Geodatisch-geophysikalische
Arbeiten in der Schweiz

(Fortsetzung der Publikationsreihe
«Astronomisch-geodatische Arbeiten in der Schweiz»)

herausgegeben von der

Schweizerischen Geodatischen Kommission
(Organ der Akademie der Naturwissenschaften Schweiz)

Siebenundachtzigster Band Optical Survey Strategies and their
Volume 87 Application to Space Surveillance
Tim Flohrer

2012



Adresse der Schweizerischen Geodatischen Kommission:

Institut fir Geodésie und Photogrammetrie
Eidg. Technische Hochschule Zirich

ETH Zirich

8093 Ziirich

Switzerland

Internet: http://www.sgc.ethz.ch

ISBN 978-3-908440-34-5

Redaktion des 87. Bandes:
Dr. T. Flohrer, J. Muller-Gantenbein, A. Geiger
Druck: Print-Atelier ADAG, Ziirich



VORWORT

Herr Tim Flohrer hat sich mit Strategien zur Suche und Uberwachung von Raumschrott mittels
optischer Beobachtungen beschéftigt. 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.

Fur 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 méglichst viele der Objekte beobachtet werden.
Dabei sind geometrische Randbedingungen — die Objekte miissen vom Beobachtungsort aus gesehen
sichtbar sein — und radiometrische Bedingungen — die Objekte mussen unter den gegebenen
Hintergrundverhéltnissen hell genug erscheinen, um detektiert zu werden — zu beachten.

Zum Aufbau und Unterhalt eines Bahnkatalogs missen die Positionen der Objekte regelméssig
gemessen werden, was entweder durch gezielte Nachfolgebeobachtungen oder, bei geeigneter
Auslegung des Teleskopnetzwerkes, mittels zufélliger 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
Uberwachungsstrategie 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 Schlissel
zum Erfolg der von Herrn Flohrer entwickelten Strategien dar.

Neben Strategien fur bodengesttitzte Teleskopnetzwerke werden auch Konzepte zur Suche von kleinen
Raumschrottteilen und zur Uberwachung ganzer Bahnregionen mit raumgestiitzten optischen Sensoren
untersucht.

Die in dieser Arbeit entwickelten Strategien zur Suche und Uberwachung von Objekten im
geostationdren 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
europaischen Uberwachungssystems basieren zu guten Teilen auf Herrn Flohrers Arbeiten.

Die Schweizerische Geodatische Kommission (SGK) bedankt sich bei der Akademie der
Naturwissenschaften Schweiz (SCNAT) fir die Ubernahme der Druckkosten.

Prof. Dr. Th. Schildknecht Prof. Dr. Alain Geiger
Astronomisches Institut ETH Zirich
Universitat Bern Prasident 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 I’application de ces stratégies a 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’a la creation et la mise a jour d’un catalogue d’orbites pour ces objets.

Une stratégie de recherche optimale a pour but de maximiser le nombre d’objets observes dans une
population de référence définie par la taille et les éléments orbitaux de ces objets, en optimisant les
périodes d’observation de télescopes a un ou plusieurs endroits. L’établissement d’une stratégie doit
non seulement prendre en compte les aspects géométriques — les objets devant étre visibles depuis le
site considéré — mais aussi les contraintes radiométriques — les objets devant étre suffisamment
lumineux par rapport a la luminosité du ciel en arriere-plan.

L’établissement et la mise a jour d’un catalogue d’orbites nécessitent des mesures périodiques de la
position astrométrique des objets repertoriés, soit via la mise en place d’observations de suivi, soit via
I’établissement de stratégies qui permettent I’acquisition «alléatoire» de suffisamment de données pour
chaque objet.

Tous ces aspects sont discutés dans la presente publication. L’auteur a développé un logiciel qui
permet de simuler les stratégies de recherche et d’observation, en commencant par la synthese
d’observations individuelles en finissant avec la détermination de I’orbite compléte. Cette combinaison
inédite est a la clef du succes des stratégies développées par Tim Flohrer.

En plus des stratégies développées pour des réseaux terrestres de télescopes, cette these traite aussi de
concepts pour la recherche de débris spatiaux de taille restreinte ainsi que de I’observation de régions
orbitales entieres en utilisant des capteurs optiques spatiaux.

Les stratégies pour rechercher et suivre des objets dans I’anneau géostationnaire et dans la région des
satellites des systéemes de navigation élaborées dans ce travail sont désormais largement acceptées par
la communauté scientifique. Les concepts en cours d’élaboration dans le cadre de I’initiative de I’ESA
d’établir un systeme européen de veille et de suivi sont largement basés sur le travail de Tim Flohrer.

La Commission Géodésique Suisse (CGS) est reconnaissante envers I’Académie Suisse des Sciences
Naturelles (SCNAT) pour avoir pris a sa charge les colts d’impression du présent manuscrit.

Prof. Dr. Th. Schildknecht Prof. Dr. Alain Geiger
Institut d“astronomie ETH Zirich
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.

Prof. Dr. Th. Schildknecht Prof. Dr. A. Geiger
Astronomical Institute ETH Zurich
University of Bern President of SGC
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1. Introduction and motivation

The uninterrupted availability of services provided thgbspace systems is essential in today’s daily life.
The applications relying on space systems cover globagatien systems, global telecommunication
services, support of disaster control through Earth olagienv, just to name some popular examples. The
exploitation of the near-Earth space is indispensable amst bre secured, as interrupts of the provided
services would not only impose severe economical risky, riight also have security-related, possibly
life-critical implications.

Space is “vastly hugely mindbogglingly big” in fact, quaiibouglas Adams. The near-Earth environ-
ment is, however, more and more populated with man-madetsbjSince the advent of the space age
more than fifty years ago, about 4800 launches were perfqrplading more than 6400 payloads into
orbit. But not only payloads form the population of man-madthgects. Also rocket-bodies, mission-
related objects, and fragments from in-orbit explosions iacidental or accidental collisions may be
found. Space surveillance is the main technique to undetdtae population of Earth-orbiting man-
made objects. It involves detecting, tracking, cataloguend identifying man-made objects orbiting
Earth. As of today the U.S. Space Surveillance Network h#leated orbital information for more
than 37000 man-made objects, which are available in a hgalisatalogue. Only roughly 21000 of the
catalogued objects have decayed into the Earth’'s atmaspleer The vast majority of the man-made
objects remaining in orbit, about 94%, are non-functiorigects, or “space debris”. Two major events
led recently to a nearly 50% increase in the number of casgdglebris objects: the intentional destruc-
tion of Feng-Yun 1C by the Chinese government in January 280d the collision between the active
Iridium-33 satellite and the non-functional Russian Cost#251 communication satellite in February
2009.

The sensor systems searching for and tracking space delwiglér to maintain a catalogue of orbital
elements cannot track objects smaller than a few centisietrdecimetres, mainly depending on the ob-
ject’s altitude. Lower altitude bands (low Earth orbits,QFare mainly surveyed by ground-based radar
sensors. High-altitude bands (medium Earth orbits, ME@,geostationary orbits, GEO) are observed
by electro-optical means from ground. Optimally, intermagel orbits and elliptical orbits would require
the fusion of radar and optical data. Space-based senscisas the space-based visible (SBV) instru-
ment on-board the midcourse space experiment (MSX) camgédbsignificantly to space surveillance
of high-altitude regions until MSX was decommissioned i®&0Ilts successor, the Space Based Space
Surveillance (SBSS) satellite, was launched in Septem®#0.2A significant increase of space-based
contributions to the U.S. Space Surveillance Network caexpected from the SBSS.

The population of smaller objects can only be describedsstally, using space debris environment
models. According to ESA's MASTER-2005 model, 600,000 otgdarger than 1 cm are in orbit. One

centimetre is the widely accepted limit for which a collisizvould be catastrophic, causing the de-
struction of the objects involved in the collision. In adlit the energy-to-mass ratio of a catastrophic
collision must exceed 40J/g. Recent studies revealed tiuat sollisions could lead to continuously

growing debris population, which in turn steadily increatiee collision risk for operational satellites.
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1 Introduction and motivation

Both, the complete and timely information on the orbitalneémts of the trackable population of ob-
jects in space, and the availability of maintained and e&did space debris environment models, are of
paramount importance for the future exploitation of spaxara“enabling tool”. Catalogues of orbital
elements, provided by space surveillance systems, aretemperform conjunction analysis and colli-
sion risk assessments for the operation of satellites - migtto secure the functioning of the satellites,
but also as a main space debris mitigation practice. Theespalaris environment models are required
during the design phase of missions and satellites, inquéati to address the threat imposed by space
debris.

In this context special attention must be paid to the formrteof efficient survey strategies for the sensor
systems used to search for unknown, or newly generatede sf@ris objects. Such survey strategies
are not only tightly bound to the capabilities of the utitiseensors, they are also strongly connected to
the aimed use of the generated data - i. e., catalogue bpigdhd maintenance, model validation, or even
a mixture of both. The various instrumental and processiated, but also the financial and political
constraints of potential implementations of the proposetiey strategies have to be considered during
the formulation.

We study optical survey strategies in the framework of sgaggeillance. In Chapter 2 we start with
addressing the needs set by space situational awareness ¢8fich we relate to the space surveillance
principles, in particular to the passive optical obseorai of objects. We analyse the capabilities of
optical sensors in existing and planned space surveillaet®orks, including these of complementary
space-based sensors.

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

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

Chapter 5 discusses several options for realising optivaley strategies, already used ones, as well
as simulated ones. The discussion makes use of a classifice&theme developed for considering
performance-related aspects, such as the estimated etbitndnation accuracy, the covered fraction
of a population, and the achievable re-acquisition frequef a particular object.

In Chapter 6 we investigate how the system proposal for spased optical observations could be
employed for space-based space surveillance of objecighireltitudes.

Finally, Chapter 7 summarises the achieved results andsdtanclusions potentially leading to further
investigations.



2. Space situational awareness, space debris,
and space surveillance principles

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

2.1 Space situational awareness

Space systems face several major threats. Collisions wahesdebris objects, malfunctioning due to
space weather effects, or even deliberate attacks mighteed the space-segment. The concept of space
situational awareness (SSA), originating from the Uniteate3, takes into account these threats. A com-
monly accepted definition of SSA does not exist. The US AicEatefines SSA as “characterizing, as
completely as possible, the space capabilities operatititinathe terrestrial and space environments”
(Weeden and Kelso, 2009). The US SSA system has the core cemigcsurveillance, intelligence, re-
connaissance, command and control, and environmentaltonioigi. Widely, SSA is, understood as the
combination of space surveillance data (see below) witaratflata from various heterogeneous sources,
which allows the characterisation of known space objec&page Object Identification (SOI), and aims
at assessing the capabilities of the payloads, at idem¢jfithe owner and operator, and, finally, at deter-
mining and forecasting their intents. Observation tecbgiels for SOI include narrow-band (variation
of the reflected energy), wide-band (radar imaging), phetoyn(analysis of intensity, luminance, and
illuminance), and optical imaging. Intelligence sourcesybe included in SOI activities, as well.

SSA has received major and still growing interest in Eurepeecent years. According to a definition
used by ESA (Anonymous, 2088 SSA comprises the awareness and understanding of thalqgpu-
lation, the awareness of the space environment, and theaess of threats to/by the orbital population,
and addresses the related data policy, security and goweanssues. A SSA preparatory programme
(SSA-PP) was authorised at the 2008 ESA Ministerial Codac#n initial period of three years, and was
formally launched on January 1, 2009. The SSA-PP encomp#ss® segments: space surveillance and
tracking (SST), space weather effects, and near-Eartletsbj€onsidering the SST the customer require-
ments have been formulated (Krag et al., 2010) starting ffmmeeds of the European user community.
Currently, the system requirements are derived from tregg@irements. Potential architectural solutions
for European SSA have been studied by European industryr lE®l& contracts (Donath et al., 2005,
2008, 2009) already. The SSA-PP also shall define the datg@rmnance policy, and establish data
centers and management processes, launch precursoeseait develop a radar breadboard.

The existing SSA systems were clearly driven by militarydseéWhile the newer European definition
sees SSA as a dual use (harmonising and serving military iziicheeds), there are also initiatives
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2 Space situational awareness, space debris, and spaeélance principles

for an International Civil SSA. These initiatives antidpahe importance of fully opening the access
to SSA data for non-military users (Weeden and Kelso, 2009).SSA activities are understood to
require a careful trade-off between costs (mostly diremthated to accuracy of the data) and system
complexity. Civil SSA will require a limited set of functiafities compared to the full set of military
SSA needs. The civil SSA users are not interested in all ofSfB¢ intelligence and reconnaissance
capabilities. Civil needs are limited to identify an objectd its operator, and to gather information
on manoeuvring capabilities and manoeuvre plans, whictessential inputs for collision avoidance
activities. Reducing the risk of accidental collisions pase is commonly understood as the driver for
developing an international SSA architecture (FerrazZ2010).

Weeden and Kelso (2009) expect that a civil SSA system isl firmen political and military constraints

by the intended open collaboration and data policy. Suchstéesy may close some capability gaps
existing today in (US) military SSA, in particular in poptitan coverage. The interesting approach
of civil SSA is rather new and significant technical, seguniolitical, legal and diplomatic challenges
lie ahead. Weeden and Kelso (2009) are confident that thedlerges may be solved. International
cooperation in SSA s also listed in the 2010 released USSNaltiSpace Policy. The following “potential
areas for international cooperation” are inter alia listsdace nuclear power to support space science
and exploration; space transportation; space survedldoic debris monitoring and awareness; use of
space for maritime domain awareness.

Taking into account that space is a unique resource andhbatrtavailability of space-based services
would impose strong economical and social consequenceés.ding Term Sustainability of Space Ac-
tivities” has been put on the agenda of the major space aggeretently, and is promoted by the United
Nations Committee on the Peaceful Uses of Outer Space (C@p.URerrazzani (2010) expects that the
establishment of SSA capabilities will have to link with thestainability activities, e.g. by fostering
comprehensive international exchange of SSA data.

2.2 Space surveillance

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

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

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

2.3 Space debris and its lifecycle

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

Non-functional objects are commonly denoted as “spaceigielor, by an equivalent term, as “orbital
debris”. While “space debris” is mainly used in Europe, imtjgalar promoted by ESA, the expression
“orbital debris” is commonly used in the United States. dpective of the term there is only a technical,
but no legal definition available. A definition agreed upoimgrnational level is the following (Anony-
mous, 1998): “Space debris are all man-made objects, including thraigrhents and parts, whether
their owners can be identified or not, in Earth orbit or reeéng the dense layers of the atmosphere that
are non-functional with no reasonable expectation of theiing able to assume or resume their intended
functions or any other functions for which they are or canltherized.” By the International Academy
of Aeronautics (Anonymous, 1989 space debris is defined as follows: “Orbital debris is imede-
fined as any man-made Earth-orbiting object which is nomtional with no reasonable expectation of
assuming or resuming its intended function or any othertiandor which it is or can be expected to
be authorised, including fragments and parts thereof”. mita@ation guidelines of the Inter-Agency
Space Debris Coordination Committee (Anonymous, 2007nhdefpace debris as “all man made ob-
jects including fragments and elements thereof, in Eatit or re-entering the atmosphere, that are non
functional”.

Major sources of space debris are launches and on-orbittipes. Space debris objects are non-
operational spacecraft, spent upper rocket stages, argiomigelated objects. Secondarily, a rapidly
growing share of space debris objects is produced by or frenptimary objects through fragmentation
events (either deliberate or accidental collisions or@siphs, or low-energy break-ups), through release
events, particle impacts, or surface degradation. More 2% fragmentation events have taken place
till today (Johnson et al., 2008). Space debris objectsialdade solid rocket motor (SRM) combus-
tion residues 41,03 dust with sizes around 1 to 18m, and slag, reaching cm sizes), NaK droplets
(sodium-potassium coolant liquids) released from ejeceatttor cores of Soviet radar ocean recon-
naissance satellites, with sizes up to 5.6 cm, and copperdipoles (product of the deliberate release
during the “Westford” experiment). Furthermore, up to miktre-sized paint flakes produced by surface
erosion and ejecta generated by particle impacts (debdsrateoroid) contribute to the space debris
environment.

Figure 2.1 gives the spatial density of the space debrisetaas a function of the altitude. The spa-
tial densities for different diameter thresholds are otgdifrom ESA's Meteoroid And Space debris
Terrestrial Environment Reference (MASTER) model in thesim 2005 (Oswald et al., 2005) for the
reference epoch May 1, 2005. The population larger than sctominated by fragments, while the main
contributor to the mm-sized population is SRM slag, and lier 100um population ejecta play a major
role. NaK droplets are absent in the dm-size population, dunel to their origin, above 1000 km altitude.
Space debris accumulates mainly in areas interesting &mespperations and in orbital regimes required
to reach these interesting areas. The highest densitie®wand in the low-Earth orbits (LEO), while
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Perigee height| Apogee height| Inclination | 0.1 mm 1mm lcm 1dm
356 km 364.1km 51.6° 8.95 636 41102 942507
773.5km 789.2km 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 différenpactor diameters for 1frsurface in sev-
eral representative orbits for the reference epoch 1 Ma9 208sed on the most recent ESA MASTER-
2009 model (Bastida, 2011).

other peaks of the density can be found in the geostationhits {(GEO) and the semi-synchronous or-
bits in the medium Earth orbits (MEO). The characteristithese orbital regimes are further specified
in Sect. 3.2. In addition Table 2.1 lists the mean time betwelisions for different size thresholds and
for several representative orbits based on the most rec@AtNEASTER-2009 model for the reference
epoch 1 May 2009.

Space debris objects are removed from the Earth-orbitinglption either by natural forces (atmo-
spheric drag and third body perturbations, forcing thealifere-enter into the atmosphere of the Earth),
or by an active removal. Most of the space debris objects hdwrg orbital lifetime (see also Sect. 3.2).
During the recent years the consensus emerged that not ontinging a business-as-usual approach
will lead to a growing population of space debris. This dff@as first described by Kessler and Cour-
Palais (1978). Today it is widely accepted that even witlamlditional launches the very uncomfortable
situation of a continuously growing space debris popufatiould emerge (see, e.g, analyses by Bastida
and Krag (2009), who used ESA's long-time evolution forétas! DELTA).

An expected 50% increase of close approaches in the nextak® gad a 250% increase in the next 50
years (Lewis et al., 2009) will have a strong impact on ojregaspacecraft. The operational costs will
increase due to an increasing effort for conjunction evealyses and the performance of collision avoid-
ance manoeuvres (see, e.g., recent results by Flohrer(@08P) for ESA missions). In addition, the
performance of avoidance manoeuvres shortens the misigtmée and potentially degrades the quality
of the generated data products. Last, but not least, the fayatperating spacecraft in densely populated
regimes will become unaffordably high. Cascading coliisawvents within the existing population will
make the situation even worse with time.

Strategies for space debris remediation, which is the @feeand cost-efficient active removal of large
space debris objects, have to be identified soon. The firgt st@igating the release of new debris
objects, has become a widely accepted practice. Natiomklrt@rnational guidelines and regulations
exist and are widely followed.

2.4 Space surveillance principles

Three major space surveillance principles may be identifiathely surveying and tracking, correlation
and catalogue maintenance, object identification and ctaaisation. The following paragraphs will
look at each principle in more detail, in particular from fierspective of passive optical observations of
objects.
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2.4 Space surveillance principles

2.4.1 Surveying and tracking

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

Figure 2.2 gives the sensitivity of radar and optical senssra function of the object’s altitude, based
on assumptions and on publicly available sensitivity infation. For objects in the GEO region it is
assumed that the most advanced space surveillance netprorkde sufficient capabilities to routinely
track and catalogue objects down to about 1 m (mostly thraymjital means), in LEO down to 10cm
(mostly through radars) (Klinkrad, 2006; Stansberry, J0Ihere are, however, some solitary sensors,
which are not part in a network, but have a higher sensitigitigh as the Haystack radars in Westford,
Massachusetts, or ESA's 1-m telescope at the Optical Gr&uaison (OGS) at I1zafia, Tenerife, Spain.
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2 Space situational awareness, space debris, and spaeélance principles

Typical detection limits for optical telescopes (see Sed) are down to about 5cm diameter in LEO
with the (no longer operational) Liquid Mirror TelescopeML), 0.6 m diameter object with albedo 0.2

at 36000 km using the (no longer available) CCD Debris TelpsqCDT), or about 20 mag for ESA’s

Zeiss 1-m-Telescope at Tenerife. These values correspmiothjécts of 0.1 to 0.2 m in diameter at
GEO. Cost-efficient, robotic small aperture sensors, sgcth@ Zimmerwald Small Aperture Robotic

Telescope (ZIMSMART/ZIMSMART?2), are able to detect maize objects in GEO. A knowledge gap
exists in the centimetre regime at higher altitude (seeZf). More details of the most important sensor
installations will be provided in Sect. 2.5.

Smaller, non-trackable, particles of space debris aremtia focus of our work. Information on such
objects can be retrieved from in-situ measurements, it@m Surfaces that have been exposed in the
space region of interest and brought back to ground. Thisiodeis mainly used for the LEO region.
Some examples are the Long Duration Exposure Facility (LDEe European Retrievable Carrier
(EuReCa), the Standard in Situ Impact Detector (DEBIE)Yas@s of the space shuttle and components
(mainly the solar arrays) from the Hubble Space Telescopesd surfaces provide knowledge of objects
smaller than 0.1 cm. The distinction between impacts frofrideand from meteoroids is a problem.
From the impact craters (and calibration experiments oargipthe 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 actives@ethat does not require illumination of
the target object. At all weather conditions a radar pravidgige measurements by registering the time
difference between the emission of energy (the “signaliya@ls the target and the reception of the
reflected signal at the radar sensor.

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

So-called phased-array radars, where the phases of thedesignals are differentially shifted within an
antenna array, are an alternative to the mechanically aoogish antennas. These type of radar allows
it to control the shift of the maximum of the emitted signalaalifferent direction. This technique,
also known as digital beam steering, allows for very flexiil#am steering patterns and very short delays
between different pointing directions of the emitted sigiaen multiple parallel pointing directions can
be realised. Phased-array radars are of great importansarfeeying 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-orientednay distinguish survey and tracking oper-
ations for the traditional (dish) radars. In order to coridhwaveys, the dish radar may be operated in
a beampark mode, where the antenna points to a fixed elevatiwmzimuth. The acquired measure-
ment data is only sufficient for providing statistical infeation, such as number and size of the objects
crossing the field-of-view (FoV), as well as deducing coarits. Operating the radar in tracking mode
helps to acquire more precise data, which allows the detertoin of precise orbits. In tracking mode,
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2.4 Space surveillance principles

the radar usually follows previously (a-priori) objects focertain period and registers epoch, angular
direction, range, range-rate, amplitude and phase of e iechoes, so that measurements distributed
over a longer arc may be correlated with a particular obj8cime 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, inquéar at Earth-orbiting satellites. In this
section we focus on space surveillance applications otalptbservations, the surveys and tracking
techniques introduced in Sect. 2.4.1, but also touch “nuaes surveillance” applications.

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

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

Optical observations of artificial satellites boomed incgpgeodesy before the 1970's. At that time opti-
cal observations were the primary tool to determine the®djisatellites. The principles and techniques
developed, e.g. by King-Hele (1983) are still valid todayt bf course we need to take into account
technological innovations, too. The major technologicadk-through is the digitalisation of the ob-
servation process. Efficient electro-optical detectasshsas charge-coupled devices (CCD), have been
developed together with cost-efficient capabilities fandiang the generated digital data. Optical obser-
vations only play, however, a minor role in modern space gsgdoecause the achievable accuracy of
the data is inferior to that of other space-geodetic observaechniques. Combining optical observa-
tions with data from other techniques is thus limited to seelected applications, such as the calibration
of observing systems, or the validation of reference stelagues (Flohrer, 2008). As Flohrer (2008)
pointed out, an improvement by one order of magnitude ofytsdeccuracy provided by optical obser-
vations might lead to a new type of coupling celestial ancestrial reference systems. This so-called
CQSSP (Coupled Quasar, Satellite and Star Positioningpragmsed by BauerSima (1984) and further
refined by Schildknecht et al. (1991). The CQSSP proposakmake of the fact that a satellite orbit
may be well determined in both, the stellar and the teradsteference frame. The latter is linked to the
guasar-based reference frame via the Earth orientatiameers (EOP). Thus, optical observations of
satellites would enable the monitoring of transformati@mgoneters between the quasar-based and the
stellar-based reference frames.

Optical observations face the problem that the star backgt@nd the moving objects need to be seg-
mented in the acquired exposures. Applying a specific tngckcheme when acquiring the exposure
may help to solve this problem. Depending on whether stdefsal) tracking or ephemeris tracking
was applied, either the stars or the object are (nearly)t{sbiaped, and either the object or the stars are
short streaks. It is, however, possible that both may apageatreaks if a different tracking scheme is
applied. This streak-vs-streak segmentation is very ehgihg.

The segmentation may either use single exposures or sér@asures to identify moving objects in
front of a star background. Several filter techniques maypmdied in order to remove false detections
or detector failures from the list of detected moving olgectn a next step all remaining candidate
objects are subject to the so-called astrometric reduclitie measured centroid positions of the object
pixel coordinates are transformed into a standard refereystem, either a celestial or a terrestrial one,
by applying corrections applicable to the observing systemmunt/mapping), and, if necessary, station
coordinates and Earth-orientation parameters as fursctbthe observation epoch.

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

The short observed arc, either represented by a set of miitial elements, or by a list of observations, is
the output of the survey and tracking tasks based on optigaldar observations. It is important to point
out that all subsequently presented space surveillanoeipies (correlation and catalogue maintenance
(see Sect. 2.4.2), and object identification and charaet#on (see Sect. 2.4.3)) rely on short observation
arcs.
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2.4 Space surveillance principles

2.4.2 Correlation and catalogue maintenance

The orbits and other properties of space debris objectsdlected in a catalogue. These properties
may include: shape and size, mass, albedo, and launch iafiorm The most relevant catalogues, which
are updated regularly, are the catalogue from the US Sica@gmmand (USSTRATCOM) and the
catalogue from the Russian Federation. Both cataloguésd@dnformation on active satellites and on
space debris objects.

A catalogue contains at least the orbital elements of aioentamber of objects at either a common
reference epoch, or at known individual reference epoch®pect. From these orbital elements an
ephemeris can be generated through orbit propagation,enther same force model as for the orbit
determination should be applied. The catalogue may alstaicothe individual observations of each
object, which were used for orbit determination. Other ol#ons, which were not used yet, are then
treated as so-called un-correlated observations in aaepdata pool.

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

Catalogue maintenance goes a step beyond correlationtin§tdom a given catalogue performance
or quality criteria (like accuracy and timeliness of theretbdata) certain rules for the re-acquisition of
catalogued objects are defined. The definition and updateedasliservation schedule of the survey and
tracking sensors takes these rules into account. The atarlof the resulting observations then helps to
maintain (i. e., to refine and update) the catalogued datalba to identify so-called “no-shows”. The
latter are objects for which no new data could be correlatigtltive catalogue. In most cases “no-shows”
are due to manoeuvring spacecraft, and hopefully not so dite to fragmentation events. In any case
no-shows will trigger special observation patterns in otderestart the catalogue maintenance process
for these objects. Table 2.2 summarises the four possiaitessof catalogue maintenance for a certain
object as a function of object detection and object re-aipn.

We treat correlation and catalogue maintenance as a samlelut these tasks are often discriminated in
the literature. Itis, however, difficult to clearly draw therderline between correlation (of observations)
and catalogue maintenance, because knowledge gained cortletation of observations is useful for
catalogue maintenance and both processes use similat, idlerical, techniques. Even if only short
arcs are correlated with short arcs, our pragmatic defiitiba 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, potentiallynew object
leads to double object in catalogug,
delayed catalogue update

Table 2.2: Possible states of the catalogue maintenancegwodepending on results of object reacqui-
sition and detection tasks
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2 Space situational awareness, space debris, and spaeélance principles

see this correlation as a catalogue maintenance task, glwre arc is treated as representing catalogue
containing only one object.

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

Relevant aspects for correlating optical observationdstevation level are, e.g., studied by Friih et al.
(2008). A similar brute force strategy is used in the widedgd software package Apex by Kouprianov
(2010). Fruh et al. (2069 and Frih et al. (2009 discuss how short arcs can be mapped on a given
ephemeris, which is one frequently used catalogue coiwal&chnique. Correlation approaches based
on initial orbit determination algorithms are, e.g., préed by Olmedo et al. (2008) and Olmedo et al.
(2009).

Techniques and conceptual considerations for maintaiaiegtalog of specific near-GEO objects are
discussed by Musci et al. (2010). The authors apply the pteddechnique successfully to observa-
tional arcs of several months. The underlying observatarcept covers also catalogue build-up and is
outlined by Musci et al. (2005) and further refined by Schilelght et al. (2007). With that technique it

is possible to build-up and to routinely maintain a catatogfi the visible GEO region making use of

highly automated observation acquisition and processiatems (Herzog et al., 2010).

It has been shown recently that, as a principle, initial todetermination and short arc formation, i.e.,
correlation of observations, can be combined into a commoogss (Farnocchia et al., 2010). This ap-
proach has been developed originally for heliocentricterdnd has been first introduced to Earth-bound
orbits by Tommei et al. (2007). The concept makes use of Bedcadmissible regions of the topocentric
distance and range-rate plane that contain all possiele, physically meaningful, orbits, which could
be associated with a given short arc. Experimentally, timeept was applied to a set of optical GEO ob-
servations by Milani et al. (2010). Its applicability to @atl observations of LEO has been established
by simulations. Maruskin et al. (2009) introduced a methbdearching the admissible region more
efficiently using Delaunay elements. Fujimoto and Schegt@$0) use probability distributions in the
Poincaré orbit element space to improve the mapping witreradmissible region.

Taking into account the specific output of the survey andktrectasks we may introduce in a more
general manner the following correlation and cataloguenteaance approaches:

e Correlation of orbital elements (orbital elements of slawds with catalogued orbital elements)

e Correlation of ephemerides (propagated ephemerides airigtated objects with propagated
ephemerides of the catalogued objects)

e Correlation of observations (observations of short ard¢h vatalogued observations of objects)

e Correlation of orbital elements with ephemerides (orbdiaiments of short arcs with propagated
ephemerides of catalogued objects, propagated ephemaridencorrelated objects with cata-
logued orbital elements)

e Correlation of orbital elements with observations (ofbé&iements of short arcs with catalogued
observations of objects, observations of short arcs withl@gued orbital elements)

12



2.5 Sensors with space surveillance capabilities

e Correlation of ephemerides with observations (propageftemerides of uncorrelated objects
with catalogued observations of objects, observation$oftsarcs with propagated ephemerides
of catalogued objects).

2.4.3 Object identification and characterisation

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

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

Space object characterisation can only be achieved thriusiing data from heterogeneous techniques
and multiple sensors. Efficient and reliable methods fosgefusion are understood to impose a key
problem today (see, e.qg., recent work by Abbot and WallaB6{Rand Stansberry (2010)).

2.5 Sensors with space surveillance capabilities

Based on the introduction of space surveillance principlesiow discuss observation systems providing
space surveillance capabilities. The focus is on opticakenbng systems. Radars are only briefly
considered. Where applicable, we discuss the image atiqaisind orbit determination algorithms. We

start with the ground-based optical observing systemigwied by a review of space-based observing
systems.

Compared to a ground-based optical instrumentation, ahighmber of observations — with increased
accuracy — is possible from a space-based optical sensertodilne absence of weather constraints.
Furthermore the whole longitude band is in principle adbésgrom a single space-based sensor, and
observations might not be limited by daylight conditions,om ground. The big disadvantages are the
costs and development time of a space mission and the liragecdation lifetime. In addition, there is
often no possibility to access space-based observatienimatal-time due to limited data downlink or
relaying opportunities.

2.5.1 Ground-based sensors

The most successful ground-based systems are currentigtegean the United States, in Russia and
in Europe. Other sensor systems exist in Japan, China, asttalia. We already mentioned the fact,
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2 Space situational awareness, space debris, and spaeélance principles

that for carrying out space surveillance, a network of sparceeillance sensors is required. Today, only
the United States and Russia operate such a network, andrenlynited States make a part of their
resulting data products available to registered users.

