine
the observation frequency for catalogue maintenance the achievable orbit determination accuracy results
from orbit determinations based on simulations is required, among other criteria. Orbit determination
and catalogue maintenance form the essential input for the evaluation of catalogue correlation and the
catalogue maintenance performance. Some prototyped approaches were discussed by (Flohrer et al.,
2005a; Musci et al., 2005). The robustness of an observation strategy can also be obtained from these
simulations, if certain elements, such as sensors or network capabilities, are disabled, or adverse weather
conditions, which do not allow it to acquire observations.

The minimal detectable object diameter, which is the final radiometric criteria is independent of the
criteria reflecting the orbit determination and cataloguing processes.

We will continue the evaluation by introducing some fundamental terms describing observation strate-
gies. If we search for objects or object parameters without having a priori information available, we
denote this task with the term “survey”. Acquiring observations with having a priori orbit information
is called a “follow-up” task. Follow-ups are closely related to scheduling or tasking a specific sensor
resource to carry out observations. Following-up needs an active control instance to request and monitor,
installed either directly at the sensor site, or remotely ata central site. Surveys not necessarily need
direct control capabilities. It is possible that a sensor runs a given survey pattern autonomously without
connection to a scheduler.

Typical surveys provide very short arcs, i.e., short seriesof consecutive observations. This is due to limits
of the current sensor technology, which makes it technically impossible to have any combination of FoV
and aperture diameters. In particular, the desired design of telescopes with large aperture and wide FoV
is challenging, but it is the most interesting design for surveys. If the observation strategy requires a
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certain minimum object diameter and the radiometry sets theaperture, the limitations of the possible
FoV diameter must be accepted. The resulting short arcs are then caused by the fact that survey patterns
aim to cover large areas and have to ensure frequent re-coverage of these larger areas. In addition the
number of sensors is limited for budgetary and complexity reasons.

From the observed arcs acquired by surveys it is not possibleto determine full six-parameter orbits with
the accuracy that is needed for cataloguing. Additional observations are required to improve the accuracy
of the determined orbit. Two options are at hand to achieve this: the acquisition of sufficient follow-ups
(combined survey and follow-up), and the acquisition of theobservations during surveys (survey only).
In any case a survey is needed as an initial step.

A “survey only” ensures the acquisition of the necessary number of observations in order to improve the
determined orbit. A “survey only” might be seen sufficient for all cataloguing tasks, if the observation
frequency meets the requirements for catalogue maintenance, and if covariance information associated
with the short arcs allows for a successful and unambiguous correlation. “Survey and follow-up”, or
“survey and chase” has been introduced by Musci et al. (2005); Flohrer et al. (2008b); Abercromby et al.
(2009).

In every case either surveys from co-located telescopes, surveys from distributed sites, or single telescope
surveys are possible. Schildknecht et al. (2009) introduced some basics of such options for the MEO
region.

We will now discuss proposals for observation strategies for the “survey only” and the “combined survey
and follow-up” for both, GEO and MEO space surveillance.

5.3.2 GEO

5.3.2.1 Observational characteristics

Previous studies have extensively studied the observational characteristics of the GEO population (see
Sect. 3.2.3). The next paragraphs briefly reviews the results of these studies (Schildknecht et al., 2004b).

Angular velocities Objects controlled in longitude and inclination do not movein an Earth-fixed
frame. All other objects move with respect to the GEO with varying velocities. The minimum velocity
is around the culmination. Looking at the GEO region (GEO±2000 km altitude) the apparent velocity
for a typical site such as Tenerife reaches up to 1.2′′/s for objects in low inclination orbits and 4.5′′/s for
objects in high inclination orbits when these objects crossthe equator.

Correspondingly, the apparent angular velocity in the inertial frame is about 15′′/s for controlled GEO
objects. For drifting objects this velocity is between about 13′′/s and 16′′/s. At the culmination points
and for high inclination the difference to the nominal 15′′/s reaches a maximum.

The drift rate becomes important for the visibility assessments (Schildknecht et al., 2004b), as it is
directly proportional to the difference∆a of the semi major axis w.r.t. the GEO witha=42164 km,
and is approximately∆n [°/day]=0.0128∆a[km]. Therefore, we expect that the most rapidly drifting
objects meeting the GEO definition may return into visibility within 14 days. If∆a is smaller, the return
interval is longer. For∆a=200 km the interval is already 140 days, and such an object isvisible during
44 consecutive days for a 20° elevation cut-off angle.

For slowly drifting or librating objects GEO catalogue maintenance with ground-based means requires
geographically distributed sensors.
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Dwell times As the orbits of objects in GEO have low inclinations, they cross a FoV more or less on
a straight line (see Sect. 3.2.3). The dwell time in the FoV for observations with an Earth-fixed sensor
may be infinite for controlled objects, but may drop to about 10 minutes (OGS) or about 40 minutes (for
a 3° FoV) for maximum angular velocity. If inertial observation schemes are used, the nominal GEO
object will have a dwell time of 2.8 minutes (OGS) or 12 minutes (3° FoV) only. For drifting objects the
dwell time lies between 2.5 and 3.2 minutes (OGS) and 10.9 and13.3 minutes (3° FoV).

Observation distance The possible topocentric distance of objects in the GEO region (GEO±2000 km
altitude) mainly depends on the accessible longitude, which is a function of the applied elevation mask,
the sites’ latitude, and the object’s declination. Figure 5.8 gives an estimate of the possible distances for
the lower and upper boundary of the GEO region. The minimum distance is obviously found around the
local meridian. For the lower and upper altitude limit the distance lies between 34000 km and 38000 km.
For high latitudes and typical longitude coverages of 120° (corresponding to a typical elevation mask of
20° ) the maximum topocentric observation distance is up to 43000 km.

Phase angles For GEO observations the phase angle may differ substantially, from nearly optimal
phase angles close to 0° to very large ones for observations close to the setting Sun. Twice per year
around the equinoxes we find periods where the Earth shadow isin GEO. Schildknecht et al. (2004b)
show that the parallax-corrected angular dimension of the Earth’s core shadow in the GEO is roughly
9.8° (10.2° for the penumbra), implying that for small phaseangles the objects might be in the (core)
shadow. For small phase angles specular reflection (flares) of controlled GEO satellites are possible, and
may frequently occur around the equinoxes (the so-called eclipsing periods).
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Figure 5.8: Topocentric distance to satellites as a function of the accessible longitude range, site’s latitude
for GEO objects at a geocentric distance of 40164 km (top) and44164 km (bottom), with declination of
0° (left) and 15° (right).
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In the case of fixed inertial pointing an observation strategy can be easily defined, which ensures an
optimal phase-angle.

Object brightness The distribution of the apparent magnitudes of objects in Sect. 3.3.2.6 and in
Fig. 3.15 shows that for a 1 m spherical object with a Bond albedo of 0.1 at the typical GEO observation
distances between 34000 km and 43000 km we expect an apparentmagnitude between 15.5 (0° phase
angle) and 17 (90° phase angle).

5.3.2.2 Considerations for simulations of GEO observation strategies

In general, we distinguish between strategies for single and multiple telescopes, and for the multiple
telescopes between strategies for single sites and distributed telescopes.

As proposed by Donath et al. (2005), we consider two types of optical sensors for the simulation of
GEO operations: a 1 m aperture system and a 50 cm aperture system. The sensor network was already
introduced in Sect. 5.2.1 and ensures an almost complete accessibility of the GEO region.

Four main issues describe the performance of a space surveillance system for GEO objects:

1. The performance of the optical sensors itself, ideally resulting in an estimation of the minimally
detectable object diameters under various conditions. Theindividual sensor performance can be
evaluated using the ESA PROOF tool (see Sect. 4.1), or through analytical models as introduced
in Sect. 3.3.2.5.

2. For the defined survey strategy (basically the search for uncatalogued objects and for new events)
the performance can be estimated using the PROOF tool, as well. For this purpose a TLE catalogue
provides a reference population of objects. This approach implicitly assumes that the estimated
coverage of an existing and known population of objects is also valid for the discussion of a general
survey performance of any unknown population.

3. The follow-up strategy has to be discussed using the assessed survey performance. The follow-up
strategy describes the necessary observations of uncatalogued objects – to allow for the determi-
nation of a first orbit, and to maintain a catalogue.

4. The correlation of observations with the catalogue and the maintenance of the catalogue need to
be described and checked for feasibility.

We will assess the performance of the 1 m and 0.5 m sensor proposals using the parameters in Table 5.3.
Figure 5.9 shows the SNR for various object magnitudes as a function of the background brightness. As
“detected” we denote all objects crossing the FoV with a SNR above four, which allows for the object
detection and centroiding. It is assumed that the velocity of the crossing object is 5′′/s which implies
the necessity of a (blind) tracking of the objects during theexposure. Considering typical background
brightness (see Sect. 3.3.2.5) and the brightness-size relations introduced in Sect. 3.3.2.6 we conclude
that with each of the considered instruments the detection of 1 m objects in the GEO region is possible,
even under non-optimal conditions.

The minimally detectable object diameter is also directly obtained from the PROOF simulations using
the ESA MASTER population of space debris objects. The simulation is limited to objects crossing
between 30,000 and 60,000km altitude in order to save computing time.
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Table 5.3: Preliminary system architecture used in performance estimation.

Instrument 1 m 0.5 m
Aperture (m) 1.0 0.5
FoV (°) 1.2 3.0
Number of pixels (-) 2048 2048
Pixel size (µm) 13.5 13.5
Pixel scale (′′/pixel) 2.1 5.27
FWHM (pixel) 0.8 0.8
Exposure time (s) 2.0 2.0
Gap time (s) 5 5
Readout noise (e-/pixel) 10 10
Dark current noise (e-/s/pixel) 0.05 0.05
SNR threshold for detection (-) 4 4
Peak efficiency with optics 0.64 0.63
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Figure 5.9: SNR as a function of the background brightness for varying object brightness for the 1 m
telescope (left) and the 0.5 m telescope (right), as defined in Table 5.3, for a velocity of 5′′/s.

A space surveillance sensor must allow it to observe every night, if weather conditions permit. Even ob-
servations during full Moon phases and under other adverse observation conditions must be considered.
This is why Fig. 5.10 gives the FoV-crossing and detected objects for observations carried out around full
and new Moon. The 1 m and 0.5 m telescopes were simulated to perform a survey based on the strategy
described in the next section. For the full Moon run, the start epoch was set to 2003 Sep 23, for the new
Moon run to 2003 Dec 03. For each night an observation duration of 8 h, centred around local midnight,
was simulated. Both telescopes were assumed to be located atTenerife.

The results for the 0.5 m telescope confirm that detections of1 m objects at GEO are possible. Under bad

108



5.3 Proposed observation strategies

observation conditions 1 m is the minimally detectable object diameter, while detections down to 50 cm
(at some occasions down to 30 cm) are fairly possible under better conditions. For the 1 m telescope the
performance is significantly better than for the 0.5 m telescope. Detections of uncatalogued objects down
to 25 cm diameter would be possible.

5.3.2.3 Proposed strategies

In this section we will look into possible observation strategies and assess the resulting catalogue cov-
erage, the reacquisition periods, the orbit determinationaccuracy, and the minimal detectable object
diameter.

Survey Schildknecht et al. (1999) presented a strategy for the search for space debris. The work of
Schildknecht et al. (1999) is also the basis for the GEO survey strategy of the Inter-Agency Space Debris
Coordination Committee (IADC) (Africano et al., 2000) applied to the coordinated GEO observation
campaigns. We adapt this GEO survey strategy for space surveillance to meet the specific space surveil-
lance requirements, such as the continuous coverage of all known and new objects in the entire GEO ring
(Flohrer et al., 2005b).

It is the fundamental assumption of the proposed survey strategy for observing GEO objects that – with a
mean motion in the vicinity of 1 revolution/day – all objectswill appear at a given right ascension once in
about 24 h. It would be sufficient to observe a particular stripe in right ascension continuously. Due to the
rotation of the Earth, a single site cannot observe this stripe for 24 h. A network of sites may, however,
meet this condition if the sensor sites are distributed moreor less equally in longitude. As GEO objects
orbit in a limited inclination band, it is sufficient to coverthe corresponding geocentric declination range
only (as between−17° and +17° ). Due to the limited inclination band, all objects cross the FoV of a
ground-based sensor in a more or less uniform manner in termsof both, crossing direction and crossing
velocity.
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Figure 5.10: SNR of crossing and detected objects as a function of the object diameter from PROOF
simulations for the 1 m telescope (left) and the 0.5 m telescope (right), as defined in Table 5.3. The
one-stripe survey strategy was simulated (see Sect. 5.3.2.3).
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As Fig. 3.7 suggests, we cannot expect uniform distributionof objects over the declination range. While
the densest region is around 0° declination, where the inclination-controlled satellites are, the pertur-
bation effects lead to a precession of the nodes of the orbital planes, which in turn yields characteristic
density patterns. It would be wrong, however, to limitab initio the covered declination range to a subset,
as this would mean introducing a selection effect (a blind spot). It is recommended to cover the entire
range.

It is not required to cover instantaneously the entire declination range. This allows to increase the effi-
ciency of the search strategy. Musci et al. (2004) show that for maintaining the catalogue it is sufficient
to observe each object once every 15 days, depending on the required orbit accuracy and on the char-
acteristics of the used sensors. Requirements concerning the timeliness of detecting manoeuvres or
fragmentation events may justify a higher re-acquisition rate. From the considerations of Musci et al.
(2004) the declination band can be divided into equally sized fields along the declination range. Each of
the fields has to be observed for 24 uninterrupted hours once within 15 days. Nearly all objects in the
GEO ring will be observed at least once within this time span.Only objects rapidly drifting in longitude
may escape detection. The size of the fields corresponds to the FoV of the telescopes, allowing for some
(e.g., 10%) overlap. The right ascension of the fields is chosen so that the fields cross the meridian at
local midnight, but avoid the shadow. In that way the observed objects are opposite to the Sun at an
optimised phase angle, and the right ascension of the observed stripe will change during the year due to
the revolution of the Earth around the Sun.