Table 2.5.1 lists the characteristics of the ground-basaedas 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-AFSSS continuous-wave fully multi-statici along 33° latitude in the continental US
cated) VHF radar interferometer
Eglin (dedicated) AN/FPS85 single-side phased-array radar
Ballistic Missile Early Warning System (col; BMEWS two-side phased array radars (ex-Thule (Greenland), Clear (Alaska), Fyling-
lateral) cept three-sided phases array radadales (UK)
at Fylingdales)
Phased Array Warning System (collateral)| PAVE PAWS two-side phased array radars Cape Cod (Massachusetts), Beale (Califor-
nia)
Perimeter Acquisition Radar and Attack PARCS single-sided phased array radar | Cavalier (North Dakota)
Characterization System (collateral)
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 M|T
ARPA Lincoln C-band Observable Radar ALCOR Kwajalein Atoll, operated by the US Army

(contributing)

ARPA Long-range Tracking and Identifica- ALTAIR

tion Radar (contributing)
Maui Space Surveillance System (collaters

MSSS with MO-
TIF

Ground-Based Electro-Optical Deep SpaceéGEODSS

Surveillance network (dedicated)

several telescopes,
graph
electro-optical telescopes

and spectio-Maui (Hawaii) operated by Air Force Mau

Kwajalein Atoll

Optical and Supercomputing Site (AMOS)
Socorro (New Mexico), White Sands Mig

sile Range (WSMR), Mt. Haleakala at Mauyi

(Hawaii), Diego Garcia (British Indian

Ocean Territory), mobile site (MOSS) in

Moron (Spain)

Other USsensors

NASA CCD Debris Telescope CDT mobile 32 cm telescope Maui and Cloudcroft (New Mexico) no longer operational
NASA liquid mirror telescope LMT 3m 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 RePan-STARRS 1.8 m telescope
sponse System
Goldstone radar bistatic dish radar
Russian Space Surveillance System
\olga 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 stateoperated by Keldysh Institute of

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

European optical sensors

Continued on next page
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Table 2.3 — continued from previous page

Sensor name Abbreviation Technique Location Note
Optical Ground Station OGS 1m telescope Tenerife operated by ESA
Zimmerwald Laser and Astrometry Telg- ZIMLAT 1m telescope Zimmerwald Observatory, Switzerland operated by the Astronomical In-
scope stitute of the University of Bern
(AIUB)
Zimmerwald Small Aperture Robotic Teler ZIMSMART 20 cm telescope Zimmerwald Observatory, Switzerland operated by the Astronomical In-
scope stitute of the University of Bern
(AIUB)
Telescope a Action Rapide pour les ObjgtsTAROT 25 cm telescope Calern, France operated by CNES
Transitoires
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 Astronomic 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 andwvorking prototype
Mazagn near Huelva, Spain
European radar sensors
Grand Réseau Adapté a la Veille Spatiale | GRAVES bistatic radar, using VHF transmitt near Dijon and Apt, France operated by the French air force
ters
Tracking and Imaging Radar mono-pulse TIRA Wachtberg, Germany belongs to the Fraunhofer Institute
radar, parabolic for High Frequency Physics and
dish antenna 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 9
band

- Winchester, UK

operated by the Rutherford Apple-
ton Laboratory (RAL)

European Incoherent Scatter Radars EISCAT radar Tromsg(Norway), Kiruna (Sweden), So-
dankyla (Finland), Longyearbyen (Svalbard)
Fylingdales high-performance 3-face, phased-Fylingdales (UK) US SSN sensor, operated by the
array radar, operating in the UHR- British armed forces
band
Globus-II X-band mono-pulse radar, Vardg, Norway US SSN sensor
parabolic dish antenna
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

sojdiouud aaogpards pue ‘slqap a2eds ‘ssaualeme jeuonen)is aoeds z



LT

Table 2.3 — continued from previous page

Sensor name

| Abbreviation

| Technigue |

Location

Note

Australian sensors

Zadko

1m 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 telescoy

eXuyi (Jiangsu province)

operated by the China National
Space Administration (CNSA)

sanijiqeded aaue|lisaAins a2eds YlIM SI0SUdS G'Z



2 Space situational awareness, space debris, and spaeélance principles

2.5.1.1 The US space surveillance network

The US Space Surveillance Network (SSN) of the US Strategrmi@and (USSTRATCOM) comprises
more than 20 ground-based optical and radar sensors and1®681until 2007 and again from 2010
onwards it also has space-based observation capabil@estently, it tracks about 16500 man-made
objects in the publicly available catalogue, and, in additian unknown number of objects in the so-
called analysts catalogue.

The US space surveillance distinguishes between deep-spaeeillance (more than 225 minutes revo-
lution period) and low-altitude surveillance (fewer thab2ninutes revolution period).

The sensitivity limits of the SSN are not published. It is alidassumed that 10 cm objects in LEO and
objects larger than 1 m in GEO (see Sect. 2.4.1) are coverbi SEnsitivity no longer meets future

needs of the US. Spencer et al. (2000) report on a study dbgaiag 1 cm objects at 1000 km altitude

by optical means. Schumacher (2009) expects a total catakige of more than 100,000 objects if 5cm
objects in LEO are catalogued. He reports on the planned agoirmy sensitivity upgrades of a central

radar sensor of the SSN to achieve this enhanced sensitivity

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

e Dedicated sensors (military sensors fully available facgpsurveillance): GEODSS, MOSS, AF-
SSS and AN/FPS 85 at Eglin,

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

e Contributing sensors (owned and operated by others, prgyigdata on request of the US SSN):
Millstone/Haystack, ALCOR, ALTAIR, and AN/FPS108 at Colpane.

Klinkrad et al. (2008) mentions that the Globus-1l X-bandcking radar located at Vardg, Norway, is
connected to the US SSN.

The Air Force Space Surveillance System (AFSSS) was ilyitialilt-up and operated by the US Navy
(NAVSPASUR or NSSS at that time) in the early 1960s. The sys&e commonly denoted as “the
fence”. It is a continuous-wave fully multi-static Very Hidg-requency (VHF) radar interferometer that
now consists of 3 triplets of 1 emitter and 2 receivers withsdes distributed along 33° latitude in
continental US. This sensor provides most of the LEO obsensfor the US catalogue. An upgrade of
the fence to S-band aiming to detect 90% of 5 cm objects at k@0distance is ongoing (Schumacher,
2009). This upgrade potentially involves new sites, e.g.the Southern hemisphere. The new number
of sites is unknown yet. Various design options are coneitlefhe final system development is expected
to start in 2012.

AN/FPS85 Eglin is a single-side phased-array radar. THistiaimissile early warning system BMEWS
has sites in Thule, Greenland, in Clear, Alaska, and in Gglitles, UK. All radars (except Fylingdales)
has two-side phased array radars. The phased array waystes PAVE PAWS are two-side phased
array radars, too, with sites in Cape Cod, MassachusettsBaale, California. The Perimeter Acqui-
sition Radar and Attack Characterization System (PARC8)single-side phased array radar located at
Cavalier, North Dakota, and points northwards over Hudsay Bhe Antigua and Ascension radars are
used for telemetry tracking to support space control ojmersit
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The AN/FPS108 Cobra Dane in Shemya, Alaska is a single-didsqul array radar. Millstone and
Haystack radars are dish radars, operated by MIT in Westhegsachusetts. The MIT radars and the
Cobra Dane sensor are also used for space debris obsesv8itamsbery and Foster, 2005). The ARPA
Lincoln C-band Observable Radar (ALCOR) is a radar locatethe Kwajalein Atoll, operated by the
US Army. ALTAIR (ARPA Long-range Tracking and Identificatidradar) is closely located to ALCOR,
and is able to track GEO objects. Imaging capabilities angided by Haystack and ALCOR.

An overview status of US optical observations of debris ¥&@giby Africano et al. (2001) and Africano
et al. (2004). Results from debris observations from theF&irce Maui Optical and Supercomputing
Site (AMOS) operating the MSSS (Maui Space SurveillancaeBysvith the Maui Optical Tracking and
Identification Facility MOTIF) are presented. The MSSS casgs the large 3.7 m electro-optical tele-
scope (AEOS), a recently renovated Baker-Nunn system, cirsgeaph and, of lower complexity, the
RAVEN telescope farm. The RAVEN telescopes are remarkaplesing commercially available hard-
ware and software to perform space surveillance tasks. ihabe telescopes of 0.36 m aperture, 0.6°
FoV, and a moderate pixel scale dfigixel objects as faint as 17 mag could be detected with 2@s-ex
sure time. The RAVEN telescopes are designed to work aledglatitonomously. The results include
radiometric and spectroscopic observations in severabpasls acquired by several telescopes, as well
as imaging. Automatic observations using COTS equipment&ied RAVEN-Class) are introduced,
as well, as wide FoV applications (NEAT, GEODSS and Phoenix)

The backbone of the ground-based US Space Surveillancersesisserving high-altitude orbits is the
Ground-Based Electro-Optical Deep Space SurveillanceQ[BES) network. GEODSS sites are at So-
corro, New Mexico, on White Sands Missile Range (WSMR); Milédkala on the island of Maui,
Hawaii; Diego Garcia, British Indian Ocean Territory. A nilelsite (MOSS) located in Moron, Spain,
is operated in addition. Observations are acquired witgstelpes of basically Ritchey-Chrétien design
equipped with CCDs. Each site operates four telescopese tmain telescopes (102 cm aperture, 2°
FoV, f/2.15) and one auxiliary telescope (38 cm aperture, 6° FoV), withexception of Diego Garcia
(three main telescopes), and the Moron Optical Space Sane System (0.5m CCD telescope). A
brief outline of the original GEODSS instrumentation isegivoy Schefter (1982). The pixel scale of the
first main and auxiliary GEODSS telescopes was compargtleede: 13/pixel and 40/pixel. After
1999 the astrometric accuracy of GEODSS sensors was ab@tectenda, 2000).

The GEODSS network covers all altitude regions, from LEOa@GEO. The smaller aperture GEODSS
telescopes are used to survey lower altitudes, searchjegtslwith higher relative velocities. Details on
sensor architecture and observation strategy are noadlaillt is known, however, that the observation
and analysis concept was developed by the Lincoln Lab of e tfie telescopes perform sidereal track-
ing, taking very rapid exposures. Consecutive observataye combined. In these combined images,
stars can be removed and objects - appearing as streaks eatrdeted. Multiple objects in the same
frame can be processed (Faccenda, 2000). GEODSS currendiygoes a refurbishment, a significant
increase in the performance by 2-2.5mag can be expectedtfreruse of CCD detectors. Faccenda
(2000) describes the CCD as MIT/LL CCID-16 device, a mohdaliback-illuminated array of 1960 by
2560 pixels with 24:m, covering nearly 60% of the focal plane. With 8 readout detsa 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 ssnsothe US. These sensors may provide
either a higher measurement accuracy or a higher sensitivinpared to SSN sensors, but the acquired
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data is only used for statistical analysis and these seasensot meant to contribute to the maintenance
of the US catalogue. It is important to note that several stiguresearch and developing facilities exist
in the US (which are not listed explicitly by Johnson (200d3)rying out a major part of the space

surveillance and space debris related research.

The most detailed description of the results, search gliyagystem design and operation of the NASA
CCD Debris Telescope (CDT) system is presented in a serigapars (Hebert et al., 2001; Jarvis et al.,
2001b; Matney et al., 2004; Barker et al., 2005). Talent et al. {d9§ive a description of the search

strategy, focussing on high altitude regimes. The CDT wa®hila 32 cm aperture Schmidt telescope
equipped with a CCD providing a 1.7° FoV. The CDT had beenatperat Maui and Cloudcroft, New

Mexico. The detection limit was reported at a visual magtetof about 17.5. The CDT is no longer
operational.

From 1996 until 2002 NASA also operated the LMT. The LMT hadrianpry mirror of 3 m aperture
formed by a spinning dish of liquid mercury. The FoV was 0.34°video camera served as detector
(Stansbery and Foster, 2005). Descriptions of the telesaog of the attempts to use the LMT for the
detection of space debris in LEO and GEO from the telescagegits in Cloudcroft, New Mexico are
given by Potter and Mulrooney (1997) and by Hebert et al. 20Besults of LMT observations are also
presented by Potter and Mulrooney (1997) and, especiatha f8999/2000 LEO campaign, by Jarvis
et al. (200B). Due to the special configuration of this telescope onlyithefixed observations were
possible. The LMT mainly contributed statistical informazit on the orbital population, with a limiting
object diameter of down to 0.05m objects in LEO. A comparisbi€DT 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 clelestope (Stansberry et al., 2010) on the
Kwajalein Atoll in the Pacific for space debris research {{teter-Class Autonomous Telescope MCAT).
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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 shoujobissible to detect 10 cm objects at GEO.
A double horseshoe mount allows to operate at low latitude/o dperating modes are foreseen: a
“track before detect” mode during twilight hours at low iimeltion and a more conventional GEO search
elsewhere. Coordinated operation with the Kwajalein radsplanned with the goal to improve the
estimation of object sizes from optical observations.

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

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

Looking to non-SSN radars, the Goldstone radar, a bist&lcrddar, 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 Rossgace activities, the Russian Space
Surveillance System (RSSS) is operated by the Russian $jmaces. Dicky et al. (1993) introduces
the structure of the network and mentions that radar anadaptbservation means are available. Ad-
ditional public information reveals that the RSSS consitracking and phased array radar systems
(“Volga”), passive (and potentially also active) opticaldking facilities, as well as R/F sensors (Anony-
mous, 2008).

A catalogue based on radar measurements conducted by ti®iR$Bles objects of a minimum size of
0.2 to 0.3 m up to altitudes of several thousand kilometersat&dlogue based on optical observations in
the geostationary ring contains data of about 700 objauthjding about 230 active spacecraft (Blagun
et al., 1999). Klinkrad (2006) states that the cataloguentaaied by Russian sensors is about 30%
smaller than its US counterpart, which might be due to thadrdatitude of the sensors of the Russian
network preventing the cataloguing of low inclination dsbior due to a lower sensitivity or reduced
availability of the individual sensors.

Not too much is known about the currently used optical imagrntation. Blagun et al. (2001) and in more
detail Batyr et al. (1993), later updated by Khutorovskylef2001), give an overview, from which we

conclude that optical observations of the Russian Spaceelance System focus on the GEO region.
The Okno system is the main optical sensor with 9 domes at thelk\site in the Pamir mountains of
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Tadshikistan (Anonymous, 2008 which presumably is operational since 1980. No sensoppathting
details are known.

Aksenov et al. (2003) give an overview about catalogued. dakee results show that the Russian cat-
alogues contain only a few MEO objects (compared to the Acaarcatalogue). However, the source
of the data remains unclear. The optical part of the Russaté Surveillance Network is assumed
to consists of up to 14 sites with heterogeneous instrumgnt® 2 m apertures, partly equipped with
CCDs. Considering that the sites are distributed over thmdo Soviet Union no full coverage of the

Earth’'s near space environment is possible. The obsengatice limited to 30° up to 160°in longitude

in the GEO. All sensors operate with significant availapiiaps.

2.5.1.4 Other Russian sensors

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

Since 2004 ISON has partnered with the Astronomical Irtstitd the University of Bern (AIUB) to track
faint space debris objects mainly discovered with ESA's glescope at the OGS and with the Crimean
observatory in Nauchniy. The tracking network covers m&want340°in longitude and consists of
telescopes between 0.4 m and 2.6 m aperture. A total of mare3® telescopes of 20 observatories in 8
states is organised in ISON (Molotov and Agapov, 2009). IS©&ble to maintain orbits of presumably
all larger objects that are not present in the US catalogtakentify most of them (see the list of 235
identified objects provided by Flohrer et al. (2@ based on ISON data). In addition, more than 500
faint space debris fragments, of which more than 200 aréraomisly tracked, were discovered (Molotov
and Agapov, 2009). ISON now is in the process of adding déstic@utomated, 22 cm telescopes with a
large FoV to the network, as well as designing 60 cm telesctiyz will be added later on. Independently
of the military data ISON data is used for conjunction agsess of operational spacecraft at high
altitudes. Figure 2.4 illustrates the status of the ISONf&dt0.

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

2.5.1.5 European sensors

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

Optical sensors  The most successful optical search program in Europe is yuB3A using the
1 m telescope at the Optical Ground Station (OGS) at Tengkltey et al., 2000). Thig /4.47 sensor
covers a sector of 120° of the GEO ring. The telescope has adf@7°, which maps onto a>2
mosaic of CCDs of 2048 by 2048 pixels each. The detectiorsitimld is at +19 to +21 visual magnitude
(corresponding to 15 cm objects at GEO altitudes). The poatis update and validation of ESA's
statistical space debris environment model MASTER usiegRROOF tool is the key application for
ESA. Schildknecht et al. (1995) outline the core detectechihique, and Schildknecht et al. (1999)
describe the observation strategy in detail. The commamketrategy and the required use of follow-up
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techniques to refine the determined orbits from the surveydiacussed by Schildknecht et al. (2001). In
essence, initial orbits are derived from short observesl arcese orbits are in general of adequate quality
to ensure the re-acquisition of the object within the sang@tniwhich allows successive improvement
of the orbit. This “follow-up” observation technique waspipd to highly eccentric orbits and allowed

it to detect objects with high area-to-mass ratio origmgirom GEO (see works by Schildknecht et al.
(20048 and Schildknecht (2007)). This long time series of now mibian 12 years of observations
allows statistical analyses of the GEO environment (Skhight et al., 2008).

ESA's observation program is connected to the Zimmerwalse@latory of the AIUB. The core facilities
at Zimmerwald are the Zimmerwald Laser and Astrometry Telps ZIMLAT (see Schildknecht et al.
(1997)) and the smaller ZIMSMART/ZIMSMART?2. The operatsrenario and the applied detection
techniques for survey and follow-up observations are piteseby Flohrer et al. (20@}. From its
location in Zimmerwald, the telescopes cover a sector of idhe GEO ring. The primary applications
of ZIMLAT are astrometry and satellite laser ranging, wiienSMART/ZImSMART2 is dedicated to
monitor objects at high altitudes. A significant share of dhservation time is used for follow-ups of
GEO objects discovered by the ESA telescope, or by the ISQNonk. ZIMLAT has been designed
as a multi-purpose instrument and has an aperture of 1 m ao¥ ®f0.5°. A CCD of 2048 by 2048
pixels allows the detection of objects up to visual magrétad9. The 20 cm ZImSMART telescope
complements ZIMLAT since 2006, and uses a CCD of 3056 by 3@&#gwith a FoV of 4.2°% 4.2°,
With ZImMSMART?2 the optics of ZIMSMART was replaced by the emid2009. ZImMSMART2 is a
30cm aperturef /3 telescope with an effective FoV of 2°2°. The pixel scale is 1"@pixel and the
limiting magnitude is +15 (Herzog et al., 2010). Herzog et(aD10) were also able to show that a
sensor like ZIMSMART/ZImMSMART2 is sufficient to cover a sigrant portion of the GEO objects in
the USSTRATCOM catalogue, and to detect and catalogue a tarmber of previously uncatalogued
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Figure 2.4: The ISON network (Agapov et al., 2010).
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objects.

The French Space Agency CNES uses observation time of theOTABlescope (Télescope a Action
Rapide pour les Objets Transitoires) to survey and foll@aebjects in GEO. The fully robotic TAROT

is located at the plateau de Calern, France. The obsenvatinoiples and strategies of TAROT and
other (deactivated) French optical sensors are presegtédbip et al. (2004). A companion telescope,
TAROT-S, has been deployed to La Silla, Chile. TAROT’s priynenission is, however, the detection
of the optical afterglow of gamma-ray bursts. THE.5 TAROT has a 25 cm aperture, and a FoV of
2° x2°. Equipped with a CCD of 2048 by 2048 pixels, the detectiontlis at a visual magnitude of

+18.2 for 30 s exposures. In 2009 both TAROT were connectédtive Zadko 1 m telescope located in
Western Australia to form a network that covering nearly fiilelongitude range (Laas-Bourez et al.,
2011). All three telescopes use the identical software lh@eovation scheduling and image processing.

The British National Space Centre (BNSC) has sponsored tdr®rSok wide-field telescope as an ex-
perimental survey sensor for high-altitude debris seaites2006. The telescope is located at Troo-
dos/Cyprus. Itis able to detect objects down to a visual ntade of +14. The telescope has an aperture
of 10 cm, and a wide FoV of 10R6°. Starbrook is equipped with a CCD of 4008 by 2672 pixelar-St
brook North is located at Herstmonceux, UK, and providespantare of 15 cm and a 424° FoV. Both
sensors operate independently but use identical softwiiak et al. (2009) introduce the sensors and
survey results for the MEO region.

In 2002 an Italian group started to gather optical obseraatof space debris (Porfilio et al., 2002), which
later on were extended to coordinated trial observatiom t€lescopes used were both of the Ritchey-
Chrétien design: the 40 cm aperture, 0.43° FH\.5 “Collepardo Automatic Telescope” located in
Collepardo, Italy, and the 40 cm aperture, 0.3° FpX5 telescope of the “Observatori Astronomic de
Mallorca”, located in Mallorca, Spain (Porfilio et al., 2Q08More optical observations are carried out
in Spain by the Real Instituto y Observatorio de la ArmadaAlRthat observed satellites in GEO using
ROAs 33 cm aperture Gautier astrograph with a FoV of 0453°, located in San Fernando, Spain in
the frame of the PASAGE project (Montojo et al., 2010). ROAlso involved in an ongoing upgrade
of a Baker-Nunn camera (50 cm apertufé,l 5° x 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 fgms an all-sky monitoring for gamma-ray
bursts, is one example for an observing system that uses sigécis observation and space population
monitoring as a secondary mission goal. Since 2004 a wogkioiptype is installed at the Las Campanas
Observatory, Chile. The individual cameras provide 8 mnrtape with f /1.2 and a FoV of 20% 20°.
The robotic installation combines 4 CCD cameras on onelpata mount, so such a way that 4040°
can be covered. A second sensor has been installed at Magaghinelva, Spain.

Radar sensors GRAVES (Grand Réseau Adapté a la Veille Spatiale) is an¢hramilitary sensor,
operated by the French air force. GRAVES has the capabdigutonomously build-up and maintain a
catalogue of orbital elements of LEO objects from scratclicidl et al., 2005). Together with Fylings-
dales it belongs to the few space surveillance sensors tidhsical sense in Europe. GRAVES is able to
maintain a catalogue of 2500 objects larger than 1 m withratbns higher than 28° (Klinkrad, 2006).
It is a bistatic radar, using VHF transmitters located negorDand receivers located near Apt, some
380 km south of Dijon. GRAVES carries out continuous survagd is able to acquire simultaneous
observation data (angles, Doppler shifts, and Dopplesydbe several objects.
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The German mono-pulse TIRA (Tracking and Imaging Radamrmd to the Fraunhofer Institute for
High Frequency Physics and Radar Techniques (FHR) at Waichtibermany. TIRA has a parabolic
dish antenna of 34 m diameter, housed in a 49 m diameter raddime radar uses L-band for track-
ing at 1.333 GHz, with 1 MW peak power, and Ku-band for Inverg&ynthetic Aperture Radar (ISAR)
imaging at 16.7 GHz, with 13 kW peak power. In its tracking mgtthe TIRA system determines orbits
from angles, ranges, and Doppler shifts for single targelte detection size threshold is about 2 cm at
1000 km distance. This sensitivity can be enhanced to abomut, ivhen operating TIRA and the nearby
Effelsberg 100 m radio telescope in a bistatic beam-parkewdth TIRA as transmitter and Effelsberg
as receiver. In this case only statistical data can be asdjuiDetails on the observation capabilities of
TIRA are provided by Jehn (2001) and Mehrholz et al. (2002).

DGA/DCE, the Systems Evaluation and Test Directorate oftlemch Ministry of Defence, is operating

several radar and optical sensors throughout France. ¥fpes Of radars are available: Armor, Bearn,
Provence, and Gascogne. Normandie type radars will be matriice in the future. The most powerful

of these systems, Armor, is located on the vessel Monge. Wwhiétmor radars operate in C-band with

5.5GHz, at 1 MW peak power. They are dedicated to trackinkstasased on high resolution angular
and range data.

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

EISCAT is a network of European Incoherent Scatter Radaith, sites in Tromsg, Norway, (a trans-

mitter/receiver site with a 32 m dish antenna), in Kiruna,e8en (receiver only), Sodankyla, Finland
(receiver only), and Longyearbyen, Svalbard (transmétet receiver). The EISCAT system is mainly
used for high-latitude ionospheric research. Its radaoeshhowever, also contain information on LEO
space objects. EISCAT has shown its capability to detecaidjdown to 2 cm sizes at altitudes of 500
to 1500 km (Markkanen, 2005). As these measurements arelfficient 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 Eurgpegdales (UK) is a high-performance

three-face, phased-array radar operating in the UHF-Harsdoperated by the British armed forces and
is associated with and feeds data into the SSN. No technitallslare available. Globus Il is located in
Vardg, Norway. It is an X-band mono-pulse radar with a 27 nalpalic dish antenna housed in a 35m
radome.

2.5.1.6 Japanese sensors

Nakajima and Kurosaki (2007) introduce space debris obsens performed by the Japan Aerospace

Exploration Agency (JAXA). Both, radar and optical systears used. The optical systems are located at
the Bisei SpaceGuard Center (BSGC), while the radar isccEllgnisaibara SpaceGuard Center (KSGC),

located in the Okayama prefecture.

The S-band KSGC is remotely controlled and can be operatéd ttas able to track up to 10 targets
simultaneously, with a range accuracy of 30 m, and accugati@.2 ° and 0.3° in azimuth and elevation,
respectively. It can observe objects up to 1350 km rangeei8at 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° FoV, observes NEO, GEO and
GTO objects. The CCD is remarkably large with a mosaic of 1844 pixel sensors. Objects with
velocities of up to 5°/s can be tracked. Two smaller telessapf 0.25m and 0.5m aperture sharing
the mount are used for tracking purposes. Both trackingossrase wide-field telescopes with %% °
and 2°x 5°, respectively. The 0.5m instrument has a4k pixel CCD detector, while the 0.25m
instrument uses a 2Kk pixel detector.

Recently, JAXA has added two sensors at Nyukasa highlamdelyaa 0.35 m telescope with a 2Rk
CCD camera and a 0.25 m telescope with &2k or 4kx4k CCD camera in 2006. A stacking method
for detecting faint objects in GEO has been developed, whidumulates the signals from an exposure
series (Yanagisawa et al., 2005).

2.5.1.7 Australian sensors

Laas-Bourez et al. (2011) describe an optical observaapalaility in Australia, which started operations
in 2009. The 1 m Zadko telescope is located 90 km North of Pamthis owned by the University of
Western Australia. Th¢ /4 telescope has a FoV of 0.3%°0.39 °. The limiting magnitude is +21 for
180 s exposures. The control and processing software ofémeR TAROT is used. The Zadko telescope
is also connected to the TAROT central scheduler. The cufoens is on the GEO region, but concepts
for LEO observations are under development, as well.

Newsam (2008) announces that Australia may host sensonge &f$ SSN in the future, such as a radar
fence or optical telescopes. A surveillance and trackirgiesy based on lasers already exists through
Electro-Optical Systems (EOS). Their system is capablest#aling and tracking objects smaller than

10cm at a distance of 1000 km.

2.5.1.8 Chinese sensors

Only very limited information is available on Chinese sassor activities on space surveillance and
space situational awareness. China develops space lamgeilcapabilities and investigates radar and
optical sensor technologies. Zhao et al. (2010) report cataague of 100 defunct Chinese satellites
and spent upper stages, which is maintained by the PurplentdiouObservatory. In addition, a 1 m-
telescope located in Xuyi (Jiangsu province) has been tegpdo perform a recent GEO survey (Zhao
et al., 2010). MEO and LEO space surveillance capabilities seem to exist at Xuyi. Back in 2002
the China National Space Administration (CNSA) operateda b aperture 3% 3° FoV telescope for
GEO surveys. The limiting magnitude was around magnitud® +Hurthermore, two mobile 0.25m
aperture telescopes with 4°4° FoV telescopes with a limiting magnitude of +9.5 (Zhan@Q2) are in
use.

2.5.2 Space-based sensors

In this section we focus on examples and studies for spasedbaptical sensors. We group the available
information by origin, starting with the US, followed by Raig, Canada, Europe, and others.

A space-based sensor generates a higher number of obsesviditan a ground-based sensor, and usually
with a higher accuracy. Furthermore, the whole longitudedda accessible from a single space-based
sensor. Costs and development time of a space mission ahichitezl operation lifetime, are, however,
important disadvantages. Often is no possibility to acspsse-based observation data in real-time.
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2.5.2.1 US sensors

Reports on space-based optical observations in the US asdymelated to the Space-based Visible
(SBV) instrument onboard the Midcourse Space Experimer@Xsatellite. The SBV instrument had
been the only dedicated space-based space surveillantmagay orbit until 2010. It acquired space-
based optical observations between 1996 and 2008 (Gaposatted., 2000; Harrison and Chow, 1996;
Butler, 2008).

After launch the MSX was placed in a sun-synchronous orl@®8tkm altitude. MSXisal1l.5m 1.5m

x 5.1 m satellite with a mass of 2.7 tons. The goals of MSX wishfaiur electro-optical sensors were

not only to observe man-made objects, but also to measuratitih@spheric and celestial backgrounds
around Earth in a wide range of spectral bands, along witeraéchnology exploration (Price et al.,

2001). The SBV became primary payload in October 1997 diectyogen was depleted and also the
observations in the UV ended.

The SBV instrument is a 0.15 m apertuf¢2.32 three mirror off-axis anastigmat. The camera has 420
pixels by 1680 pixels (2Zm pixel size). The resulting rectangular FoV is 1:46.6°. The telescope was
designed to allow very close pointing to the Earth, whichuiexp efficient reduction of straylight. To
ensure a high thermal stability the telescope was made ofiaium (Wang et al., 1991). The detection
limit of SBV was equivalent to a 22 cm-diameter sphere at tadie of 3000 km (Stokes et al., 1998).

Stokes et al. (1998) and Harrison and Chow (1996) provideiaweon the SBV project, covering tech-

nology and operational demonstration, radiation issuetricnand photometric data collection and cat-
aloguing issues, and outline the hardware. Gaposchkin €@00); Von Braun (1999); Von Braun et al.

(2000) focus on space surveillance issues of the SBV an@épréso observation strategies with some
implementation details, ephemeris and sidereal tracklidgdates to the observation strategy (which
increased significantly the detection performance so tbatthe GEO is very efficiently covered) are

given by Sharma et al. (2001). First orbit determinatiotjtimprovement and precise orbit determina-
tion for objects in GEO are discussed by Sharma (2000). Tblkservations substantially contributed
to cataloguing objects at high altitudes by USSTRATCOM (&filand Schick, 1999). The achieved
astrometric accuracy for GEO objects is 10 td (Eaccenda, 2000).

The SBV could also have been used to observe the MEO regioa.tolal observational error of the
SBV was in fact determined by comparing the SBV-based odbi@&PS satellites with the known precise
orbits from ground-based tracking networks.

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

Not much information is available on the SBSS. A factshedetsed by the manufacturer Ball Aerospace
reveals that the first SBSS is designed for 5.5 years missiz® tFrom a photograph the size of the
satellite is roughly estimated to be 402 mx 2m. The launch mass is below 1.1 tons. The telescope
is introduced as a three mirror anastigmat mounted on a kigoggmbal allowing to accesssZsr. The
aperture is 0.3 m and the camera has 2.4 megapixels.

Reynolds et al. (1989) outline a search scenario based destdpe using the Space Shuttle as a plat-
form. It is interesting that the authors considered delriEEO 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 obgersat The observation of space debris is
investigated as a secondary application of space-basedvalisns of Near-Earth Objects (NEOS) in the
NEOSAT mission and was scheduled for launch in 2010 (Walkdca., 2004). Canadian researchers
also have shown that tasked space-based observationgltifesatan be extracted from other missions,
e.g., from the first Canadian space telescope MOST (Micraliity and Oscillation Of Stars) launched
in 2003 (Scott et al., 2006).

Reported to be of a similar design as the SBV the future Cana8Sapphire mission will be capable
to provide observations of high-altitude (in particular @gobjects from a sun-synchronous dusk-dawn
orbit (Maskell and Oram, 2008). After its launch schedule?011 Sapphire will become a key element
of the Canadian Space Surveillance System. Sapphire istexpt® 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 afesjpased optical observations in Europe. Ac-
tive research and conceptual studies are, however, pextblig European researchers, supported in
particular by ESA and the national space agencies.

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

Alby et al. (2000) discuss space-based optical obsenafiona 10 cm telescope with a 1024024
passive pixel detector and conclude that space based aheaessare feasible and that for the size range
of 0.1 mm-10 cm space-based passive optical observatiertseat suited.

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

The use of small satellites in constellations is furthed®d by Vanwijck and Flohrer (2008), in partic-
ular in the context of a preliminary analysis of the benebtsSSA activities.

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

As already stated, optical observations may help to clos&itlowledge gap in the space debris popula-
tion in the millimetre and centimetre regime by means of apasoptical instrument. Bendisch et al.
(1993) focus on the observation of small-sized space debkisonment in the 1 cm to 10 cm regime.
The authors formulate requirements for optical space baeskeds observation missions, propose mission
parameters and propose a mission concept. Based on thakKvaglet al. (2001) focus on a specific pas-
sive optical in-orbit system. Various simulations using BHROOF tool were carried out. A deterministic
approach to model the observations is introduced. We wikenextensive use of that approach in Sect. 4.
Oswald et al. (2004) elaborates on space-based optical observations for thetir@eostationary Orbit
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Restorer (ROGER) study. A part of the ROGER study dealt wipace-based telescope to observe the
small-sized geostationary orbit debris population. It b@sn shown that even small telescopes are able
to provide promising results, compared to the capabilitfeground-based radar systems. Again, ESA's
PROOF tool was used to simulate different mission scendnoterms of telescope mounts, viewing
direction and attitude stabilisation). The operation&rsrio for the ROGER telescope is a piggy-back
GTO launch for GEO observation. Instrument configuratiod parameters are then optimised for a
24 month operations scenario.

In 2005 a Finnish/Dutch/Swiss consortium under ESA cohti@enulated the user requirements and

derived a suitable observation and processing strateggdace-based optical (SBO) observation of
small-sized space debris. In parallel, the team developgdtable sensor architecture, described the
corresponding ground support system architecture, andetkfhe instrument operations, as well as the
data processing concept together with the necessaryatatibiprocedures. 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 meadidknowledge gap can be closed.