For operational considerations it is helpful to imagine that the respective field rises in the evening in the
East and is observed during the entire night and sets in the West in the morning. The next telescope
hopefully starts to observe the same field now.

During the observations everyn seconds an exposure of the field will be acquired and will be used
to form a short arc. Up to six single observations are needed to form the short arc. For initial orbit
determination primarily the length of the short arc matters. This implies that in case the time span
between two consecutive image acquisitions is long enough,another field may be observed in parallel.
This time span depends mainly on the FoV dwell time of the objects (and therefore on the size of the
FoV), the slew rate and settling times of the telescope that define the time interval between observing the
parallel fields. The latter, however, is not critical, if nearby fields are selected. Even a shorter revisit time
of less than 15 days is possible for larger FoV diameters. Forthe 0.5 m telescopes used by Flohrer et al.
(2005b), the survey of two fields in parallel was proposed, leading to a stripe-scanning time of 7 days.
The telescope capabilities and dwell times limit the maximum number of parallel fields. It may thus be
impossible to cover the entire declination band within 15 days with a narrow FoV sensor. In such cases
more telescopes need to be collocated at the site and the observation tasks need to be distributed among
them in such a way that essentially a larger synthetic FoV canbe formed.

Let us now estimate the number of fields, which must be observed in parallel. We assume 15-day blocks
with 8 observation hours per night and site. The availability of the sensors is mainly limited by weather
conditions. For the considered network we expect an availability between 51% and 74%. This leads to
a total of 212 h of observation time for three sites (Tenerife, Marquesas Islands, Perth) and 301 h for
four sites (Tenerife, Marquesas Islands, Perth, Cyprus). From the sensor specifications we estimate the
time needed for the acquisition of one image (repositioning, settling and read-out) to 5 s. For a coarse
first-level assessment, it is sufficient to assume that objects and observation sites are distributed equally
in longitude.

If the FoV is smaller than 2.3° (34° declination range divided by 15 days), more than one field has
to be observed in parallel. In this case the observation strategy based on the 1 m telescope with two
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Table 5.4: Catalogue coverage, number of objects crossing the FoV and being detected uniquely (one
short arc generated) and several times (at least two short arcs, possibly by different sensors). Observing
two fields in parallel is assumed (TF-Tenerife, PE-Perth, CY-Cyprus, MQ-Marquesas Islands).

Considered Sensor Observation Crossing/detected Crossing/detected Crossing/detected
sites type duration uniquely multiple total (%)
TF/PE/MQ 0.5 m 8 h 399 / 469 293 / 140 87.3 / 76.8
TF/PE/MQ 0.5 m 12 h 400 / 531 388 / 155 99.4 / 86.5
TF/PE/MQ 1 m 8 h 596 / 590 78 / 23 85.0 / 77.3
TF/PE/MQ 1 m 12 h 602 / 665 181 / 38 98.7 / 88.7
TF/CY/PE/MQ 0.5 m 8 h 295 / 409 463 / 299 95.6 / 89.3
TF/CY/PE/MQ 0.5 m 12 h 177 / 343 611 / 392 99.4 / 92.7
TF/CY/PE/MQ 1 m 8 h 475 / 515 273 / 197 94.3 / 89.8
TF/CY/PE/MQ 1 m 12 h 289 / 415 494 / 336 98.7 / 94.7

fields observed in parallel allows only 5% of overlap. Observing three fields in parallel is recommended
to increase the overlap percentage. For the 0.5 m telescope amore comfortable overlap of 20% may
be achieved without parallel field observations. With theseassumptions, the survey of one stripe can
be performed within 13 days, or, with two fields in parallel, within 7 days. In general, such a shorter
revisit time is desirable in order to increase the repetition rate for a given field. With a higher repetition
rate, a better coverage of rapidly drifting objects is possible and the redundancy is increased. The 0.5 m
telescopes with the wide FoV are the preferred solution as they allow to avoid the complex observation
scenarios based on parallel fields. They may return short arcs combining a higher number of single
observations into a longer arc. The resulting sensor requirements concerning the slew rate are considered
as not demanding.

Incorporation of already existing telescopes into the network cannot be recommended. All telescopes
under European control (see Sect. 2.5.1.5) only provide a narrow FoV, resulting in a low survey efficiency.
For complexity reasons identical telescopes at all sites promise synergies.

We now use the PROOF tool to validate the overall coverage of an existing GEO reference population.
We use the settings introduced intially in this section. We simulate the outlined survey strategy consider-
ing two fields in parallel for December 2003. We use a TLE population extracted from ESA’s DISCOS
containing in total 793 objects. The simulation considers two cases: a nominal 8 h observation time per
site and a maximum case of 12 h observation time per site, bothcentred around local midnight. Note that
12h surveys are not always possible throughout the year.

The number of crossing and detected objects for each individual sensor are listed in Table 5.4. “Multi-
ples” are these objects, which were observed by more than onesite or within more than one field. On the
other hand, “uniques” refers to these objects, which were observed by only one site and within one field.
The results show that, obviously, Cyprus closes a prominentcoverage gap. The remaining coverage gap
of 5% in the case of 8 h observation per site most likely results from the still existing smaller coverage
gaps, which are closed in the case of 12 h of observation per site. Table 5.4 also allows identifying the
improvements of using the wide FoV 0.5 m sensors. With these telescopes the number of multiples is
significantly higher due to the better overlap between neighbouring fields. There is no significant differ-
ence in the overall catalogue coverage between the 0.5 m sensor and the 1 m telescope solutions – but
the total scanning time in case of uninterrupted execution of the proposed strategy with the 0.5 m sensors
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is only about half of the scanning time needed with the 1 m sensors.

Table 5.4 shows that some objects remain undetected crossing the FoV. This is mostly due to unfavourable
background conditions during twilight. The distribution of missed objects in longitude must be discussed
to validate the mentioned coverage gaps. The rapidly drifting objects (faster than 5° /day) are filtered out
from the list of missed objects. Figure 5.11 shows the missedcrossings and detections as a function of
longitude. We conclude from this figure that indeed the missed events are highly correlated with the
coverage gaps. While the coverage gaps for a 8 h observation time per site are nearly identical to these
corresponding to a 20° elevation mask, observing 12 h per site allows it to cover a specific field from
rising to setting. A 10° elevation limit is applied in Fig. 5.11. It is interesting to note that the Perth
site has a comparatively bad detection performance, due to the short nights in December rendering it
impossible to schedule 12 h observation sessions.

A more detailed analysis of the results shows that the highest crossing rates appear right in the middle
of the survey cycle, when, as expected, the region around 0° declination is observed. As a consequence
objects with a wider band of inclinations are accessible andthe peak crossing rate is roughly 50 objects/h
for the wide-FoV telescopes. The PROOF simulations also confirm that objects with diameters larger
than 1 m are always brighter than 17 mag.

We conclude that the proposed survey strategy is sufficient for the GEO part of the proposed space
surveillance system. It is important to point out that the survey uses the totally available observation time
of the sensors. Consequently, there is no time left to perform any tasked observations with a dedicated
survey telescope.
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Figure 5.11: Number of missed crossings and detections per 4° longitude bins. The coverage map for
GEO distances is included, as well. A network of 0.5 m sensorshas been assumed. Fast drifters (>5° /day
in longitude) have been filtered out.
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Follow-up strategy Follow-up observations are required to re-observe specificobjects for catalogue
maintenance and to acquire the necessary observations of newly detected objects. In the latter case newly
detected objects must be observed at defined epochs to determine orbits of sufficient quality for insertion
into a catalogue. After catalogue build-up catalogue maintenance is the main driver for following up
objects in high altitudes.

Data requests from event monitoring, collision avoidance,or searching for lost objects are other drivers
for scheduling follow-up observations. A typical follow-up request thus includes at least, for a specific
site and epoch, the propagated position (right ascension and declination) of an object (Flohrer et al.,
2007b). The resulting observation strategy is simple: the telescope is positioned and the necessary
amount of exposures is acquired. It might be possible to observe more than one object in parallel. The
covered angular distances in this case are, however, mostlylarger than for the survey strategy, and longer
short arcs can be generated. As the distribution of the pointing directions is random, the performance
estimation for the follow-up strategy depends to a great extent on the slew rate of the telescopes.

The necessary tasking observations for maintaining the whole catalogue allows to estimate the hours
needed for the tasked observations. For this short estimation of the follow-up performances we start
with the operational experience at Zimmerwald, which showsfor follow-up observations a mean angular
distance between objects of roughly 60° . The minimum time period between two observations of the
same object is assumed to be 30 s. This value ensures that the resulting short arc is not too short for
orbit computation. A short arc should contain at least 6 observations, as for the survey observations. The
total sensor time needed for the acquisition of one image is assumed to be 5 s. We assume a catalogue
sizes containing 900 objects and (for future epochs) 1500 objects. Equally spaced objects and sites in
the longitude are assumed.

The assessment shows that for slew rates below 5° /s there is no time gain if more than one follow-up
request is executed in parallel. More time is spent in slewing the telescope. For a slew rate of 1° /s
the optimum performance is achieved when only one object is observed. Then 54 h (900 objects in
catalogue) or 90 h (1500 objects) are needed. For a slew rate of 10° /s time may be gained: 40 h, 23 h,
or only 17 h are needed to cover the catalogue of 900 objects (1, 2, 3 objects in parallel). For the 1500
objects catalogue the corresponding numbers are 67 h, 38 h and 28 h.

We conclude that the necessary tasking observations could be carried out with the proposed system
during within 15 days. Only if the possible slew rate of the telescopes is higher than 5° /s, it is beneficial
to observe up to three objects in parallel. The remaining telescope time can be used to support the survey
system, or for performing other tasks.

Survey only strategy A “survey only” strategy requires no dedicated follow-up observations for
the catalogue build-up. In addition, the follow-up observations for the maintenance of the catalogue
are avoided by acquiring these observations implicitly, i.e. during regular surveys. Typically, space
surveillance radars observing the LEO follow this strategy. In principle, such a strategy may be chosen
for GEO space surveillance based on optical sensors, too. The time needed to scan the whole GEO
region must, however, be sufficiently short. The required orbit accuracy for allowing reacquisition after
several days or weeks (typical period) cannot be achieved from orbits determined from a single crossing
event. As a first approximation, the time needed to re-observe a specific object is a function of the FoV
diameter. The FoV diameter of optical sensors is limited, and, compared to surveillance radars, very
narrow. This leads to two major consequences:
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1. The observed arcs of an object are very short and no full (six-parameter) orbit of the required
accuracy can be determined. Using follow-ups to improve theorbits and to maintain the catalogue
requires the correlation of several short arcs. It is demanding (and sometimes it proved to be
impossible) to unambiguously associate these short arcs toa single object. Therefore, any “survey
only” strategy requires more computational resources thanthe alternative scheduling of dedicated
follow-up observations.

2. Detecting manoeuvres of controlled objects is more challenging, as the correlation of candidates
with the catalogued orbit must take into account all possible manoeuvres. Apart from the lack of
knowledge of all manoeuvres, the existing orbit must be already of a good quality, and each object
must be observed at leastm times in between two manoeuvres (m probably being at least three)
for successful correlation. The maximum allowed number formanoeuvres would thus be one per
m × n days, i.e., of the order of one per 21 days (forn=7 days).

We conclude that a “survey only” strategy may not always be useful for GEO space surveillance because
of FoV limitations. The correct detection of all manoeuvrescannot be guaranteed. Therefore, the survey
only strategy may not provide the full space surveillance functionality for the GEO. We further state that
in the case of a wide FoV survey sensor covering the entire survey band, this survey strategy would likely
be most efficient. Unfortunately, the design of such a sensoris currently not feasible, as radiometric and
astrometric requirements (a small PS) must be met, as well. As an alternative to a single wide FoV
sensor, several sensors might get combined, but this approach not necessarily lowers the overall number
of telescopes.

Combined survey and tasking strategy Let us now assume that a survey based on the presented
continuous scanning of a stripe of fixed right ascension is carried out. This survey generates short arcs of,
up to this point unknown, objects. From these short arcs orbits of a limited accuracy can be determined.
Follow-up observations with a certain frequency are neededto improve the determined orbits and to
maintain the catalogue. The resulting catalogue of up-to-date orbits is in turn essential to ensure future
re-acquisitions of the objects, and thus the continued maintenance of the catalogue. Dedicated telescopes
have to perform these follow-up observations, as the surveytelescopes do not have any spare observation
time.

The tasking frequency for GEO space surveillance was obtained in previous work based on simulations
using a single site (ESAs Space Debris Telescope at Tenerife, Spain). The required tools (Musci et al.,
2004) were developed using components of the CelMech program system (Beutler, 2005). The following
parameters for the strategy were selected and were later on validated using real observations (Musci et al.,
2005): three to four observation tracks of about 2 minutes each, spanning≈3 hours in total, are needed,
plus one additional track in the following night. For catalogue maintenance each object must be re-
observed at least every 30 days (Musci et al., 2005). This tasking frequency heavily depends on the
astrometric accuracy of the observations, and of the diameter of the sensor FoV.

To execute this follow-up schedule, to cope with drifting objects in particular, and to circumvent difficul-
ties related to visibility and weather conditions, a network of follow-up telescopes is needed, which cov-
ers all longitudes. Assuming elevation cut-off angles of 20° , we need a minimum of four sites for GEO
space surveillance. The co-location with the survey sensors is obviously positive and recommended.
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5.3.2.4 Summary of GEO observation strategy proposals

The analysis of the proposed stripe-scanning survey with added follow-ups revealed that catalogue cov-
erage reaches over 95% with the proposed network of four survey sites. The remaining coverage gaps
result from the bad coverage of GEO between Tenerife and the Marquesas Islands over America and
from some difficulties with rapidly drifting objects. The proposed 0.5 m sensor allows a repeatability of
the observations of 7 days, if weather permits (Flohrer et al., 2005a). A network of follow-up telescopes
is needed, which covers all longitudes. At minimum four sites are required for GEO space surveillance,
preferably co-located with the survey sensors. Approachesfor correlating the generated observations
into short arcs and for correlating the short arcs with catalogued objects is essential for catalogue build-
up and maintenance. Only prototypes exist for this task so far. We have seen that this task is very closely
related the the achievable orbit determination accuracy. Musci et al. (2004) showed that cataloguing is
impossible using orbits determined from a single crossing event. Depending on the sensor design about
two immediate re-acquisitions within the same observationnight, one additional follow-up observation
during the next night, and, finally, regular follow-ups onceper month are required for adding an object
to the catalogue and maintaining these information. The simulations showed that 1 m is the minimally
detectable object diameter under bad observation conditions, while under better conditions objects as
small as 50 cm, sometimes even of 30 cm, are detectable (Flohrer et al., 2005a).

5.3.3 MEO

In this section we develop, in a similar manner as for GEO observations in Sect. 5.3.2, observation
strategies for the MEO. We also explain why a GEO strategy is not perfectly suited for MEO space
surveillance.

5.3.3.1 Observational characteristics

Donath et al. (2005) state a system based on the fusion of the proposed LEO and GEO sensors is not
efficient for space surveillance of MEO objects. Radars for LEO observations are unable to continuously
observe objects smaller than 1 m diameter in MEO altitudes. Optical sensors in a space surveillance
system, which follow only the proposed GEO space surveillance strategy, cannot guarantee the required
re-acquisition periods of MEO objects for catalogue maintenance. Therefore, there is a need for a dedi-
cated MEO observation strategy with optical means.

Information on MEO space surveillance strategies is, however, quite sparse. Few examples of possible
MEO space surveillance strategies are given by Payne (2003). Two strategies proposed for the GEODSS
focus on semi-synchronous orbits: an eccentric semi-synchronous orbit apogee search and a circular
semi-synchronous orbit search. The strategy is a simple along-track search of already known objects. A
pure survey is considered as very difficult due to the low spatial density of objects.

It is not known how and where the US Space Surveillance Network currently observes MEO objects.
As there is only a limited number of MEO objects in the US catalogue, it is possible that no dedicated
MEO sensors are used. Probably, no dedicated MEO search taskexists today. In consequence it seems
possible that MEO objects are observed with the GEODSS through a pure “tasking” strategy with initial
orbits taken from the launch assessment, or from other sources.
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As first analysis of the presumed current approach and of the proposal by Payne (2003) reveals two
problems: (1) an initial catalogue is needed, and (2) the MEOregion cannot be covered completely. The
evolution of MEO orbits is not considered in the search strategy.

As opposed to the GEO regime, the IADC does not run MEO observation campaigns and hence there is
no MEO observation strategy of the IADC that could serve as a starting point for space surveillance.

We will continue with the analysis of the observation characteristics of MEO objects during one night.
For that purpose, we generate ephemerides for the referencepopulation introduced in Sect. 3.2.2 for a
duration of 24 hours. We assume Tenerife as an observing siteand set the starting epoch to November
16, 2004. The generated ephemerides data for the main MEO constellations GPS, GLONASS, and the
assumed Galileo satellites, allows it to discuss observation distance, phase angle, and object velocity in
the FoV for each particular object.

Angular velocities Figure 5.12 shows the elevation-filtered distribution of the GPS satellites’ an-
gular velocities in the local horizon system for Tenerife. The objects move in the horizon system with
angular velocities between 26′′/s and 40′′/s.

Figure 5.13 shows the angular velocities as a function of thedeclination. For the GPS population the
maximum velocity in declination is between -40° and 20° declination. There, the absolute value of the
velocity in declination is between 18′′/s and 38′′/s. The non-symmetry in declination is because of the
consideration of topocentric velocities.

The GLONASS satellites move in the horizon system with angular velocities between 30′′/s and 41′′/s,
which is slightly faster compared to the GPS. The maximum velocity in declination is between -50° and
35° , which is a wider range compared to the GPS. The absolute values are similar to those of GPS,
between 20′′/s and 40′′/s.

Objects of the simulated Galileo population move in the horizon system with angular velocities between
15′′/s and 25′′/s, which is a bit smaller compared to both, GPS and GLONASS. The maximum velocities
in declination are found between -35° and 15° declination, which is a range slightly smaller than for
GPS. The absolute values are smaller than for GPS and GLONASS, and lie between 23′′/s and 30′′/s.

Fernández et al. (2011) show that for high eccentricities of e =0.16 objects in near semi-synchronous
orbits may reach topocentric angular velocities of 20′′/s – 60′′/s around the perigee.

Dwell times The dwell times for MEO objects vary due to the non-uniform crossing directions and
the larger range of possible velocities (see also Sect. 3.2.2). The dwell time in the FoV for observations
with an Earth-fixed sensor can therefore reach values from about 1 minute (faster GPS objects observed
from OGS) to 12 minutes (slowest Galileo objects observed from a 3° FoV).

In case of inertial observations with sidereal tracking thenominal GPS object may cross a FoV of 1°in
about 300 s, if the telescope points to a low or moderate declinations. For such declinations, the objects
move mainly in North-South direction (see Sect. 3.2.3). Forhigh declinations the dwell time may be as
long as 1000 s or more. Dwell times for GLONASS objects vary from around 300 s to over 1100 s at
high declination, while the Galileo objects are expected tohave at least a dwell time of 350 s in a FoV of
1° .
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Figure 5.12: Angular velocities in the local horizon systemof the OGS for GPS satellites.
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Figure 5.13: Velocity in declination vs. declination of GPSsatellites.

Observation distance Figure 5.14 shows the topocentric distances for the GPS population visible
from the OGS. GPS satellites can be observed at distances between≈20000 km and≈27000 km. The
objects of the GLONASS population can be observed at distances between≈19000 km and≈27000 km,
while for the Galileo population the distances range from≈23500 km to≈29500 km. Not all objects are
observable in the entire given distance range in a particular observation night.
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Figure 5.14: Topocentric observation distances for GPS satellites seen from the OGS for November 16,
2004.

Phase angles Figure 5.15 shows the analysis of the phase angles for GPS satellites above the horizon.
As only nighttime observations are possible, a maximum phase angle of 120° may be reached. Phase
angles around 0° are possible for certain objects. For GLONASS and Galileo similar results are obtained.
This implies that, as opposed to the outlined GEO surveys, anoptimum observation geometry cannot be
guaranteed for MEO surveys. A phase angle close to 120° may rarely occur for all objects. Further
investigations showed, however, that an upper limit for thephase angle of 90° is a sufficient upper limit.

Object brightness Based on the discussion in Sect. 3.3.2.6 and on Fig. 3.15 we estimate that a
1 m spherical object with a Bond albedo of 0.1, observed at typical distances for upper MEO between
10000 km and 35000 km, has an apparent brightness between 14 mag (low phase angle) and more
than 18 mag (120° phase angle). In GNSS-like orbits (which would typically observed at topocentric
distances of about 25000 km), we expect between 15.5 mag and 18 mag for such an object. Larger
objects (payloads) can be observed with a brightness of 12 mag or brighter, even under less favourable
phase angle conditions.

Donath et al. (2005) propose a suitable sensor for MEO space surveillance. The dedicated MEO survey
sensors must be capable of detecting 17 mag objects, corresponding to 1 m diameter spherical objects
observed at 90° phase angle. As the relative velocity with respect to the sensor of up to 40′′/s is realistic
for either pointing scenario in the local or inertial system, streak losses must be incorporated in the SNR
estimations. Donath et al. (2005) propose a 0.8 m aperture, wide field (Schmidt design) telescope with
f/D=1, equipped with a 4k×4k CCD, leading to an effective FoV of 4.7°× 4.7°. This sensor should
result in an astrometric accuracy of 1′′. In PROOF simulations we used the corresponding settings of
Table 5.5.

Using the results of the assessment of the MEO population evolution (Sect. 5.1) and the evaluated
topocentric distances, phase angles, angular velocities,and apparent brightness in the previous subsection
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Figure 5.15: Phase angles for GPS satellites seen from the OGS for November 16, 2004.

Table 5.5: Preliminary system architecture used in performance estimation.

Instrument MEO survey
Aperture 0.8 m
FoV 4.7°× °
Number of pixels 4096
Pixel size 13.5µm
Pixel scale 4.1 ′′/pixel
Gap time variable
FWHM 1.0 pixel
Exposure time 1.0 s
CCD readout noise 10e−/pixel
CCD dark noise 0.05e−/pixel/s
SNR threshold for detection 4
Peak efficiency with optics 0.64

we are now in a position to develop a proposal for MEO observation strategies.

5.3.3.2 Survey only scenario

Basically, the same limitations have to be observed in either MEO or GEO surveys: the diameter of the
FoV shall be as large as possible, but the pixel scale should still be acceptable.

The analysis of the MEO population in the inertial space shows that each object in upper MEO crosses
the equator once in about 6 hours, as the mean motion is around2 revolutions/day. For sites at low or
moderate latitude this occurs at least once during an observation night. Therefore, the continuous and
uninterrupted observation of a so-called fixed declinationstripe would allow a complete survey of the
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low high

Figure 5.16: Apparent density of the upper MEO objects in theDISCOS catalogue projected onto the
Earth for epoch 20 August 2004, highlighted are the declination stripe centred at 0° declination and a
“caustic” declination stripe at 65° .

MEO population within very short time. Such a declination stripe denotes a region in the sky defined by
the entire right ascension range (considered as stripe width) and the sensor FoV (equivalent to the stripe
height). In order to be able to observe objects in low-inclination orbits, a stripe covering the declination
of δ=0° is mandatory. Figure 5.16 indicates, however, that a declination close to the culmination region
would be more efficient due to the higher spatial density. In this case the covered sky region is smaller
compared to the 0° declination stripe and thus the sensor requirements could be relaxed. We will look at
this optimised approach in the next subsection.

The main limitation of the “survey only” strategy is the extended time until the scan of the targeted
declination stripe is finished. Thus, the sensor architecture has to guarantee that a leak-proof scan is
possible and that also the necessary number of observationsfor each object crossing the FoV is acquired
to form a short arc that allows for the initial orbit determination.

As opposed to the GEO, covering the entire longitude band is desirable, but not strictly required. The
revolution of the Earth around the Sun of about 1° /day and themotion of the right ascension of the
ascending node of the MEO objects of about 2′/day make, during time, different orbital planes accessible
for a single site. After about three months the observation of the entire MEO population should have been
possible under valid illumination conditions.

Figure 5.17 shows the accessible fields for one year for a moderate latitude site (Tenerife). Due to the
revolution of the Earth around the Sun the right ascension ofboth (rising and setting) fields increases
steadily. This in turn means that the filled area slowly moves“upwards”. We may conclude that all fields
that have not yet set in the West at sunset or have just risen inthe East at sunrise are in principle observable
during the observation night. The right ascension range, which is in principle accessible during the part of
observation night at the given epoch is highlighted in lightblue colour. Not surprisingly, the observation
conditions are better in winter (at the left hand side in the figure), where there are even fields, which can
be observed over the entire right ascension arc. These fieldsare highlighted in deep blue. In winter the
nautical twilight duration is long enough to allow fields to rise after sunset and set before sunrise. Such
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fields do not exist in summer. About 90% of the fields in winter and about 75% of the fields in summer
are accessible during the night. The figure shows that a particular right ascension cannot be accessed for
about 20 to 60 consecutive days per year, for example the right ascension of 300° and 100° .

Figure 5.18 shows the accessible fields rising at given epochs after sunset (green) or setting at given
epochs before sunrise (red). In summer, fields setting 8 h prior sunrise and fields rising 8 h after sunset
are accessible. Consequently, the maximum observation duration of a particular field is 8 h. In winter,
fields setting 11.5 h prior sunrise and fields rising 11.5 h after sunset are accessible. As the accessible
arc in right ascension for an elevation mask of 10° in Tenerife is only about 10.4 h (156° ), we have in
winter fields that are accessible over the entire arc, from rising to setting. Twice a year the Earth shadow
will prevent the observation of low declination angles.

To improve the performance two survey telescopes, spaced by90° in longitude, are proposed. With the
second survey site the gaps in Fig. 5.17 can be closed. A second site spaced 180° in longitude would,
however, close the gaps in an optimum manner, but would not improve the MEO population coverage
significantly: the same orbital planes would be accessible from both sites.

As opposed to the limitations imposed by a “survey only” in GEO, the manoeuvres detection is more
relaxed if the entire longitude band is permanently coveredby the MEO survey, as in this case the re-
acquisition period of MEO objects is reduced to less than oneday.

5.3.3.3 Optimised survey only scenario

A possible way to optimise the MEO survey is to focus the survey at a so-called “caustic”, a special
region around the poles, visible as most dense regions (Fig.5.16). Such a caustic survey will not allow it
to observe objects in low inclination orbits.