The SBO instrument was requested to provide statisticarnmétion on the space debris population, in

particular number of objects and their size distributione BBO architecture and the key characteristics
of the performance assessment have been published, sets f@p&lohrer et al. (2005 2006); Wokke

et al. (2006).

The proposed SBO is a small, low-cost space-based missimepb It considers a cost-efficient instru-
mentation with flexible integration requirements. Therefdhe integration of the SBO as a secondary
payload on satellites launched into low-Earth orbits (LE®Onto a geostationary orbit (GEO) was en-
visaged. A generic instrument architecture was found dagor both. The platform was assumed to
be a 3-axis stabilised spacecraft, which shall accommatiateelescope (a 20 cm aperture, 6° FoV,
45°folded Schmidt design witlf /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 dinmms of the instru-
ment in nominal observation mode were found to be approxiyndio5 cmx 70 cmx 35 cm, with the
estimated mass (without radiators) of 33 kg.

The particular mission concept only allows for fix-mounté®iCscomponents. The study team assumed
that the fixed pointing direction could be requested fredlie performance analysis showed that the
statistical information on small-sized space debris cdwp ba collected if the observation distances are
comparatively small. Two regions of space debris poputatiwere considered, the GEO and the LEO
regions. The two most promising concepts are the observafiobjects in LEO from a sensor placed
into a Sun-synchronous LEO close to the terminator planke thié sensor pointing away from the Earth,
but slightly inclined, while objects in GEO should be obsehfrom a GEO satellite, with the sensor
pointing to the North (or South). Another promising optianabserve the GEO region with the sensor
pointing “away from the Sun” would require the satellite ® flaced in a low inclination orbit with an
altitude below the GEO in order to achieve full GEO coverageich was found only to be feasible in
the frame of a dedicated mission.

The instrument is designed for autonomous operation. ®@asens and data processing shall be con-
trolled by on-board software without the requirement ofugya real-time commanding or specific space-
craft operations. Only subframes containing either refegestars or debris objects shall be downlinked
due to the proposed “dynamic masking” image processingoagprusing series of exposures. Astro-
metric reduction, object identification and orbit deteration 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 capabilitibground-based radar are theoretically superior
in terms of sensitivity, but due to their limited availabjlian optical space-based system could still
contribute significantly to the monitoring of the space debnvironment. At higher altitudes (GEO) the
SBO system is found to clearly exceed the capabilities of telescopes on ground by enhancing the
knowledge about space debris from 10 cm diameter objects timabout 2 cm.

The performance of the SBO system proposal for observingdl-sizad space debris objects will be
discussed in Sect. 4.4 (Flohrer et al., 2006), while Sectillcawalyse in detail the application of this
instrument architecture for space surveillance taskshfeloet al., 20148).

2.5.2.4 Other sensors

The National Space Development Agency of Japan announcapaadse “on-orbit debris observation
system” in collaboration with the Japan Society for Aerditall and Space Sciences (Takano and Ima-
gawa, 1997). The feasibility of a Space Debris Observatiatelite (SDOS) was studied by Tajima
and Takano (2001) in 1995. Different mission scenarios wensidered for surveying the geostationary
region either by a secondary payload onboard a GEO satetlitey a dual-launch. The two options
comprise a drift orbit near the GEO and a so-called HERO (Hgtentricity Elliptical Recurrent Orbit)
with a fixed line of apsides.
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3. Observation fundamentals, data reduction,
and orbit modelling

In this chapter we introduce the fundamental concepts andtidies required to describe, simulate and
assess observation strategies and processing concepstaiveith defining the relevant reference sys-
tems, as well as the transformation parameters to conneslyfiems. We cover the orbital regimes. We
also describe how measurements can be modeled with the docotical observations and show how
the acquired data can be reduced. The most important geaniged to discuss the optical observation
conditions of given objects (illumination conditions, s&kto-noise ratio (SNR), and apparent bright-
ness) are introduced. We conclude with a brief outline ofrddevant models of the orbit of artificial
Earth satellites, also covering the frequently used twe-#lements (TLE).

3.1 Reference systems

Subsequently, we will need an Earth-fixed and a celestiategygac Cartesian coordinate system and the
transformation between them. The former system is the alattwoice to describe the station positions
and motions, the latter to describe the satellite motioa tlie equations of motion). A time-scale is
needed to describe the evolution of satellite orbits antibstaoordinates as a function of tinte For

a general discussion of time scales, reference systemseferdnce frames we refer to Beutler (2005),
for precise definitions of the reference systems actuakly teday, namely the International Terrestrial
Reference Frame / International Terrestrial Referencée8y¢ITRF/ITRS) and the International Ce-
lestial Reference Frame / International Celestial RefaeBystem (ICRF/ICRS), we refer to the IERS
conventions (Petit and Luzum, 2010) as issued by the Irtierred Earth Rotation and Reference Sys-
tems Service (IERS). The geocentric inertial coordinatdesy should be called quasi-inertial, because
its origin is in accelerated orbital motion (of the Earthyand the Sun.

The transformation between the celestial and the tera¢sgfeiocentric reference frames is governed by
three Euler angles, which are functions of time (Beutlef3)0 Subsequently, we will use the transfor-
mation equations as provided by Petit and Luzum (2010) toriesthe transformation between the two
coordinate systems:

Xc = PHNOREWE) X 7 (3.1)

where X... Vectorinthe ICRF
X ... Vectorinthe ITRF
P ... Transformation matrix containing precession pararsete
N . Transformation matrix containing nutation parameters
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R ... Transformation matrix containing the Earth rotatioglan
W ... Transformation matrix containing the polar coordisate

We will also need a detector coordinate system, which is adineensional Cartesian coordinate sys-
tem rigidly attached to the detector and that assigns eawth @i an electro-optical detector array (see
Sect. 3.3.2.2) to two planar Cartesian coordinatgandy,. During the detector readout the current per
pixel is converted into its digital representatiéifx,,, y,). The astrometric reduction (see Sect. 3.3.2.8)
maps object positions, andy, to the associated apparent topocentric direction in thestial coordinate
system.

The transformation of the observed apparent topocentaicesl 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 ttizide and eccentricity of their orbits. It is
possible that an orbit crosses different regimes, whichhyg {wesident” and “transient” orbits may be
distinguished. For a resident orbit the boundaries of tih@adrregime are not violated. For a transient
orbit only a part of the orbit is inside the boundaries. Feg8rl illustrates the most important orbital
regimes LEO, MEO, and GEO and shows two transient and orgergsipper MEO orbits as examples.

3.21 LEO

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

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

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

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

In order to focus on the most densely populated MEO part, hvisicised for navigation satellite constel-
lations, Flohrer et al. (20@ used a preliminary work definition of MEO with the perigettatie above
2000 km and the apogee altitude below 34000 km and a meanmimmto/een 1.5 and 2.5 revolutions per
day. Some other references use the term “semi-synchrombiis’dor orbits with a revolution period of
12 h in an equivalent manner to MEO, and, at times, the term(lI6@rmediate Circular Orbits) is used,
too. Figure 3.1 shows that ESA (Krag and Klinkrad, 2009)dkeg the MEO for practical reasons into a
“lower MEQ” regime with perigee above 2000 km and apogeewdld846 km altitude, and an “upper
MEQ” with perigee above 12846 km and apogee below 33786 kitnddt

In the MEO most of the active satellites are part of a sagefigtwork or a satellite constellation. Most
networks are used for communication and for navigationeOtise of the MEO region is relatively lim-

ited. Two exceptions are the passive geodetic satellitéd EN-1 and ETALON-2, which areobserved

by Satellite Laser Ranging (SLR).

The lower MEO region is well suited for establishing globahununication networks. However, none
of the networks planned in the early 1990s became realityys€gy, ICO, and Ellipso. The Odyssey
system was planned to consist of 15 MEO satellites (foutléateevenly spaced in three orbital planes
plus spares) in near-circular orbits at 10350 km altitudgn ®w0° inclination. ICO (Inmarsat, then ICO,
now ICO-Teledesic) planned to have a constellation of 10 Mallites at 10390 km altitude in two
orthogonal planes with 45°inclination. One successfuhtdutook place on 19 June 2001. Ellipso was
designed to have four plus three satellites at 8050 km déjtmero inclination orbits (“Concordia”) and
in elliptical, highly inclined sun-synchronous orbits dt6l6°inclination with the apogee at 7605 km

lower MEO

upper MEO

Figure 3.1: Classification of orbital regimes (not to scal@wed from the celestial pole, modified from
(Krag and Klinkrad, 2009), showing as examples transiepetyMEO 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 2fastellation had a system of three orbital
planes housing five satellites each in inclined ellipticddits. A fourth plane with six satellites in a
circular equatorial orbit, and a fifth plane with five sateHiin an elliptical equatorial orbit.

The GNSS (Global Navigation Satellite System) are the mashment parts of the current active MEO
population: the US-owned GPS (Global Positioning Systemi)tae Russian GLONASS (Global’'naya
Navigatsionnaya Sputnikovaya Sistema). The European GBHif0 is under development, as well as
the Chinese Compass/Beidou.

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

GPS The first GPS satellite was launched in 1978. After that thminal constellation changed several

times. Since about ten years more than 30 satellites ardiin br February 2011 32 satellites are active,

implying that in general six satellites are simultaneowdigervable with elevations above 15° anywhere
on Earth. The GPS constellation consists of 6 orbital plasezarated by 60° in longitude in the equator,
with an inclination of 55°. Each plane nominally holds fomegually spaced satellites in circular orbits.

The nominal altitude is 20200 km, thus the revolution timebsut 11h58min, giving rise to a deep 2:1

resonance with Earth rotation.

The first class of GPS satellites, the so-called Block-IIki&® formed a test constellation optimised for
the coverage of North America. Block-| satellites had arimation of 63.4°. No Block-I satellites are
operational today. In 1989, Block-l was followed by the Bda¥IIA satellites. Since 1997 Block-IIR
satellites are launched. By February 2011 a total of 59 GRHlites are in orbit: 10 belong to Block-l,
28 to Block-I/lIA, 20 to Block-1IR, and 1 to Block-1IF.

GPS satellites are moved into graveyard orbits at the enldeaf tnission (Jenkin and Gick, 2001; Jehn
et al., 2009), as the current US guidelines require to clear‘éemi-synchronous” orbit by500 km
(Anonymous, 1998. GPS IIF satellites shall be put into a graveyard orbits i882above the nominal
orbit (Chao and Gick, 2004).

GLONASS The GLONASS started operation as a Soviet system in 1982 samdw operated by
the Russian Federation’s Ministry of Defense. The GLONAS&tIbtes orbit at an altitude of about
19130 km, 1000 km below the GPS orbital height. The revofutime is 11h16min o8/17 of a side-
real day, i.e., the configuration repeats after eight salatays. The nominal GLONASS configuration
consists of three orbital planes, separated by 120° infodgi The nominal inclination is 64.8°. In the
nominal configuration eight satellites are equally spacegbich orbital plane, spaced by 45°. The sys-
tem reached its full nominal configuration in 1995. The agerkfetime of a GLONASS satellite used
to be relatively short, only about three years, which is wing$ta was not able to maintain the complete
configuration. During recent years the constellation hanlvestored. As of 5 December 2010 the Uni-
versity of New Brunswick’'s GLONASS Constellation Statupod lists 19 operational satellites, two
satellites in reserve, and five unhealthy but active stgslliDue to the short lifetime of the GLONASS
satellites, there are a higher number of inactive satellBHSCOS logs 92 inactive satellites in orbit.

GALILEO Europe develops its own GNSS named Galileo. The GalileorBrnogs a joint initiative of
the European Commission (EC) and the European Space AgeBS®)(The goal is to provide Europe
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with its own independent global satellite navigation systender civil control. Galileo will have a nom-
inal configuration of 30 satellites in three orbital plandathvb6° inclination in a Walker-type (Walker,
1971) configuration 27/3/1, including three in-orbit spsa¢ellites. The orbital planes will be spaced by
120° in longitude. All orbits shall be nearly circular withnaminal altitude of 23616 km. The orbital
period is thus about 14h04min. The satellites shall be glacgially distributed in the orbital plane.

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

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

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

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

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

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

Figure 3.2 and Fig. 3.3 show the distribution of the orbitahgents w.r.t. inclination and ascending node,
eccentricity and semi-major axis for the lower (indicatgdcircles) and upper (indicated by squares)
catalogued MEO objects. Most of the MEO population is in f@aular orbits, only a smaller fraction of
the upper MEO is found in highly-eccentric transfer orbitsthe inclination-node diagram (Fig. 3.2) the
highly-inclined lower MEO in sun-synchronous orbits argibie in the centre of the figure, as well as the
constellation design of GPS (six equally distributed @lhiianes at+55° inclination) and GLONASS
(three equally distributed orbital planes a64° inclination). Figure 3.3 shows that a large part of
the upper MEO objects are in near-circular orbits, while Idtveer MEO objects have slightly higher
eccentricities. Figure 3.3 also indicates the presenceroksobjects 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 with<6 rev/day, sorted according to DISCOS identifica-

tion.

Q=90°
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Figure 3.2: Inclinationi vs. right ascensiof 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 fractidrite MEO population is visible within 24 h.
For the OGS a total of 332 objects out of 351 objects is abogehtirizon 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 geehaell time for visible MEO objects per
1° x 1° bin in different coordinate systems averaged for a 24dmal for the OGS site for the analysis

epoch 25 February 2011.
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Figure 3.3: Eccentricity vs. the semi-major axig for catalogued MEO and GEO objects at the epoch
25 February 2011.

Figure 3.4 shows the predominant objects belonging toreifteGNSS, in particular to the GLONASS
constellation. The apparent MEO density shows that most&h&® Walker-type constellation designs,
and therefore all satellites are placed into a limited nunolbspecific orbital planes. The dwell time per
bin varies more in the equatorial frame than in the local ¢teptric frame (Fig. 3.5).

The preferred GNSS constellation design in MEO is visiblEim 3.5 in the local topocentric frame. The
apparent object density is low in the topocentric Northatios around the celestial pole. GNSS objects
are not expected in this area. Around this sparsely popll&gion, a 'caustic’ around the culmination
is prominent for azimuth angles between 320° and 40° andléeaton angles up to 45°. This caustic
corresponds to the highest possible declination, wherhifest spatial density is expected. The dwell
time does not vary much around 170 s pex1t® 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 GNSShdatitude cut-off in the rotating earth-fixed
coordinate frame (latitude/longitude). The average dwele for the GNSS objects per bin is about
220s. In both pictures of Figure 3.6 one can see the equatyilalited background scatter from the
lower-MEO objects.

37



3 Observation fundamentals, data reduction, and orbit iiogle

90

>

()

S

W

a

-90 :
0 360
RA [deg]
1 10 100
Apparent density of objects (in 120s) per bin and day
90

DE [deg]

RA [deg]

0 100 200 300 400 500 600 700 800
Dwell time (averaged) in s per bin and day

Figure 3.4: Apparent density and average dwell time in tl#0Zrame for 332 MEO objects visible
from the OGS on 25 February 2011, which are listed in the USSTEFOM public TLE catalogue of
that date per 1% 1° bin. The density is calculated from 120 s sampling of theab’ ephemerides.
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Figure 3.5: Apparent density and average dwell time in th&S@gpocentric frame for 332 MEO objects
visible from the OGS on 25 February 2011, which are listethédSSTRATCOM public TLE catalogue
of that date per 1% 1° bin. The density is calculated from 120 s sampling of theab’ ephemerides.
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Figure 3.6: Apparent density and average dwell time in thehEaxed rotating frame for 332 MEO
objects visible from the OGS on 25 February 2011, which atedi in the USSTRATCOM public TLE
catalogue of that date per ¥°1° bin. The density is calculated from 120 s sampling of thedb’
ephemerides.
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3.2.3 GEO

Satellites with an inclination of 0° and an altitude of 35 k8® have a revolution period of 23h56min
and appear stationary in an Earth-fixed reference frames. di@racterisation makes the GEO an unique
resource, in particular for Earth observation, commuiaceand broadcasting purposes.

Usually satellites are not directly launched into GEO, ket iajected from a Geostationary Transfer
Orbit (GTO). As objects will remain in GEO for millions of yes it is of paramount importance to

remove retired satellites from the GEO, which is achieveddsgrbiting satellites to a graveyard orbit

at least 235 km above the nominal GEO altitude, outside ofptiséected GEO region. This region

is defined for the altitudes of 35786 200 km and inclination between 0° and 15°. This definition
corresponds to an circular orbits with an orbital period 423.6 to 1446.7 min.

The motion of the orbital planes of GEO objects can be desdrids a precession around the Laplacian
plane with a period of about 53 years. The inclination of %8the Laplacian plane (the plane normal to

the vector of total angular momentum) remains approxingatehstant during the precession, so that the
inclination of the orbital planes of the GEO objects incesafsom 0 to 14.6° during 26.5 years and then
decreases to 0 over the next 26.5 years. Other perturbinggoin particular induced by solar radiation

pressure, may add more periodic variations of the inclomatiTherefore, most objects in that altitude

band have a low inclination below 17° (Flohrer et al., 20@620° (Krag and Klinkrad, 2009).

Due to the non-circularity of the Earth’s equator (no-zése-term of the Earth’s gravitational potential),
satellites at nominal GEO altitude are subject to periooiigitude variations usually around one of two
stable equilibrium points at longitudes 75.3° East and 204\Vest. Therefore a classification scheme
for GEO objects can be defined distinguishing controlledffinlg and librating objects (Flohrer et al.,
2011b).

Often a band of:2000 km around GEO is referred to as “the GEO region” to colgergraveyard objects
and fragments. Space debris from fragmentation eventssari$GEO, although they are not listed in
the catalogue. Two explosions in the GEO region are confirndetinson et al. (2008) list a Titan 3C
Transtage, which fragmented in 1992 and an EKRAN 2 sate¢h#é fragmented at an unknown epoch.
The existence of small-sized space debris objects couldmfirmed later by optical observations from
ESA surveys (Schildknecht et al., 1999; Schildknecht, 208Tatistical analysis from observing space
debris clouds in GEO by Schildknecht et al. (2008) indichtt more fragmentation events in GEO have
occurred. With modelling techniques ESA's MASTER modetddtices several (eight to nine) synthetic
fragmentation events to explain the observational data.

Flohrer et al. (2014) use a working definition of GEO, which limits the eccentsicio 0.2 and the
mean motion to between 0.9 and 1.1 rev/day, correspondiagémni-major axis between 39 664 km and
45 314 km, and the inclination to 30° . As recently more olgé&eive been launched into high inclination,
near circular orbits, ISON proposes to define the GEO intitingbetween 0° and 30°, the eccentricity
below 0.2, and the mean motion between 0.7 and 1.3 revokipenday.

The distribution of the orbital elements of the catalogudeiGGpopulation is given in addition to the
catalogued MEO population in Figs. 3.2 and Fig. 3.3, anddsgated by triangles. Figure 3.3 shows
that GEO objects are in near-circular orbits, for some ofcthretrolled objects the eccentricity is kept at
very low values. The precession of the orbital planes arghad_aplacian plane is visible in Fig. 3.2.
The first objects in GEO, which ended operational life duting 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 cafaé meet the common GEO
definition with an altitude band 02000 km (Table 3.2.3). Flohrer et al. (2@ 1state 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 accordiags in DISCOS.

the catalogued objects in GEO are controlled objects of kvB&8 are under longitude and inclination
control. Flohrer et al. (2018 also provide information based on ISON observations on&fbtional
controlled and uncontrolled objects in GEO. For 163 of thadditional objects orbital elements are
available and 157 objects can be correlated with a launcle tdtal number of known objects in the
geostationary region exceeds the catalogued populati@bbyt 23%.

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

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

Figure 3.7 gives the apparent density and dwell times for ®B@cts in the inertial frame. The highest
density is visible for the large group of station keeping-imelination satellites with a declination close
to 0°. The motion of the orbital planes of uncontrolled objeis reflected by a region with higher
densities forming a 'caustic’. This caustic region statta=90° towards the maximum declination, as
well as heads fronm=270° towards the minimum declination. This properly irzdé&s how the orbital
pole starts to drift towards the vernal equinox when thellgateare no longer controlled. One can also
see that the oldest objects in GEO are about to finish theirditation around the pole of the Laplacian
plane. In the most densely populated regions of the caugtio 20 objects can be counted per<Ir°
bin during one day. The average dwell time is about 340 s perdlightly longer in the maximum and
minimum declination areas.

Figure 3.8 shows the density and dwell time in the local woriaf the OGS. GEO objects culminate in
the South direction while they cross the local meridian. Tighest density of objects in the nominal
GEO (0° declination) is visible, which, due to inclinationdalongitude control, leads to infinite dwell
times for some objects. Objects with non-zero inclinatioglas follow an eight-shaped curve closing
after about 24 h. Longest dwell times of objects withoutiimation control are expected at the maximum
distance from the nominal GEO, where it can reach about 3&@8sls, while in the other ¢ 1° bins
the average dwell time is about 1800 seconds.

Figure 3.9 also illustrates that only part of the full longie band can be accessed from a single site.
The highest density is again associated with the contraiédellites. These satellites are skipped in the
dwell-time picture of Fig. 3.9. The shortest dwell times t@nexpected at the maximum distance from

the GEO with about 600 seconds in this frame, while the aeeimgbout 3000 seconds per>11° bin

and object.
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Figure 3.7: Apparent density and average dwell time in tt@00Zrame for 462 GEO objects visible
from the OGS on 25 February 2011, which are listed in the USSTEROM public TLE catalog of that
date per 1% 1° bin. The density is calculated from 120 s sampling of theab’ ephemerides.
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Figure 3.8: Apparent density and average dwell time in thes@gpocentric frame for 462 GEO objects
visible from the OGS on 25 February 2011, which are listetdhenW SSTRATCOM public TLE catalog
of that date per 1% 1° bin. The density is calculated from 120 s sampling of theab’ ephemerides.
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3.2.4 Highly eccentric orbits

The three regimes LEO, MEO and GEO are mostly populated vei#in-nircular orbits. Highly eccentric
orbits are often transient. One example are GTOs, which sed for the transportation of satellites to
the GEO region. GTOs usually have a low inclination, thenigee is at LEO altitude and their apogee
at GEO altitude. The revolution period of GTOs is about 10.32 h, and the orbital velocity varies
from about 10 km/s at perigee to about 1.5 km/s at apogee.\Higtiined Molniya and Tundra orbits,
used for communication constellations covering higheétudés, are other examples for highly-eccentric
orbits.

3.3 Observations

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

3.3.1 Radar observations

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

At
R=c— (3.2)
2
with the time of flightAt and assuming that the radar pulse travels at the speed btligh
Radars can also acquire range-rate information, if the Romghift of the frequency of the received
signal f,- with respect to the frequency of the transmitted sigfiaé measured:

fr—=fi=fa= 2Rcf—tR ~ 21’?% (3.3)

The radar power budget, also called the link budget, allsgsssing the sensitivity of a radar, and is the
fundamental equation for all radar systems. According @ag{R003) the relevant equation reads as:

Pth (2 1 1 1 1 1
- r
41 R? 4mR? Ltransmitter Lzadome Lgtmos Lreceiver Lpolarisati(m

P, (3.4)

where P, ... the received power
P, ... the transmitting power
+ ... the antenna gain
. the distance to the target
. the receiver antenna area
. the radar cross section (RCS) of the target
. the losses

PSR

&
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The signal-to-noise ratio (SNR) is given in the formulatmnKrag (2003) as:
P,

NR= ——— 3.5
kToFnB (3.5)
where £ ... Boltzmann constant
Ty ... noise temperature of the ideal receiver
Fy ... noise figure of the internal receiver noise
B ... receiver bandwith

3.3.2 Optical observations

There are three visibility constraints (see Sect. 3.3.thdj are relevant for the detection of an object.
The detector parameters limiting the observation poss#silare outlined in Sect. 3.3.2.2.

Two more quantities that are related to the observation iiond have to be introduced: the angular
velocity of the objecw,.; and the apparent magnitude are also needed to characteriseurce signal of
an object received in a pixel. This will be discussed in S&&.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 lyeconsider passive approaches starting
from the received irradiation at the telescope aperturds BNR 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 aganagnitude by introducing and discussing
the albedo as an object property.

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

The astrometric reduction process of optical observatitlassforming acquired exposures into mea-
sured and epoch-related object positions, is presenteddn $3.2.8.

3.3.2.1 Visibility constraints

An object is considered as “observable”, if it is illuminatey the Sun and the ground-based observer is
in the Earth’s shadow, or the space-based observer is matedf by the presence of the Earth or the Sun
in the line-of-sight.

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

1. The angle observer-object-Sun (the phase afjgheust meet the condition 0L 6 < 6,,,4,.. The
maximum allowed phase anglg,.. depends on instrumental and operational constraints. If we
accept the presence of the Sun in the FbiMiay have values up to 180 °, if fully reflecting spheres
are assumed. In reality the reflected energy is significamther 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 BaBhadow, must meet the condition
¢>0°.
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3. For space-based observations the angular distance Eattiey must meet the condition

v > arcsin <TEarth> +¢ (3.6)

[1%obs |

to avoid the presence of the Earth in the FoV. The parantetEpends on the diameter of the
sensor's FoV and has to take into account the limb. Usuallysemce of 3° is sufficient for
moderate FoV sensors.

From Fig. 3.10 we can writé, ¢, and~ as functions of the object positiat,,;, the observer position
Xobs, the Sun’s positiorxg,,,, relative to the geocentre, and the Earth’s radigs. ;1

0 — arccos <(Xobj - Xobs) . (Xobj - XSun))
’Xobj - XobsHXobj - XSun’
( = m— arccos <M> — arcsin <TEarth> (3.7)
|XSun||Xobj| |Xobj|
¥ = arccos <X0b5  (Xobs — Xobj )>
’Xobs ’ ‘Xobs - Xobj’

Crossings of the Moon shadow were not taken into accounteddbjossings of the Moon core shadow
will very rarely happen in the considered high-altitudeioeg, but crossing’s of the Moon’s penumbra
region (possible around New Moon) may cause a loss of aboatglimthe objects apparent brightness
(see Schildknecht et al. (2009.

3.3.2.2 Detector parameters

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

Object

XSun Sun

Earth

Figure 3.10: Visibility and observability conditions ofjebts.
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(CCD), the active pixel sensors based on complementarylon&tasemiconductor (CMOS) technology,
and hybrids based on CCD or CMOS. For applications in astngn@CD still dominate.

The photon counting technique is, in contrast to CCD or CM&®i&n-integrating technique. The use of
image intensifiers makes this approach very sensitive tepeupply and environmental variations (see
Schildknecht (1994) for a detailed comparison of CCD andgigounting techniques). Furthermore,
the dynamic range is limited by the readout rate and is tbezesmaller than for integrating techniques.
At present, photon counting devices are used for very low @NdRvery short exposure times(@.1s),
but this is not typical for optical observations of spaceeotsy.

There are CCD detectors suitable for astronomical purpast@spixel sizes in theum-range. Today,
single chips up to 4096 4096 pixel are available. Several single chips can be cosaltio build mosaic
sensors with more pixels. For astronomical purposes maXilip detectors with 'Full Frame’ archi-
tecture are used. The whole detector area is utilised teaqgbhotons within the exposure time. After
that the whole frame is read out. This concept can be extetudad-rame Transfer’ CCD architecture,
where the detector is divided into two identical arrays:ithage array and the storage array. Technically
speaking, the image is shifted to the storage array aftestpesure. From there it can be read out, while
the image array is available for the next exposure. Higteané rates are possible With this procedure.

For the optical observation of space objects several CCEctletparameters are important:

e Binning combines a matrix of mx n pixels (usually 2x 2 or 4 x 4) into one logical 'binned
pixel' during the readout prior to digitisation. The SNR i€ieased by binning for cases where
the SNR is dominated by the readout noise. However, in o@dmit the noise contributions
from the background and the detector dark current, the gitleeoresulting binned pixel should
not substantially exceed the diameter of the point-spreadtion of the source. Binning also
increases the achievable frame rate, but lowers the spasialution.

e Thefullwell capacity of a pixel can be defined as the total amount of electrons avidlugl pixel
can hold before saturating. The fullwell capacity parametay be given by the manufacturer
or third parties doing calibrations. The fullwell capacitgpends on the pixel size (the area) and
on the operating voltages. Techniques used to reduce thecdaent signal and to speed up the
detector readout lower the fullwell capacity.

e Dark current originates from thermal energy within the silicon lattiddlee CCD and is therefore
independent from exposing. The detector signal is ovelgithe dark current signal, which only
can be described by statistical methods. The aim shouldfeelt@e the dark current signal so that
its contribution to the error budget can be neglected. Qisho the dark current signal decreases
linearly with the extension of the exposure time. Coolinguees the dark current exponentially.

¢ A wide dynamic rangeof a detector denotes the ability to detect very dim and veghbobjects
within the same exposure. Considering a given fullwell cé#gathe readout noise and the dark
current have to be minimised in order to get the desired maxirdynamic range. The dynamic
range is defined as the ratio of the fullwell capacity and oe&doise.

e Thenonlinearity is a measure of the camera gain constant as a function of sigeagth. Nonlin-
earity impacts the brightness/magnitude estimations hadld therefore be as small as possible.

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

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

e Detectors can be divided intoontside- and backside-illuminated detectors. Photons have to
pass through a gate before they can interact with the rassstailicon for the front-side cases.
These gates are made of very thin polysilicon, implying that gate is opaque at wavelengths
shorter than 400 nm and therefore the QE value for front-#lidieinated detectors is degraded
over a part of the working spectrum. As opposed to front-gidminated detectors the back-side
illuminated provide a much better QE performance due toltiseace of the polysilicon gate in the
path of the photons. The sensitivity is improved signifibaimt the blue part of the spectrum and
ranges from soft x-ray to near-infrared regions of the spett Back-side illuminated detectors
are produced by thinning down the detector substrate tdhess10um.

e Thedetector duty cyclespecifies the time span during which the detector is notaviailto ac-
quire exposures. For space surveillance one would likedp kige duty cycle as short as possible.
The duty cycle is dominated by the readout time. The readbGGD detectors is performed by
shifting the accumulated charges along the detector caumithe top row. The current top row
is read out by a shift towards the output amplifier. This pssce repeated until the last row of
the detector array has been transferred. The use of framsfdradetectors allows it to shorten the
duty cycle. In order to get the full benefit from the frame sf@n architecture the readout time
should be shorter than the exposure time. An increase ofethidont rate allows it to minimise
the duty cycle, but this increase of the readout rate wit atsrease the readout noise depending
on the quality of the used amplifier. From manufacturer dgpécal 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 miga of the angular velocity perpendicular
to the line-of-sight, therefore in the instrument-fixed whboate frame. This relative angular velocity
vre; Of the crossing object is identical to the velocity of the gaaof the crossing object at the detector
plane. If this angular velocity is known, one easily can gkte the numbem of pixels covered during
an exposure time from the pixel crossing time,, the number of pixels illuminated by the source at a
given instantn, and the pixel scal®S

o v Mo tp oV Mo VUrel
m = mg + v = PS t. (3.8)
The quantitymq depends on the instrumental point-spread function (P&&)physical pixel size of the

detector and on the detection algorithm.

Vice-versa, the definition of observation strategies hdaake 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 cebjaict. A difference of five magnitudes is
equivalent to a factor of 100 in brightness. If the scattgisgrey, meaning that the reflected radiation
has the same spectral distribution as the incident solaatrad, the apparent magnitude,,; of an
object can be related directly to the solar irradiation ioletshe Earths atmospherg,,; = 1367 Wm—2
and the irradiation received from the object at the telessogperturel,,;

Mobj = MSun — V5 100 10?;10

Eopi Eopi
D~ Migun — 2.5log g =222 (3.9)
Ol

Es 0 Esol .
It is assumed that the magnitude of the Sun in near-Eartrespazind 1 AU isng,, = —26.74 mag
and refers tav,,,;.

A reference point of the relation between brightness andgpélectrons is obtained by using the relation
E = he/ ) (Schildknecht, 1994), whereis the Planck constan6 62606896 x 1034 Js), and: the speed
of light (299 792 458 m/s). This relation has to be integrated over the whole mrespcpectrum of the
optical system, considering the wavelength dependengésodse to the telescope optical efficiergy
and detector quantum efficiengy. For a typical back-side illuminated CCD we may assume frois t
relation that 16 mag correspond to 8000 photo-electrong&de 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 theplilix stemming from the source of
interestSy, the sky and atmospheric backgroufid and the detector dark curresiy. The source signal
accumulated for an exposure timhéor a circular aperture with diameté? can be estimated to be

So = %thfE)\T)\E)\quA, (3.10)
A

whereF, denotes the irradiance of the object outside atmosphere)aitie atmospheric transmission.

The sky background sign&l; can be calculated in analogy #. For space-based observatianscan

be assumed as 1, and the atmospheric background signal aloedgt. The estimation of the sky back-
ground signal is then limited by the fixed natural sky glow.n@uuous sources, like the zodiacal light,
light from faint stars and galaxies, and the light from diersources, as from bright stars and planets
contribute to the natural sky glow outside the atmospherais €orresponds to a magnitude of 21.8-
22.0 mag/arcséc Apart from the natural background signal a part of the skgkeound signal depends
on the observational strategy and varies with time andunstnt pointing: visibility of the Moon in the
FoV, Gegenschein, aurora effects, satellite flares, a@nepstrobe lights, meteors, planets. The Gegen-
schein becomes relevant if the instrument is pointing fixedyafrom the Sun (this would ensure small
phase angles). Straylight from the Earth’s atmosphere tsaylagely impact the background signal.

The noise to be considered in principle in the SNR equatioisists of the photon noise of the source,
the sky and atmospheric background noise, the detectoralarknt noise, the readout noise (due to
readout signal amplification), and the flat-fielding noisée photon noise (variation of the number of
photons emitted by any source) cannot be avoided as thisusdamental property of the light. A

Poisson distribution is assumed, where the noise is theesagaoat of the signal. The dark current noise
is the noise of the dark current signg}. The amplifier noises,. consists of reset noise, white noise,
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flicker noise, shot noise, contact noise, and popcorn naidedapends on the readout frequency and on
the quality of the amplifiers components. This readout nspecified by the detector manufacturers
and is measured irf].

Finally, the SNR per pixel can be calculated from the ratithefobjects signal to the accumulated noise
as

Sot

NR =
\/ moS, + (S'o + my (S's + S'd) + \/m_ovrelSr> NG (S'S + S'd> #2

(3.11)

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

Normally, even for sophisticated segmentation approacheSNR higher than 3 to 4 is required to
discriminate objects from background in an exposure. Wanassfor the sake of simplicity that the
background signal can be determined from object-free nsgamd that the individual noise sources are
uncorrelated.

As shown by Schildknecht (1994) the SNR per streak can beledde by replacingn by m as defined
in Eqg. 3.8:

Sot

NR = .
\/ msS, + (So +m (S's + S'd) + \/R’umlS,n) t+ /My (S's + S'd> 2

(3.12)

The photon flux® is defined as the number of photons per second per unit areapdvier densityH
for photons at a particular wavelength (the irradiance) lmacalculated from the photon wavelength
and the photon flu® at that wavelength

he 1.24
H=d—~d——. 3.13
YT (5.19)

Because the dark current and, predominantly, the sky-lbaokg signal grow with the exposure time,
and because the read-out noise is independent of the erposey; two typical cases for the SNR result.
Schildknecht (1994) discusses the relation of the sky-fpacind-dominated and the readout-dominated
cases in detail. Here, we just revisit the two cases for ac&piptical sensor proposal (Schildknecht
et al., 2005; Flohrer et al., 2008 making the following assumptionsu,.;=15"/s, 7=0.88, ¢=0.60,
(QE=0.80,D=0.80 m,f=1.46 m,d);,=12.50um (this leads to a diameter of the FoV of 2.5°), diameter
of PSF=2.00 pixels,S;=0.14 e /pixel/s, and no binning during readout.

Figure 3.11 introduces the resulting SNR for a 2 second expaas function of background values. A
typical site in central Europe, such as Zimmerwald, will\pde conditions around 17 mag/arcéem
average (unpublished estimates by L. Ostini based on awhroutine observations), while astronomical
sites, such as the OGS, may be expected to have values ardumablarcsec Roughly, this difference
relates to a gain of 1 mag object brightness if the darkelisgelected.

The variation of the exposure time for a 18 mag object in Fig2 3eveals that for exposure times shorter
than~1 s a lower background signal does not significantly incréas&NR of a given object. For longer
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Figure 3.11: SNR as a function of the background brightnesglifferent object brightness far,.;=
15”/s andt=2s. The sensor is characterised %0.88, ¢=0.60, Q £=0.80, D= 0.80 m, f=1.46m,
dpizer=12.50um, diameter ofP.SF'=2.00 pixels,5;=0.14 € /pixel/s, no binning, and/S,=10.0 €.

exposure times the effect of a lower background signal isientj but the relative velocity compensates
in part for these improvements, so that exposure times ldhge~2 s do not provide additional benefit.

Figure 3.13 varies the readout noise signal for a 18 mag bajet2 s exposure time. The figure shows
that noise levels better thayiS,=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 intexalear that the definition of an obser-
vation strategy has to consider the sensor design and visa.v&ensor design parameters are mostly
dependent or correlated. As the technical feasibility efshnsor design becomes a key issue, it is rec-
ommended that an optimal observation strategy should beedkfogether with the sensor developer in
order not to compromise the achievable detection thresl8#d Sect. 3.3.2.7 for more information.

3.3.2.6 Brightness-size relation

Optical observations do not directly measure the objeet&jz,, which can only indirectly be deduced
from brightness measurements. The most important qudbtitselating the observed apparent magni-
tude to the object size is the albedo. Two types of albedoratpiéntly used, the Bond albedo and the
geometric albedo.

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

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

Specifying the shape and the scattering properties of atbajlows to relate the geometric to the Bond
albedo. Shape and scattering are important characterigtiche brightness estimation, in particular
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Figure 3.12: SNR as a function of the background brightnessdifferent exposure times far..;=15"/s
and an object brightness of 18 mag. The sensor is charatdrys=0.88,¢=0.60,Q £=0.80,0=0.80 m,
f=1.46m, dyz;=12.50um, diameter of PSF=2.00 pixels, S;= 0.14€ /pixel/s, no binning, and

VS,=10.0€.

100 le —
I L N S cocicbt o | I
Z
1) 25¢
50 e
0.1
17 18 19 20 21 22

Background brightness [mag/arcsecz]

Figure 3.13: SNR as a function of the background brightnesddifferent readout-noise levels for
v-=15"1s,t=2's, and an object brightness of 18 mag. The sensor is chesact byr=0.88,¢=0.60,
@E=0.80,D=0.80m, f=1.46 m,d,;,;=12.50um, diameter of?SF'= 2.00 pixels,5;=0.14 € /pixel/s,
no binning.
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for debris objects. Usually, objects of unknown shape atteeeiassumed as spherical or as plates.
Lambertian scattering properties are assumed (i.e., thanee is independent of the viewing angle).

The irradianceH received at the telescope aperture can be written as thegirotithe following four
guantities:

1. the total reflectable energy calculated from the soladiemce outside the atmosphdtg,; per
solid anglef) suspended by the object as

FE.o 2 . (3.14)
47

The debris object seen by the observer defines a cone withptheamgle 2 that has the solid

angle(, which is
| daeb
Q=27r(l—cosa) =27 | 1 — cos | arcsin SR . (3.15)

For typical d4., and observing distance? this can be approximated better than 0.1% even for
10 m objects at 100 m distance to

Esoz%ﬁzi;b (3.16)
2. the phase function defined as (Schildknecht, 2003)
v (0) = % (sinf + (m — 0) cos ) (3.17)
3. the Bond albedp .4
4. the reflectivitya (for a perfect white diffuse (non-specular) reflecting sphe = g).
We can finally write:
H = Ey ;;dT?lEbQ‘P(H)PBondO‘ = #Esoz%égb(siﬂ@ + (m — 0) cos ) pBond- (3.18)

We can use the geometric albedg.,,, instead of the Bond albedog,,q, following the definition
PBond = (Pgeom With g denoting the phase integral, which is defined as functiohefricident intensity
1(6, ¢) and the intensity of incident radiation normally reflecteshi a surfacd (0):

J1(6,¢)d
=2 3.19
q 1(0) (3.19)
For a sphere we havE#, ¢) = 1(0) and the phase integral becomes
2 [ I1(6)sin(0)d6 ™ 5 7
qg=—2 T00) =2 / ©(0) sin(0)dl = - / (sin® + (m — ) cos 0) sin 6d6. (3.20)
0 0
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Solving the integral gives
/ (sinf + (m — ) cos 0)sinfdf =
0

m m

sin? 0d6 + W/cosﬂsin 0do — /QCOSHSin 0do
0 0

e I

s
= 5+0+7
3T
= — 3.21
- (3:21)
SO thath(md = %pgeom-
The received irradianc& becomes
= Lp, Mg 0) cos 6 (3.22)
=3 Solm(sm + (1 —0) cos0) pgeom.- .

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

M, = —26.74 — 2.5log; <Ap% ((m —0) cos 0 + sin 9)> + 5.0log(R) (3.23)
™

with A denoting the cross-sectional area of the objgdhe “targets albedo” (we understand that this
refers to a Bond albedo) and the observing distakice

We may now relate the apparent brightness to object diamdteFig. 3.14 we assume spherical objects
with a constant albedo observed under a constant, smak @mage. With these assumptions Fig. 3.14
may be used to approximate the input required for a SNR asse$r more general as input for a
sensor design starting from the minimum detectable objecheter. Vice versa Fig. 3.14 provides an
easy look-up for the dependencies between topocentrigndistand apparent brightness for objects of a
given diameter.

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

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

3.3.2.7 Optical sensor design

Optical sensor design parameters are mutually dependmhtara closely linked to the planned obser-
vation strategy. The definition of an observation strateggadverned by the user requirements. For
maintaining a catalogue the essential user requiremeatpaoulation coverage, timeliness of the ob-
servations, and accuracy of the observations (Krag et @L.O2 The ability to cover a given object

population is dominated by the limiting SNR of the sensore fid that the timeliness of the observa-
tions can be related mainly to the re-visiting time of a gartdr survey field in the case of surveys. The
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accuracy of the determined orbit is dominated by the SNR dfigles observation and by the length of
the formed short arc, which in turn is a function of the numtfesubsequent exposures of the object.

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

Apparent brightness [mag]
Diameter of spherical object [m]

100 10000 20000 30000 40000 50000
Topocentric range [km]

Figure 3.14: Apparent brightness for Lambert-scatterpigesical objects following Eq. 3.18 assuming
PBona=0.1 andd=20° (modified and extended from a classical figure by KindgeH£983)).
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Figure 3.15: Apparent brightness for Lambert-scatterpigesical objects of 1 m diameter as a function
of topocentric distance and phase arjfellowing Eq. 3.18 and assumings,,q= 0.1
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Figure 3.16 shows relations and dependencies of sensonetis (grey), user requirements (dark-grey),
and the parameters for the characterisation of observstiiategies (white) simplified to the essential pa-
rameters and main relations. The pixel scale and the FoVeat@rhave most links to other parameters. A
strict top-down or bottom-up design process for selectingesigning the optimal sensor is not possible
without knowledge of the observation strategy and of the tesguirements. In analogy, the formulation

of an observation strategy without considering the febisilwf the assumed sensor is impossible. Usu-
ally, the design process is iterative, allowing it to reivike observation strategy definition and sensor
design, respectively. Obviously a good initial guess igmlsal for the success of that iterative approach.

The relation between SNR and pixel size may be selected asxample for such a complex multi-
parameter optimisation process. Large size pixels, liaguilh a larger pixel scale, would significantly
lower the SNR, because for a given exposure time, the bagkdrsignal grows more rapidly while the
source signal per pixel remains unchanged. As the astrimpefsition accuracy benefits from a smaller
pixel scale and a higher accuracy is desirable, one mightlede that the pixel size should be chosen
as small as possible to receive higher SNR and better ortgtrdanation accuracy. Unfortunately, small
pixel sizes also lead to a shorter pixel crossing time, winidiirn, for a given exposure time, results in
more pixels forming an object. Longer pixel trails requirermsophisticated segmentation algorithms,
which are more demanding in terms of computing power anddcewén be less sensitive. In addition,
the readout noise becomes significant for small pixel sagshe detector has to provide more pixels to
cover the given FoV and thus has to be read out faster, witiehigoise, lowering the achievable SNR.

The design of an optical observing system dedicated to spaweillance is subject to a multi-dimen-
sional optimisation process. A large FoV combined with a [twumber, high detector efficiency and
capabilities for rapid and frequent repositioning are galheacknowledged to be good characteristics.
Often, additional design goals are added, such as NEO d@ismsr\capabilities, or SOI or imaging capa-
bilities. The latter is, e.g., the case for DARPA's SpacevBillance Telescope (SST) program striving
to combine multiple observation goals with an innovatideseope 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 dioecfrom the observer to an object at the
observation epoch may be derived. The observables evignéualright ascension and declination
describing the apparent topocentric place:

. P
p = Ir(t-5) - R (3.24)
t—2)—R(t

e = r(t—1%) () (3.25)

p
a = arctan & (3.26)

€z
= arcsine, (3.27)

where p ... Geometric distance between the observer at the epaati the object at

the epocht — At (slant range)
... Unit vector pointing from the observer to the object
r(t — £) ... Position vector of the satellite at the epdch At =¢ — 2
R(t) ... Position vector of the observer at the epoch
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t ... Observation epoch

c . Speed of light

@ . Right ascension of the object
) . Declination of the object

At ... One-way signal travel time.

The astrometric reduction of the raw data comprises thiegesst

In a first step, the moving object must be identified in fronthef reference star background. This task is
sometimes called “segmentation”, as it identifies refezestars and moving objects, and provides their
position in the detector coordinate frame. The correctvegtiobn of the background signal to enable
the detection of very faint objects is challenging. Seveegmentation approaches are known. Some
successful approaches use several sequential exposusEsiés”) (Schildknecht et al., 1995; Schild-
knecht, 2007). Alternatively, single exposures may be ssded by subsequently applying a global
threshold, where the background is estimated from largegkefor a median filter, followed by a logical
bit masking (Kouprianov, 2008).

-----
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Figure 3.16: Simplified mutual relationships and depenigsnof user requirements on maintaining

a catalogue (dark-grey), sensor design parameters (gaegl)the main characteristics of observation
strategies (white).
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In the next step, the identified stars and objects are sutgjeefined measurements, the so-called “cen-
troiding”. This task, depending on the parameters of theoiisg system and on the observation strat-
egy, results in the centres of the stars and objects (the dtzservations”) with sub-pixel precision in
a detector coordinate system. The reference algorithmeoiraiding is a fitting of a PSF, e.g., as de-
scribed by Kouprianov (2008) and Kouprianov (2010). A PStnfithas limits for very faint objects
where the signal is not strong enough to allow the fitting o5& fhodel.

Eventually, through a set of transformations, the centpaisitions in the detector coordinate frame are
mapped to the celestial reference system (see Sect. 3.ddaénto derive the observables.

The mapping of reference positions onto the focal plane studied (at lower order there is, e.g., a
tilt). This non-uniformity is described by a specific modile so-called “mapping model”. The model

takes into account the various characteristics of the slvaesystem. The model may be rather complex
and has to consider the orientation of the focal plane, thte@cale, and radial, typically non-linear,

deformations stemming from imperfect optics. Thereforapmber of well distributed reference stars
is commonly used in a least-squares adjustment processdaordee the parameters of the mapping
model. Mapping models need to be maintained regularly. Hneya mandatory input to the astrometric
reduction process.

The following specific relevant aspects of the astromegituction process are based on the work of
Schildknecht (1994) and Flohrer (2008). The formal errotheftransformation into the system defined
by the star catalogue at the end of the astrometric reduptiocess should also give a first estimate for
the total error, as the accuracy of a reference star catalogually is assumed not to contribute much to
the overall error budget. However, some systematic efiectsar positions or proper motions of some
catalogues have been identified (Flohrer, 2008). As a mfergve may assume the recently released
UCAC3 (Zacharias et al., 2010) from the US Naval Observa(tf$NO), with a claimed accuracy of
about 0.01% to 0.1’ per coordinate, depending on magnitude. The GEODSS sysiemaimodified
USNO-B or UCAC catalogue to meet the requirement of @& the astrometric position and 1 ms for
the epoch (Faccenda, 2000).

Reference stars also allow it to determine the mount modegidmting model) defining the system ori-

entation (i.e., the nonorthogonalities) and the misaligntof optical axes. The mount model usually is
characterised by a set of parameters that allow it to congperiisr pointing deviations in the observation
planning process.

In the previous section we have stated that the how achie&dR dominates the detection process and
the astrometric reduction process, where the pixel scadeksy parameter. We also need to consider
seeing conditions and the quality of the observing system.

Seeing characterises the effect of turbulence within theass, which results in changes of the refraction
index. Seeing is highly variable from site to site and is ryamfunction of altitude and wavelength.
Therefore, the received object signal and the observedicofmobjects varies with moderate frequency
(scintillation). As seeing leads to “smearing out” of thee®ed object signal, the full width at half
maximum (or FWHM) of the seeing disc is an important charéstie. Through the SNR degradation
and the smearing out effect seeing directly impacts theemable astrometric accuracy. Seeing can
also vary significantly during the observation night, anérewith pointing direction. Astronomical
observatories, such as the OGS typically have a seeing érfunvhile sites close to urban areas only
have a seeing in the range df-3" .

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

Parallactic atmospheric refraction is important for theeation of non-stellar objects. This effect
covers the differences in the refraction effect betweenxeob observed at infinite and at finite distances,
and needs to be considered in the astrometric reductioregsoc

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

The motion of the observer caused by the rotation of the Eamththe finite speed of lightleads to the
so-called “ abberation”. Diurnal abberation is caused leyrttotion of the observer with respect to the
geocentre. At the equator it reaches ¢.32nnual abberation is due to the motion with respect to the
barycentre of the solar system. Secular abberation is dtietmotion of the solar system, and can be
neglected. The annual abberation has an amplitude of ald$utich has, e.g., been reported for the
GEODSS processing by (Faccenda, 2000).

The accuracy of epoch registration that is introduced bysthadter timing technique and may introduce
position errors of a stochastic or systematic nature. Tieetefay be a function of the object’s offset to
the centre of the FoV, and should be modelled. Depending@iédhtroiding algorithm the registration
of epoch marks of an object streak in the exposure may be nifticeild.

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

3.4 Orbits of artificial satellites

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

— oM / Py ——— 2 dvé5 szj (;__7“3 ) >, (3.28)

7=1

where GM.. product of the gravitational constant and the mass oE#r¢h,
GM = 398600.4418 + 0.0008 km3s~2

r; ... Geocentric position of the point mags

rp ... Geocentric position of a discrete volume elem&ry of the Earth
Vs ... Volume of the Earth

pp, --- Relative density function

n ... number of perturbing solar system objects

m; ... Mass of the point masgs
a,g. .. Non-gravitational accelerations .
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The first term on the right-hand side may be written as theignaf the Earth’s gravitation potential
V(r, A, ¢), which is usually specified in the Earth-fixed coordinateeysas:

GM X R &
Vir,\,9) = — — Py (s Chm A) + Sy si A} 3.29
(A 6) = = 2_:0 - mzzjo (511 ¢) { Cram €OS(mA) + Sy sin(mA)} (3.29)
where )\, ¢ ... Geocentric longitude and latitude
R ... Mean equatorial radius of the Earth
n,m ... Degree and order of the geopotential term
P ... Associated Legendre functions of degreand ordem

Chm, Snm - . Geopotential coefficients of degreend ordenm. .

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

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

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

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

r(to) = ro = r(a,e i, Qw,ugp)
7(tg) = 170 = 7(a,e,i,Q,w,up). (3.30)

The second expression on the right-hand sides of Eq. (:18@ates that the initial position and velocity
vectors may be expressed by the corresponding osculatnugeets:

.. Semi-major axis

. Eccentricity

. Inclination with respect to the equatorial plane
. Right ascension of the ascending node

... Argument of perigee

ug ... Argument of latitude,

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

From the geometrical point of view and e define the size and the shape of the orbit, whiknd €2
define the orientation of the orbital plane in the inertiadtsyn. w defines the orientation of the orbit in
the orbital plane, and finally, defines the position of the satellite in the orbit at a certiane.

62



3.5 Two-line element (TLE) sets

» 0

Satellite

Ascending node

Figure 3.17: Orbital elements e, i, ), w, ug and state«, )

3.5 Two-line element (TLE) sets

So-called two-line elements (TLES) are commonly used ics@rveillance applications to represent
orbital information. The US space surveillance networkvimtes TLES, for example via the website
www. space-track. org. TLEs are not just a specific format for writing orbital elemnts these data
sets are mean elements and contain additional informafibie. modelling of the Earth’s gravitational
field and of the third-body perturbations is limited. Theref TLEs should only be used in connection
with the underlying propagation theory. TLEs are given irug equator-mean equinox (TEME) system.
The analytical theory to be used for propagating TLE sets ftSSTRATCOM is the so-called Simpli-
fied General Perturbation 4 (SGP4/SDP4) model (Hoots antirfitbe 1980). Objects with a revolution
period longer above 225 min (or more than 6 rev/day), egentao a circular orbit above 5876 km alti-
tude, are called deep-space objects.

The accuracy of TLEs is not known. Some attempts (as, e.d.apgrte and Sasot (2008); Flohrer et al.
(20089); Levit and Marshall (2010) were made to assess the unogemiassociated with TLES provided
by USSTRATCOM. All studies conclude that in LEO the uncaettigis 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. Notedithidie TLES the mean motiom = %ﬂ‘i
and not the semi-major axisis 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

[ g

2 225544  51.6335_341. 7760_0007976_126. 2523_325. 9359_15. 70406856328903

where the columns refer to the following values:
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Linel

Line 2

64

3-7

10-17
19-32
34-43
45-52

54-61
63
65-68
69

3-7
9-16
18-25
27-33
35-42
44-51
53-63
64-68
69

. Line number
. Satellite catalogue number
. Classification
... COSPAR object identifier (year-launch-piece)
. Element set epoch (UTC), two-digit year, DoY, fiac of day
. First derivative of the mean motiar(rev/day/2)
. Second derivative of the mean motio(decimal point assumed)

(reviday/6)

.. B* drag term (earth radii')
. Element set type

. Element number

. Checksum

. Line number

. Satellite catalog number

. Inclinationi (deg)

. Right ascension of ascending néd@eq)

.. Eccentricity (leading decimal point assumed)

... Argument of perigee (deg)

. Mean anomaly/, (deg)

. Mean motiom (rev/day)

. Revolution number at epoch

. Checksum



4. Simulation environment for optical
observations

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

The geometric and radiometric observation conditions atained from ESA's Program for Radar and
Optical Observation Forecasting (PROOF) using modeletaptensor means. PROOF supports dif-
ferent object reference populations (see Sect. 4.1). Tihaliarbit determination (I0D) based on mea-
surements is a crucial step in the end-to-end simulationl®0 we use a modified version of ORBDET
from AIUB’s program system CelMech supporting ground-loased space-based sensors (see Sect. 4.2).
In Sect. 4.2.2 we describe an alternative formulation fdD ®at has been implemented into ORBDET.
We evaluate the capabilities of this approach using grdaasid and space-based test scenarios. Section
4.3 shows how PROOF and ORBDET are linked through a measutesimaulator module SIMOBS.
Based on the work of Flohrer et al. (2006) we present the dhigebof the simulation environment for

a proposed space-based optical observation scenario inrdSec

4.1 PROOF

Originally, PROOF was developed as a tool for the validatbieSAs MASTER model through the
comparison between observed detection rates of spaca®hbjet model predictions for given observa-
tion scenarios and sensors (Krag et al., 2000; Krag, 2008)s dpproach opens, however, also a wide
range of applications beyond the original goal, rangingnfithe evaluation of sensor capabilities (see,
e.g., the approaches chosen by Landgraf et al. (2004) ordiyrétl et al. (2008)) to search for biases
or selection effects in specific observation programs (8khéecht et al., 2008). PROOF has extensively
been used to discuss space-based optical observationiltegzalKrag et al. (2001) and later on Krag
(2003), presented concepts for optical observations frasersor in a sun-synchronous orbit (SSO),
from a near-GEO drifting orbit, and from GTO. Oswald et aD@2a) discuss orbit determination from
optical observations via a space-based platform. Thegestadies introduced PROOF as an extremely
valuable tool for observation forecasting and performaeduation of space-based observations, but
did not focus on the technical feasibility of the proposestem architecture and processing concept.

The first release of PROOF was associated with the MASTER hindee version 1999. Subsequent
releases of MASTER were always accompanied with updatedd¥R@leases for the versions 2001,
2005, and 2009. Today, PROOF supports the simulation ofalpiind mono- or bistatic radar sensors,
either on ground or in space. In addition to the main appboabased on statistical MASTER pop-
ulations for selected reference epochs, PROOF may be udecetrast the observation conditions for
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discrete population files that must be in TLE format (see.S2B). In the latter case an implementation
of the SGP4/SDP4 theory (Hoots and Roehrich, 1980) is usprbftagate the object positions. PROOF
considers all relevant constraints of the observation itimng, and finally allows it to estimate the SNR
for the observed object at the simulated observation epdble. tabulated results are grouped into so-
called crossing, detected, and gap objects. “Gap” objeetsvihin the sensor FoV while the sensor is
not able to perform measurements; “detected” objects aiblgiwith a sufficiently high signal while
the sensor acquires measurements. The term “crossing’ refall objects that are in the sensor FoV
irrespective of meeting the detection and operation camif. The ESA PROOF tool, version 2005,
was used here to study the various performance issues.

The major input parameters of PROOF for optical sensorsidecl

e sensor location or sensor orbit,
e optical instrument description and performance model,

e simulation settings (e.g., observation epoch and durgation
PROOF provides the following output parameters for eachulsitad observation epoch:

e geometrical observation conditions, such as, e. g., the tifitlosest approach (TCA) in the FoV,
observation distance, angular velocity between objectsemdor pointing, and the dwell time in
the FoV,

e radiometric observation conditions, e.g., phase anglgctb apparent magnitude, background
brightness, estimated SNR per pixel,

e osculating elements of the object at the TCA,

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

4.2 CelMech

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

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

ORBDET supports two different approaches for initial odiétermination based on angular measure-
ments: one approach assuming a circular orbit, and anogtieg @ “boundary value” method. Two
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4.2 CelMech

measured astrometric places are required for the detetioninaf a circular orbit. The boundary value
method requires at least three astrometric places. Thegubést orbitimprovement step may be invoked
after both initial orbit determinations. We introduce theeglar 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 propagatference ephemeris. As SATORB pro-
vides a sophisticated modelling of the perturbing forcdmgamn artificial Earth satellites, we consider
ephemerides generated by SATORB being the “truth”, if a langof observations has been available
for SATORB. In SATORB we include perturbations due to Sun Btabn, consider Earth tides, model
the Earth’s gravity potential up to degree and order 12,yappirections due to general relativity, use a
simplified radiation pressure model (spherical sate]liégd perform the numerical integration of order
10. The orbit determination epoch is set to the centre ofallable observations. The created ephemeris
data has a spacing of 10 min.

4.2.1 Circular orbits

For circular orbit determination the eccentricéyand argument of perigeeare 0. The determination of
a circular orbit is interesting, if either only two obselieais are available, which is not sufficient for the
determination of six orbital elements, or if the observediavery short. In the latter case typically the
determination of the shape of the orhitgnde) is rather difficult, but the orientation of the orbitgnd
Q) may still be determined with sufficient accuracy.

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

An algorithm may be defined, which searches for the radiuah&se the angle between the two position
vectors is calculated from the observation geometry ana filte known mean motion an the observa-
tion times. Limits for the semi-major axis need to be definethe search process. We consider two
observations at the epochg andi g, introduce the topocentric observer positiddg and R, the two
observed directions in the topocentric fraemg andep, and the two topocentric distanceg and g,

so that (ignoring the light travel time)

r; = R; + pie;, i = {A, B}. (4.1)

To solve the circular 10D problem Beutler (2005) formulate® ways of estimating the difference
between the arguments of latitude; att 4 andtpg:

e Au,: determined directly from the angle enclosedsyandr g, which requires an assumption
ona that in turn fixes the distances, andpp, and

e Aug: determined from the uniform mean motion of the object orreutar orbit via

=B (0 (2 22)), 02

which again requires an assumptionn
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As Aug, andAug have to be identical, we can search for the root of the noatieguation
B(a) = Aug — Aug (4.3)

by varyinga within the assumed ranges. Having foundhe remaining orbital elements of the circular
orbit s and€2 can be easily found with

h = raxrp (4.4)
h
Q) = arctan (—}> (4.5)
—ho
= arccos (h—f’> , (4.6)
|h|
and for the argument of latitude, e.g.tatwe obtain
_ |GM PA

The solution may be ambiguous i(a) has multiple roots, which occurs in particular for shortsarc
Therefore, a reasonably defined search window:fisressential. If more than just two observations are
available, and a boundary value approach cannot be usedften helpful to determine a circular orbit
for all possible pairs of observations. This may help to Ikesthe ambiguities of multiple roots.

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

ORBDET allows it to execute an orbit improvement step after KOD, which takes into account the
major perturbing forces. Orbit improvement is based on stlsquares adjustment using all given ob-
servations. An interpretation of theorbit determinati@sults 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 valoigi@m, and not on an initial value problem.
The particular boundary value problem used here may beddlyeumerical integration. The method
tries to identify a local minima of the residuals over all ebstions or, alternatively, over a selectable
subset of all available observations within the considemed The sum of the residuals squares from a
least-squares adjustment process is used to find the logetheni The particular solution of the equations
of motion for satellites is used in this process, and mayitelperturbations.

Beutler et al. (2003) showed that this approach is appkc#ébdldetermining orbits of GEO and GTO
objects from ground-based observations. The approaclalidesand fast. Usually, good results are
achieved for short observation arcs, which is a typical ¢casairveys. The ORBDET approach may
therefore be used for space-based observations as wetlsafhe modifications of the original ORBDET
code. The instrument’s position (the orbital elements efitistrument) is introduced as input data.

Figure 4.1 illustrates the used quantities. The topoaeobiserver is located &@(¢). The objectS is
observed in the directioa(t), and has the topocentric distanecef the observer at the observation epoch
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t. The directione(t) can be approximately calculated from the equatorial coatesc ands. The light
travel timeAt must be taken into account for the observation geometry.oblserved short arc has the
boundariesd andB .

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

For the boundary value method the typical limits of any atitirbit determination applies. If the short arc
is too short compared to the measurement accuracy, what atay, @.g., for objects crossing a narrow
FoV, or for poorly determined object positions, any initiebit determination will fail.

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

Both boundary value approaches follow the idea that two 8annvectorsr 4 andr g (geocentric po-
sitions of the unknown object at the boundary epochandtz) can be calculated from the observed
direction between sensor and unknown object and the knomgos@osition, if the topocentric distances
pa andpp are known (similar to Eq. 4.1). By systematically varyimgandpg, one will find the best fit

of the observed directions andd on an orbit fixed by the boundary conditions by minimising $ioen

of the squared residuals. These residuals between olises/and determined orbit are estimated in
right ascension and declination. At least three obsemat{o fact astrometric position measurements)
are required for the boundary value approach.

Two implementations of a boundary value method are disduaewing for full-parameter orbit de-
termination. The first approach (BNBNDV) is the original onsed in ORBDET. The second one

X

Figure 4.1: Boundary value method - schematic view of the ugmntities.
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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 topdcetistances at the boundary epochs are similar
(pa = pp). This allows formulating an interesting approach for thgarigy of survey observations of
MEO or GEO objects. Beutler (2005) demonstrates how in ORBREne-dimensional search over
topocentric distances can be used for initial orbit deteation.

The following steps are proposed:
e Variation of p 4 within user-defined search limits with the given stepsgize
e Re-computation of the geocentric distance avia 7“21 = (Ra+paea)?
e Approximation ofpp viars ~ rp = (Rp + pgep)? = R% + 2(Rpep)pp + p%

e Fixing pa, «;, andd; with ¢ = { A, B} allows solving the linearised observation equations given
by Beutler (2005) for only one remaining parameigr

e A simple one-dimensional search criterion is defined bygisie sum of the squared residuals
Aa andA§ as function ofp 4, considering alh observations:

B(pa) = \/2?21 (cos? 6; Aa;?(pa) + A&iz(pA)).

e (4.8)

e The minima ofB(p ) give the best solutions in a least-squares sense, and fairththassociated
orbital elements can be calculated.

4.2.2.2 BNBN2D

BNBN2D represents an alternative formulation to BNBNDVisTboncept was originally developed by
Beutler for his lectures on astrodynamics at the Universitdern and is briefly outlined in (Beutler,

2005), but, as opposed to the one-dimensional search taligoBNBNDYV, it has not been implemented
into the released version of ORBDET.

If n observations are available in the interyal, ¢z) an approximation of the observed arc through a
truncated Taylor series with the coefficieascan be formulated from these observations. This approx-
imation around the epochand its second derivative are:

n

r(t)=> (ta—1t)D (4.9)
j=0
() =Y j( = 1)(ts —t) %, (4.10)
j=2

Forn = 3 the equation system is linear and we can build a simple Epstres system, if we ask the
solution to meet the equation of motion at the boundary epodh principle, an approximation up to
orderqg = n is possible, if a system af — 2 differential equations is used.
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Ab = 1
1 ta—t (ta—1t)? (ta—1)3
1 tg—t (tg—1t)? (tp—1)>
A =
0 0 2 6(ta —t)
0 0 2 6(tp — 1)
b = (bo,br,ba,b3)" (4.11)

T
I = <7’A,TB, —GM=2, —GMT—§>
A ]
A is fixed for knownt, t 4, andt g the4 x 4 matrix can be inverted directly. The equation system can be
solved easily fob as a function of systematically varied andpp. This variation searches for the best
fit to the observed arc. A filtering mechanism may exclude ygtienbolic solutionse>1).

A possible fit criterionB for observed ?) and computed() positions obtained from the reconstituted
arcis:

n 08209 (a9 — aC)? + (69 — §C)3

Varying both topocentric distancesy andpp 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 detémation using BNBN2D from a short arc obser-
vations. We consider a space-based observation scendmme\a sensor orbiting in the GEO observes
other near-GEO objects. For this example we study a typitat®n, where the observed arc contains
280 observations acquired in 280 s.