Not the entire caustic is accessible from a low latitude site. In case of a full longitude coverage with low
latitude survey telescopes, the observation of all objectsshould still be possible. Even if objects in the
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Figure 5.17: Total accessible area in right ascension of 0° declination fields for Tenerife with elevation
mask of 10° and evolution of area over a one year period.
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caustic are observed at low elevation angles, the next telescope will in most cases be able to observe the
same objects at a higher elevation angle in the caustic.

Unfortunately, a high-latitude site in a space surveillance network does not solve these limitations without
opening new issues. A single high latitude site has a poor performance, because the available observation
time is limited in summer. Consequently, two sites would be optimal – one in the Northern polar and
one in the Southern polar region, which is an expensive affair. A compromise would be to use sites at
medium latitudes (around 55° latitude). The trade-off between lowering the number of needed sites as a
function of the latitude and losing observation time duringsummer needs further studies at system level.

5.3.3.4 Simulations of MEO survey strategies

Both, a “survey only” strategy either by scanning a fixed declination stripe at 0° declination or at the cul-
mination region may be used for MEO space surveillance. For the orbit determination of newly detected
objects the survey has to provide observations at given frequencies. We will discuss this parameter using
PROOF simulations.

The proposed survey strategy cannot be exactly reproduced with PROOF. PROOF does not allow it to
request observation epochs containing seconds (or fractions of minutes). The proposed survey pattern
assumes that a full scan of the stripe is carried out in a few minutes, which is why the individual obser-
vation epoch per right ascension/declination field requires a sub-minute spacing of observation epochs.
Fortunately, it is possible to circumvent this limitation by using a modified, but equivalent survey strategy
maintaining the leak-proof feature. This modified survey strategy is not feasible from the technical point
of view, but could be implemented in PROOF: Instead of executing the proposed continuous scan of the
declination stripe (i.e. the repetitive “acquire - reposition - acquire - reposition” pattern), a complete
snapshot of the entire stripe is created with a frequency according to the achievable image acquisition

 

Figure 5.18: Possible observation duration of 0° declination fields for Tenerife with elevation mask of
10° and evolution over a one year period.
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frequency of all the individual fields. The length of the considered stripe (in right ascension) is adapted
in such a way so that the re-acquisition interval (in minutes) of the fields is an integer. For a comparison
between the proposed and implemented survey strategy, we refer to Fig. 5.19.

The most important unknown parameter relevant for the assessment of the survey performance is the
length of the covered arc in longitude from a single site. From the given system FoV and a certain
requested longitude coverage, we may calculate the number of fields to be observed in the 0° declination
stripe. At least two exposures are necessary to identify a moving object (the MEO satellite) in front of
the star background. In order to minimise the false detection rate due to cosmic ray events and objects
moving out of the FoV, three, better four, exposures should form a series of observations. Together
with other parameters, the telescope slew rate and settlingtime, and the detector parameters, we may
finally calculate how long it would take to re-observe a specific field. If this re-observation time span
is shorter than the time it takes a typical MEO object to crosshalf the FoV, we consider the strategy as
leak-proof for the given longitude range. Here, we assume a higher object velocity of 40′′/s. Hence, the
limit is 211 s for the 4.7°× 4.7° FoV. It is necessary to assume a high-frequency readoutof the detector,
probably during the repositioning to the next field.

For the simulations we define three different arc lengths (all had to result in an integer re-acquisition time
of a particular field in minutes):

• A – About 90° longitude coverage: with a field re-acquisitiontime of 2 minutes this is achieved
using the case “minimum of 3 exposures per object per FoV crossing event, 5 MHz readout fre-
quency”. This yields 21 observed fields (10% overlap).

• B – About 100° longitude coverage: with a field re-acquisition time of 3 minutes this is achieved
using the case “minimum of 4 exposures per object per FoV crossing event, 5 MHz readout fre-
quency”. This yields 24 observed fields (10% overlap).

• C – About 137° longitude coverage: with a field re-acquisition time of 3 minutes this is achieved
using the case “minimum of 3 exposures per object per FoV crossing event, 5 MHz readout fre-
quency”. This yields 32 observed fields (10% overlap).

The PROOF simulation returns for the considered time interval and the assumptions made the number
of objects crossing the FoV and several characteristics of each crossing event. The data analysis allows
extracting the number of objects observed once within the considered time interval (referred to as unique
crossing), or being observed on several frames (referred asmultiple crossing). Note that no initial orbit
determination will be possible based on unique crossing events. The total number of crossing objects is,
however, the sum of unique and multiple crossing objects. The ratio of the total number to the reference
population size is referred as catalogue coverage. A population of 158 objects in the upper MEO was
used for this simulation. The population was filtered from a DISCOS reference population.

The PROOF simulations are based on the proposed sensor network (Fig. 5.5). Two sites are considered
for MEO observations (TF-Tenerife, MQ-Marquesas Islands)as well as 8 h of uninterrupted observation
time per site. Observations are simulated for three nights,namely for 1 May 2005, 1 June 2005, and 1
July 2005.

Typically, the formed tracklets are shorter than 8 minutes.By dividing the total number of FoV crossing
events by the total number of objects crossing the FoV duringthe analysed night, we estimate that on
average 4.75 observations per object could be acquired while the object crosses the surveyed declination

123



5 Ground-based optical observation strategies

DE=0

F
O

V
/2

MEO Object Paths

t0+n· tD t1+n· tD t2+n· tD t3+n· tD t4+n· tD t5+n· tD

FOV

O
v
e

rl
a

p

Expose

Repositioning

Observation
scheme}

D
e
c
lin

a
ti
o
n

Right Ascension

DE=0

F
O

V
/2

MEO Object Paths

t0+n· tD t0+n· tD t0+n· tD t0+n· tD t0+n· tD t0+n· tD

FOV

O
v
e

rl
a

p

Expose

D
e
c
lin

a
ti
o
n

Right Ascension

Proposed

PROOF-Simulation

Adapt overlap and
covered longitude,
so that

( t·n) [minutes]D Î {0,1,2,...}.

Dt

n

Î

Î

ú

{0,1,2,...}.

Figure 5.19: Implementation of the proposed MEO survey strategy in PROOF.

stripe, if the re-acquisition of the field occurs every 2 minutes. For a re-acquisition period of 3 minutes
an average of 3.5 observations is achieved. In such cases more than 4 observations of a single object
are available for the initial orbit determination, which isusually sufficient. No peak loads on the space
surveillance sensor network are expected. The analysis of the observation characteristics also shows that
the phase angle stays below 90° , and that the major orbital planes are visible in the spatial distribution
of the crossing events.

Figure 5.20 shows the coverage of the MEO population after a single night, after including a second night
after 30 days, and after including a third night after 60 days. The MEO observation strategy focussing at
the 0° declination stripe is used and three implementationsof the survey are shown: A) 90° longitude
coverage, B) 100° longitude coverage, and C) 137° longitudecoverage per site. Note, that a survey
covering the entire longitude range would, in principle, cover 100% of the MEO population after 24 h.
Here, we used the limited survey approach, using only 2 survey sites, which are expected to cover the
MEO completely after about 2-3 months. A summary of the reference population coverage analysis,
resulting in Fig. 5.20, is given in Table 5.6.

The analysis of Fig. 5.20 and Table 5.6 shows a small number of“unique” events, indicating that for
all crossing objects a sufficiently high number of observations can be acquired allowing for an initial
orbit determination. We also conclude that a single survey site may only cover a smaller fraction of the
entire MEO population in one night. This is in particular true if the covered arc is short. In the case of a
covered longitude of 90° the combination with a second site allows it to cover two thirds of a reference
population in one night. The combination with the second site shows that there are only three objects
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observed by both sites during that single night. There is no significant coverage overlap between the two
sites if the stripe covers 90° in longitude and the observation duration per night is 8 h. If we consider
three months of observations (represented here by combining results from the three individual nights),
more than half of the reference population can be covered by one site, already 89% by combining the
observations from two sites. The coverage of the reference population from a single site is increased
by an average of 10% per month, depending on the accessibility of densely populated orbital planes. In
turn, a single site would have accessed the entire MEO population after less than 1 year, if 8 hours per
night are the average observation time, and 90° in longitudeare covered. An additional analysis showed
that by combining the results from two nights, separated by 30 days, up to half of the population can be
covered by a single site, while more than 80% of the population can be covered by combining the survey
results from two sites. The motion of the node of MEO objects is so slow, that observations from the
nights between the two considered nights do not improve the coverage, as there are no additional objects
crossing the observed stripe in that time.

Figure 5.20 and Table 5.6 also show that a coverage of 100° in longitude improves the single site nightly
coverage only by about 3%. An overall coverage of the reference population of 90% can be achieved
after three months of observation combining the observation from two sites. There is no improvement of
the overlap between the two sites. As for the 90° case about 5%of the objects are observed by more than
one site. Covering 137° in longitude improves the single site (nightly) coverage by 10-15%, implying
that nearly half of the MEO population is accessible from a single site during one night. An overall
coverage of the reference population of 84% can be accessed within one night only after combining
observations from two sites. Some objects are observed by both sites during one night. About 10% of
the objects are observed by more than one site. The MEO population can be covered nearly completely
(95%) already after two months, if the observation results from two sites are combined. A three months
arc does slightly increase the coverage further to more than97%.

Detailed Assessment of a European Space Surveillance System - 28 -
WP 2500 Study Note ESOC contract n° 18574/04/D/HK

Let us continue with the most important result of the coverage analysis, the coverage of a reference population as function of time. If we assume that the survey results are sufficient to conduct follow-up observations successfully, which means that the orbits of the newly detected objects become “secured” and catalogued, the results directly show the simulated build-up of a catalogue of MEO objects from scratch. Note that we assumed for the survey 8 h of observations during a particular night. During winter up to 10-11 hours can be used for observation, depending on the latitude of the sites, what would increase both, the coverage of the MEO and the overlap between the two sites – both improvements lead directly to a faster built-up of a catalogue. 
Figure 10 presents the coverage of the MEO population after a single night, after including a second night after 30 days, and after including a third night after 60 days. Note, that a survey covering the entire longitude range would, in principle, cover 100% of the MEO population after 24 h. Here, we used the limited survey approach, using only 2 survey sites, which are expected to cover the MEO sufficiently after about 2-3 months. A summary of the reference population coverage analysis, resulting in Figure 10, is given in Table 2.
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Figure 10 Coverage of the MEO reference population with the proposed MEO survey strategy. Two sites are assumed (TF- Tenerife, MQ- Marquesas Islands). Three implementations of the survey are displayed: A) 90 deg longitude coverage, B) 100 deg longitude coverage, and C) 137 deg longitude coverage per site. 8 h of uninterrupted observation per site are assumed. 
Figure 5.20: Coverage of the MEO reference population with the proposed 0° declination MEO survey
strategy.
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Table 5.6: Coverage of a reference population: Number of multiple crossing events and (in parentheses)
unique crossing events, and the corresponding coverage of the reference population (TF-Tenerife, MQ-
Marquesas Islands.

1 night 2 nights 3 nights
Scenario TF MQ TF+MQ TF MQ TF+MQ TF MQ TF+MQ
A 46(0) 60(1) 103(1) 60(0) 78(2) 129(1) 88(0) 88(1) 140(1)

29% 39% 66% 38% 51% 82% 56% 56% 89%
B 52(0) 62(3) 108(2) 67(1) 79(3) 132(1) 94(0) 90(1) 142(0)

33% 41% 70% 43% 52% 84% 60% 58% 90%
C 71(0) 77(1) 132(1) 93(1) 94(2) 150(1) 107(1) 105(0) 154(1)

45% 49% 84% 59% 61% 96% 68% 66% 98%

Comparing the coverage after three months, we conclude thateven for the shorter arcs in longitude a
sufficient survey coverage of the MEO population can be achieved. A longer (technically demanding)
arc allows for a nearly complete coverage of the MEO using only two survey telescopes operating 8 h
per night.

We continue the simulation of the MEO observation strategies by a look at the caustics survey. We use
PROOF simulations and by adapting the simulation environment introduced in Sect. 4.3, we include
initial orbit determination in the discussion.

As the MEO environment is sparsely populated, we need a synthetic reference population for the discus-
sion of the performance of the caustics survey. We use the results of simulated explosions in MEO, a
population containing 1000 objects (Schildknecht et al., 2009).

We select a survey target field in the caustic region in which different orbital planes populated with
explosion fragments intersect. Again we use the 0.5 m, 3° FoVsensor implying that the survey area
is composed of nine fields at different right ascensions. We simulate 12 h of repetitive coverage of this
survey region att0.

In order to simulate the benefits of having a second survey sensor available that helps to immediately
re-acquire the objects detected in the first survey region, we simulate a second survey region covering
the area where typical MEO objects would be expected after 1 h(t1). Again, we simulate 12 h of ob-
servations, and we would expect that after 12 h of observations the considered orbital plane would be
completely covered. Two telescopes are required to implement this version of a caustic survey. Fig-
ure 5.21 shows the orbits of six example objects and the two survey areas “surveyt0” and “surveyt1”.
Pattern “surveyt0” is aligned with the orbital plane containing objects 102 and 103 around the culmina-
tion. The other four objects cross the survey area much more rapidly.

The simulation reveals that 1185 objects crossing events are registered for the “surveyt0”, which are
related to 9 objects with a single (unique) crossing event and 172 objects with more than one (multiple)
crossing events. For the survey patternt1 488 crossing events result, which relate to 2 unique and 138
multiple events. This implies that the survey efficiency is 59% for first “surveyt0” (the target is to cover
the mentioned three orbital groups) and 82% for the second “surveyt1” (assuming that 1.5 orbital groups
are covered). Analysing the combined coverage of both groups shows that either for the survey pattern
t0 or t1 35% of the population are covered, and about 53% are covered by both, the surveyt0 andt1.