The left picture refers to a simulation without any measwaenerror, while in the right picture a random
measurement error of 2’5 assumed. The major challenges are obvious: without a oyital values
pa andpp , the search volume is large, and the minimum can be very shidiprefore, selecting an
appropriate sampling width is essential. The implememtatif BNBN2D foresees a fine-search within
the gridpoint containing the found minima. On the other hafithe noise level is high, the minimum is
less prominent and “flat”, and searching for the minima bez®mcumbersome process.

In BNBN2D the minimum is sought for using either a brute-Bornethod with a fine-search as a second
step ensuring completeness, or using a gradient-step thewtuch 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 fof Qleft) and 2.5 (right) RMS of single observation.
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Table 4.1: Test objects for the evaluation of BNBN2D, witltwating elements referring to the latest
available observation epoch per object.

[Object [alkm] [e[]] i[]| Q[]]Class |
EO7311A| 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

EO07311A o pony ee...Zimmervald o
a E07343D o0 OBD 00 &0 - T .
S E08035A -
2,
© Eos061B oo B me —
E08125C -

Nov Dec Jan Feb Mar Apr May Jun
Month of years 2007/2008

Figure 4.3: Distribution of the observations acquired viatA'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 ialtiorbit de-
termination. We use ground-based observations acquirdkdB8A's 1-m telescope and with ZIMLAT,
and we use simulated space-based observations for the SBROsat. We assume that the astrometric
accuracy of the observations is better tharf (RBMS).

Ground-based observations Table 4.1 introduces the selected 5 test objects, whichr éoskasses

of typical objects found in high altitudes. The class intksawhether a particular object belongs to
GEO or GTO, or is an object with an extremely high ratio of a®anass (HAMR). HAMR objects
originating from GEO are of certain interest as the solarataxh pressure leads to a comparably fast
growth in eccentricity and inclination. The evolution ofceatricity and inclination of HAMR objects
shows complex periodic patterns.

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

Figure 4.4 presents for all 5 test objects the result fronothé determination using ORBDET with ini-
tial orbit determination through BNBN2D, and a subsequehbit anprovement step. Each blue dot refers
to one solution from a single short arc, which is formed byoeisding observations of one observing
unit typically covering 3 to 5 observations within about fahutes. A yellow dot refers to the results of
an orbit determination based two consecutive short arcgir€i4.5 shows the corresponding arc length
for both cases, together with the resulting RMS a posteridie considered an orbit determination with
a small RMS as successful. A small RMS a posteriori does radlyrienply that the determined orbit is
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correct.

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

Figure 4.4 shows that in all test cases the solutions usirardmation of subsequent arcs give signif-
icantly better results than the orbit results from a singlersarc. The determination af ande from
short arcs is often difficult and returns wrong results ohhégcentricity, while the determination ©f
andi is more robust in all cases. The orientation of the orbitahplseems 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 observatmarse. Here, we focus on capabilities of the
initial orbit determination algorithm. We will discuss tlsemulation environment combining PROOF
and ORBDET in Sect. 4.3 and the observation scenarios in &dct

We consider two comparably problematic test cases, a SBOsknsor platform orbiting in GEO and
observing GEO objects, and a similar platform orbiting if.&bserving LEO objects. The possible case
of a LEO sensor observing GEO is understood to be easier,odaeger distances and smaller angular
velocities of the objects. This case would allow it to acguiomparably long observation arcs and would
also provide observations of better astrometric accuMywill discuss this case in Chapter. 6.

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

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

e image acquisition frequency of 1 Hz providing equally sphobservations of the same accuracy
(RMS),

e astrometric accuracy with RMS of' 00.5’, 17, 2.5’, and %,

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

e assumption that the epoch registration accuracy is caddimthe assumed astrometric accuracy.

Table 4.2 lists the ten test objects (five each for the GEO & tases) for which the orbit determination
using the BNBN2D algorithm was tested. The table providesbiisic orbit characteristics and the arc
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Figure 4.4: Orbit determination for single arcs (blue) aochbined arcs (yellow), and best (true) solution
(red circle) in thea-e (left column) and(2-; space (right column); test objects (top to bottom lines):
EO07311A, E07343D, EO8035A, E08061B, E08125C.
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Table 4.2: Test objects for the evaluation of the spaceebastal orbit determination capabilities of
BNBN2D.

Object[ akm] [ e[| i[1| Q[ ]arc[s]]
GEOL1| 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
GEOb | 34060| 0.22| 3.93| -23.71| 776
LEOL1 | 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 casmnvaonly observation arcs of several
seconds, while the typical length of the arc for the GEOC taséa few minutes.

The middle epoch was varied front 4 to ¢ 3 for each simulated observation (1 observation per second).
The relevant figures for the simulated GEO and LEO test ahjeghich give the results for the test
orbit determination are contained in Appendix A (Figs. A4At13). Each of these figures refers to one
object and presents, grouped by the assumed astrometsig, itloé relative frequency of the differences
between the estimated and “true” orbital elements, 7, and(). Differences outside the shown interval
are not covered by the figure.

GEOL1 gives good results for the determination of the ort@maof orbital plane, often better than 1° for
the cases with lower noise level. In most cases with a smalbRiM determination of the eccentricity is
estimated close to the reference value. If the orbit deteatidn fails, this is usually caused by a higher
astrometric noise level.

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

For GEO3 (a nearly circular drifting orbit of high inclinati) the shape of the orbit @nde) can be deter-
mined if the astrometric noise is small. The observatiomgeioy may cause problems when estimating
the orientation of the orbital plane, independent of thesadevel.

It was not possible to estimate an orbit of good quality ferdbject GEO4. The estimated eccentricity is
about 0.98 in most "successful* orbit determinations amudldfore offset by about 0.3. High-eccentricity
orbits based on short arcs are difficult to be establishedhisyatgorithm.

The orbital plane for GEOS5 (an eccentric sub-GEO with coralplgrlong visibility in the FoV) maybe
estimated usually better than 1°. A dependency from themgtiric noise is only visible for the semi-
major axis. This indicates a very favourable observaticomugstry.

The orbit determination fails for the LEO1 and LEOS5 simwas. While for LEO5S the arc is probably
to short, in particular in view of the high eccentricity, ttest for LEO1 probably fails because of the
observation geometry. The circular orbits LEO2 and LEO4drbetter quality for comparable arc
lengths.

The test for LEOZ2 returns very good results for the orieatatf the orbital plane (mostly about 1°).
The determination of the shape of the orbit is difficult. Test$ without astrometric noise and with’0.5
noise are successful in determining of the shape in aboutaf@Pe cases, but reveal a bad performance
for higher noise levels.

For LEO3 a good performance is indicated for the deternmonadf the orientation of the orbital plane.
The results differ for the selected noise levels, but aresistent for each individual noise level, and are
always within some degrees. The determination of the shafieemrbit is not successfull. The eccen-
tricity can not be determined with a high degree of confidéhttere is noise added to the observations.
The case for a noise level of Bould be traced to a statistical outlier, as there are onty rams that
terminate with an elliptical orbit as result.

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

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

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

It was not surprise that the arc length matters for detengimin initial orbit. For the problematic LEO
case, where the observed arcs are very short, the deteionimdita circular orbit with subsequent orbit
improvement step could be a valuable alternative. We withier study this in Sect. 4.4.
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The selection of appropriate observation scenarios idalras limitations set by the actual observation
geometry impact the performance of all algorithms and cabeocircumvented later on by selecting
different algorithms.

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

Future work on the BNBN2D algorithm may include differental&ypes, such as range or range-rate
observations. There are two possible ways for an implertientalf there are only few observations,
each range observation may be added as a constraint to shedg@res adjustment. The other possibility
is to use this additional data types to limit the search range, andpp. It is an interesting open issue,
whether either the range and angular observation have tordtgneous 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 linkamtdate, with the addition of a
measurement simulator module SIMOBS, an end-to-end stimnlanvironment for ground-based and
space-based optical observations.

Figure 4.6 shows how PROOF may be connected to SIMOBS viagiplinterface, which provides the
topocentric observation geometry for all crossings everte entire population of crossing objects, not
only a few selected objects, is accessible. SIMOBS crelgadtrometric positions expressed by the
anglesy andd, and allows it to add controlled noise. The noise is Gaussiacan be either added to the
astrometric place, or to the sensor positions. We assurhéhthapoch registration accuracy is absorbed
by the astrometric accuracy. The SIMOBS output corresptmdise result after the image processing
and astrometric reduction of the observations. The gezgtraeasurement file from SIMOBS is the input
file for ORBDET, which will in most cases be able to determineebit of the object from the simulated
measurement data. We may either use the RMS or the residoaldgd by ORBDET to decide, whether
the orbit determination was successful. All successfultaterminations may be characterised and
classified, according to the achieved quality by compaiegdetermined orbital elements with the input
reference elements provided by PROOF.

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

There are limits of this tool chain that relate to the inteefdbetween PROOF and ORBDET. PROOF
is fully trusted and validated for providing via the plug{function single pixel SNR and topocentric

observation geometry. A more realistic modelling of theestaations makes the estimation of the asso-
ciated uncertainties challenging. This task requires aehfod an astrometric reduction process, which
includes an image processing model, and a model for canglabservations. Such a link module must
be either an existing processing software that is capabilssiofy 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 fiemcbf angular velocity, object brightness, de-

tailed sensor parameters, etc. The correct parametnsatithis model is a multi-parameter exercise and
rather difficult. The development of such a link is an extrgneemplex task and we are far from having

such a tool available.

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

The combination of observations of different accuracy fidifferent sites is possible with this environ-
ment, and SIMOBS allows it to model the measurement accuhdjfferent 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 proposedtalpspace-based mission. The SBO
project we briefly introduced in Sect. 2.5.2. It will also Ibe topic of a more extensive discussion on its
space surveillance capabilities in Sect. 6. We briefly ohiiee the observation strategies for searching
small-size space debris in Sect. 4.4.1. We present a pafaenevaluation including radiometry, image
processing, and orbit determination aspects. The perforenaf the proposed system is evaluated in
three steps. In a first step (Sect. 4.4.2) we discuss the\atiBerobjects using a statistical reference
population from ESA's MASTER-2005 model with the help of PBB-2005. Using the characteristics
of objects crossing the FoV, we discuss the key parametsitilg the detection of objects. The next step
(Sect. 4.4.3) consists of the analysis of the proposed irpegeessing algorithm on board. Finally, in the
third step, the orbit determination of the detectable spleteis population is evaluated in Sect. 4.4.4. A
combined performance estimation of the system is perforim&ect. 4.4.5.

4.4.1 Sensor baseline and proposed observation strategies

It is the goal of the SBO to improve the knowledge on smakk-sigace debris (millimetre to centimetre
objects) in LEO and GEO by passive optical means. For reasiorsst-efficiency only fixed-mounted
telescopes were considered in the study, which do not e@uiledicated mission. The sensor shall
provide all measurements needed for orbit determinati@hfanthe estimation of the size of objects
from a single crossing of a particular object through thesegs field of view. To reduce the system
requirements (mainly to limit the amount of transmittedajjatiata processing must be split between
processing on board and on ground. Object detection of lbefarence stars and debris objects (and
discrimination), will be carried out on board, while therastetric reduction, orbit determination, and
size estimation are part of the processing on ground.

We found that the same instrument might be sufficient for lmpthrating scenarios, LEO and GEO.

Nevertheless, to ensure sufficient system performanceatigerto the small-size objects must be small.
This is why space debris objects orbiting in LEO need to bewndesl from a sensor in LEO, while space

debris in GEO must be observed from a platform in or near th© GE

For the LEO region the study proposes a sensor mounted oerlhtsairbiting in a nearly circular sun-
synchronous orbit of about 800 km altitude and close to thaiteitor plane. The line-of-sight (LOS)
shall point away from the Sun, almost perpendicular to tihé&alrplane, 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 canesgumes use of a sensor mounted on
a dedicated spacecraft in a low inclination circular orlbioat 1000 km below the GEO, in a so-called
subGEO orbit. In this case the sensor is proposed to poirtieéropposite direction to the Sun (see
Fig. 4.8). In the second concept the sensor is mounted asoaday payload onto a GEO satellite,
with the instrument LOS mostly perpendicular to the orhilahe, pointing almost to the North or to the
South (see Fig. 4.9). The LOS orientations in LEO and subG#2@ to optimal phase angle conditions
(close to 0°), while the LOS orientation in GEO results inrage phase angle of about 90°.

The proposed instrument consists of a 20 cm aperture foldbohidt telescope, a four megapixel, fast
read-out camera using either a frame-transfer charge edugvice (CCD) or an Hybrid Visible Silicon
Imager (HyViSI) sensor. With a focal length of 41 cm, the déen of the FoV is 6°.
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LOS

Figure 4.7: LEO operations concept: placed in a sun-symciu® orbit close to the terminator, the LOS
of the sensor is slightly inclined to the normal of the orbjiane, ensuring a pointing into the densely
populated regions in LEO.

Orbital plane subGEO

Figure 4.8: SubGEO operations concept: a dedicated sgdera near-circular, slightly inclined orbit
below the GEO, the LOS of the sensor is pointing away from the S

4.4.2 Assessment of the observable objects using PROOF

We used ESA's PROOF-tool version 2005 for the estimatiorhefriumber and the characteristics of
FoV crossing events. The FoV crossing events were genebgt@ROOF from a statistical reference
population of space debris objects, namely the ESA MASTBB520pulation. PROOF-2005 was used
in the “statistic mode”, and the reference epoch was 2006405To save computing time, the minimum
object diameter was set to 5 mm, and the considered distavereslimited to 10000 km. Furthermore,

we combined the results from four Monte Carlo runs coveriadhdf observation time each, in order
to improve the statistics. The PROOF-runs were executethéo8" and 28! day of each month, over a
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Figure 4.9: GEO operations concept: mounted as secondglyaoaon-board a GEO satellite, the LOS
of the sensor points to the North or South, but slightly imetl towards the Earth by 15°.

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

The results for CCD-detectors do not differ significantlyrr the HyViSI-detector results, which is why
we will only present the results for the HyViSI detector. Tdomsidered observation distance is far more
important for the interpretation of the simulation resulBue to CPU-time limitations only a limited
band of observation distances can be simulated. The mairs fotthe SBO sensor is on small-size
space debris. As the detection performance is expectedhetter for short distances to the objects, the
lower limit is 0 km, while for the upper bound we used 10000 kmdll operation scenarios.

In the LEO there is, however, a significant loss in the detectensitivity for increasing distances.
Figure 4.10 shows the peak signal-to-noise ratio (SNR)m=ion of the object diameter for five selected
distance ranges. Subsequently, we will always refer to #ek ENR per single pixel. Figure 4.10
indicates that for a reasonable SNBRa significant number of detectable FoV crossing events aflsm
size space debris objects@.1 m) can only be expected for distances below about 400 km.

The FoV dwell time is significantly shorter for short-distenFoV crossings, but for small objects the
increase of the SNR due to the shorter distance exceeds ¢heade of the SNR due to the higher FoV
crossing velocity. The comparison of the FoV dwell time witle observation distance in Fig. 4.11
shows that for observation distances below 500 km the FoMldiwe is typically between 0.4 and 5 s.
For the long-distance observations, dwell times of sevaialites are possible. In order to acquire the
required number of position measurements, dwell timesiélds are demanding. Due to this fact, we
will analyse the LEO operation concept with a distance ¢u&io400 km (subsequently called LEO400)
in addition to a distance cut-off at 10000 km. For both coteehthe 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 performanudation with PROOF. The so-called unique
crossings are listed in Table 4.3, which are the number aatbjobserved only once within the simu-
lation period, and the number of so-called multiple cragsjrwhich refer to objects crossing the sensor
FoV at least twice during the simulation. The visible bigf@i€énces between the number of LEO and
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Figure 4.11: FoV dwell times in the LEO concept for five sedelctiata subsets with different bands of
the observation distance.
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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 mmndtar within 576 h simulated observation
time for the three considered operation concepts (LEO, BEMGEO).

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 mmmdtar within 576 h simulated observation
time for various simulated SNR detection thresholds (pedikes per FoV crossing event), together with
the related minimum object diameter (in mm)italic.

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

Table 4.4 shows that small-size debris objects are deteeted for the higher SNR detection threshold

of four. In LEO smaller objects compared to the subGEO and G&<@s are observed for a given SNR
detection threshold, due to the smaller distances to trextshj The numbers do not yet take into account
a possible loss due to failed image processing or orbit ohetation. It is thus more interesting to assess
the number of objects having crossed the FoV, for which theotd were detected, and for which the

orbit determination was successful.

From Table 4.4 we calculate a rough estimate for the avereigetibn rate. A number of 7.5 objects/hour
are expected in LEO within the 400 km distance, if a SNR ditedhreshold of 4 is assumed. Within
the 10000 km distance we calculate 47 objects/hour in LE®,00jects/hour for subGEO, and 0.3
objects/hour for GEO (North/South). The rates refer to iomaius operation over a full revolution of the
sensor. However, in the subGEO the Earth will be in or clogkad-oV of the sensor once per revolution
and thus only about half of the total mission time can be usedliservations.

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

e the FoV dwell time, which is equivalent to the angular velpevith respect to the FoV taking into
account a path offset,

e the brightness of the background, and

e the apparent brightness of the object, determined by dis{gohase angle, object diameter and
albedo.

The exposure time and the instrumental noise are set to fdeew.
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We first analyse the orbital elements of the objects crogsiad-oV. This allows assessing the coverage
of the space debris population with the proposed operaboceapts. 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 axisn Fig. 4.12. A reasonable number
of GTO objects are crossing the FoV in all concepts, visilsléha clustered population at higher eccen-
tricities. Both GEO concepts give similar results, the sBCcase generates additional crossings with
a semi-major axis of about 40000 km— mainly objects which atocnoss the FoV of the North or South
pointing GEO telescope.

Fig. 4.13 shows the inclinatiohas a function of the right ascension of the ascending ibdd-or the
GEO concepts we may distinguish two classes of objects. Téiecfass comprises the GEO objects
with an inclination below about 20°. We recognise the welbwn pattern in thé-Q) space (see also
Fig 3.2). Due to the North- or South-pointing in the GEO ofieraconcept, there are basically no
crossing objects in very low inclination orbits. A secondsd of objects with ~ 67° could be traced
back to MEO objects in the MASTER population with a semi-maixis between approximately 25000
and 30000 km crossing the FoV at distances below 10000 kml.EEOA00 one recognises the preferred
inclination bands for sun-synchronous and telecommuinicaatellites. This is the region where most
of the small-size debris detections are expected. The daaplEO covering long-distance observations
shows a good agreement with the modeled space debris emérdrin LEO, the entire right ascension
range is covered uniformly and selected inclination banits ligher crossing rates can be identified.
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Figure 4.12: Eccentricity vs. semi-major axis for objeetgér than 5 mm crossing the FoV within the
576 h simulation for LEO400 top-left, LEO bottom-left, suBQ top-right, GEO bottom-right.
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Figure 4.13: Inclination vs. right ascension for objectgéa than 5 mm crossing the FoV within the
576 h simulation for LEO400 top-left, LEO bottom-left, sSUBQG top-right, GEO bottom-right.

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

Fig. 4.15 shows the apparent brightness of the FoV-crossifects as a function of the brightness of
the sky background. We conclude that the majority of theaibjare very faint. In LEO, near objects

(within a distance of 400 km) are usually brighter than 15 naagl, without limiting the distance, 5 mm

objects may appear even fainter than 20 mag. The largesbigte objects in GEO appears fainter than
15 mag. Brighter objects (as bright as 0 mag in LEO or 5 mag i®fRay cross the FoV in all cases
occasionally. The instrument is designed to cope with #nigd dynamic range. All operation concepts
allow observations where the sky background is fainter 2amag.

Figure 4.16 shows the phase angle variations as functiomeodlbservation epochs. A 15 day structure
is due to the simulation of runs spanning 24 h. The phase swagke between 0° and 60° in LEO,

irrespective of the selected distance range. In GEO theepdnagle is comparably bad, always between
50° and 130°, with an average of 90°. Best phase angle conglifire obtained in the subGEO operation
concept due to the optimum pointing in right ascension awasnfthe Sun, keeping the phase angle
below 25°. The phase angles show prominent seasonal easataused by the varying declination of
the Sun. In the GEO operation concepts the daily periodi@atiran of the phase angle is constant (about
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Figure 4.14: Minimum distance vs. FoV dwell time for the slatad LEO, subGEO and GEO opera-
tional concepts considering objects larger than 5 mm dienveithin 576 h simulated observation time;
LEO400 top-left, LEO bottom-left, subGEO top-right, GECttom-right.

5°in subGEO and 25° in GEO), but the 24 h average of the phage ahows an annual variation. In

LEO the daily average of the phase angle stays constanthérd ts an annual variation of the daily

amplitude. The variation within 24 h is narrow in spring andienn, when the declination of the Sun is
low. The largest amplitude is expected at high declinatmirthe Sun. The subGEO operation concept
allows for optimal illumination conditions (phase angléR 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 informationeselnt for the sensor performance — the simu-
lated peak SNR as a function of the object diameter. The sisalgveals for a SNR detection threshold
of four an average diameter of the FoV crossing objects ofitbam for the LEO case and about 10 cm
in the two GEO operation concepts. For a given SNR detectimshold the associated diameter covers
a range of about 10 cm. For a SNR of four there are detectidos/decm 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 toaestine performance of the proposed SBO
instrument. The images were simulated with the Image Ramuand Processing Facility (IRAF). Test
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Figure 4.15: Brightness of the FoV crossing objects vs. tighiness of the sky background for all
objects larger than 5 mm diameter within 576 h simulated wsien time; LEO400 top-left, LEO
bottom-left, subGEO top-right, GEO bottom-right.

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

A slightly modified implementation of the border-and-filigalithm was applied in the SBO study in
order to precisely discriminate object and backgroundlpiaed to determine the centroids of the star
and debris objects. A comparison of the determined cergraith the input into the IRAF program
system allows it to determine the SNR cut-off and to assdesvedrds the accuracy of the centroiding
procedure.

The astrometric error is governed by the centroiding erfatar and object, and the epoch registration
error. The determination of the centroid of fainter objedtse to the SNR limit is of lower accuracy

compared to the brighter objects. The centroiding error thhasefore determined as a function of the
apparent brightness. The apparent brightness is not onlyciién of the diameter of the objects. It also
depends on the phase angle, the distance to the objectfidibe, nd surface properties of the objects.

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

for subGEO and 10.3 mag for LEO using the CCD detector with éipiproach. In the HyViSI detector,
the values are 16.0 mag for GEO and subGEO and 10.6 mag for TE®limiting magnitude is com-
parable for the GEO and the subGEO operation concept; thie&iobjects can be detected in these two
concepts. The limiting SNR value is around four for the GEQ #mee for the LEO operation concepts.

Lowering the detection threshold allows the detection oftéa, and thus of smaller and more objects,
but produces also a higher number of “false” detectionss #n issue of the on-board software imple-
mentation and telemetry limitations, which false detacttiate may be allowed by selecting the SNR
detection threshold. We assumed that 95% correct detsatimust be guaranteed.

Table 4.5 gives classes of the object centroiding errorsixal goordinates Ax and Ay) for a wide
range of apparent brightness values. The smallest erromsspond to the brightest objects, the largest
errors to objects crossing the FoV at the SNR detection .libite to the proposed operation concepts
(mainly the orbital and pointing strategies) the centrmgderror covers different ranges. Table 4.5 also
provides the transformation of the centroid determinagionr to a centroid position error using the pixel
scale of the SBO. In the next section we will use the centngidirror classes while simulating position
measurements as part of the orbit determination. “Ermee-fposition measurements are obtained from
the observation geometry at the simulation epoch. Theumstntal noise sources need to be addressed
realistically. The centroiding accuracy derived from thege processing will be used to add normal-
distributed noise to the simulated position measurementsrbit determination.

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

ternally. User-defined image processing algorithms malacepthe PROOF built-in detection criterion,
which is basically an SNR detection threshold, by means dlig-im mechanism. As a first step we
developed a conversion routine in addition to the plug-ihicly exports PROOF’s synthetic images in
the FITS format. Itis possible now to directly feed PROOFRadato existing image processing facilities
like IRAF or AIUB's off-line data processing system. The ait#d analysis of the image processing
using these synthetic PROOF images directly has to be dahe iiuture.

4.4.4 Performance of the orbit determination

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

The simulation is based on PROOF output. ORBDET was adaptsdpport space-based platforms
and the output of the observation geometry from the PROOIF RROOF provides via the plug-in the

observation geometry for the simulated exposure epocksarfays containing the pixel coordinates,
the object and star signals, and the background signal. ateabmbines the epoch, the position of
the sensor, and the position and velocity of the observedcabjUnfortunately, it is not possible to

trace the output observation geometry back to the simukaddtcrossing characteristics. This missing
functionality of the PROOF plug-in would be needed to assliactly a specific astrometric error as
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Apparent brightness [mag] Ax, Ay[pix] | Centroiding error’[]

Brightest objects 0.15 1.98

<8.5 0.4 5.2

LEO <9.5 0.6 7.9
<10.5 1.2 16.0

Brightest objects 0.01 0.13

<14.5 0.1 1.3

SUbGEO <15 0.2 2.6
<15.5 0.3 3.9

<16 0.4 5.2

Brightest objects 0.01 0.13

<11 0.03 0.4

GEO <12 0.1 1.3
<14.5 0.4 5.2

<16 1.2 16.0

Table 4.5: Centroiding accuracies (after the astromegttiction step in the on-ground processing) in
pixel units and maximum corresponding position error in ggconds, assuming a SBO pixel scale of
9.04Y /Ipixel.

a function of the simulated brightness and FoV crossingoigido the orbit determination. SIMOBS
processes the data from PROOF, and generates astrometepvations (pairs of right ascension and
declination of the object centroids) for all epochs. Nols& 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 ahgit determination, irrespective of their
FoV crossing characteristics. We will ignore in particulahether the SNR allows for a detection or
not. This approach allows us to discuss the performanceedbribit determination with a larger number
of events. We combine the results of orbit determinatiorhwliie 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 angssvent. We obtain a two-body orbit.
In the simulations we use a search range of 50<kr12000 km with a step size of 15 km for both
algorithms, BNBNDV and BNBN2D.

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

The position of satellites can be determined without sp@seans to better than 2 m in LEO, and 10 m
in GEO. This is why a random normally distributed noise wittr@ error of 10 m in each of the 3 axes
in subGEO and GEO operation concept, and of 2 m in LEO, wasdatidihe position of the observing

platform.

Let us now discuss the results of orbit determination forsthieset of the PROOF data consisting of 24 h
of observations on June 12, 2006.
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4.4 Application of the simulation environment to a propospédce-based optical observation scenario

Orbits were determined from 38572 FoV crossing events il E@ concept, 510 events in the sUbGEO
concept and 293 events in the GEO concept. With the assumptia 1 s image acquisition spacing
about 10% of the FoV-crossing events in LEO do not give enaalggervations. In the case of deter-
mining a circular orbit this applies only to about 2% of thesets. Circular orbit determination was

only considered for the LEO. In the GEO and subGEO basicélligvants give a sufficient number of

observations for a full orbit determination.

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

All successful orbit determinations may be characterisati@dassified according to the achieved accu-
racy by comparing the determined orbital elements to thee"telements provided by PROOF.

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

e 500 km in the semi-major axi& 0.05 in eccentricitye, 5° in inclinationi, and 5° in right ascension
of the ascending node (in the LEO case), or

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

A detailed analysis of the orbits which were not acceptedvsidahat mostly the highly eccentric orbits
(e>0.3) were difficult to determine. As these orbits are not @ihary interest for the SBO system (the
focus is on small objects in LEO and GEO and thus more on |lavesgcicity orbits), we may exclude
these objects after orbit determination. A simple perigeegee height criterion using the determined
perigee and apogee values turned out to be suitable fordstst t

The a posteriori filters had the following characteristics:

e Minimum perigee height of 6500 km and maximum apogee heifghb000 km in LEO,

e Minimum perigee height of 30000 km and maximum apogee hafB0000 km in subGEO and
GEO.

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

The 10D from the short observed arcs must be considered fasuttif Figures A.1 to A.3 in Appendix

A show the results of the comparison between “true” and detexd orbital elements for the a poste-
riori filtered successful IODs. The value 100% refers to aticessful IODs. We may conclude from
the figures that in all cases, and for all used algorithms,prdormance of orbit determination only
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4 Simulation environment for optical observations

slightly degrades with an increasing astrometric errois Tdct implies that orbits of faint objects can be
determined with almost the same quality as orbits of brigicts.

The determination of a circular orbit is much more reliablart the determination of an orbit using either
one of the boundary value approaches in the LEO. The riglenssan of the ascending nofeis only
weakly determined. The determinationayfe, andi is acceptable in about 50% of the successful IODs.

In the subGEO case the BNBN2D algorithm fails to find the adrneinima, yielding a bad performance.
The BNBNDV algorithm is capable of determining the shapehef orbit @, €) in about 90% of the
successful IODs and the orientation of the orbital plan&) in about 70% of the successful IODs.

The results in the GEO show a comparable and good qualityotbrddgorithms, BNBNDV and BNBN2D.
The shape of the orbif( €) is better determined than the orientation of the orhifY). The determi-
nation of the shape is accepted in 70-90% of the successids,|@hile the orientation of the orbit is
accepted only in 50-60%. BNBNDV gives slightly better résdor the fainter objects than BNBN2D,
but the total number of successful I0Ds is higher for the BIi2BNalgorithm.

With the BNBNDV algorithm the shape of the orbit can be deiaad with acceptable accuracy in most
of the cases where 10D was successful. The determinationeobrientation of the orbital plane with
the assumed accuracy of 2° mostly succeeds in the subGEQuanédeds in the GEO in about 50% of
the cases. The determination of a full-parameter orbiténtBO is difficult. But with the determination
of circular orbits (an assumption simplifying the 10D) theape of an orbit can be determined meeting
our acceptance criterion in more than 50% of the succesdDkl The determination of the orientation
of the orbits in LEO is difficult due to the very short arcs (fretorder of seconds) and is thus not very
reliable.

We furthermore conclude that the RMS criterion is not sugfitto qualify the accuracy of the determined
orbits. In subGEO and GEO the astrometric accuracy of thaiposneasurements does only slightly
impact the quality of the determined orbit. The determingaite of fainter objects are of a comparable
accuracy with these of the brighter objects. In LEO thereoftien 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 wighdimulation results for image processing
and orbit determination gives an estimate for the numbeichadacteristics of objects for which we may
determine orbits.

We start with the application of the detection thresholdalp8NR) as filtering criterion to the list of
crossing objects for 576 h of simulated observations. Merghe resulting lists of “objects above the
detection threshold” with the results of the simulated todbtermination (percentage of successful IODs
and percentage of accepted I0Ds) leads to an approximateeruofi determined orbits. By adding
margin to these percentages we take into account that titedetbrmination of fainter objects is slightly
more difficult. We do not assume a correlation between appdméghtness of a particular object and
the orbit determination. We present the statistics for 24 bbservations, neglecting that in subGEO
observations are not possible throughout the entire régolof the sensor, and that in all cases probably
some observation time is dedicated to calibration. The rurabobjects is given for different ranges of
object diameters.
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4.5 Conclusions

LEO subGEO GEO
Accepted determination ofi(e) 500-600 12-13 4-6
Accepted determination of,(2) 200-300 10-12 3

1% <5 cm 3% <5 cm 1% <5 cm
Fraction of 'accepted’ objects | 5% <10cm| 12%<5cm | 5% <5cm
41%<20cm | 26% <20 cm

Table 4.6: Number of objects per day for which the initial ibdetermination 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 24h/d | >12h/d | 24 h/d 24 hlyear | ~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 gdsbased sensors ((*): stare and chase for
TIRA))

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

Table 4.6 shows the results of the combination of the peroica simulation results. The estimate of
the number of objects for which the orbit determination radgbe acceptance criteria is provided, as
well. We use these data as input to Table 4.7, where we susenidue capabilities of the SBO system

and compare them to the capabilities of existing grouneddaystems. In LEO ground-based radars
are theoretically superior, but due to their limited availity a space-based system could still contribute
significantly to the monitoring of the LEO space debris emwinent. At geostationary altitude (or 12000

km below) the proposed SBO system is clearly exceeding thabilities of 1-m telescopes on ground.

The SBO would improve the knowledge concerning space dbpriecreasing 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 simulaioironment connecting ORBDET of the
CelMech Program System to PROOF via a measurement simul@ttierent approaches for IOD in

ORBDET were discussed. The capabilities of an alternatvendilation of the boundary value method
are discussed in detail for ground- and space-based soenahis algorithm requires three astrometric
observations, is highly flexible, and easy to implementpsuis observations from different sites and
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space-based observations, is free of assumptions, anditiatise a subsequent orbit improvement step
based on all available observations. The choice of ap@t@abservation scenarios is crucial for 10D.
The length of the arc covered by observations matters faraing an initial orbit, which is critical
for LEO orbits, where a determination of a circular orbitlws#ubsequent orbit improvement is a viable
alternative.