Figure 5.22 illustrates the coverage of the reference population, clearly indicating the orbital group
(South) is covered by both, “surveyt0” and “survey t1”. The figure also shows that there is ample
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Figure 5.21: Right ascension vs. declination of the two simulated caustic survey patterns att0 andt1 and
orbits of six objects.

span for improvement, in particular if the coverage of otherorbital planes is considered by flexibly mod-
ifying the observation scheduling. This could be achieved by either daily alternating schedules, or by
adding more dedicated survey telescopes executing the caustic survey. Noted that even in case of a single
telescope a shifted execution of the two survey patterns allows the 53% coverage of a particular orbital
plane. A shifted pattern could be executing in night 1 from the beginning of the night “surveyt0” for
1 h, followed by “surveyt1” for 1 h, “survey t0” for 1 h, and so on. In the next night the first hour
of observations can be dedicated to other tasks before “survey t0” is executed for 1 h, followed by 1 h
“surveyt1”, and so on.

For initial orbit determination we select object 107 with 13detections in the area “surveyt0” supple-
mented by 2 detections in the area “surveyt1”. The arc covers the time interval 19h18m to 20h27m for
the simulation epoch 2009 June 11. ORBDET was configured to use the boundary value method with the
maximum arc length and a minimum search between 250 km and 60000 km of topocentric distance. An
improvement step made use of all available observations, where the perturbations due to Earth oblateness
(C20) and due to Sun and Moon were taken into account. Figures 5.23and 5.24 show that the initial orbit
determination gives good results and provides an orbit witha well determined orientation of the orbital
plane at the order of some milli-degrees, and with a well determined shape of the orbit better than 50 km
in semi major axis, at least for an astrometric noise better than 1′′.

Minimally detectable diameter The minimally detectable MEO object diameter can be estimated
for the proposed 0.8 m sensor from the PROOF simulations if a statistical population is adapted. Fig-
ure 5.25 shows that for a SNR threshold of four a 1 m diameter object can always be detected, even under
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Figure 5.22: Inclinationi vs. right ascension of ascending nodeΩ of the synthetic reference population
based on explosion models, and the fraction of the population covered by the survey patternst0 andt1.
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Figure 5.23: Differences in semi-major axis vs. eccentricity of the initially determined orbits w.r.t. the
reference orbit as a function of the astrometric noise for test object 107.

adverse phase angle and background conditions. A minimallydetectable objects diameter for worst case
conditions can be extrapolated. It is of the order of 80-90 cm. In the best-case objects as small as 30 cm
in diameter may be detected.

5.3.3.5 Follow-up strategy

As for GEO surveys, follow-up observations are required forcatalogue maintenance and to initially
catalogue the MEO objects. This might not be possible from “survey only” observations. In order to
decide whether follow-up observations from follow-up telescopes are needed to complement the regular
survey, we have to estimate the follow-up frequencies. These frequencies define the orbit improvement
strategy. Here we adapt the declination stripe scanning survey at 0° declination for simplicity. Although
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Figure 5.24: Differences in right ascension of the ascending node vs. inclination of the initially deter-
mined orbits w.r.t. the reference orbit as a function of the astrometric noise for test object 107.
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Figure 3 Eccentricity - semi major axis plot of crossing objects from a statistical population (MASTER-2001) while carrying out MEO survey strategy at Tenerife, epoch 2001-May-01. An arc on 90 deg in longitude wasobserved for 8 h. 
6.3.1 Determination of the minimal detectable object diameter 
The estimation of the minimal detectable objects diameter of MEO objects is possible with help of Figure 4. It is assumed that a (empirically proven) SNR threshold of 4 is sufficient to allow for the object detection and centroiding. The analysis of the plot shows that the MEO survey sensor is capable to detect a 1 m diameter object, even under worse phase angle and background conditions. A minimal detectable objects diameter for the worst case can be extrapolated and is of the order of 80-90 cm. In the best-case even objects as small as 30 cm in diameter could be detected.
The results are consistent with the estimations carried out in the previous work package “Sensor selection” (AD3). 
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Figure 4 SNR as function of MEO objects diameter during MEO survey. Red – average observationsconditions. Green- worst observation conditions during full Moon. Figure 5.25: SNR as a function of MEO objects diameter duringMEO survey. Red: average observing
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the distance to the MEO objects is smaller compared to GEO, atleast comparable radiometric conditions
are expected. Therefore, the proposed GEO network of sensors could be used, consisting of the 0.5 m
Schmidt-Cassegrain telescopes with a 3° FoV.

There is no previous work available assessing the required follow-fup frequency for MEO. We modified
the approach of Musci et al. (2004) to derive these quantities. The tasking strategy simulation assumes
that the survey strategy provides an initial orbit at epocht0, determined from more than three observations
forming a short arc. For simulation, the individual observations are assumed to be spaced by 2 s (1 s
exposure plus 1 s sensor repositioning and readout). An astrometric error of 1′′(error of the object’s
position determination) is used in the simulation. This astrometric error results from the 4.1′′pixel scale
of the survey telescope, which agrees well with empirical experience.

We use a synthetic population of 250 randomly distributed objects with the following characteristics:
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• Semi-major axis: 24970 km< a < 30250 km (Mean motion: 1.65 revolutions/day< n < 2.2 rev-
olutions/day),

• Eccentricity: 0< e< 0.08,

• Inclination: 52°< i < 67° ,

• Right ascension of the ascending node: 0°< Ω <360° ,

• Argument of the perigee: 0°< ω < 360° ,

• Longitude: 0°< λ < 360° .

We assume that the survey strategy provides an initial arc offour observations from one series of consecu-
tive exposures, denoted as the discovery. The assumption ofexactly four exposures for the determination
of an initial orbit in the simulation does not exactly fit withthe simulation of the survey (the survey
simulation of cases A and C assume only at least 3 exposures).The effect may be considered as minor.
The quality of the determined initial orbit does not benefit very much from the fourth observation. The
elimination of false detection, like cosmic ray events etc., is, however, much easier. This performance
evaluation does also show how many exposures of a simulated reference object can be acquired on the
average.

We estimate the angular differences between the positions calculated from the first orbit determination re-
sults and the “true” orbits of the synthetic population. From these differences we determine the maximum
time until this angular difference reaches a limit of FoV/2 of the tasking telescope (1.5° ). Assuming that
all follow-up observations of the object during the estimated time could be correlated with the discovery
arc, we simulate a first follow-up observation and determinethe orbit. With these results we determine
the time for the second follow-up observation. The analysisis repeated for the third and fourth follow-up
observation. We initialise the orbit determination by assuming a circular orbits, but the subsequent orbit
improvement step then returns a full-parameter orbit.

We simulate all of the follow-up observations in a similar way as the observations of the survey strategy:
one series containing five observations spaced by 2 s in time.The astrometric error was again assumed to
be 1′′. However, as we may select the observation strategy for the follow-up observations independently
from the survey strategy, the selected strategy has room forimprovements, in particular concerning the
number and temporal spacing of observations.

Figure 5.26 shows the results of the initial orbit determination. We conclude that the first follow-up
observation has to take place at least 1 h (0.042 days) after discovery (the maximum angular difference
after 1 h is about 1.5° ).

A successful follow-up observation after 1 h was simulated and leads to the residuals in Fig. 5.27. We
see that the second follow-up observation must be scheduled2 h after the discovery in order to guarantee
a successful re-acquisition.

The orbit determination taking two successful follow-ups 1h and 2 h after the discovery was used to
generate Fig. 5.28. The third follow-up should be scheduledabout 12 h after the discovery, if the visibility
conditions allow it. For 99% of all objects a third follow-upis feasible up to 24 h after discovery.

Figure 5.29 gives the results of the orbit determination after the third follow-up observation, 12 h af-
ter the discovery. The orbit is now good enough to include additional perturbing forces in the orbit
determination, namely direct radiation pressure, as well as a better model for the gravity field of the
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Figure 5.26: Residuals of position differences between initial orbit determination results and the original
synthetic MEO population.

Figure 5.27: Residuals of position differences between orbit determination results after the first follow-up
observation (t0+1 h) and the original synthetic MEO population.

Earth. Figure 5.30 covers the obtained position differences for 5 days. The results show that the orbit
can now (after three successful follow-up observations) beconsidered as “secured”. This means that
a re-acquisition after several weeks is sufficient. This re-acquisition can be part of the normal survey
procedures not requiring additional follow-up observations using the dedicated tasking facilities.

The simulation results of a fourth follow-up observation, 24 h after the discovery (Fig. 5.31) show that
there is a slight improvement achieved compared to the results after the third follow-up observations.
For most of the objects the position differences calculatedfrom the “true” and the determined orbit are
below 0.1° over 30 days.

The proposed MEO follow-up schedule is thust0+1 h, t0+2 h, andt0+12 h, wheret0 is the epoch of
discovery. All three follow-up observations must be available to “secure” the object. The survey proce-
dure does not provide observations at these epochs, which iswhy follow-ups from tasked observations
are required. A fourth follow-up after 24 h is expected to be part of the survey procedure.

However, even as this “orbit acquisition” period is surprisingly short, the follow-up requirements cannot
be relaxed further without risking to lose the object. Allowing that only 95% of the objects are recovered
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Figure 5.28: Residuals of position differences between orbit determination results after the second
follow-up observation (t0+2 h) and the original synthetic MEO population.

Figure 5.29: Residuals of position differences between orbit determination results after the third follow-
up observation (t0+12 h) and the original synthetic MEO population, assuming asimple model of the
perturbing forces.

12 h after the discovery, the first and second follow-ups may be performed earlier att0+45 min and
t0+90 min.

A successful re-acquisition after 30 days can be guaranteedwith an orbit determined from the discovery,
the first, second, and third follow-up. Maintenance observations are thus sufficient once in about 30 days
to keep the catalogued orbit “secured”. The proposed surveystrategy already provides observations,
which are used for catalogue maintenance.

We conclude that for MEO space surveillance the “survey only” strategy is not able to provide the
necessary follow-up observations for new discoveries. A combined survey and follow-up strategy is
required, as it is already the proposed strategy for GEO space surveillance.
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Figure 5.30: Residuals of position differences between orbit determination results after the third follow-
up observation (t0+12 h) and the original synthetic MEO population, assuming asophisticated model of
the perturbing forces.

Figure 5.31: Residuals of position differences between orbit determination results after the fourth follow-
up observation (t0+24 h) and the original synthetic MEO population, assuming asophisticated model of
the perturbing forces.

5.3.3.6 Applicability of the GEO sensor network to survey th e MEO population

It is interesting whether the proposed GEO sensor network can also contribute to observe the MEO.
Dedicated MEO observation strategies focussing at higher declination angles, where the apparent spatial
object density is higher (Schildknecht et al., 2009), are entirely not compatible with GEO observation
strategies.

Optical observations acquired for GEO space surveillance may only partly be suitable for detecting MEO
objects larger than 1 m in diameter. These objects are brightenough to be detected by the GEO survey
sensor, but do of course not show GEO-like FoV crossing characteristics in a GEO survey. MEO objects
cross the FoV rapidly, so that likely not the minimum of threeconsecutive observations is available for
initial orbit determination.

It is expected that during the spare time between GEO follow-ups, all necessary MEO follow-ups could

133



5 Ground-based optical observation strategies

by carried out by the GEO tasking sensors. The analysis of thetasking network proposed for GEO space
surveillance showed that at least 65% of the observation capacity is not used. There is enough spare
sensor time available, as the expected number of MEO objectsis smaller compared to the number of
GEO objects.

5.3.4 Summary

Observation strategies for GEO and MEO space surveillance have been developed. For both cases optical
observations from CCD-equipped telescopes are required. We recommend to perform a combined survey
and follow-up strategy for both, the GEO and MEO region. Dedicated telescopes for survey and follow-
up observations are needed. The most promising survey strategy in both cases is based on a stripe-
scanning technique. For the GEO survey a stripe of fixed rightascension has to be covered continuously,
whereas for the MEO survey a stripe at low declination has to be observed continuously.

Follow-up observations from a network of tasking telescopes (shared for GEO and MEO observations)
are needed to perform orbit improvement prior to inserting the determined orbital elements into a cata-
logue. For objects in GEO three to four arcs of about 2 minuteseach, spanning≈3 h in total, are needed,
plus one additional track in the following night. CandidateMEO objects require follow-up observations
after 1 h, 2 h, and 12 h after their discovery in order to catalogue the detection.

For catalogue maintenance each object must be re-observed at least every 30 days if the object is in GEO.
The same is true for objects in the MEO, but the proposed survey observations will implicitly provide
maintenance observations more frequently. The GEO and MEO systems are proposed to use the same
centralised architecture for data management and processing. In addition to the GEO system consisting
of four sites each equipped with two 0.5 m telescopes for survey and tasked observations, additional
survey sensors are needed for MEO space surveillance. For MEO two survey sensors, spaced by 90° in
longitude, are proposed to carry out all necessary survey operations. The covered longitude range is set
by the re-acquisition time of a particular field. The GEO follow-up network can be used for the tasked
observations of the MEO, too. The network of follow-up telescopes may also be used for the acquisition
of the more frequent dedicated observations for supportingconjunction analysis, and for the detection of
newly launched objects, fragmentation events and manoeuvres.

The PROOF simulations of the proposed space surveillance strategies using the proposed sensors and a
reference population reveal that for both regions a nearly complete coverage can be guaranteed within
a short time, and that a catalogue of orbital elements can be built up from scratch and maintained in
time. With the three proposed sites over 85% of the existing catalogue of the GEO region could be
covered; with the fourth site the coverage is above 95%. The remaining coverage leak results from the
bad coverage of the GEO ring between the Canaries and Marquesas Islands (over America), and from
the problems observing rapidly drifting objects. The coverage of the MEO can be considered as nearly
complete already after 30 days, if survey results from two sites are combined. The accessible population
during a single night is about 50% from a single sensor, and more than 80%, if the observations from
one night from two survey sites are combined.

With the proposed 0.5 m telescopes for GEO and with the proposed 0.8 m telescopes for MEO the
minimally detectable object diameter is below 1 m, even for bad conditions. The wide-FoV allows
8 days repeatability of observations in GEO. For MEO up to daily repeatability is possible.

All simulations assume that a non-ambiguous correlation ispossible, as no established concept for cor-
relating the observations with the catalogue exists yet.
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Observation strategies should always be implemented in a way to anticipate changes in the covered
environment, and be able to react to refined requirements from the cataloguing or object characterisation
processes.
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6. A system proposal for space-based optical
space surveillance

In this chapter we analyse how space-based optical observations, in particular acquired by the proposed
SBO architecture, could contribute to fulfil SSA tasks. We focus on the space surveillance task surveying
and tracking. This chapter is based on an analysis by Flohreret al. (2011a).

In Sect. 2.5.2.3 we introduced the SBO sensor architecture,and briefly reviewed the performance for
the observation of small-sized space debris. We discussed the SBO observation strategy, and the various
aspects of the expected performance in more detail in Sect. 4.4 as an example for the capabilities of
the developed simulation environment. Special aspects of initial orbit determination have already been
addressed in Sect. 4.2.2.2.

Possible efficient observation strategies for space surveillance applications of the SBO shall be studied
in Sect. 6.1. A detailed discussion has the focus on the SBO instrumentation as a secondary payload
placed onboard an Earth-observation satellite in a circular sun-synchronous orbit (SSO) at 800 km alti-
tude. We discuss the observation conditions for objects at higher altitude. In Sect. 6.2 the radiometric
characterisation of the SBO instrument and the selected observation scenario are analysed. We derive the
detectable object diameters. The coverage of a reference population, and an assessment of the covered
arc lengths of individual objects is discussed in Sect. 6.3.This discussion is of particular interest for the
simulation of orbit determination, correlation, and cataloguing, which are addressed in Sect. 6.4. With
realistic noise levels known from the SBO design we study first orbit determination for sample objects
and derive requirements for a correlation process.

6.1 SSA-related observation strategies with the SBO archit ecture

To answer the question how the SBO instrument contributes toSSA-related tasks, we first have to iden-
tify efficient operation scenarios. The SBO observation scenario (see Sect. 4.4) is not useful, because
sampling a space debris population statistically while striving detect very small objects in the cm-regime
is not a primary task of space surveillance. The definition ofan appropriate observation strategy is in-
stead driven by the a central need of space surveillance, thebuild-up and maintenance of a catalogue
of orbital elements. In a given space surveillance regime the observation of an object, which is larger
than a given diameter, has to be performed at least with a certain re-acquisition frequency. The related
uncertainties of the observations have to allow for a successful and unambiguous correlation with other
observations of the same object. In other words, the observation strategy has to be “leak-proof” (Krag
et al., 2010). This is to ensure the timely detection of manoeuvres, fragmentation, or release events re-
lated to the covered objects. Furthermore, the cataloguingprocess sets requirements on the accuracy of
the observations, which in case of optical observations maybe sufficiently described by the astrometric
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accuracy of the centroid determination of a single observation. This description assumes that any other
sensor noise, in particular any epoch registration accuracy, is incorporated in the astrometric accuracy.

A steerable sensor requires a dedicated satellite mission,which is beyond the current European SSA
objectives, mainly because of the expected costs. We assumethat a flight opportunity on a three-axis
stabilised platform will allow to carry the SBO instrument as a secondary payload. Only two promising
pointing scenarios can be derived for the observation of satellites in higher altitudes from such a space-
based platform for a fixed-mounted sensor:

• A phase-angle-optimal pointing, i.e., a pointing orthogonal to a SSO, which is “easily” obtained,
if the sensor is mounted on an Earth-observation satellite orbiting close to the terminator. Remote
sensing satellites carrying a radar, or photometric experiments, such as the MOST satellite, operate
in such a SSO. The very good accessibility to the acquired data from high-latitude ground stations
in terms of timeliness of ground contacts and duration of passages is a key advantage of the high-
inclined SSOs. From the limited information available about the Canadian SAPPHIRE mission
we assume that such a pointing scenario has been selected forthis mission, as well (Maskell and
Oram, 2008).

• A pointing in flight direction from a low-inclination orbit,which would be the best choice if no
ground stations at high latitudes are available. This strategy would, however, give a poor scanning
performance for high altitude orbits, because only little observation time with favourable phase
angles is available. This strategy complicates the observation scheduling and operation, and the
sensor design, because the Sun may cross the sensor’s FoV.

Both observation strategies will face the problem of havingmany objects in the FoV in parallel, which
is a frequent issue for larger FoV diameters. A detailed discussion of this issue is not within the scope
of our work. We assume that available data processing methods, such as directly forming short arcs
through the already mentioned “dynamic masking” approach (as outlined, e.g., by Schildknecht (2007)),
or a probabilistic data/track association (DeMars and Jah,2009; DeMars et al., 2010), allow it to solve
this critical issue.

We assume that high-latitude ground stations are availablefor European missions, and that a flight oppor-
tunity onboard a “classical” Earth-observation satellitewill be used. We therefore focus on the analysis
of a SBO-like sensor orbiting in a circular SSO at 800 km altitude, resulting an inclination of 98.57°.

For selecting the optimal pointing direction of such a mission, we have to consider the following core
parameters:

• expected dwell time of objects in the sensor FoV: longer observed arcs usually yield better initial
orbit determination results,

• expected angular velocity of objects crossing the FoV: slower objects provide better astrometric
accuracy of observations, as the objects appear point-shaped and/or the exposure time can be
longer, which also increases the SNR and in turn the sensitivity,

• overall accessibility of a given population: either the inability to access low inclination orbits,
and/or the short coverage of some inclination bands may havean adverse effect,

• re-acquisition time for a single object,
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6.1 SSA-related observation strategies with the SBO architecture

• avoidance of unfavourable observation conditions, such asa pointing direction into the Earth’s
shadow, or close to the Earth’s limb, or into the Milky Way.

Fix-mounted sensors make it impossible for space-based sensors to actively track objects. Objects can
only be observed while crossing the sensor’s FoV. Dependingon the relative angular velocity of the
object with respect to the line-of-sight and the exposure rate, short observation arcs are formed from
several acquired position measurements of the object. The quality of the initial orbits determined from
the short arcs is primarily a function of the arc length and the astrometric accuracy of the individual
measurements - the number of measurements forming the arc isonly a secondary issue. Subsequent
improvement of the initial orbits is required, e.g., to maintain the orbits in a catalogue (see Sect. 5.3.1).
A space-based survey strategy using the SBO cannot rely on scheduled follow-up observations of given
objects, because of the inability to steer the telescope. Itis, however, possible to implement implicit
follow-up capabilities, if the re-observation of objects is guaranteed to be frequent enough to ensure
meeting the follow-up requirements.

We decided to focus on the analysis of GEO as the main application, because the few MEO objects
are expected in a much larger spatial volume (Sect. 3.2.2), and because MEO observation strategies are
incompatible with observing GEO.

Considering the tasks set by the SSA goals we have to keep in mind that a larger part of the GEO
population will not be instantaneously accessible from a single space-based platform. A fix-mounted
sensor operated according to a “survey only” observation strategy is not capable of acquiring observations
of selected objects at any selected epoch, and fails to support the more challenging SSA tasks for the
entire GEO population, such as timely manoeuvre and event detection, launch support and verification
of orbit insertion. In addition, the avoidance of unfavourable observation conditions imposed by the
position of the Earth’s shadow, or pointing into the Milky Way, is not possible with a fix-mounted sensor
operated as a secondary payload.

Let us now consider a pointing orthogonal to the orbital plane at 800 km altitude. This pointing ensures
small phase angle conditions throughout the whole operational life for dusk-dawn orbits. To support
this pointing scenario the sensor’s line-of-sight shall point to an azimuth of 90° in the local satellite
coordinate frame. Figure 6.1 shows the effect of the elevation of the pointing direction for a sensor orbit
with the ascending node at 90° in an inertial frame, while Fig. 6.2 gives the complementary situation in an
Earth-fixed frame. In both figures the projection of the 6° FoVat GEO distance is shown for elevation
angles of -5°, 0°, and +5°. An inclination of the sensor orbitdifferent from 90° does not allow it to
centre the FoV during a full sensor orbit at declination angles, namely to point toi = 0° GEO objects
continuously. Depending on the elevation angle the radius of the projection scanning circle at GEO
distance will be different. The scanning circle is found to be minimum for≈-9.6° elevation. Obviously,
low elevation pointing directions (below about -5° ) cannotacquire the controlled GEO satellites at 0°
inclination, which is, however, a densely populated and interesting sub-region. If the selected elevation
angle is too large, a significant portion of the scanning volume is outside the GEO-belt, and, in addition,
the intersection with the controlled GEO satellites is limited to two rather short crossings. We conclude
that a positive elevation angle between 0° and +5° is a good compromise between population coverage
and dwell time of individual objects in the FoV. We will nevertheless analyse all of the three elevation
angles in more detail.

Pointing into the Earth’s shadow occurs for all considered pointing scenarios, but this is unavoidable
because of the telescope cannot be steered. The diameter of the Earth’s shadow at GEO distance is less
than 10 ° and will move between the solstices from about -23.5° to +23.5° . Hence the Earth’s shadow

139



6 A system proposal for space-based optical space surveillance

D
E

[°
]

RA[°]

GEO+/-17°
GEO

e=+5°
e=+0°
e=-5°

-20

-15

-10

-5

 0

 5

 10

 15

 20

-20 -15 -10 -5  0  5  10  15  20

Figure 6.1: Covered regions in the GEO vicinity from a fix-mounted sensor with a 6° FoV onboard a
platform orbiting in an 800 km circular SSO. Pointing direction is orthogonal to the orbital plane with
different elevation angles. Three different of the pointing direction are colour-coded.

will affect only a fraction of the observations during a revolution of the sensor platform, and only for
limited periods within the year.

6.2 Radiometric characteristics of the SBO observing high
altitudes

The expected detection limits and, accordingly, the observation frequency depend on the SNR detection
threshold of the on-board object detection algorithm (see Sect. 3.3.2.5). The SBO study concluded that a
limiting magnitude of about 16 mag is required in the selected observation scenario to detect 95% of the
considered small-sized space debris. The limiting (peak) SNR value to detect 95% of all objects is about
4 for the GEO case.

As the simulation of the sensor performance is closely connected to the definition of the observation
strategy we need to make assumptions for phase angles and angular velocities of objects crossing the
FoV. We show later on in this section that these assumptions are met.

Figure 6.3 shows that the optimum exposure time is at the order of t=1-2 s. For longer exposure times
no significant gain is expected in the SNR, as the sensor is operated in a sky-background dominated
environment. The figure assumes the object to be of apparent magnitudemv=14 mag (which refers to
a 1.9 m spherical object with Lambertian scattering and a Bond albedo of 0.1 in GEO observed from a
800 km SSO under a phase angle of 15° ), and assumes instrumentoptical efficiencyε=0.50, quantum
efficiency of detectorQE=0.80, sensor effective apertureD=0.20 m, focal lengthf=0.35 m, pixel size
d=18.00µm, diameter of point spread function for 80% encircled energy dPSF =1.00 pixel, angular ve-
locity of objectvang=60.00′′/pixel, read-out noiseρ=3.80

√
e−, dark currentδ=10.00e−/pixel/s, and a
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Figure 6.2: Pointing centre directions intersecting GEO distance in an Earth-fixed frame during 24 hours,
assuming a fix-mounted sensor onboard a platform orbiting ina 800 km circular SSO. Pointing is orthog-
onal to the orbital plane.

binning factor of 1. The typical sky background for space-based observations is expected to be better
thanmv=21 mag/arcsec2 .

Fully exploiting the SBO instruments capabilities for observing the GEO regime from a SSO will allow
the detection of 16 mag objects, if the SNR detection threshold is around 4. Figure 6.4 shows the resulting
SNR for a single pixel for varied sky background conditions for different object brightness. An apparent
brightness of 16 mag corresponds to a 0.77 m Lambertian scattering spherical object with Bond albedo
of 0.1 in GEO observed from a 800 km SSO under a phase angle of 15° .

We will now show that the assumptions made in the SNR estimation are valid. The linked simulation
results will also be used to discuss the population coverageand cataloguing statistics in the next sec-
tions. The first step of the performed simulation of GEO observations uses 4 TLE snapshots, taken from
the DISCOS catalogue of a certain epoch, filtered for GEO objects (mean motion between 0.9 and 1.1
rev/day). Each snapshot is used to simulate observations spanning 10 days. The selected simulation pa-
rameters are given in Table 6.1. PROOF provides the FoV crossing statistics together with estimates of
the radiometric observation conditions for the selected reference population during the simulation period.