The simulation environment is used to assess the capesitifia proposed space-based optical observa-
tion scenario. The evaluation involves analysis of the attaristics of the FoV crossing objects, estima-
tion of the limitations of the image processing based on Kited images, and first orbit determination
and orbit improvement based on simulated orbits. The deteof small-size space debris (smaller than
10 cm in diameter) is possible using the sensor architeetutdeoperation scenario proposed in the ESA-
study “Space-Based Optical Observation of Space Debristhie three proposed operation concepts,
LEO, subGEO and GEO. In LEO the highest detection rate is@gdesmall-size space debris objects
are mostly observed with sufficiently high SNR at short dis&s. The proposed operation concepts pro-
vide dark sky background conditions better than 20 mag. @ehvariations in the detection efficiency
are expected due to varying phase angles. Best phase angliéiaus result for the subGEO operation
concept, fair conditions for the LEO operation concept, ematlerate phase angle conditions for the
GEO observation concept. First orbits with an acceptaldaracy for statistical assessment of the space
debris population can be determined from a single FoV angssvent in all three concepts, but not for
all detections. Ranges for the number of successful orkegroienations within 24 h are given assuming
different astrometric errors. From the determined orhiitsriknown objects, the object diameter can be
determined using the observed apparent brightness. Wéucenihat the proposed instrument if placed
in the LEO would significantly contribute to the monitoringl tbe space debris environment; placed
at GEO altitude the instrument could decrease the curremitmaim of the observed object diameter to
below 5 cm. The instrument would allow it to improve the knedde about the uncatalogued small-size
space debris population in LEO and GEO by using a relativiehpke 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-baseidabmbservation strategies, including well
established and new ones. Based on the assessment of ther@BMIE® population in Sect. 3.2 we
first analyse of the evolution of the population (Sect. 5This analysis is complemented by a discussion
of the accessibility of the population to ground-based senéSect. 5.2). Afterwards we propose and
classify ground-based observation strategies for GEO aB® h Sect. 5.3. The classification scheme
considers performance related aspects, such as the dabkiegzacquisition rate of a particular object,
the estimated orbit determination accuracy, and the cdvieaetion of a population. We also estimate
the minimally detectable object diameter for a particukmsor architecture, considering uncatalogued,
as well as catalogued objects.

5.1 Population evolution

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

For the definition of observation strategies it is interggtio know how many objects are added to a
population and how many drop out in a certain time period. Wb objects are launched into GEO
each year (Flohrer et al., 20A)1 which adds spacecraft, upper stages, and mission-detdigcts to
the population. Fragmentation debris exists in GEO, as.vilgllo fragmentation events are known to
have occurred in GEO, and more are suspected to have hapfsemefect. 3.2.3). As no natural forces
remove objects from the GEO region, the population will grdwor small fragments with high area-
to-mass ratio 4 /M > 1m?/kg) the growth in eccentricity may induce a decay from GE&duse the
perigee will be lowered into the LEO region were the atmospldrag dominates. For the definition of
observation strategies it is important to note that for suigh-area-to-mass ratio objects the motion of
the orbit pole may be more rapid. The amplitude of the peciedriations of the inclination can grow
up to~50° (Anselmo and Pardini, 2005).

Defining efficient MEO survey strategies implies the disaus®of the long-term evolution of orbits

in MEO. This discussion has to take into account long petiaid short periodic variations. Both,
gravitational and non-gravitational perturbations neebd considered. Resonance effects dominate the
long periodic variations, mainly due to the low degree artkoterms of the gravitational field.

Beutler et al. (1998) compare the effects of the various Kkioflperturbations by the corresponding
accelerations and by orbit determination from 1 and 3 day. &elevant accelerations acting on satellites
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Table 5.1: Relevant accelerations acting on a GPS-likdlisaia MEO (modified from (Beutler, 2005)).

Perturbation Acceleration Orbit error after one
[m/s?] day (radial/along-

track/out-of-plane)
[m]

Main term 0.57 00

Oblateness({) 5.1x107° 2750/ 32000 / 15000

Moon'’s gravity 4.5x1076 400/ 1800/ 30

Sun’s gravity 2x1076 200/ 1200/ 400

Earth’s gravity (higher degreg4.2x10~7 60/440/10

terms)

Solar radiation pressure (fgr9.7x10=% 75/180/5

GPS)

in MEO are contained in Table 5.1 together with the resultsnfthe orbit determination over a 1 day

arc using equally spaced Cartesian coordinates of thdisafbsitions as pseudo observations. For
MEOs the dominating perturbations apart from the oblateaesl luni-solar perturbations are due to the
Earth’s gravity potential and solar radiation pressure. fdtural forces will remove objects from the

MEO region within centuries. For space surveillance sgriagethe short periodic variations are of lesser
interest.

Table 5.1 shows for GPS-like satellites that the oblatetess Cy is the dominating term for short-
periodic effects. The semi-major axis oscillates withingds of P, = Py, /i;i = 1,2, wherePs,, is the
revolution period of the satellite. The eccentricity does grow substantially, if the initial eccentricity
is small. This is the case for most of the MEO objects. Theratiog rotates in the clockwise direction.
Only for GPS satellites the inclination grows, showing samnual and semi-monthly variations, as well
as short-periodic variations due to resonance effects.ti@osame reason variations of the argument
of perigee and the mean anomaly are highly correlated ana short-periodic variations in case of
circular GPS orbits. These resonance effects in the GP&pdaiused by the deep 2:1 resonance of the
satellites’ revolution period with Earth rotatioB#,,; = 1 sidereal day), require frequent (about once
per year) along-track manoeuvres to keep the satellitdsatriominal position within the orbital plane.
Hugentobler (1998) covers resonance phenomena of GPS wuitiit the Earths gravitational field and
finds C39, Cuy, Cao andCs, to be the main contributors to resonance effects. This esphat there is

a dependency on the (geographical) longitude of the datslliile passing the equator, so that not all
satellites in one orbital plane see the same perturbatgnats.

The stability of MEOs was assessed recently by Chao and G@4(); Jenkin and Gick (2001); Beutler
(2005); Deleflie et al. (2011). Beutler (2005) sees an irggeéa eccentricity for GPS satellites of up to
0.008, but only small changes in inclination and semi-majas within 20 years after decommissioning
(without applied disposal measures). Chao and Gick (2082Rdd at the long-term evolution of the
eccentricity of abandoned satellites of the GPS, GLONAS&the future GALILEO constellations.
For a 200-year integration, the solar radiation pressuseasasidered to be the dominating perturbation
effect. The eccentricity may grow up to 0.7 within 150 yearseffect caused by resonance perturbations
due toCyy and lunisolar perturbations (Deleflie et al., 2011). Thedftiepends on the object’s altitude
and inclination. This long-term eccentricity growth woutthke it possible that objects in MEO have
their apogee in GEO and the perigee in LEO after about 50 yEArONASS satellites will start crossing
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Table 5.2: Summary of the assessed population evolutionEOM

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 | upto 0.015 -12°lyear 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 MEOpdisal orbits. Currently proposed disposal
orbits are not necessarily stable, because the eccentmeiyy grow significantly. In consequence this
leads to a collision risk with the active GNSS constellagioRinally, collisions in MEO may happen and

hence the number of debris objects in MEO might rise. Up to, mmspite several survey activities are
ongoing (Rumyantsev et al., 2010; Dick et al., 2009; HinZ#,13, no fragmentation events have been
found in MEO.

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

In order to study the evolution of reference objects in MEOused the orbit propagation capabilities
of the program SATORB contained in the CelMech program sygteutler, 2005). The software was
slightly adapted to match the requirements of a long-teropagation. We used the initial values of real
objects of the GPS and GLONASS population and simulateinialues for Galileo satellites.

Table 5.2 summarises the results of this experiment. Figudrélustrates the results for the GPS popula-
tion. The analysis of the simulation results shows that Xpaseted from th&’sq perturbation) the motion
of the node is maximal with -14°/year for GPS-like objectshil&'the MEO population is still arranged
in rather small nodal bands reflecting the GPS and GLONASStebation design, uncontrolled MEO
objects will start covering the entire range of ascendindesadue to small differences in the individual
nodal drift rates. Therefore the definition of space sulaede strategies needs to consider the complete
range of right ascension of ascending nodes. A serious sc@mes obvious in the analysis of the
simulation results. All orbits in the MEO show a long-ternogth of the eccentricity, with eccentricity
reaching up to 0.08 within the next 30 years or 0.16 withinribet 50 years. This effect has maximal
effect for the oldest GPS satellites (Block I), which todé&gady have an eccentricity of about 0.03. It
needs to be noted that the considersn-ratio of 0.1 kg/nt is rather high for operational satellites. It is
also possible that during decommissioning then-ratio may become intentionally lowered. Jehn et al.
(2009) show that end-of-life operations in place now mowe@PS satellites out of the 2:1 resonance.

5.2 Accessibility of population

The possible observation time at a given site is a commontr@nisto all optical observations, inde-
pendent of the targeted population. This quantity is sulgestrong seasonal variations and varies with
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latitude. Figure 5.2 gives the average night time as a fanaif the geographical latitude and considers
different twilight conditions:

e Sun entirely below the horizon: this is the case for elevatingles of -0.5°
e Civil twilight for the Sun below the horizon and elevation angles below -6°
e Nautical twilight following the civil twilight and for elevation angles below2°

e Astronomical twilight following the nautical twilight and for elevation angleddne -18°

For optical observations of space objects it is sufficientniet the nautical twilight condition. From
Fig. 5.2 we see that at up to 30° site latitude the variatiothefaverage nautical night is marginal
compared with the maximum annual observation time-&0 h that can be obtained at the equator. For
sites higher tharz45° latitude the possible observation time drops dra$yieadd reaches the minimum
between about 60° and 80°.

Figure 5.3 shows the average nautical nighttime during eae &s a function of the geographical latitude.
For medium latitude (including European sites) at about&dtical nights can be as short as 4 h around
the summer solstice, but also can be more than 13 h in thewlkrbe sites higher than 55° latitude the
astronomical twilight may not be reached every night, amttheno observations will be possible during
such nights. For a GEO observing site at 30° latitude theiceutight varies between 8h and 12 h,
which is why the annual variations of the possible obseovatime may set significant limitations.
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Figure 5.1: Long-term evolution of the GPS population frab@2 to 2059, from a numerical propagation
considering luni-solar perturbations, the Earth’'s gsavield up to degree and order 30, Earth tides,
general relativity, and the direct solar radiation pressar anA/m-ratio of 0.1 kg/nd.
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Apart from the available observation time, the geometrigaessibility of the objects from a given site
is an issue. We discuss this separately for the GEO and ME@eeg

5.2.1 GEO
The accessible fraction of the GEO region is a function ofsitegs latitude and of the applied elevation
mask. Figure 5.4 shows that at medium latitudes and low &tevenasks it is possible to access a suffi-

cient longitude range. Ignoring refraction, typically 22 longitude can be covered with an elevation
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Figure 5.5: Ground-based infrastructure proposed for afigan space surveillance system, modified

from (Donath et al., 2005)

cut-off angle of 20° from latitudes below 20°. The elevatimask is directly proportional to longi-
tude coverage gain. Lowering the elevation cut-off mask ®Y foughly relates to a gain in longitude

coverage of 20°.

Full access to the GEO region requires a network of geografphiwell distributed sites. For the site
selection also non-technical issues, as, e.g., accégsipdlitical issues, and the weather conditions are
important factors. The site selection process is ratherbemsome. For our discussion we make use
of the proposal for a European space surveillance systemateet al., 2005). Figure 5.5 presents the
proposed network. Optical observation sites are propasbd tocated at (approximate coordinates):

e Marquesas Islands, a French overseas collectivity in theh®o Pacific Oceany(= —9.80°,

A = —139.03°),
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e Tenerife, Canary Islands, Spaig, £ +28.18°, A = —16.30°),
e Cyprus in the Eastern Mediterranean=€ +35.0°, A = +33.0°),
e Perth, Western Australiab(= —32.0°, A = +115.0°).

Figure 5.6 gives the accessibility of objects at GEO distaae function of the elevation mask for this
sensor network. Zimmerwald has been added for comparisonthE low declination angles of GEO

objects the proposed sensor network of 4 sites at low la&#wdlows complete coverage for elevation
masks below 20° and nearly complete coverage for higheadevcut-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 foerdifft 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 geoaewfistance of 25000 km for different
elevation angles in 10° steps, tap=0° bottom:e =30°.

5.2.2 MEO
Due to their relatively high inclinations MEO objects areselvable in wider declination bands. For the
proposed sensor network the accessibility of objects giiadldistance of 25000 km is given in Fig. 5.7.

Coverage gaps are visible for objects at higher latitudebaral 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 pgsia for an European space surveillance
system (Donath et al., 2005, 2008). Special attention iseatiefinition of the optical part of the system
(Flohrer et al., 2005, Schildknecht et al., 2005). The proposed strategy andfarmpeance estimation
for GEO space surveillance are reported in summary by Hiairal. (200%). MEO space surveillance
is discussed in more detail in subsequent work by Flohrel. €2@08b). In both cases small objects or
objects with extreme area-to-mass-ratios (A/m) in higtuales (Schildknecht, 2007) are not considered
in the proposal. The analysis considers objects largeritmaim diameter with a “classical” area-to-mass
ratio.

We clarify the essence of observation strategies and inte@dundamentals for the classification and
evaluation of optical observation strategies (Sect. bI31ore we discuss observing the GEO and MEO
region in Sects. 5.3.2 and 5.3.3, respectively. We use tli@@Rtool as part of our simulation environ-
ment, as well as for the discussion of the sensor performanamly focusing on the evaluation of the
minimally detectable object diameter. For the statistinade we use the following options of PROOF
(relevant options listed only, if changed from the defasttings):

e No geometric prefilter, maximum of 50000 statistical olgect

e no Monte Carlo run,

Node and perigee of object orbits left unchanged (i.e., ngpggated),

10° elevation cut-off angle,

400 simulation steps per crossing,

Diameter of objects limited to 10 cm — 100 m,

e Observation distance range 5000 — 60000 km.

For the discussion of the catalogue coverage we always as@tinot stated differently) that observa-
tions can be acquired every night for 8 hours. This in turnamsehat we have not taken into account any
outage time, such as bad weather or sensor unavailabilitingithe simulation. For the image acquisi-
tion strategy we assume that initial orbit determinatiorstrhe possible from consecutive observations
of the same object that are linked together for the FoV dviraket

5.3.1 Fundamentals for classification and evaluation of obs ervation strategies

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

Unfortunately, there is no single “full-coverage” crit@mi allowing it to compare different observation
strategies directly. At the first level we have to distinguiietween geometric and radiometric criterion.
From geometric criteria we can assess which objects of angiepulation are in principle accessible.
By comparing with sensor locations the geometry may didia¢eselection of possible sensors. The
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radiometric criteria allows it to decide, which of these egsgible objects a given sensor can actually
detect. Only the combination of geometric plus radiomgiacameters allows the complete evaluation
of observation strategies. It is also important to note thatcriteria are connected and show mutual
dependencies. A simple top-down process for the derivatfan optimal observation strategy cannot
be formulated.

From simulating the dynamics of a reference population we/eléhese geometric criteria a suitable
observation strategy has to meet (typical values and limits

e Angular velocity of a single object w.r.t. a sensor, and, a@e/vation, the dwell time in a (nor-
malised) FoV for possible tracking scenarios, and depgnaimpointing directions,

e Observation distances,

e Phase angle.

From distance and phase angle we can estimate the first remliorriterion, and the typical, as well as
minimum, and maximum object magnitudes. The angular vgi@sid the tracking scheme are the two
central issues for the estimation of the length of the sgdalan exposure. The streak length is closely
related to the achievable astrometric accuracy, and tolffie Sect. 3.3.2.5).

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

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

The minimal detectable object diameter, which is the findiametric criteria is independent of the
criteria reflecting the orbit determination and catalogyimocesses.

We will continue the evaluation by introducing some fundatakterms describing observation strate-
gies. If we search for objects or object parameters withawirty a priori information available, we
denote this task with the term “survey”. Acquiring obseimas with having a priori orbit information

is called a “follow-up” task. Follow-ups are closely reldt® scheduling or tasking a specific sensor
resource to carry out observations. Following-up needstwveacontrol instance to request and monitor,
installed either directly at the sensor site, or remotela aentral site. Surveys not necessarily need
direct control capabilities. It is possible that a sensoisra given survey pattern autonomously without
connection to a scheduler.

Typical surveys provide very short arcs, i.e., short sexf@®nsecutive observations. This is due to limits
of the current sensor technology, which makes it technjid¢alpossible to have any combination of FoV
and aperture diameters. In particular, the desired degitgiescopes with large aperture and wide FoV
is challenging, but it is the most interesting design foveys. If the observation strategy requires a
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certain minimum object diameter and the radiometry setsapi@ture, the limitations of the possible
FoV diameter must be accepted. The resulting short archi@necaused by the fact that survey patterns
aim to cover large areas and have to ensure frequent reageverf these larger areas. In addition the
number of sensors is limited for budgetary and complexiasoas.

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

A “survey only” ensures the acquisition of the necessary lmemof observations in order to improve the
determined orbit. A “survey only” might be seen sufficient &l cataloguing tasks, if the observation
frequency meets the requirements for catalogue maintenamd if covariance information associated
with the short arcs allows for a successful and unambiguou®lation. “Survey and follow-up”, or
“survey and chase” has been introduced by Musci et al. (2008hrer et al. (2008); Abercromby et al.
(2009).

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

We will now discuss proposals for observation strategiehi® “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 obsenatraracteristics of the GEO population (see
Sect. 3.2.3). The next paragraphs briefly reviews the esitithese studies (Schildknecht et al., 2004

Angular velocities  Objects controlled in longitude and inclination do not mavean Earth-fixed
frame. All other objects move with respect to the GEO withyirag velocities. The minimum velocity
is around the culmination. Looking at the GEO region (GE000 km altitude) the apparent velocity
for a typical site such as Tenerife reaches up td/&.for objects in low inclination orbits and 455 for
objects in high inclination orbits when these objects ctbesequator.

Correspondingly, the apparent angular velocity in thetiakeframe is about 14s for controlled GEO
objects. For drifting objects this velocity is between abdd’/s and 16/s. At the culmination points
and for high inclination the difference to the nominal’i&breaches a maximum.

The drift rate becomes important for the visibility assessta (Schildknecht et al., 2004 as it is
directly proportional to the differencAa of the semi major axis w.r.t. the GEO wittr42164 km,
and is approximatelAn [°/day]=0.0128Aa[km]. Therefore, we expect that the most rapidly drifting
objects meeting the GEO definition may return into visipilitithin 14 days. IfAa is smaller, the return
interval is longer. ForAa=200 km the interval is already 140 days, and such an objedsitsle during
44 consecutive days for a 20° elevation cut-off angle.

For slowly drifting or librating objects GEO catalogue nmaimance with ground-based means requires
geographically distributed sensors.
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Dwell times  As the orbits of objects in GEO have low inclinations, theyssa FoV more or less on
a straight line (see Sect. 3.2.3). The dwell time in the FoVoloservations with an Earth-fixed sensor
may be infinite for controlled objects, but may drop to abduhiinutes (OGS) or about 40 minutes (for
a 3° FoV) for maximum angular velocity. If inertial obsernest schemes are used, the nominal GEO
object will have a dwell time of 2.8 minutes (OGS) or 12 mirsu{8° FoV) only. For drifting objects the
dwell time lies between 2.5 and 3.2 minutes (OGS) and 10.9.8RIminutes (3° FoV).

Observation distance  The possible topocentric distance of objects in the GE@reflsEO+-2000 km
altitude) mainly depends on the accessible longitude, kvisia function of the applied elevation mask,
the sites’ latitude, and the object’s declination. Figu&dives an estimate of the possible distances for
the lower and upper boundary of the GEO region. The minimwtadce is obviously found around the
local meridian. For the lower and upper altitude limit thstdnce lies between 34000 km and 38000 km.
For high latitudes and typical longitude coverages of 12frresponding to a typical elevation mask of
20°) the maximum topocentric observation distance is uBaDd km.

Phase angles For GEO observations the phase angle may differ substgnfidm nearly optimal
phase angles close to 0° to very large ones for observatiose to the setting Sun. Twice per year
around the equinoxes we find periods where the Earth shadowG&O. Schildknecht et al. (200%
show that the parallax-corrected angular dimension of tehis core shadow in the GEO is roughly
9.8° (10.2° for the penumbra), implying that for small phasgles the objects might be in the (core)
shadow. For small phase angles specular reflection (flareshtrolled GEO satellites are possible, and
may frequently occur around the equinoxes (the so-calltdsang periods).
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Figure 5.8: Topocentric distance to satellites as a funaifdhe accessible longitude range, site’s latitude
for GEO objects at a geocentric distance of 40164 km (top)4&id®4 km (bottom), with declination of
0° (left) and 15° (right).
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In the case of fixed inertial pointing an observation strategn be easily defined, which ensures an
optimal phase-angle.

Object brightness  The distribution of the apparent magnitudes of objects ict.S23.2.6 and in
Fig. 3.15 shows that for a 1 m spherical object with a Bonddbaf 0.1 at the typical GEO observation
distances between 34000 km and 43000 km we expect an appaagnitude 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 singtk ranltiple telescopes, and for the multiple
telescopes between strategies for single sites and distdtielescopes.

As proposed by Donath et al. (2005), we consider two typesptital sensors for the simulation of
GEO operations: a 1 m aperture system and a 50 cm apertusrsy$he sensor network was already
introduced in Sect. 5.2.1 and ensures an almost comple¢ssibdity of the GEO region.

Four main issues describe the performance of a space $aneeilsystem for GEO objects:

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

2. For the defined survey strategy (basically the searchrfoatalogued objects and for new events)
the performance can be estimated using the PROOF tool, Ashwethis purpose a TLE catalogue
provides a reference population of objects. This approagfli¢itly assumes that the estimated
coverage of an existing and known population of objectssis walid for the discussion of a general
survey performance of any unknown population.

3. The follow-up strategy has to be discussed using the ssgasirvey performance. The follow-up
strategy describes the necessary observations of ungaéglmbjects — to allow for the determi-
nation of a first orbit, and to maintain a catalogue.

4. The correlation of observations with the catalogue aedntlintenance 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 satgpesing the parameters in Table 5.3.
Figure 5.9 shows the SNR for various object magnitudes asdifun of the background brightness. As
“detected” we denote all objects crossing the FoV with a SiiBva four, which allows for the object
detection and centroiding. It is assumed that the velodith® crossing object is”™8s which implies
the necessity of a (blind) tracking of the objects during éRposure. Considering typical background
brightness (see Sect. 3.3.2.5) and the brightness-siagored introduced in Sect. 3.3.2.6 we conclude
that with each of the considered instruments the detectidmoobjects in the GEO region is possible,
even under non-optimal conditions.

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

Instrument Im | 0.5m
Aperture (m) 1.0 0.5
FoV (°) 1.2 | 3.0
Number of pixels (-) 2048 | 2048
Pixel size {um) 135 135
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 (1) 4 4
Peak efficiency with optics 0.64 | 0.63
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Figure 5.9: SNR as a function of the background brightnesvdoying object brightness for the 1 m
telescope (left) and the 0.5 m telescope (right), as defimd@dlble 5.3, for a velocity of’gs.

A space surveillance sensor must allow it to observe eveytnif weather conditions permit. Even ob-
servations during full Moon phases and under other advdrsereation conditions must be considered.
This is why Fig. 5.10 gives the FoV-crossing and detectedaibjfor observations carried out around full
and new Moon. The 1 m and 0.5 m telescopes were simulatedfturipea survey based on the strategy
described in the next section. For the full Moon run, thetgpoch was set to 2003 Sep 23, for the new
Moon run to 2003 Dec 03. For each night an observation durati® h, centred around local midnight,
was simulated. Both telescopes were assumed to be localedetife.

The results for the 0.5 m telescope confirm that detectiodsmwbbjects at GEO are possible. Under bad
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observation conditions 1 m is the minimally detectable cbjgameter, while detections down to 50 cm

(at some occasions down to 30 cm) are fairly possible undégrbeonditions. For the 1 m telescope the
performance is significantly better than for the 0.5 m tedpsc 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 stgies and assess the resulting catalogue cov-
erage, the reacquisition periods, the orbit determinaiocuracy, and the minimal detectable object
diameter.

Survey Schildknecht et al. (1999) presented a strategy for theckdar space debris. The work of
Schildknecht et al. (1999) is also the basis for the GEO swstrategy of the Inter-Agency Space Debris
Coordination Committee (IADC) (Africano et al., 2000) appl to the coordinated GEO observation
campaigns. We adapt this GEO survey strategy for spaceikamee to meet the specific space surveil-
lance requirements, such as the continuous coverage ofailrkand new objects in the entire GEO ring
(Flohrer et al., 2008).

It is the fundamental assumption of the proposed surveteglydor observing GEO objects that — with a
mean motion in the vicinity of 1 revolution/day — all objetisl appear at a given right ascension once in
about 24 h. It would be sufficient to observe a particulapstiin right ascension continuously. Due to the
rotation of the Earth, a single site cannot observe thipestior 24 h. A network of sites may, however,
meet this condition if the sensor sites are distributed moless equally in longitude. As GEO objects
orbit in a limited inclination band, it is sufficient to coviére corresponding geocentric declination range
only (as between-17° and +17°). Due to the limited inclination band, all olgecross the FoV of a
ground-based sensor in a more or less uniform manner in tefrbmsth, crossing direction and crossing
velocity.
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Figure 5.10: SNR of crossing and detected objects as a fumofi the object diameter from PROOF
simulations for the 1 m telescope (left) and the 0.5 m telesdoight), as defined in Table 5.3. The
one-stripe survey strategy was simulated (see Sect. 5).3.2.
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As Fig. 3.7 suggests, we cannot expect uniform distributibobjects over the declination range. While

the densest region is around 0° declination, where thenattin-controlled satellites are, the pertur-
bation effects lead to a precession of the nodes of the bféaes, which in turn yields characteristic

density patterns. It would be wrong, however, to liattinitio the covered declination range to a subset,
as this would mean introducing a selection effect (a blinat)splt is recommended to cover the entire
range.

It is not required to cover instantaneously the entire dation range. This allows to increase the effi-
ciency of the search strategy. Musci et al. (2004) show thratfaintaining the catalogue it is sufficient
to observe each object once every 15 days, depending onghie® orbit accuracy and on the char-
acteristics of the used sensors. Requirements concernaginieliness of detecting manoeuvres or
fragmentation events may justify a higher re-acquisitiater From the considerations of Musci et al.
(2004) the declination band can be divided into equallydsfeelds along the declination range. Each of
the fields has to be observed for 24 uninterrupted hours onibénvil5 days. Nearly all objects in the
GEO ring will be observed at least once within this time sganly objects rapidly drifting in longitude
may escape detection. The size of the fields corresponds teoit of the telescopes, allowing for some
(e.g., 10%) overlap. The right ascension of the fields is eh@® that the fields cross the meridian at
local midnight, but avoid the shadow. In that way the obsgrebjects are opposite to the Sun at an
optimised phase angle, and the right ascension of the adastxipe will change during the year due to
the revolution of the Earth around the Sun.

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

During the observations every seconds an exposure of the field will be acquired and will kedus
to form a short arc. Up to six single observations are needddrtn the short arc. For initial orbit
determination primarily the length of the short arc mattefhis implies that in case the time span
between two consecutive image acquisitions is long encagbther field may be observed in parallel.
This time span depends mainly on the FoV dwell time of the @bjéand therefore on the size of the
FoV), the slew rate and settling times of the telescope tbfe the time interval between observing the
parallel fields. The latter, however, is not critical, if neafields are selected. Even a shorter revisit time
of less than 15 days is possible for larger FoV diametersttief.5 m telescopes used by Flohrer et al.
(2005), the survey of two fields in parallel was proposed, leading stripe-scanning time of 7 days.
The telescope capabilities and dwell times limit the maximmumber of parallel fields. It may thus be
impossible to cover the entire declination band within 1$sdaith a narrow FoV sensor. In such cases
more telescopes need to be collocated at the site and thevatise tasks need to be distributed among
them in such a way that essentially a larger synthetic Fo\Vbeaformed.

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

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

Considered Sensor| Observation| Crossing/detected Crossing/detected Crossing/detected
sites type duration uniquely multiple total (%)
TF/PE/MQ 0.5m 8h 399 /469 293 /140 87.3/76.8
TF/PE/MQ 0.5m 12h 400 /531 388/ 155 99.4/86.5
TF/PE/MQ 1m 8h 596 /590 78123 85.0/77.3
TF/PE/MQ Im 12h 602 / 665 181/38 98.7/88.7
TF/CY/PE/MQ| 0.5m 8h 295 /409 463 /299 95.6/89.3
TF/CY/PE/MQ| 0.5m 12 h 1771343 611/392 99.4/92.7
TF/ICY/PE/MQ| 1m 8h 475 /515 2731197 94.3/89.8
TF/CY/PE/MQ| 1m 12 h 289 /415 494/ 336 98.7/94.7

fields observed in parallel allows only 5% of overlap. Obsethree fields in parallel is recommended
to increase the overlap percentage. For the 0.5 m telescaperea comfortable overlap of 20% may
be achieved without parallel field observations. With thasseumptions, the survey of one stripe can
be performed within 13 days, or, with two fields in paralleithin 7 days. In general, such a shorter
revisit time is desirable in order to increase the repetitate for a given field. With a higher repetition
rate, a better coverage of rapidly drifting objects is pgalesand the redundancy is increased. The 0.5 m
telescopes with the wide FoV are the preferred solution e dtiow to avoid the complex observation
scenarios based on parallel fields. They may return shost @mbining a higher number of single
observations into a longer arc. The resulting sensor reguénts concerning the slew rate are considered
as not demanding.

Incorporation of already existing telescopes into the nétwannot be recommended. All telescopes
under European control (see Sect. 2.5.1.5) only providerawd-oV, resulting in a low survey efficiency.
For complexity reasons identical telescopes at all sitesjfge synergies.

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

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

Table 5.4 shows that some objects remain undetected cgdbsif-oV. This is mostly due to unfavourable
background conditions during twilight. The distributiohnoissed objects in longitude must be discussed
to validate the mentioned coverage gaps. The rapidly ngiftibjects (faster than 5° /day) are filtered out
from the list of missed objects. Figure 5.11 shows the missesisings and detections as a function of
longitude. We conclude from this figure that indeed the naisseents are highly correlated with the
coverage gaps. While the coverage gaps for a 8 h observatierper site are nearly identical to these
corresponding to a 20° elevation mask, observing 12 h perafiitws it to cover a specific field from
rising to setting. A 10° elevation limit is applied in Fig.13. It is interesting to note that the Perth
site has a comparatively bad detection performance, dueetgtiort nights in December rendering it
impossible to schedule 12 h observation sessions.

A more detailed analysis of the results shows that the higiressing rates appear right in the middle
of the survey cycle, when, as expected, the region arounce0findtion is observed. As a consequence
objects with a wider band of inclinations are accessiblethagheak crossing rate is roughly 50 objects/h
for the wide-FoV telescopes. The PROOF simulations alsdircorthat objects with diameters larger
than 1 m are always brighter than 17 mag.

We conclude that the proposed survey strategy is sufficenthie GEO part of the proposed space
surveillance system. Itis important to point out that thevey uses the totally available observation time
of the sensors. Consequently, there is no time left to perfany tasked observations with a dedicated
survey telescope.
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Figure 5.11: Number of missed crossings and detections p@ngitude bins. The coverage map for
GEO distances is included, as well. A network of 0.5 m senisasdeen assumed. Fast driftes&f /day
in longitude) have been filtered out.
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Follow-up strategy ~ Follow-up observations are required to re-observe spattifiects for catalogue
maintenance and to acquire the necessary observationg/lyfaetected objects. In the latter case newly
detected objects must be observed at defined epochs to deterhits of sufficient quality for insertion
into a catalogue. After catalogue build-up catalogue neaiance is the main driver for following up
objects in high altitudes.

Data requests from event monitoring, collision avoidameesearching for lost objects are other drivers
for scheduling follow-up observations. A typical followpuequest thus includes at least, for a specific
site and epoch, the propagated position (right ascensidrdealination) of an object (Flohrer et al.,
20070). The resulting observation strategy is simple: the telpscis positioned and the necessary
amount of exposures is acquired. It might be possible torgbsmore than one object in parallel. The
covered angular distances in this case are, however, miaggbr than for the survey strategy, and longer
short arcs can be generated. As the distribution of the ipgirdirections is random, the performance
estimation for the follow-up strategy depends to a greatrexn the slew rate of the telescopes.

The necessary tasking observations for maintaining thelembatalogue allows to estimate the hours
needed for the tasked observations. For this short estimaii the follow-up performances we start
with the operational experience at Zimmerwald, which shimw$ollow-up observations a mean angular
distance between objects of roughly 60°. The minimum timéogebetween two observations of the
same object is assumed to be 30s. This value ensures thastihiéng short arc is not too short for
orbit computation. A short arc should contain at least 6 nlag®ns, as for the survey observations. The
total sensor time needed for the acquisition of one imagessraed to be 5s. We assume a catalogue
sizes containing 900 objects and (for future epochs) 15@€ctsh Equally spaced objects and sites in
the longitude are assumed.

The assessment shows that for slew rates below 5°/s thecetisa gain if more than one follow-up
request is executed in parallel. More time is spent in slgwtire telescope. For a slew rate of 1°/s
the optimum performance is achieved when only one objecbsgmwed. Then 54 h (900 objects in
catalogue) or 90 h (1500 objects) are needed. For a slewfrafe® ¢s time may be gained: 40 h, 23 h,
or only 17 h are needed to cover the catalogue of 900 objects @Lobjects in parallel). For the 1500
objects catalogue the corresponding numbers are 67 h, 3@ B&in.

We conclude that the necessary tasking observations caulkchivied out with the proposed system
during within 15 days. Only if the possible slew rate of theseopes is higher than 5°/s, it is beneficial
to observe up to three objects in parallel. The remainirgstalpe 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-upsebvations for
the catalogue build-up. In addition, the follow-up obsé¢ivas for the maintenance of the catalogue
are avoided by acquiring these observations implicitly, during regular surveys. Typically, space
surveillance radars observing the LEO follow this stratdgyprinciple, such a strategy may be chosen
for GEO space surveillance based on optical sensors, toe. tifite needed to scan the whole GEO
region must, however, be sufficiently short. The requirdadit@ccuracy for allowing reacquisition after
several days or weeks (typical period) cannot be achiewed érbits determined from a single crossing
event. As a first approximation, the time needed to re-olesarspecific object is a function of the FoV
diameter. The FoV diameter of optical sensors is limited], mompared 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 fullp@iameter) orbit of the required
accuracy can be determined. Using follow-ups to improveothés and to maintain the catalogue
requires the correlation of several short arcs. It is denmgn¢and sometimes it proved to be
impossible) to unambiguously associate these short aasitwle object. Therefore, any “survey
only” strategy requires more computational resources thamlternative scheduling of dedicated
follow-up observations.

2. Detecting manoeuvres of controlled objects is more ehglhg, as the correlation of candidates
with the catalogued orbit must take into account all possibhnoeuvres. Apart from the lack of
knowledge of all manoeuvres, the existing orbit must beaalyeof a good quality, and each object
must be observed at least times in between two manoeuvres probably being at least three)
for successful correlation. The maximum allowed numbemianoeuvres would thus be one per
m X n days, i.e., of the order of one per 21 days (ie7 days).

We conclude that a “survey only” strategy may not always ledulsor GEO space surveillance because
of FoV limitations. The correct detection of all manoeuvtasnot be guaranteed. Therefore, the survey
only strategy may not provide the full space surveillanaecfionality for the GEO. We further state that
in the case of a wide FoV survey sensor covering the entireglrand, this survey strategy would likely
be most efficient. Unfortunately, the design of such a seissturrently not feasible, as radiometric and
astrometric requirements (a small PS) must be met, as wellamalternative to a single wide FoV
sensor, several sensors might get combined, but this agprad 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 ascensionnsaezhout. This survey generates short arcs of,
up to this point unknown, objects. From these short arcdsodfia limited accuracy can be determined.
Follow-up observations with a certain frequency are neddeidhprove the determined orbits and to
maintain the catalogue. The resulting catalogue of upate-drbits is in turn essential to ensure future
re-acquisitions of the objects, and thus the continued t@aamce of the catalogue. Dedicated telescopes
have to perform these follow-up observations, as the suslegcopes do not have any spare observation
time.

The tasking frequency for GEO space surveillance was addaim previous work based on simulations
using a single site (ESAs Space Debris Telescope at Ten8p#n). The required tools (Musci et al.,
2004) were developed using components of the CelMech progyatem (Beutler, 2005). The following
parameters for the strategy were selected and were latalidated using real observations (Musci et al.,
2005): three to four observation tracks of about 2 minutes .espanning=3 hours in total, are needed,
plus one additional track in the following night. For cate maintenance each object must be re-
observed at least every 30 days (Musci et al., 2005). Thisngdrequency heavily depends on the
astrometric accuracy of the observations, and of the demnaéthe sensor FoV.

To execute this follow-up schedule, to cope with driftingeabs in particular, and to circumvent difficul-

ties related to visibility and weather conditions, a netwoif follow-up telescopes is needed, which cov-
ers all longitudes. Assuming elevation cut-off angles df,20e need a minimum of four sites for GEO
space surveillance. The co-location with the survey sansavbviously 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 witle@dollow-ups revealed that catalogue cov-
erage reaches over 95% with the proposed network of fouegwsites. The remaining coverage gaps
result from the bad coverage of GEO between Tenerife and thejddsas Islands over America and
from some difficulties with rapidly drifting objects. Thegmosed 0.5 m sensor allows a repeatability of
the observations of 7 days, if weather permits (Flohrer.eR8D5). A network of follow-up telescopes
is needed, which covers all longitudes. At minimum foursseee required for GEO space surveillance,
preferably co-located with the survey sensors. Approaébiesorrelating the generated observations
into short arcs and for correlating the short arcs with ogiaéd objects is essential for catalogue build-
up and maintenance. Only prototypes exist for this taskisWa have seen that this task is very closely
related the the achievable orbit determination accuraaysdviet al. (2004) showed that cataloguing is
impossible using orbits determined from a single crossirene Depending on the sensor design about
two immediate re-acquisitions within the same observatigit, one additional follow-up observation
during the next night, and, finally, regular follow-ups onmEx month are required for adding an object
to the catalogue and maintaining these information. Theilsitions showed that 1 m is the minimally
detectable object diameter under bad observation condijtizwhile under better conditions objects as
small as 50 cm, sometimes even of 30 cm, are detectable éflebal., 2005).

5.3.3 MEO

In this section we develop, in a similar manner as for GEO ofagiens in Sect. 5.3.2, observation
strategies for the MEO. We also explain why a GEO strategyotsperfectly suited for MEO space
surveillance.

5.3.3.1 Observational characteristics

Donath et al. (2005) state a system based on the fusion ofrtpged LEO and GEO sensors is not
efficient for space surveillance of MEO objects. Radars t60Lobservations are unable to continuously
observe objects smaller than 1 m diameter in MEO altitudeptic@ sensors in a space surveillance
system, which follow only the proposed GEO space surveailiastrategy, cannot guarantee the required
re-acquisition periods of MEO objects for catalogue maiatee. Therefore, there is a need for a dedi-
cated MEO observation strategy with optical means.

Information on MEO space surveillance strategies is, heweyite sparse. Few examples of possible
MEO space surveillance strategies are given by Payne (2008) strategies proposed for the GEODSS
focus on semi-synchronous orbits: an eccentric semi-sgnolus orbit apogee search and a circular
semi-synchronous orbit search. The strategy is a simpigdiack search of already known objects. A
pure survey is considered as very difficult due to the lowiapdéensity of objects.

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

As opposed to the GEO regime, the IADC does not run MEO obB8ervaampaigns and hence there is
no MEO observation strategy of the IADC that could serve dsiisg point for space surveillance.

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

Angular velocities Figure 5.12 shows the elevation-filtered distribution of tBPS satellites’ an-
gular velocities in the local horizon system for TenerifdneTobjects move in the horizon system with
angular velocities between 28 and 40/s.

Figure 5.13 shows the angular velocities as a function otddg@ination. For the GPS population the
maximum velocity in declination is between -40° and 20° ohatlon. There, the absolute value of the
velocity in declination is between 18 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 amguélocities between 30s and 41/s,
which is slightly faster compared to the GPS. The maximuroaig} in declination is between -50° and
35°, which is a wider range compared to the GPS. The absoaltey are similar to those of GPS,
between 20/s and 40/s.

Objects of the simulated Galileo population move in the zmrisystem with angular velocities between
15’/s and 28/s, which is a bit smaller compared to both, GPS and GLONA®S.faximum velocities
in declination are found between -35° and 15° declinatiohictvis a range slightly smaller than for
GPS. The absolute values are smaller than for GPS and GLON#f8ISie between 23s and 30/s.

Fernandez et al. (2011) show that for high eccentricities e-0.16 objects in near semi-synchronous
orbits may reach topocentric angular velocities of/26- 60'/s around the perigee.

Dwell times  The dwell times for MEO objects vary due to the non-uniformassing directions and
the larger range of possible velocities (see also Sec®)3.Zhe dwell time in the FoV for observations
with an Earth-fixed sensor can therefore reach values fravatabminute (faster GPS objects observed
from OGS) to 12 minutes (slowest Galileo objects observeahfa 3° FoV).

In case of inertial observations with sidereal trackingribeninal GPS object may cross a FoV of 1°in
about 300 s, if the telescope points to a low or moderatertains. For such declinations, the objects
move mainly in North-South direction (see Sect. 3.2.3). litgh declinations the dwell time may be as
long as 1000 s or more. Dwell times for GLONASS objects vagyrfraround 300 s to over 1100 s at
high declination, while the Galileo objects are expectelaee 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 systehthe OGS for GPS satellites.
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Figure 5.13: Velocity in declination vs. declination of GB&ellites.

Observation distance Figure 5.14 shows the topocentric distances for the GP Slgtqu visible
from the OGS. GPS satellites can be observed at distanoeedret:20000 km and<27000 km. The
objects of the GLONASS population can be observed at distabetweer:19000 km and=27000 km,
while for the Galileo population the distances range fro@8500 km to=29500 km. Not all objects are
observable in the entire given distance range in a partialdaervation night.
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Figure 5.14: Topocentric observation distances for GP&Igas seen from the OGS for November 16,
2004.

Phase angles  Figure 5.15 shows the analysis of the phase angles for GElBtsatabove the horizon.
As only nighttime observations are possible, a maximum @lzagle of 120° may be reached. Phase
angles around 0° are possible for certain objects. For GLSSIAnd Galileo similar results are obtained.
This implies that, as opposed to the outlined GEO surveyspéimum observation geometry cannot be
guaranteed for MEO surveys. A phase angle close to 120° nmaly raccur for all objects. Further
investigations showed, however, that an upper limit forghase 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 tieats that a

1 m spherical object with a Bond albedo of 0.1, observed atayplistances for upper MEO between
10000 km and 35000 km, has an apparent brightness betweerad4low phase angle) and more
than 18 mag (120° phase angle). In GNSS-like orbits (whichlavtypically observed at topocentric

distances of about 25000 km), we expect between 15.5 mag &madady for such an object. Larger

objects (payloads) can be observed with a brightness of XRanhrighter, even under less favourable
phase angle conditions.

Donath et al. (2005) propose a suitable sensor for MEO spageilance. The dedicated MEO survey
sensors must be capable of detecting 17 mag objects, condigg to 1 m diameter spherical objects
observed at 90° phase angle. As the relative velocity wiheet to the sensor of up to’48 is realistic

for either pointing scenario in the local or inertial systestmeak losses must be incorporated in the SNR
estimations. Donath et al. (2005) propose a 0.8 m apertude field (Schmidt design) telescope with
f/D=1, equipped with a 4k4k CCD, leading to an effective FoV of 4. % 4.7°. This sensor should
result in an astrometric accuracy df.1ln PROOF simulations we used the corresponding settings of
Table 5.5.

Using the results of the assessment of the MEO populatiotutamo (Sect. 5.1) and the evaluated
topocentric distances, phase angles, angular velodtigsapparent brightness in the previous subsection
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Figure 5.15: Phase angles for GPS satellites seen from ti&f@@ovember 16, 2004.

Table 5.5: Preliminary system architecture used in peréore estimation.

Instrument MEO survey
Aperture 0.8 m
FoVv 4.7°x°
Number of pixels 4096
Pixel size 13.5um
Pixel scale 4.1" Ipixel
Gap time variable
FWHM 1.0 pixel
Exposure time 1.0s
CCD readout noise 10e /pixel
CCD dark noise 0.05€e /pixells
SNR threshold for detection 4

Peak efficiency with optics 0.64

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

5.3.3.2 Survey only scenario

Basically, the same limitations have to be observed in eMieO or GEO surveys: the diameter of the
FoV shall be as large as possible, but the pixel scale shdtillldesacceptable.

The analysis of the MEO population in the inertial space shthat each object in upper MEO crosses
the equator once in about 6 hours, as the mean motion is abuexblutions/day. For sites at low or
moderate latitude this occurs at least once during an oasenvnight. Therefore, the continuous and
uninterrupted observation of a so-called fixed declinastiipe would allow a complete survey of the
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Figure 5.16: Apparent density of the upper MEO objects inDh®COS catalogue projected onto the
Earth for epoch 20 August 2004, highlighted are the dedtinastripe centred at 0° declination and a
“caustic” declination stripe at 65°.

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

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

As opposed to the GEO, covering the entire longitude ban@sgable, but not strictly required. The

revolution of the Earth around the Sun of about 1°/day andmbéon of the right ascension of the

ascending node of the MEO objects of abolfday make, during time, different orbital planes accessibl
for a single site. After about three months the observatfdheoentire MEO population should have been
possible under valid illumination conditions.

Figure 5.17 shows the accessible fields for one year for a ratel&atitude site (Tenerife). Due to the
revolution of the Earth around the Sun the right ascensidbott (rising and setting) fields increases
steadily. This in turn means that the filled area slowly mdupsvards”. We may conclude that all fields
that have not yet set in the West at sunset or have just rigbe iBast at sunrise are in principle observable
during the observation night. The right ascension rangé&wik in principle accessible during the part of
observation night at the given epoch is highlighted in ligloie colour. Not surprisingly, the observation
conditions are better in winter (at the left hand side in thari), where there are even fields, which can
be observed over the entire right ascension arc. These &ésddsighlighted in deep blue. In winter the
nautical twilight duration is long enough to allow fields tee after sunset and set before sunrise. Such
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fields do not exist in summer. About 90% of the fields in winted about 75% of the fields in summer
are accessible during the night. The figure shows that ecpéatiright ascension cannot be accessed for
about 20 to 60 consecutive days per year, for example theaggension of 300° and 100°.

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

To improve the performance two survey telescopes, spac®byn longitude, are proposed. With the
second survey site the gaps in Fig. 5.17 can be closed. A deaitnspaced 180° in longitude would,
however, close the gaps in an optimum manner, but would nptave the MEO population coverage
significantly: the same orbital planes would be accessiboi@ footh sites.

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

5.3.3.3 Optimised survey only scenario

A possible way to optimise the MEO survey is to focus the symiea so-called “caustic”, a special
region around the poles, visible as most dense regions{Hig). 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 s$itease of a full longitude coverage with low
latitude survey telescopes, the observation of all objsletsild still be possible. Even if objects in the
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Figure 5.17: Total accessible area in right ascension ofd®lirthtion 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 nextctgdeswill 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 surveilianetwork does not solve these limitations without
opening new issues. A single high latitude site has a podoqpeance, because the available observation
time is limited in summer. Consequently, two sites would p&moal — one in the Northern polar and
one in the Southern polar region, which is an expensiveraffacompromise would be to use sites at
medium latitudes (around 55° latitude). The trade-off leewlowering the number of needed sites as a
function of the latitude and losing observation time durdugnmer 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 ishetion stripe at 0° declination or at the cul-
mination region may be used for MEO space surveillance. lotbit determination of newly detected
objects the survey has to provide observations at giveméegjes. We will discuss this parameter using
PROOF simulations.

The proposed survey strategy cannot be exactly reproductedPROOF. PROOF does not allow it to
request observation epochs containing seconds (or frectb minutes). The proposed survey pattern
assumes that a full scan of the stripe is carried out in a femutas, which is why the individual obser-
vation epoch per right ascension/declination field regquresub-minute spacing of observation epochs.
Fortunately, it is possible to circumvent this limitatiop bssing a modified, but equivalent survey strategy
maintaining the leak-proof feature. This modified survegtsgy is not feasible from the technical point
of view, but could be implemented in PROOF: Instead of exaguhe proposed continuous scan of the
declination stripe (i.e. the repetitive “acquire - repiosit- acquire - reposition” pattern), a complete
snapshot of the entire stripe is created with a frequencygrdot to the achievable image acquisition
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Figure 5.18: Possible observation duration of 0° declamafields 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 cdesed stripe (in right ascension) is adapted
in such a way so that the re-acquisition interval (in minutéghe fields is an integer. For a comparison
between the proposed and implemented survey strategyferdad-ig. 5.19.

The most important unknown parameter relevant for the ass&® of the survey performance is the
length of the covered arc in longitude from a single site. nfrthe given system FoV and a certain
requested longitude coverage, we may calculate the nuniiefds to be observed in the 0° declination
stripe. At least two exposures are necessary to identify vngmbject (the MEO satellite) in front of
the star background. In order to minimise the false detectide due to cosmic ray events and objects
moving out of the FoV, three, better four, exposures shoafthfa series of observations. Together
with other parameters, the telescope slew rate and setifimgy and the detector parameters, we may
finally calculate how long it would take to re-observe a sfiedield. If this re-observation time span
is shorter than the time it takes a typical MEO object to clwaé the FoV, we consider the strategy as
leak-proof for the given longitude range. Here, we assumiglaeh object velocity of 40's. Hence, the
limitis 211 s for the 4.7% 4.7° FoV. Itis necessary to assume a high-frequency rearalie detector,
probably during the repositioning to the next field.

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

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

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

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

The PROOF simulation returns for the considered time ialeand the assumptions made the number
of objects crossing the FoV and several characteristicadi erossing event. The data analysis allows
extracting the number of objects observed once within timsicered time interval (referred to as unique
crossing), or being observed on several frames (referreaudtiple crossing). Note that no initial orbit
determination will be possible based on unique crossingtevd he total number of crossing objects is,
however, the sum of unique and multiple crossing object rakio of the total number to the reference
population size is referred as catalogue coverage. A pbpualaf 158 objects in the upper MEO was
used for this simulation. The population was filtered froml&0OS reference population.

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

Typically, the formed tracklets are shorter than 8 minuBysdividing the total number of FoV crossing
events by the total number of objects crossing the FoV dufieganalysed night, we estimate that on
average 4.75 observations per object could be acquire@ Wiglobject crosses the surveyed declination
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Figure 5.19: Implementation of the proposed MEO surveyesgsain PROOF.

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

Figure 5.20 shows the coverage of the MEO population afterggesnight, after including a second night

after 30 days, and after including a third night after 60 day'e MEO observation strategy focussing at
the 0° declination stripe is used and three implementatidrie survey are shown: A) 90° longitude

coverage, B) 100° longitude coverage, and C) 137° longitaerage per site. Note, that a survey
covering the entire longitude range would, in principleyern100% of the MEO population after 24 h.

Here, we used the limited survey approach, using only 2 gusites, which are expected to cover the
MEO completely after about 2-3 months. A summary of the exfee 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 numb&irmfue” events, indicating that for
all crossing objects a sufficiently high number of obseoratican be acquired allowing for an initial
orbit determination. We also conclude that a single surieyrnsay only cover a smaller fraction of the
entire MEO population in one night. This is in particularetrifithe covered arc is short. In the case of a
covered longitude of 90° the combination with a second ditsva it to cover two thirds of a reference
population in one night. The combination with the second sfktows that there are only three objects
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observed by both sites during that single night. There idgrificant coverage overlap between the two
sites if the stripe covers 90° in longitude and the obsesmatiuration per night is 8 h. If we consider
three months of observations (represented here by congbiesults from the three individual nights),
more than half of the reference population can be coveredbyside, already 89% by combining the
observations from two sites. The coverage of the referenpelption from a single site is increased
by an average of 10% per month, depending on the accessitfilitensely populated orbital planes. In
turn, a single site would have accessed the entire MEO ptiquilafter less than 1 year, if 8 hours per
night are the average observation time, and 90° in longitudecovered. An additional analysis showed
that by combining the results from two nights, separatedga/s, up to half of the population can be
covered by a single site, while more than 80% of the popuiatem be covered by combining the survey
results from two sites. The motion of the node of MEO objestsd slow, that observations from the
nights between the two considered nights do not improvedkierage, 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 10@hgitude improves the single site nightly
coverage only by about 3%. An overall coverage of the refargropulation of 90% can be achieved
after three months of observation combining the obsemdtmm two sites. There is no improvement of
the overlap between the two sites. As for the 90° case aboutf38& objects are observed by more than
one site. Covering 137° in longitude improves the single @iightly) coverage by 10-15%, implying
that nearly half of the MEO population is accessible fromragks site during one night. An overall
coverage of the reference population of 84% can be accestgkit wne night only after combining
observations from two sites. Some objects are observed thydites during one night. About 10% of
the objects are observed by more than one site. The MEO gapultzan be covered nearly completely
(95%) already after two months, if the observation resutismftwo sites are combined. A three months
arc does slightly increase the coverage further to more &t

Coverage MEO Population

100%

Reference population coverage

Number of nights, spaced 30d

——ATF  —=—B)TF C)TF AMQ  —xB)MQ
—--C)MQ  —— A) TF+MQ ——B) TF+MQ — C) TF+MQ

Figure 5.20: Coverage of the MEO reference population viighgroposed 0° declination MEO survey
strategy.
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Table 5.6: Coverage of a reference population: Number ofiphellcrossing events and (in parentheses)
unique crossing events, and the corresponding coveradme oéference 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(2) | 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 concludeetieat for the shorter arcs in longitude a
sufficient survey coverage of the MEO population can be &ekie A longer (technically demanding)
arc allows for a nearly complete coverage of the MEO using twmb survey telescopes operating 8 h
per night.

We continue the simulation of the MEO observation strategiea look at the caustics survey. We use
PROOF simulations and by adapting the simulation envirarint@roduced in Sect. 4.3, we include
initial orbit determination in the discussion.

As the MEO environment is sparsely populated, we need asijatteference population for the discus-
sion of the performance of the caustics survey. We use thdtsesf simulated explosions in MEO, a
population containing 1000 objects (Schildknecht et &109.

We select a survey target field in the caustic region in whifterént orbital planes populated with

explosion fragments intersect. Again we use the 0.5 m, 3° §&\sor implying that the survey area
is composed of nine fields at different right ascensions. Mialate 12 h of repetitive coverage of this
survey region at.

In order to simulate the benefits of having a second surveyoseavailable that helps to immediately
re-acquire the objects detected in the first survey regi@swulate a second survey region covering
the area where typical MEO objects would be expected afteft1)h Again, we simulate 12 h of ob-
servations, and we would expect that after 12 h of obsemstibe considered orbital plane would be
completely covered. Two telescopes are required to impheriiies version of a caustic survey. Fig-
ure 5.21 shows the orbits of six example objects and the tweeglareas “survey,” and “surveyt;”.
Pattern “survey,” is aligned with the orbital plane containing objects 102 493 around the culmina-
tion. The other four objects cross the survey area much nagiely.

The simulation reveals that 1185 objects crossing evestsemistered for the “survesy”, which are
related to 9 objects with a single (unique) crossing evedtlaf? objects with more than one (multiple)
crossing events. For the survey pattéym88 crossing events result, which relate to 2 unique and 138
multiple events. This implies that the survey efficiency98&for first “surveyt,” (the target is to cover
the mentioned three orbital groups) and 82% for the secamdégt,” (assuming that 1.5 orbital groups
are covered). Analysing the combined coverage of both grebpws that either for the survey pattern
to ort; 35% of the population are covered, and about 53% are coverbdth, the survey, andt;.

Figure 5.22 illustrates the coverage of the reference pdipul, clearly indicating the orbital group
(South) is covered by both, “survey” and “surveyt,”. The figure also shows that there is ample
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Figure 5.21: Right ascension vs. declination of the two $ateal caustic survey patternstgtandt; and
orbits of six objects.

span for improvement, in particular if the coverage of ottrdital planes is considered by flexibly mod-
ifying the observation scheduling. This could be achievectither daily alternating schedules, or by
adding more dedicated survey telescopes executing thécaussey. Noted that even in case of a single
telescope a shifted execution of the two survey patterimsvalthe 53% coverage of a particular orbital
plane. A shifted pattern could be executing in night 1 from lleginning of the night “surves” for

1 h, followed by “surveyt;” for 1 h, “surveyty” for 1 h, and so on. In the next night the first hour
of observations can be dedicated to other tasks beforeégugV is executed for 1 h, followed by 1 h
“surveyt,”, and so on.

For initial orbit determination we select object 107 with d&tections in the area “survey” supple-
mented by 2 detections in the area “survgl The arc covers the time interval 19h18m to 20h27m for
the simulation epoch 2009 June 11. ORBDET was configuredetithesboundary value method with the
maximum arc length and a minimum search between 250 km ar@Dgaa of topocentric distance. An
improvement step made use of all available observationsyenhe perturbations due to Earth oblateness
(C50) and due to Sun and Moon were taken into account. Figuresah@®3.24 show that the initial orbit
determination gives good results and provides an orbit eitvell determined orientation of the orbital
plane at the order of some milli-degrees, and with a wellrdeiteed shape of the orbit better than 50 km
in semi major axis, at least for an astrometric noise betin .

Minimally detectable diameter The minimally detectable MEO object diameter can be eséthat
for the proposed 0.8 m sensor from the PROOF simulations tiitgsscal population is adapted. Fig-
ure 5.25 shows that for a SNR threshold of four a 1 m diametjecoban always be detected, even under
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Figure 5.22: Inclinatiori vs. right ascension of ascending nddef the synthetic reference population
based on explosion models, and the fraction of the populaiiwered by the survey patterfysandi;.
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Figure 5.23: Differences in semi-major axis vs. eccertjriof the initially determined orbits w.r.t. the
reference orbit as a function of the astrometric noise feirdbject 107.

adverse phase angle and background conditions. A minirdatiyctable objects diameter for worst case
conditions can be extrapolated. It is of the order of 80-90 kenthe 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 datalogue maintenance and to initially
catalogue the MEO objects. This might not be possible froomvesy only” observations. In order to
decide whether follow-up observations from follow-up selepes are needed to complement the regular
survey, we have to estimate the follow-up frequencies. @ fiegjuencies define the orbit improvement
strategy. Here we adapt the declination stripe scanningegat 0° declination for simplicity. Although
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Figure 5.24: Differences in right ascension of the ascandimde vs. inclination of the initially deter-
mined orbits w.r.t. the reference orbit as a function of theamnetric noise for test object 107.
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Figure 5.25: SNR as a function of MEO objects diameter dulitieO survey. Red: average observing
conditions. Green: worst observing conditions during fidon.

the distance to the MEO objects is smaller compared to GE®ast comparable radiometric conditions
are expected. Therefore, the proposed GEO network of seneaid be used, consisting of the 0.5 m
Schmidt-Cassegrain telescopes with a 3° FoV.

There is no previous work available assessing the requadémh-fup frequency for MEO. We modified
the approach of Musci et al. (2004) to derive these quasitifidne tasking strategy simulation assumes
that the survey strategy provides an initial orbit at epg¢chletermined from more than three observations
forming a short arc. For simulation, the individual obséiorms are assumed to be spaced by 2 s (1 s
exposure plus 1 s sensor repositioning and readout). Anrastric error of ¥(error of the object’s
position determination) is used in the simulation. Thisasetric error results from the 4'fixel scale

of the survey telescope, which agrees well with empiricalegience.

We use a synthetic population of 250 randomly distributej@ab with the following characteristics:
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e Semi-major axis: 24970 kmx a < 30250 km (Mean motion: 1.65 revolutions/dayn < 2.2 rev-
olutions/day),

e Eccentricity: O< e < 0.08,

e Inclination: 52°< i < 67°,

e Right ascension of the ascending nodex(? <360°,
e Argument of the perigee: 62 w < 360°,

e Longitude: 0°< A\ < 360°.

We assume that the survey strategy provides an initial auobbservations from one series of consecu-
tive exposures, denoted as the discovery. The assumptmxaofly four exposures for the determination
of an initial orbit in the simulation does not exactly fit withe simulation of the survey (the survey

simulation of cases A and C assume only at least 3 exposurbe)effect may be considered as minor.
The quality of the determined initial orbit does not benedéityvmuch from the fourth observation. The

elimination of false detection, like cosmic ray events,da&;.however, much easier. This performance
evaluation does also show how many exposures of a simulafetence object can be acquired on the
average.

We estimate the angular differences between the positenalated from the first orbit determination re-
sults and the “true” orbits of the synthetic population. mrihese differences we determine the maximum
time until this angular difference reaches a limit of FoVi2he tasking telescope (1.5°). Assuming that
all follow-up observations of the object during the estiethtime could be correlated with the discovery
arc, we simulate a first follow-up observation and deterntirgeorbit. With these results we determine
the time for the second follow-up observation. The analigsispeated for the third and fourth follow-up
observation. We initialise the orbit determination by asswy 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 similarywess the observations of the survey strategy:
one series containing five observations spaced by 2 s in filmeastrometric error was again assumed to
be . However, as we may select the observation strategy foollmw-up observations independently
from the survey strategy, the selected strategy has rooimfmovements, in particular concerning the
number and temporal spacing of observations.

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

A successful follow-up observation after 1 h was simulated le@ads to the residuals in Fig. 5.27. We
see that the second follow-up observation must be sche@uteaiter the discovery in order to guarantee
a successful re-acquisition.

The orbit determination taking two successful follow-upk &nd 2 h after the discovery was used to
generate Fig. 5.28. The third follow-up should be schedabslit 12 h after the discovery, if the visibility
conditions allow it. For 99% of all objects a third follow-upfeasible up to 24 h after discovery.

Figure 5.29 gives the results of the orbit determinatioerattie third follow-up observation, 12 h af-
ter the discovery. The orbit is now good enough to includeitemichl perturbing forces in the orbit
determination, namely direct radiation pressure, as vwet &®etter model for the gravity field of the
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Figure 5.26: Residuals of position differences betwedralrorbit determination results and the original
synthetic MEO population.
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Figure 5.27: Residuals of position differences betweeit ddtermination results after the first follow-up
observation#+1 h) and the original synthetic MEO population.

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

The simulation results of a fourth follow-up observatiod, l2after the discovery (Fig. 5.31) show that
there is a slight improvement achieved compared to theteeatter the third follow-up observations.
For most of the objects the position differences calculdtech the “true” and the determined orbit are
below 0.1° over 30 days.

The proposed MEO follow-up schedule is thygs1 h, tp+2 h, andty+12 h, wherelg is the epoch of
discovery. All three follow-up observations must be ava#ato “secure” the object. The survey proce-
dure does not provide observations at these epochs, whighyigollow-ups from tasked observations
are required. A fourth follow-up after 24 h is expected to be pf the survey procedure.

However, even as this “orbit acquisition” period is surimggy short, the follow-up requirements cannot
be relaxed further without risking to lose the object. Allog/that only 95% of the objects are recovered
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Figure 5.28: Residuals of position differences betweerit aiétermination results after the second
follow-up observation#(+2 h) and the original synthetic MEO population.
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Figure 5.29: Residuals of position differences betweeit ddiermination results after the third follow-
up observationt(+12 h) and the original synthetic MEO population, assumirgjngle model of the
perturbing forces.

12 h after the discovery, the first and second follow-ups mayérformed earlier afy+45 min and
tp+90 min.

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

We conclude that for MEO space surveillance the “survey "ostyategy is not able to provide the
necessary follow-up observations for new discoveries. #ldoed survey and follow-up strategy is
required, as it is already the proposed strategy for GEOespaveillance.
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Figure 5.30: Residuals of position differences betweeit ddiermination results after the third follow-
up observationt{+12 h) and the original synthetic MEO population, assumisghisticated model of
the perturbing forces.
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Figure 5.31: Residuals of position differences betweeit ddtermination results after the fourth follow-
up observationt(+24 h) and the original synthetic MEO population, assumisghisticated 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 netwankatso contribute to observe the MEO.
Dedicated MEO observation strategies focussing at higeéirdhtion angles, where the apparent spatial
object density is higher (Schildknecht et al., 2009), aréreyg not compatible with GEO observation
strategies.

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

It is expected that during the spare time between GEO follpai-all necessary MEO follow-ups could
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by carried out by the GEO tasking sensors. The analysis dagking network proposed for GEO space
surveillance showed that at least 65% of the observatioadaifypis not used. There is enough spare
sensor time available, as the expected number of MEO obigatsaller compared to the number of
GEO objects.

5.3.4 Summary

Observation strategies for GEO and MEO space surveillaace heen developed. For both cases optical
observations from CCD-equipped telescopes are requirede@dmmend to perform a combined survey
and follow-up strategy for both, the GEO and MEO region. Dati#d telescopes for survey and follow-
up observations are needed. The most promising surveegyrat both cases is based on a stripe-
scanning technique. For the GEO survey a stripe of fixed agbénsion has to be covered continuously,
whereas for the MEO survey a stripe at low declination hagtoliserved continuously.

Follow-up observations from a network of tasking telessofghared for GEO and MEO observations)
are needed to perform orbit improvement prior to insertmgydetermined orbital elements into a cata-
logue. For objects in GEO three to four arcs of about 2 mineiée, spanning:3 h in total, are needed,
plus one additional track in the following night. Candid&&O objects require follow-up observations
after 1 h, 2 h, and 12 h after their discovery in order to cagtaéothe detection.