Figure 6.5 shows the angular velocity between objects and the sensor’s line-of-sight as a function of
the observation epoch for three elevation pointing angles.Positive elevation pointing of +5° result in
angular velocities up to about 120′′/s, while horizontal pointing directions result in angularvelocities of
typically 60′′/s. The smallest angular velocities are expected from negative elevation angles, between
about 20′′/s and 40′′/s. In all cases the object streaks can be expected to stretchonly over a few pixels,
if the exposure time is 1 to 2 s. The figure also indicates variable crossing rates during the year, which
we will discuss later.
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Figure 6.3: SNR of moving source with an apparent brightnessof 14 mag as a function of the sky
background brightness for different exposure timest.
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Figure 6.4: SNR of moving source of different apparent brightness as a function of the sky background
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Table 6.1: Simulation parameters using a TLE population of GEO objects.

Simulation Jul Oct Jan Apr
Simulation time 2009 Jul 2 2009 Oct 1 2010 Jan 1 2010 Apr 2
(00:00 - 00:00) - - - -

2009 Jul 11 2009 Oct 10 2010 Jan 10 2010 Apr 11
Epoch of TLE snapshot 2009 Jul 16 2009 Oct 13 2010 Jan 11 2010 Apr 6
Number of objects 1014 1021 1027 1032
α of Sun at first epoch [h] 6.74 12.48 18.75 0.75
Orbit at first epoch a=7178km,e=0, i=98.57°
Ω at first epoch [deg] 191.10 277.20 11.25 101.25

Figure 6.6 shows the range of phase angles and the angular velocities. The phase angles are small
throughout the entire year, the lowest values are at≈35° for the three pointing scenarios. Daily variations
are very small, of the order of the diameter of the FoV for the horizontal pointing scenario. We advise
to select 15° as the annual average value for the phase angle.A stable band of characteristic angular
velocities of GEO objects crossing the FoV can be obtained for each pointing scenario. It is reasonable
to perform the analysis for thee=0° ande=+5° scenarios, because these scenarios result in small phase
angles throughout the year with moderate angular velocities, but also guarantee stable rates of objects
crossing the FoV.
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Figure 6.5: Angular velocities of TLE catalogue objects crossing the sensor’s FoV as a function of the
observation epoch for three elevation pointing scenarios.
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Figure 6.6: Angular velocities of TLE catalogue objects crossing the sensor’s FoV as a function of the
phase angle at the observation epoch. Objects in the Earth shadow are excluded.

6.3 Coverage of reference populations

In this section we discuss the core performance parameters for space surveillance, i.e., the coverage of a
reference population, the reacquisition period, and the covered arc lengths of individual objects. We use
the simulation scenario of Table 6.1.

Table 6.2 and Fig. 6.7 give the covered catalogue fraction during the analysed observation batches of
10 days and allow it to draw a conclusion concerning the overall population coverage during the year.
Nearly complete coverage of the reference population is possible at certain epochs for positive pointing
angles. Pointing at negative elevation angles, on the otherhand, does not lead to sufficient population
coverage. During some periods (summer) the coverage is extremely poor. These results support the
preliminary conclusions drawn when interpreting Fig. 6.1.The best overall coverage results are obtained
for thee=+5° pointing directions. The results furthermore show that only small number of objects are
observed under invalid illumination conditions, the difference of the coverage ratios between covered
and detected objects is usually less than 10%.

Figure 6.7 also shows that the majority of objects (for positive pointing scenarios) is at least observed
every one to two days. The arc length per observation is at least half of the FoV of 6°. The interpretation
of Fig. 6.7 is supported by Table 6.3, where we extract the average number of FoV crossing events, and
the number of properly illuminated crossing events (“detections”) per object within 10 days from the
simulation results. If only crossing events are considered, the differences between the three pointing
scenarios are minor, as it is also the case between the four seasonal simulation scenarios. If the illumi-
nation conditions are considered, a particularly bad, but seasonally varying, coverage of the reference
population is found. This is true in particular for thee=-5° pointing scenario, but also partly for thee=0°
pointing scenario in October. Thee=0° pointing scenario is less sensitive to observing a larger portion
of objects in the Earth’s shadow.
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Table 6.2: Simulation results using deterministic (TLE) populations of the GEO regime obtained from
PROOF-based analysis. Covered objects refer to objects crossing the FoV, while numbers of detected
objects refer to covered objects illuminated at the observation epoch.

Simulation 1 (Jul) 2 (Oct) 3 (Jan) 4 (Apr)
Number of objects 1014 1021 1027 1032
Ignored TLEs 19 19 19 19
Covered objectse=+5° 605 (61%) 988 (99%) 987 (98%) 992 (98%)
Covered objectse=0° 451 (45%) 740 (74%) 986 (98%) 867 (86%)
Covered objectse=-5° 11 (1%) 248 (25%) 629 (62%) 437 (43%)
Detected objectse=+5° 588 (59%) 985 (98%) 982 (97%) 944 (93%)
Detected objectse=0° 439 (44%) 682 (68%) 985 (98%) 788 (78%)
Detected objectse=-5° 8 (1%) 4 (0%) 588 (58%) 401 (40%)

From Table 6.3 we expect that objects are detected in the FoV on average every one or two days, and
the mean time between detections usually does not exceed 1.5days, with the maximum gap of about
3 days. The smallest mean time, and also the smallest maximumtime, between subsequent detections
is achieved for thee=0° pointing scenario. We are also able to extract the calculated mean, minimum,
and maximum length of the observation arc per detection event. These numbers are important for the
quality of first orbit determination. A longer observation arc leads to better initial orbit determination.
We also expect that correlating well-determined short arcswill be more efficient. Table 6.3 shows that
the average arc covered with detections of a single object ison average 3° to 5° , and cannot exceed
6°. The apparent seasonal variations are at least partly caused by the significantly different numbers of
detections in the simulation run. The minimum covered arc issmallest for thee=-5° pointing scenario
(with about 2° ), and is comparable with the other two pointing scenarios with about 2.5° to 3°. These
results allow it to further discuss the initial determination of orbits, and indicate that the maintenance of
a catalogue of orbits with sufficient timeliness is possible.
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Figure 6.7: Reacquisition period compared to covered arc length, top row (red)e=+5°, middle row (blue)
e=0°, bottom row (green)e=-5° .
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6 A system proposal for space-based optical space surveillance

Table 6.3: Summary of the simulation runs: average number ofFoV crossing events, properly illuminated
crossing events (“detections”), object-wise calculated mean, minimum, and maximum time between re-
acquisitions, and mean, minimum, and maximum observation length per short arc.

Simulation number (month) 1 (Jul) 2 (Oct) 3 (Jan) 4 (Apr)
e=+5°

Crossings per object in 10d 6.99± 2.41 7.33± 2.42 6.18± 1.55 4.90± 2.11
Detections per object in 10d6.04± 2.56 6.49± 2.38 5.34± 1.51 4.90± 2.11
Max detection gap [d] 3.01± 1.42 2.77± 1.33 3.13± 1.13 2.97± 1.24
Min detection gap [d] 0.31± 0.50 0.53± 0.57 0.36± 0.64 0.36± 0.48
Mean detection gap [d] 1.21± 0.49 1.30± 0.48 1.44± 0.58 1.32± 0.44
Max observation arc [°] 5.71± 0.80 5.92± 0.35 5.89± 0.41 5.84± 0.49
Min observation arc [°] 2.86± 0.94 3.08± 1.11 2.83± 1.14 2.50± 1.17
Mean obs arc [°] 4.68± 0.73 4.92± 0.49 4.71± 0.58 4.58± 0.66

e=0°
Crossings per object in 10d 8.48± 2.04 7.54± 2.69 7.84± 2.38 5.07± 2.69
Detections per object in 10d7.87± 2.28 2.85± 1.63 6.99± 2.41 5.07± 2.69
Max detection gap [d] 1.65± 0.88 2.06± 1.33 2.39± 1.50 2.26± 1.56
Min detection gap [d] 0.94± 0.19 0.74± 0.55 0.50± 0.64 0.60± 0.50
Mean detection gap [d] 1.13± 0.32 1.17± 0.51 1.19± 0.55 1.08± 0.40
Max obs arc [°] 5.73± 0.77 5.59± 0.99 5.88± 0.38 5.75± 0.71
Min obs arc [°] 3.24± 1.32 2.87± 1.28 2.73± 1.27 2.54± 1.38
Mean obs arc [°] 5.05± 0.82 4.74± 0.95 4.74± 0.68 4.66± 0.83

e=-5°
Crossings per object in 10d 5.83± 3.56 6.88± 2.99 6.01± 3.43 6.82± 3.34
Detections per object in 10d4.67± 3.94 0.02± 0.13 5.04± 3.30 6.82± 3.34
Max detection gap [d] 2.86± 2.01 2.15± 1.28 3.00± 1.90 1.88± 1.23
Min detection gap [d] 0.49± 0.49 0.80± 0.60 0.68± 1.28 0.80± 0.66
Mean detection gap [d] 1.42± 1.08 1.24± 0.58 1.49± 1.21 1.23± 0.65
Max obs arc [°] 4.37± 2.02 5.34± 1.18 3.97± 1.91 5.46± 1.06
Min obs arc [°] 1.71± 1.31 2.33± 1.41 1.56± 1.22 1.98± 1.34
Mean obs arc [°] 3.32± 1.55 4.28± 1.01 2.93± 1.57 4.35± 0.90

6.4 Orbit determination based on simulations

We use the simulation environment described in Sect. 4.3 connecting PROOF through its plug-in func-
tionality to ORBDET. PROOF was configured to simulate observations every second.

Five test objects were selected for initial orbit determination. The key characteristics for these objects
are provided in Table 6.4. We determine initial orbits from single passes of each object on subsequent
days. The initial orbits are determined for various astrometric noise levels, including a case without
noise. We assume that the orbit without noise reflects the “truth”. The differences of the orbital elements
to this “truth” are a measure for the quality of the determined orbit. This approach allows us to discuss
the sensitivity of initial orbit determination as a function of the astrometric noise. We used BNBN2D
for initial orbit determination together with a subsequentorbit improvement taking into account Earth’s
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6.5 Conclusion

Table 6.4: Selected test objects for the simulation of the orbit determination.

Object ID COSPAR ID a [km] e [-] i [°] Remarks
858 1964-047A 42170 0.00015 6.3 Syncom 3,

average inclination
33059 2008-022B 43548 0.05008 1.8 Zenith-3 third stage,

higher eccentricity
23192 1994-047A 42631 0.00095 2.5 DirecTV-2,

graveyard orbit
22563 1993-015A 42454 0.00057 17.5 USA 98 (UFO F1),

high inclination
34710 2009-016A 42166 0.00044 0.0 Eutelsat W2A,

controlled object

oblateness as a major perturbing force (C20) and using all simulated observations to determine the orbit
in a least-squares adjustment process.

Figure 6.8 illustrates the results for the first test object.The figures for the other objects are provided in
Appendix B (Figs. B.1 to B.4).

Orbit determination based on the selected observation scenario is possible. The results indicate consistent
performance for the rather different orbits of the test objects, with one exception. The right ascension of
the ascending node of the controlled object 34710 cannot be determined properly as it is almost singular
for i ≈ 0° . The node is poorly determined or low-inclination orbits (see object 23192 and 33059).
Non-singular elements should be used instead.

The simulation results also allow it to specify the input fora correlation algorithm trying to identify
common observation arcs in the orbital element domain. Our results may enable the definition of perfor-
mance requirements for a to-be-defined correlation process. From experience with ground-based sensors
we know already that achieving a centroid determination below 0.5′′ is a challenge for the wide FoV of
the proposed SBO instrument. An astrometric accuracy of a single observation of at least 1′′–1.5′′ should
be achieved in order to keep∆a below a few hundred kilometres,∆e below 0.01, and∆i below 0.1° ,
which might be typical requirements of a correlation process using initial orbits. In any case, the corre-
lation process needs to cope with outliers (large differences in the case of a poor initial orbit).

6.5 Conclusion

The space surveillance capabilities of the proposed passive, small, and comparably simple SBO instru-
mentation fix-mounted onboard an Earth observation satellite orbiting in an 800 km altitude SSO were
discussed. The orbit is assumed close to the terminator plane. A pointing of the sensor nearly orthogonal
to the orbital plane with an optimum elevation (between 0° and +5° ) allows accessing the entire GEO
regime within one day, implying a very good coverage of controlled objects in GEO, too.

From the simulation environment rates and properties of objects crossing the sensor FoV are obtained for
four observation periods covering 10 days each for TLE snapshots from ESA’s DISCOS database. The
simulations reveal that the proposed pointing scenario provides low phase angles with small seasonal
variations, but always below≈35° , together with low angular velocities of≈60–80′′/s. The simulated
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6 A system proposal for space-based optical space surveillance
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Figure 6.8: First orbit determination of object 858 for ten subsequent days. The figures show the differ-
ence for selected orbital elements (semi-major axis, eccentricity, inclination, and right ascension of the
ascending node) w.r.t the “truth” (i.e., the orbit determination without astrometric noise).

brightness of objects indicate that 1 to 2 s exposure times are optimal for the assumed instrument. With
these parameters the detection limit is equivalent to spherical objects in GEO with a diameter of at least
1 m in front of a dark background ofmv >21 mag/arcsec2. A nearly complete GEO population coverage
can be reached under proper illumination conditions withina few days, but seasonal drops in the popu-
lation coverage are possible. The mean gap between subsequent observations is usually shorter than 1.5
days and does not exceed a maximum of three days. A single observation arc spans 3° to 5° on average.
The consistency of the initial orbits was checked for five selected test objects for ten subsequent days
using different, but realistic astrometric noise. The initial orbit determination is possible for realistic
noise levels. To ensure successful catalogue maintenance,the astrometric accuracy of a single observa-
tion should be at least 1′′–1.5′′, which allows to keep the consistency among the first determined orbits
below a few hundred kilometres for the semi-major axis, below 0.01 for the eccentricity, and below 0.1°
in inclination.
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7. Conclusion and recommendations

We first introduced the concept of space situational awareness and the related space surveillance princi-
ples. We described the space debris problem and how the current ground-based and space-based sensors
with surveillance capabilities help to tackle the challenges for a safe and sustainable operation of systems
in space.

With the focus on optical systems we discussed in detail the fundamentals of observation techniques and
introduced the relevant reference systems, orbital regimes, and the models for the motion and dynamics
of Earth-orbiting objects.

We developed a simulation environment allowing an end-to-end assessment of optical observation strat-
egy proposals. The simulation environment connects the tool PROOF, distributed by ESA, and the pro-
gram system CelMech, developed by and maintained at the Astronomical Institute of the University of
Bern. Currently, the correlation task of the toolchain is based on the assumption that a non-ambiguous
correlation of the observations is possible. So far, no concept has been established for that purpose. Fur-
ther research in this area is important. It should focus on correlation at the sensor level to form short arcs
from survey observations, and on efficient methods for correlating short arcs among distributed sensors
and for correlating short arcs with a catalogue. The handling of “no-shows” and the quick and robust
detection of manoeuvres and fragmentation events should both be considered in the algorithm develop-
ment. Validating the approach through the acquisition of real observations is a necessity and the related
effort should not be underestimated. New developments as, e.g., by a team from the University of Pisa,
should be considered that propose techniques combining correlation and initial orbit determination into
a common, efficient and robust process.

Initial orbit determination is clearly one of the main challenges of space surveillance. The main lim-
itations are due to the typically short arcs resulting from survey operations and the comparably large
astrometric errors due to the large pixel scale of the used wide-FoV. We described and analysed an al-
ternative approach for initial orbit determination that extends the boundary value search in the CelMech
module ORBDET to a two-dimensional search. We find the methodrobust, highly flexible, and sup-
porting observations from different sites. The method has clear benefits if the initial orbit from three
observations is used to start a subsequent orbit improvement step taking into account all available obser-
vations. If the arcs are too short, the determination of a circular orbit with subsequent orbit improvement
still is a viable alternative.

The developed toolchain is ready and well suited to support the on-going European studies and analyses
related to space surveillance. We outlined the capabilities of the simulation chain through a study on the
search for small-size (un-catalogued) space debris by passive space-based optical sensors in LEO and
GEO. From the analysis of the characteristics of the FoV crossing objects we estimated the detection
limits of the proposed 20 cm SBO instrument. We performed initial orbit determination and orbit im-
provement based on simulated observations taking into account empirical knowledge on the limits of the
image processing. The system architecture developed in theframework of an ESA study on space-based
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7 Conclusion and recommendations

optical observations is only available in a pre-phase A state. From that proposal we found, however,
that the detection of small-size space debris (smaller than1 dm in diameter) is possible for three pro-
posed operation concepts with the platform placed into LEO,subGEO or GEO, respectively. For all
three concepts the acquisition of observations in front of adark sky background is feasible. Seasonal
variations in the detection efficiency are expected due to varying phase angle conditions. We predicted
the highest detection rate for LEO, but with a sufficiently high SNR only for short distances. Initial orbits
with an acceptable accuracy could be determined from a single FoV crossing event in all three concepts,
but not for all detections. As initial orbits allow an estimate of the observation distance, the object di-
ameter can be estimated using the distance- and phase-angle-corrected apparent brightness. We found
that the monitoring of the un-catalogued space debris environment, in particular the validation of space
debris environment models, would benefit from having in place such a comparably simple observation
capability. We showed that operating the SBO instrument at GEO altitude would decrease the current
(ground-based) minimum of the observed object diameter from 10–15 cm to below 5 cm.

We studied ground-based space surveillance strategies forGEO and MEO. Starting from a detailed anal-
ysis of the accessibility and observation characteristicsof the relevant object populations we formulated
the fundamentals for the classification and evaluation of such observation strategies. We discussed pure
survey-only and combined survey and follow-up approaches for GEO and MEO. We identified the latter
as the more realistic one, considering the available sensordesign options and the anticipated requirements
from a space situational awareness system. The main concerns ruling out the survey-only approaches,
which work well for ground-based radars, are the initial cataloguing of newly found objects, and the ne-
cessity to detect manoeuvres and fragmentation events. We proposed stripe-scanning survey techniques
based on CCD-equipped ground-based telescopes. For the GEOsurvey a stripe of fixed right ascension
has to be covered continuously, whereas for the MEO survey a stripe at low declination has to be ob-
served continuously. We showed that dedicated telescopes for survey and follow-up observations are
essential. A global network of telescopes shall provide theneeded follow-up observations for GEO and
MEO objects after the survey detections. Specific follow-upschemes for orbit improvement prior the
insertion of the object into the catalogue were described. For objects in GEO three to four observation
arcs of about 2 minutes each, spanning≈3 h in total, are needed, plus one additional track acquired in
the following night. Candidate MEO objects require follow-up observations at 1 h, 2 h, and 12 h after
their initial discovery. For catalogue maintenance each object must be re-observed once at least every
30 days. For objects in the MEO the proposed survey scenario may implicitly provide such maintenance
observations more frequently. The proposed observation strategies are closely connected to the design
of the assumed sensors, and to the network architecture. We assumed a centralised architecture for data
management and processing. For the GEO observations we considered four sites, each equipped with
two 0.5 m telescopes. In addition, two 0.8 m sensors, spaced by 90° in longitude, were proposed for the
MEO observations.

We used PROOF simulations for an assessment of the proposed observation strategies. For both, GEO
and MEO, a nearly complete coverage can be achieved within a short time. A catalogue of orbital
elements can be built up from scratch and maintained. The catalogue coverage reaches over 95% for the
GEO case, and already 85% if only three sites are available. Rapidly drifting objects are a challenge for
the proposed survey strategy. For MEO the accessible population during a single night is already about
50% from a single sensor, and about 80%, if two sites are operating. The minimally detectable object
diameter is below 1 m even for bad conditions, in both cases, GEO observations and MEO observations.
The same objects may be observed within 8 days in the GEO proposal. A higher observation frequency is
possible by adding more telescopes to the proposed sites, which increases the effective FoV by operating
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in parallel with small pointing offsets. For MEO even a dailyre-acquisition of objects is possible. Each
definition and implementation of an observation strategy has to take into account possible changes in the
covered environment, and hence should be ready to react to a redefinition of the requirements.

We finally applied the proposed SBO instrument to a concept ofspace-based space surveillance of the
GEO. For that purpose the sensor is assumed to orbit as a secondary payload on-board a platform in a
sun-synchronous orbit of about 800 km altitude. Such a sensor would provide a very good coverage of the
GEO population in a short time and with frequent re-acquisitions. With the proposed simple continuous
scanning of the GEO region the SBO instrument would be a valuable survey sensor. Due to the short
revisit times, it could partly be seen as a tracking instrument, as well. The acquired data would contribute
significantly to catalogue build-up and maintenance. We found that a space surveillance network would
benefit from such a complementing passive space-based component.

Satellite observations by passive optical means were essential from the very beginning of the space age
until the 1980s. In satellite geodesy these optical observations have now been replaced by other tech-
niques. Only the space debris and Near-Earth Objects (NEOs)research communities, which use closely
related techniques and methods, continued to work in this field. During the last decades they developed
revolutionary new concepts from modern optical astronomy,such as electro-optical CCD detectors, dig-
ital image processing techniques, robotics, and sensor automation. Now, the growing interest from a
wider group of stakeholders in space situational awarenessand space surveillance led to a resurrection
of research and technology development in the area of optical observation techniques. We are there-
fore confident that this new situation will, in the near future, open new opportunities for further studies
on optical observations of satellites, hopefully leading to a global network of ground-based observation
facilities complemented by space-based sensors. The author hopes that the work described here will
stimulate future research and further developments in the field of space surveillance.

151



7 Conclusion and recommendations
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A. Performance of initial orbit determination
from space-based observations

This appendix gives in Figs. A.1 to A.3 the results of the comparison of the PROOF results to the results
from the initial orbit determination for the performance assessment of a proposal for space-based obser-
vation system (see Sect. 4.4.4). As a function of the astrometric error the determined orbital elements for
the a posteriori filtered successful IODs are presented for the original BNBNDV algorithm and the newly
implemented BNBN2D algorithm. For the LEO cases we also report the results for the determination of
a circular orbit.

Figures A.4 to A.13 give for 10 test objects (5 each for the GEOand LEO case) the results of a detailed
evaluation of the BNBN2D algorithm (see Sect. 4.2.2.2). Grouped by the assumed astrometric noise, the
relative frequency of the differences between the determined and input orbital elementsa, e, i, andΩ is
presented. The middle epocht was varied fromtA to tB for each simulated observation. One observation
per second has been simulated.
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A Performance of initial orbit determination from space-based observations

Figure A.1: LEO case, percentage of ‘accepted’ IODs with respect to the total number of successful
IODs (after filtering).

Figure A.2: SubGEO case, percentage of ‘accepted’ IODs withrespect to the total number of successful
IODs (after filtering).
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Figure A.3: GEO case, percentage of ‘accepted’ IODs with respect to the total number of successful
IODs (after filtering).

Figure A.4: Relative frequency of the differences between the determined and reference orbital elements
semi-major axisa [km], eccentricitye [-], inclination i [°], and right ascension of ascending nodeΩ [°],
grouped by the assumed astrometric noise [′′], for the test object GEO1.
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A Performance of initial orbit determination from space-based observations

Figure A.5: Relative frequency of the differences between the determined and reference orbital elements
semi-major axisa [km], eccentricitye [-], inclination i [°], and right ascension of ascending nodeΩ [°],
grouped by the assumed astrometric noise [′′], for the test object GEO2.

Figure A.6: Relative frequency of the differences between the determined and reference orbital elements
semi-major axisa [km], eccentricitye [-], inclination i [°], and right ascension of ascending nodeΩ [°],
grouped by the assumed astrometric noise [′′], for the test object GEO3.
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Figure A.7: Relative frequency of the differences between the determined and reference orbital elements
semi-major axisa [km], eccentricitye [-], inclination i [°], and right ascension of ascending nodeΩ [°],
grouped by the assumed astrometric noise [′′], for the test object GEO4.

Figure A.8: Relative frequency of the differences between the determined and reference orbital elements
semi-major axisa [km], eccentricitye [-], inclination i [°], and right ascension of ascending nodeΩ [°],
grouped by the assumed astrometric noise [′′], for the test object GEO5.
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A Performance of initial orbit determination from space-based observations

Figure A.9: Relative frequency of the differences between the determined and reference orbital elements
semi-major axisa [km], eccentricitye [-], inclination i [°], and right ascension of ascending nodeΩ [°],
grouped by the assumed astrometric noise [′′], for the test object LEO1.

Figure A.10: Relative frequency of the differences betweenthe determined and reference orbital elements
semi-major axisa [km], eccentricitye [-], inclination i [°], and right ascension of ascending nodeΩ [°],
grouped by the assumed astrometric noise [′′], for the test object LEO2.
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Figure A.11: Relative frequency of the differences betweenthe determined and reference orbital elements
semi-major axisa [km], eccentricitye [-], inclination i [°], and right ascension of ascending nodeΩ [°],
grouped by the assumed astrometric noise [′′], for the test object LEO3.

Figure A.12: Relative frequency of the differences betweenthe determined and reference orbital elements
semi-major axisa [km], eccentricitye [-], inclination i [°], and right ascension of ascending nodeΩ [°],
grouped by the assumed astrometric noise [′′], for the test object LEO4.
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A Performance of initial orbit determination from space-based observations

Figure A.13: Relative frequency of the differences betweenthe determined and reference orbital elements
semi-major axisa [km], eccentricitye [-], inclination i [°], and right ascension of ascending nodeΩ [°],
grouped by the assumed astrometric noise [′′], for the test object LEO5.
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B. Simulated orbit determination results for a
system proposal for space-based optical
space surveillance

This appendix gives in Figs. B.1 to B.4 the results of the simulation of the initial orbit determination
for space-based space surveillance (see Sect. 6.4). Initial orbits from single passes are determined for
subsequent days as a function of various astrometric noise levels, including a case without any noise
added. The differences of the orbital elements compared to the case without added noise are displayed,
together with added formal errors of the determined elements.
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B Simulated orbit determination results for a system proposal for space-based optical space surveillance
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Figure B.1: First orbit determination of object 33059 for subsequent passes. The individual sub-plots
show the difference for selected orbital elements (semi-major axis, eccentricity, inclination, and right
ascension of the ascending node) between the ”truth“ (i.e.,the orbit determination without astrometric
noise) and the orbit determination using noised observations.
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Figure B.2: First orbit determination of object 23192 for subsequent passes. The individual sub-plots
show the difference for selected orbital elements (semi-major axis, eccentricity, inclination, and right
ascension of the ascending node) between the ”truth“ (i.e.,the orbit determination without astrometric
noise) and the orbit determination using noised observations.
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Figure B.3: First orbit determination of object 22563 for subsequent passes. The individual sub-plots
show the difference for selected orbital elements (semi-major axis, eccentricity, inclination, and right
ascension of the ascending node) between the ”truth“ (i.e.,the orbit determination without astrometric
noise) and the orbit determination using noised observations.
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Figure B.4: First orbit determination of object 34710 for subsequent passes. The individual sub-plots
show the difference for selected orbital elements (semi-major axis, eccentricity, inclination, and right
ascension of the ascending node) between the ”truth“ (i.e.,the orbit determination without astrometric
noise) and the orbit determination using noised observations.
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