For catalogue maintenance each object must be re-obsdneasdeevery 30 days if the object is in GEO.
The same is true for objects in the MEO, but the proposed gwiiservations will implicitly provide
maintenance observations more frequently. The GEO and ME@rms are proposed to use the same
centralised architecture for data management and procgdsi addition to the GEO system consisting
of four sites each equipped with two 0.5 m telescopes foreguand tasked observations, additional
survey sensors are needed for MEO space surveillance. FOr tMg survey sensors, spaced by 90° in
longitude, are proposed to carry out all necessary surveyatipns. The covered longitude range is set
by the re-acquisition time of a particular field. The GEOdualtup network can be used for the tasked
observations of the MEO, too. The network of follow-up telgses may also be used for the acquisition
of the more frequent dedicated observations for suppodimgunction analysis, and for the detection of
newly launched objects, fragmentation events and manesuvr

The PROOF simulations of the proposed space surveillangegies using the proposed sensors and a
reference population reveal that for both regions a nearnyete coverage can be guaranteed within
a short time, and that a catalogue of orbital elements carulteup from scratch and maintained in
time. With the three proposed sites over 85% of the existimtglogue of the GEO region could be
covered; with the fourth site the coverage is above 95%. €heaming coverage leak results from the
bad coverage of the GEO ring between the Canaries and Mag|lglands (over America), and from
the problems observing rapidly drifting objects. The cager of the MEO can be considered as nearly
complete already after 30 days, if survey results from twassare combined. The accessible population
during a single night is about 50% from a single sensor, ancerti@an 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 pexp@8 m telescopes for MEO the
minimally detectable object diameter is below 1 m, even fad lsonditions. The wide-FoV allows
8 days repeatability of observations in GEO. For MEO up tdydaipeatability is possible.

All simulations assume that a non-ambiguous correlatigrossible, as no established concept for cor-
relating the observations with the catalogue exists yet.
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Observation strategies should always be implemented inyatwanticipate changes in the covered
environment, and be able to react to refined requirements tine 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 obemsTsain particular acquired by the proposed
SBO architecture, could contribute to fulfil SSA tasks. Weuf®on the space surveillance task surveying
and tracking. This chapter is based on an analysis by Fletiar (201 5).

In Sect. 2.5.2.3 we introduced the SBO sensor architecame,briefly reviewed the performance for
the observation of small-sized space debris. We discusse8BO observation strategy, and the various
aspects of the expected performance in more detail in Setiaglan example for the capabilities of
the developed simulation environment. Special aspectsitidliorbit determination have already been
addressed in Sect. 4.2.2.2.

Possible efficient observation strategies for space dlanee applications of the SBO shall be studied
in Sect. 6.1. A detailed discussion has the focus on the SBftumentation as a secondary payload
placed onboard an Earth-observation satellite in a cir@ua-synchronous orbit (SSO) at 800 km alti-
tude. We discuss the observation conditions for objectsghieh altitude. In Sect. 6.2 the radiometric
characterisation of the SBO instrument and the selectegledtton scenario are analysed. We derive the
detectable object diameters. The coverage of a referermqudagimn, and an assessment of the covered
arc lengths of individual objects is discussed in Sect. Btis discussion is of particular interest for the
simulation of orbit determination, correlation, and catpling, which are addressed in Sect. 6.4. With
realistic noise levels known from the SBO design we study dirbit 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 contribut&Sta-related tasks, we first have to iden-
tify efficient operation scenarios. The SBO observatiomade (see Sect. 4.4) is not useful, because
sampling a space debris population statistically whilwisty detect very small objects in the cm-regime
is not a primary task of space surveillance. The definitioarofippropriate observation strategy is in-
stead driven by the a central need of space surveillancehuifeup and maintenance of a catalogue
of orbital elements. In a given space surveillance regineeotbservation of an object, which is larger
than a given diameter, has to be performed at least with aicae-acquisition frequency. The related
uncertainties of the observations have to allow for a sigfakand unambiguous correlation with other
observations of the same object. In other words, the obsenvatrategy has to be “leak-proof” (Krag
et al., 2010). This is to ensure the timely detection of mames, fragmentation, or release events re-
lated to the covered objects. Furthermore, the catalogoliagess sets requirements on the accuracy of
the observations, which in case of optical observations beagufficiently described by the astrometric
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6 A system proposal for space-based optical space suneslla

accuracy of the centroid determination of a single obsemafThis description assumes that any other
sSensor noise, in particular any epoch registration acguigcorporated in the astrometric accuracy.

A steerable sensor requires a dedicated satellite missibith is beyond the current European SSA
objectives, mainly because of the expected costs. We asthana flight opportunity on a three-axis

stabilised platform will allow to carry the SBO instrumerstasecondary payload. Only two promising
pointing scenarios can be derived for the observation @flgas in higher altitudes from such a space-
based platform for a fixed-mounted sensor:

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

e A pointing in flight direction from a low-inclination orbitywhich would be the best choice if no
ground stations at high latitudes are available. Thisesgsatvould, however, give a poor scanning
performance for high altitude orbits, because only litservation time with favourable phase
angles is available. This strategy complicates the ob8ervacheduling and operation, and the
sensor design, because the Sun may cross the sensor’'s FoV.

Both observation strategies will face the problem of havimany objects in the FoV in parallel, which
is a frequent issue for larger FoV diameters. A detailedudision of this issue is not within the scope
of our work. We assume that available data processing mettmgth as directly forming short arcs
through the already mentioned “dynamic masking” approasho(tlined, e.g., by Schildknecht (2007)),
or a probabilistic data/track association (DeMars and 2609; DeMars et al., 2010), allow it to solve
this critical issue.

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

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

e expected dwell time of objects in the sensor FoV: longer oleskarcs usually yield better initial
orbit determination results,

e expected angular velocity of objects crossing the FoV: sloabjects provide better astrometric
accuracy of observations, as the objects appear poinedhapd/or the exposure time can be
longer, which also increases the SNR and in turn the seitgitiv

e overall accessibility of a given population: either thehitity to access low inclination orbits,
and/or the short coverage of some inclination bands may &iaeelverse effect,

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

e avoidance of unfavourable observation conditions, such psinting 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-basesbieto actively track objects. Objects can
only be observed while crossing the sensor's FoV. Dependinghe relative angular velocity of the
object with respect to the line-of-sight and the exposute, rehort observation arcs are formed from
several acquired position measurements of the object. Taktyof the initial orbits determined from
the short arcs is primarily a function of the arc length anel distrometric accuracy of the individual
measurements - the number of measurements forming the ardyisa secondary issue. Subsequent
improvement of the initial orbits is required, e.g., to ntain the orbits in a catalogue (see Sect. 5.3.1).
A space-based survey strategy using the SBO cannot relyhaalgled follow-up observations of given
objects, because of the inability to steer the telescopés, lowever, possible to implement implicit
follow-up capabilities, if the re-observation of objectsguaranteed to be frequent enough to ensure
meeting the follow-up requirements.

We decided to focus on the analysis of GEO as the main applicabecause the few MEO objects
are expected in a much larger spatial volume (Sect. 3.2n8)bacause MEQO observation strategies are
incompatible with observing GEO.

Considering the tasks set by the SSA goals we have to keeprid that a larger part of the GEO
population will not be instantaneously accessible fromnglsi space-based platform. A fix-mounted
sensor operated according to a “survey only” observati@tesy is not capable of acquiring observations
of selected objects at any selected epoch, and fails to sugigomore challenging SSA tasks for the
entire GEO population, such as timely manoeuvre and eveatiilen, launch support and verification
of orbit insertion. In addition, the avoidance of unfavdueaobservation conditions imposed by the
position of the Earth’s shadow, or pointing into the Milky YV& not possible with a fix-mounted sensor
operated as a secondary payload.

Let us now consider a pointing orthogonal to the orbital plah800 km altitude. This pointing ensures
small phase angle conditions throughout the whole operaltilife for dusk-dawn orbits. To support
this pointing scenario the sensor’s line-of-sight shalihpto an azimuth of 90° in the local satellite
coordinate frame. Figure 6.1 shows the effect of the elematf the pointing direction for a sensor orbit
with the ascending node at 90° in an inertial frame, while &ig gives the complementary situation in an
Earth-fixed frame. In both figures the projection of the 6° FG\GEOQO distance is shown for elevation
angles of -5°, 0°, and +5°. An inclination of the sensor odifferent from 90° does not allow it to
centre the FoV during a full sensor orbit at declination aaghamely to point t6 = 0° GEO objects
continuously. Depending on the elevation angle the radfube projection scanning circle at GEO
distance will be different. The scanning circle is found grinimum fora-9.6° elevation. Obviously,
low elevation pointing directions (below about -5°) canaotjuire the controlled GEO satellites at 0°
inclination, which is, however, a densely populated andragting sub-region. If the selected elevation
angle is too large, a significant portion of the scanning maus outside the GEO-belt, and, in addition,
the intersection with the controlled GEO satellites is tedito two rather short crossings. We conclude
that a positive elevation angle between 0° and +5° is a goothoomise between population coverage
and dwell time of individual objects in the FoV. We will netlegless analyse all of the three elevation
angles in more detail.

Pointing into the Earth’s shadow occurs for all considerethjing scenarios, but this is unavoidable
because of the telescope cannot be steered. The diameter Batth's shadow at GEO distance is less
than 10° and will move between the solstices from about <28.%23.5° . Hence the Earth’s shadow
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Figure 6.1: Covered regions in the GEO vicinity from a fix-mtad sensor with a 6° FoV onboard a
platform orbiting in an 800 km circular SSO. Pointing diieatis orthogonal to the orbital plane with
different elevation angles. Three different of the poigtairection are colour-coded.

will affect only a fraction of the observations during a rietmn 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 ol frequency depend on the SNR detection
threshold of the on-board object detection algorithm (s.$3.3.2.5). The SBO study concluded that a
limiting magnitude of about 16 mag is required in the selgcteservation scenario to detect 95% of the
considered small-sized space debris. The limiting (pe&lq Balue to detect 95% of all objects is about
4 for the GEO case.

As the simulation of the sensor performance is closely cciegeto the definition of the observation
strategy we need to make assumptions for phase angles anthramglocities of objects crossing the
FoV. We show later on in this section that these assumptimmat.

Figure 6.3 shows that the optimum exposure time is at ther@fie=1-2 s. For longer exposure times
no significant gain is expected in the SNR, as the sensor istgein a sky-background dominated
environment. The figure assumes the object to be of apparaghitadem,=14 mag (which refers to
a 1.9 m spherical object with Lambertian scattering and adBabhedo of 0.1 in GEO observed from a
800 km SSO under a phase angle of 15°), and assumes instroptera efficiency==0.50, quantum
efficiency of detector) £=0.80, sensor effective apertufe=0.20 m, focal lengthf=0.35 m, pixel size
d=18.00um, diameter of point spread function for 80% encircled enetgs»=1.00 pixel, angular ve-
locity of objectv,,,,=60.00"/pixel, read-out nois@=3.80v/e~, dark currenty=10.00¢/pixel/s, and a
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6.2 Radiometric characteristics of the SBO observing hltjtudes

Figure 6.2: Pointing centre directions intersecting GESadlice in an Earth-fixed frame during 24 hours,
assuming a fix-mounted sensor onboard a platform orbitimg800 km circular SSO. Pointing is orthog-
onal to the orbital plane.

binning factor of 1. The typical sky background for spacedshobservations is expected to be better
thanm, =21 mag/arcséc

Fully exploiting the SBO instruments capabilities for ohéeg the GEO regime from a SSO will allow
the detection of 16 mag objects, if the SNR detection thigsk@round 4. Figure 6.4 shows the resulting
SNR for a single pixel for varied sky background conditioosdifferent object brightness. An apparent
brightness of 16 mag corresponds to a 0.77 m Lambertiaresiogttspherical object with Bond albedo
of 0.1 in GEO observed from a 800 km SSO under a phase angl€ of 15

We will now show that the assumptions made in the SNR estimatie valid. The linked simulation

results will also be used to discuss the population coveamgiecataloguing statistics in the next sec-
tions. The first step of the performed simulation of GEO obetsons uses 4 TLE snapshots, taken from
the DISCOS catalogue of a certain epoch, filtered for GEOabbjénean motion between 0.9 and 1.1
rev/day). Each snapshot is used to simulate observati@msm 10 days. The selected simulation pa-
rameters are given in Table 6.1. PROOF provides the FoV iagssatistics together with estimates of
the radiometric observation conditions for the selectéeremce population during the simulation period.

Figure 6.5 shows the angular velocity between objects aadsémsor’s line-of-sight as a function of
the observation epoch for three elevation pointing angRssitive elevation pointing of +5° result in
angular velocities up to about 126, while horizontal pointing directions result in angwatocities of
typically 60”/s. The smallest angular velocities are expected from ivegatevation angles, between
about 20'/s and 40d'/s. In all cases the object streaks can be expected to strlglover a few pixels,

if the exposure time is 1 to 2s. The figure also indicates klgiarossing rates during the year, which
we will discuss later.
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Figure 6.3: SNR of moving source with an apparent brightreds$4 mag as a function of the sky
background brightness for different exposure tirhes

- e
e e S
A e e
n b e e e
...........
--------------
.................
-------------------
............
\\\\\\\\\\\\\\\\\\\\\\\
.......................
\\\\\\\\\\\\\\\\
\\\\\ - e
e P e
‘‘‘‘‘‘‘‘‘‘‘‘
,,,,,,,,
e - e
i - At
- 3
- ettt e e
B e L e Y L
........
‘‘‘‘‘‘
......
- - -
........
L= Lt LT
PO -
.....
_____
‘‘‘‘‘‘‘‘‘‘‘
.....
......
__________
...........
e 1 Y T SRt L
_____ s
1 i - -

Sky background [mV/arcsecz]

Figure 6.4: SNR of moving source of different apparent kingks as a function of the sky background
brightness for exposure tintels.
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6.2 Radiometric characteristics of the SBO observing hltjtudes

Table 6.1: Simulation parameters using a TLE population BOGbjects.

Simulation Jul Oct Jan Apr
Simulation time 2009 Jul 2| 2009 Oct1| 2010Jan 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
« of Sun at first epoch [h] 6.74 12.48 18.75 0.75
Orbit at first epoch a=7178km,e=0, 7=98.57°

Q at first epoch [deg] 19110 | 27720 | 1125 | 101.25

Figure 6.6 shows the range of phase angles and the angutmitied. The phase angles are small
throughout the entire year, the lowest values are28° for the three pointing scenarios. Daily variations
are very small, of the order of the diameter of the FoV for thézontal pointing scenario. We advise
to select 15° as the annual average value for the phase afgtable band of characteristic angular
velocities of GEO objects crossing the FoV can be obtaine@dch pointing scenario. It is reasonable
to perform the analysis for the=0° ande=+5° scenarios, because these scenarios result in smak pha
angles throughout the year with moderate angular velggibat also guarantee stable rates of objects
crossing the FoV.

e=+5° o

e=0° 2

120 e
B0

28

Angular velocity ["/s]

o]
'O

Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May
01 01 01 01 01 01 01 01 01 01 01

Figure 6.5: Angular velocities of TLE catalogue objectsssing 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 objectsssing the sensor’s FoV as a function of the
phase angle at the observation epoch. Objects in the Eatioshare excluded.

6.3 Coverage of reference populations

In this section we discuss the core performance parametespéce surveillance, i.e., the coverage of a
reference population, the reacquisition period, and tivereal 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 fractiomduhe analysed observation batches of
10 days and allow it to draw a conclusion concerning the divpopulation coverage during the year.
Nearly complete coverage of the reference population isipblesat certain epochs for positive pointing
angles. Pointing at negative elevation angles, on the ¢téied, does not lead to sufficient population
coverage. During some periods (summer) the coverage ismgty poor. These results support the
preliminary conclusions drawn when interpreting Fig. @.the best overall coverage results are obtained
for the e=+5° pointing directions. The results furthermore show tivdy small number of objects are
observed under invalid illumination conditions, the diffece 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 pasipointing scenarios) is at least observed
every one to two days. The arc length per observation is st kedf of the FoV of 6°. The interpretation
of Fig. 6.7 is supported by Table 6.3, where we extract thesaenumber of FoV crossing events, and
the number of properly illuminated crossing events (“dédes”) per object within 10 days from the
simulation results. If only crossing events are considetied differences between the three pointing
scenarios are minor, as it is also the case between the fasorsal simulation scenarios. If the illumi-
nation conditions are considered, a particularly bad, bassnally varying, coverage of the reference
population is found. This is true in particular for teee-5° pointing scenario, but also partly for the0°
pointing scenario in October. The0° pointing scenario is less sensitive to observing a lgpoetion

of objects in the Earth’s shadow.
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6.3 Coverage of reference populations

Table 6.2: Simulation results using deterministic (TLEpplations of the GEO regime obtained from
PROOF-based analysis. Covered objects refer to objectsingpthe FoV, while numbers of detected
objects refer to covered objects illuminated at the obsenvapoch.

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

From Table 6.3 we expect that objects are detected in the Fos&erage every one or two days, and
the mean time between detections usually does not exceeathysh with the maximum gap of about
3 days. The smallest mean time, and also the smallest maxiiimgn between subsequent detections
is achieved for the=0° pointing scenario. We are also able to extract the catledlmean, minimum,
and maximum length of the observation arc per detectiontevEmese numbers are important for the
quality of first orbit determination. A longer observatiort é&eads to better initial orbit determination.
We also expect that correlating well-determined short aitidoe more efficient. Table 6.3 shows that
the average arc covered with detections of a single objeath iaverage 3° to 5°, and cannot exceed
6°. The apparent seasonal variations are at least partbedaoy the significantly different numbers of
detections in the simulation run. The minimum covered asmsllest for thee=-5° pointing scenario
(with about 2°), and is comparable with the other two pomtitenarios with about 2.5° to 3°. These
results allow it to further discuss the initial determioatiof 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 agite top row (redg=+5°, middle row (blue)
e=0°, bottom row (greeny=-5°.
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Table 6.3: Summary of the simulation runs: average numbieo¥gfcrossing events, properly illuminated
crossing events (“detections”), object-wise calculateshm minimum, and maximum time between re-

acquisitions, and mean, minimum, and maximum observaéngth per short arc.

6.4

Simulation number (month) 1 (Jul) | 2(Oct) | 3(@an) | 4(Apn)
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| 277+ 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 [°] 5.714+0.80| 5.924+ 0.35| 5.894+ 0.41| 5.844+ 0.49
Min observation arc [°] 2.86+0.94| 3.08+1.11| 2.83+1.14| 250+ 1.17
Mean obs arc [°] 468+ 0.73| 4.92+ 0.49| 4.714+ 0.58 | 4.58+ 0.66
e=0°
Crossings per objectin 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] 0.944+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| 5.884+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] 142+ 1.08| 1.24+0.58 | 1.49+ 1.21 | 1.23£ 0.65
Max obs arc [°] 437+2.02|534+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| 4.284+1.01| 2.93+ 1.57 | 4.35+ 0.90

Orbit determination based on simulations

We use the simulation environment described in Sect. 4.8axiing PROOF through its plug-in func-
tionality to ORBDET. PROOF was configured to simulate obsigowns every second.

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

Table 6.4: Selected test objects for the simulation of th oletermination.

Object ID | COSPARID | 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 for€gy) and using all simulated observations to determine the orbi
in a least-squares adjustment process.

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

Orbit determination based on the selected observatiorasoan possible. The results indicate consistent
performance for the rather different orbits of the test otgjewith one exception. The right ascension of
the ascending node of the controlled object 34710 cannoétezrdined properly as it is almost singular
for i ~ 0°. The node is poorly determined or low-inclination orbiteé object 23192 and 33059).
Non-singular elements should be used instead.

The simulation results also allow it to specify the input &rcorrelation algorithm trying to identify
common observation arcs in the orbital element domain. €sults may enable the definition of perfor-
mance requirements for a to-be-defined correlation pro¢assn experience with ground-based sensors
we know already that achieving a centroid determinatioowél.5’ is a challenge for the wide FoV of
the proposed SBO instrument. An astrometric accuracy afglesbbservation of at least41.5’ should

be achieved in order to keepa below a few hundred kilometreg\e below 0.01, and\: below 0.1°,
which might be typical requirements of a correlation prgcesing initial orbits. In any case, the corre-
lation process needs to cope with outliers (large diffeesrin the case of a poor initial orbit).

6.5 Conclusion

The space surveillance capabilities of the proposed mgssimall, and comparably simple SBO instru-
mentation fix-mounted onboard an Earth observation sateltbiting in an 800 km altitude SSO were
discussed. The orbit is assumed close to the terminatoe plapointing of the sensor nearly orthogonal
to the orbital plane with an optimum elevation (between 08 &6°) allows accessing the entire GEO
regime within one day, implying a very good coverage of adfed objects in GEO, too.

From the simulation environment rates and properties @aibjcrossing the sensor FoV are obtained for
four observation periods covering 10 days each for TLE dmaigsfrom ESA's DISCOS database. The

simulations reveal that the proposed pointing scenariviges low phase angles with small seasonal
variations, but always below35°, together with low angular velocities ef60-80'/s. The simulated
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Figure 6.8: First orbit determination of object 858 for tesequent days. The figures show the differ-
ence for selected orbital elements (semi-major axis, diciy inclination, and right ascension of the
ascending node) w.r.t the “truth” (i.e., the orbit deteration without astrometric noise).

brightness of objects indicate that 1 to 2 s exposure timegptimal for the assumed instrument. With
these parameters the detection limit is equivalent to $gadevbjects in GEO with a diameter of at least
1 min front of a dark background af,, >21 mag/arcséc A nearly complete GEO population coverage
can be reached under proper illumination conditions withfew days, but seasonal drops in the popu-
lation coverage are possible. The mean gap between sulbsexpservations is usually shorter than 1.5
days and does not exceed a maximum of three days. A singlevalisa arc spans 3°to 5° on average.
The consistency of the initial orbits was checked for fiveestdd test objects for ten subsequent days
using different, but realistic astrometric noise. Theiahibrbit determination is possible for realistic
noise levels. To ensure successful catalogue maintendreastrometric accuracy of a single observa-
tion should be at least’+1.5’, which allows to keep the consistency among the first detexchorbits
below a few hundred kilometres for the semi-major axis, Weddd1 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 awaseand the related space surveillance princi-
ples. We described the space debris problem and how thentgnaind-based and space-based sensors
with surveillance capabilities help to tackle the challenfpr a safe and sustainable operation of systems
in space.

With the focus on optical systems we discussed in detailuhddmentals of observation techniques and
introduced the relevant reference systems, orbital regjianed the models for the motion and dynamics
of Earth-orbiting objects.

We developed a simulation environment allowing an endn-&ssessment of optical observation strat-
egy proposals. The simulation environment connects thHePROOF, distributed by ESA, and the pro-
gram system CelMech, developed by and maintained at themstrical Institute of the University of
Bern. Currently, the correlation task of the toolchain isdzhon the assumption that a non-ambiguous
correlation of the observations is possible. So far, no ephbas been established for that purpose. Fur-
ther research in this area is important. It should focus oretaiion at the sensor level to form short arcs
from survey observations, and on efficient methods for ¢atirgy short arcs among distributed sensors
and for correlating short arcs with a catalogue. The hagdhh“no-shows” and the quick and robust
detection of manoeuvres and fragmentation events shotifddsoconsidered in the algorithm develop-
ment. Validating the approach through the acquisition af observations is a necessity and the related
effort should not be underestimated. New developments.@s, by a team from the University of Pisa,
should be considered that propose techniques combinimglaton and initial orbit determination into

a common, efficient and robust process.

Initial orbit determination is clearly one of the main clesiges of space surveillance. The main lim-
itations are due to the typically short arcs resulting frammvey operations and the comparably large
astrometric errors due to the large pixel scale of the usel@\wbdV. We described and analysed an al-
ternative approach for initial orbit determination thatesds the boundary value search in the CelMech
module ORBDET to a two-dimensional search. We find the metlbdst, highly flexible, and sup-
porting observations from different sites. The method Haardoenefits if the initial orbit from three
observations is used to start a subsequent orbit improviestegmtaking into account all available obser-
vations. If the arcs are too short, the determination of @utar orbit with subsequent orbit improvement
still is a viable alternative.

The developed toolchain is ready and well suited to supperbh-going European studies and analyses
related to space surveillance. We outlined the capalsildfeahe simulation chain through a study on the
search for small-size (un-catalogued) space debris byveasgace-based optical sensors in LEO and
GEO. From the analysis of the characteristics of the FoVsingsobjects we estimated the detection
limits of the proposed 20 cm SBO instrument. We performetiainorbit determination and orbit im-
provement based on simulated observations taking intauat@mpirical knowledge on the limits of the
image processing. The system architecture developed fnaimework of an ESA study on space-based
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7 Conclusion and recommendations

optical observations is only available in a pre-phase Aest&trom that proposal we found, however,
that the detection of small-size space debris (smaller them in diameter) is possible for three pro-

posed operation concepts with the platform placed into LEMGEO or GEO, respectively. For all

three concepts the acquisition of observations in front dak sky background is feasible. Seasonal
variations in the detection efficiency are expected due tging phase angle conditions. We predicted
the highest detection rate for LEO, but with a sufficientlghhENR only for short distances. Initial orbits

with an acceptable accuracy could be determined from aesigV/ crossing event in all three concepts,
but not for all detections. As initial orbits allow an estiaf the observation distance, the object di-
ameter can be estimated using the distance- and phaseeamgteted apparent brightness. We found
that the monitoring of the un-catalogued space debris @mrient, in particular the validation of space
debris environment models, would benefit from having in @laach a comparably simple observation
capability. We showed that operating the SBO instrumentED@ltitude would decrease the current
(ground-based) minimum of the observed object diameten ft6—15 cm to below 5 cm.

We studied ground-based space surveillance strategi€&HOrand MEO. Starting from a detailed anal-
ysis of the accessibility and observation characterisifabe relevant object populations we formulated
the fundamentals for the classification and evaluation ofisabservation strategies. We discussed pure
survey-only and combined survey and follow-up approacbe&EO and MEO. We identified the latter
as the more realistic one, considering the available selesign options and the anticipated requirements
from a space situational awareness system. The main canagding out the survey-only approaches,
which work well for ground-based radars, are the initiabt@guing of newly found objects, and the ne-
cessity to detect manoeuvres and fragmentation events.réfgeged stripe-scanning survey techniques
based on CCD-equipped ground-based telescopes. For thes@&€y a stripe of fixed right ascension
has to be covered continuously, whereas for the MEO survesipe sat low declination has to be ob-
served continuously. We showed that dedicated telescapesufvey and follow-up observations are
essential. A global network of telescopes shall providenteded follow-up observations for GEO and
MEO obijects after the survey detections. Specific followsapemes for orbit improvement prior the
insertion of the object into the catalogue were describex.objects in GEO three to four observation
arcs of about 2 minutes each, spannig h in total, are needed, plus one additional track acquimed i
the following night. Candidate MEO obijects require follap-observations at 1 h, 2 h, and 12 h after
their initial discovery. For catalogue maintenance eagkalbmust be re-observed once at least every
30 days. For objects in the MEO the proposed survey scenayammplicitly provide such maintenance
observations more frequently. The proposed observatiategies are closely connected to the design
of the assumed sensors, and to the network architecture ssvenad a centralised architecture for data
management and processing. For the GEO observations wilemts four sites, each equipped with
two 0.5 m telescopes. In addition, two 0.8 m sensors, spagc®0@bin longitude, were proposed for the
MEO observations.

We used PROOF simulations for an assessment of the propbsedvation strategies. For both, GEO
and MEO, a nearly complete coverage can be achieved withioa §me. A catalogue of orbital
elements can be built up from scratch and maintained. Tlaocate coverage reaches over 95% for the
GEO case, and already 85% if only three sites are availal@dpid®y drifting objects are a challenge for
the proposed survey strategy. For MEO the accessible papulduring a single night is already about
50% from a single sensor, and about 80%, if two sites are bpgralhe minimally detectable object
diameter is below 1 m even for bad conditions, in both cas&€) Gbservations and MEO observations.
The same objects may be observed within 8 days in the GEO gabph higher observation frequency is
possible by adding more telescopes to the proposed sitédh wicreases the effective FoV by operating
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in parallel with small pointing offsets. For MEO even a daidyacquisition of objects is possible. Each
definition and implementation of an observation strategytbdake into account possible changes in the
covered environment, and hence should be ready to reacetbefimition of the requirements.

We finally applied the proposed SBO instrument to a concegpate-based space surveillance of the
GEO. For that purpose the sensor is assumed to orbit as adsegqrayload on-board a platform in a
sun-synchronous orbit of about 800 km altitude. Such a semsald provide a very good coverage of the
GEO population in a short time and with frequent re-acqoisg. With the proposed simple continuous
scanning of the GEO region the SBO instrument would be a léusurvey sensor. Due to the short
revisit times, it could partly be seen as a tracking instminas well. The acquired data would contribute
significantly to catalogue build-up and maintenance. Weadbihat a space surveillance network would
benefit from such a complementing passive space-based oemipo

Satellite observations by passive optical means were ga&lsitom the very beginning of the space age
until the 1980s. In satellite geodesy these optical obsens have now been replaced by other tech-
nigues. Only the space debris and Near-Earth Objects (NEESsarch communities, which use closely
related technigques and methods, continued to work in tHib fi2uring the last decades they developed
revolutionary new concepts from modern optical astron@ugh as electro-optical CCD detectors, dig-
ital image processing techniques, robotics, and sensometion. Now, the growing interest from a
wider group of stakeholders in space situational awareaedsspace surveillance led to a resurrection
of research and technology development in the area of dptliservation techniques. We are there-
fore confident that this new situation will, in the near f&uopen new opportunities for further studies
on optical observations of satellites, hopefully leadiogtglobal network of ground-based observation
facilities complemented by space-based sensors. Theraubipes that the work described here will
stimulate future research and further developments in éhe éif space surveillance.
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7 Conclusion and recommendations

152



A. Performance of initial orbit determination
from space-based observations

This appendix gives in Figs. A.1 to A.3 the results of the cangon of the PROOF results to the results
from the initial orbit determination for the performances@ssment of a proposal for space-based obser-
vation system (see Sect. 4.4.4). As a function of the astimieregror the determined orbital elements for
the a posteriori filtered successful I0Ds are presentedhéotiginal BNBNDV algorithm and the newly
implemented BNBN2D algorithm. For the LEO cases we alsontegpe results for the determination of

a circular orbit.

Figures A.4 to A.13 give for 10 test objects (5 each for the GIB@ LEO case) the results of a detailed
evaluation of the BNBN2D algorithm (see Sect. 4.2.2.2).psa by the assumed astrometric noise, the
relative frequency of the differences between the detexthand input orbital elements e, 7, and2 is
presented. The middle epotivas varied front 4 to ¢ g for each simulated observation. One observation
per second has been simulated.
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A Performance of initial orbit determination from spaceséa observations

100% | a# 100% | €
90% EBNBNDV__ | go9 = BNBNDV__|
= BNBN2D = BNBN2D
80% Circular | 8% Circular |
70% 70%
60% 60%
50% 50%
40% —1 40% —
30% —1 30% —
20% — 20% B —— s
0% 0%
1.98 5.2 7.9 16 1.98 5.2 7.9 16
100% 11 F 100% e F
90% EBNBNDV || g5 1 BNBNDV |
® BNBN2D ® BNBN2D
80% Circular ]| 80% Circular |
70% 70%
60% 60%
50% 50%
40% 40%
30% —| 30%
20% —| 20% —
m ol E e -
o% 0% .
1.98 5.2 7.9 16 1.98 5.2 7.9 16

Astrometric accuracy [”]

Figure A.1: LEO case, percentage of ‘accepted’ |IODs witlpees to the total number of successful
IODs (after filtering).
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Figure A.2: SUbGEO case, percentage of ‘accepted’ I0Dsm@ipect to the total number of successful
IODs (after filtering).
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Figure A.3: GEO case, percentage of ‘accepted’ IODs witpaesto the total number of successful
IODs (after filtering).
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Figure A.4: Relative frequency of the differences betwémndetermined and reference orbital elements

semi-major axis: [km], eccentricitye [-], inclination ¢ [°], and right ascension of ascending ndd¢°],
grouped by the assumed astrometric nof§efpr the test object GEOL.
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Figure A.5: Relative frequency of the differences betwéendetermined and reference orbital elements
semi-major axis: [km], eccentricitye [-], inclination i [°], and right ascension of ascending ndd¢°],
grouped by the assumed astrometric nofdefpr the test object GEO2.
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Figure A.6: Relative frequency of the differences betwéendetermined and reference orbital elements
semi-major axis: [km], eccentricitye [-], inclination 4 [°], and right ascension of ascending ndd¢°],
grouped by the assumed astrometric nofdefpr the test object GEO3.
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Figure A.7: Relative frequency of the differences betwéendetermined and reference orbital elements

semi-major axis: [km], eccentricitye [-], inclination 4 [°], and right ascension of ascending ndd¢°],
grouped by the assumed astrometric nofdefpr the test object GEOA4.
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Figure A.8: Relative frequency of the differences betwéendetermined and reference orbital elements

semi-major axis: [km], eccentricitye [-], inclination ¢ [°], and right ascension of ascending ndd¢°],
grouped by the assumed astrometric nof§efpr the test object GEOS.

157



A Performance of initial orbit determination from spaceséa observations

LEO1
1.00 1.00
0.90 0.90
5 080 0.80
£ 070 Z 070
Z 060 g
£ o050 =0.00 g 060 =0.00
] g
2 040 =0.50 p 0.50 =0.50
5 030 2 040
2 | =1.00 ] =1.00
0.20 i [ i I g 030
0.10 250 020 2.50
0.00 1 11 Py ol oo W THT, g
’ 5.00 0.10 5.00
S S S S S
R R N 0.00 !
R S S I MR M S MR
5 0.00 0.02 0.04 0.06 0.08 0.10 0.14 0.18 0.30 0.50 0.70 0.90
Aa Ae
1.00 1.00
0.90 0.90
0.80 0.80
g g
2 070 2 070
3 3
g 060 =0.00 g 060 =0.00
&£ 050 &£ 050
2 0w =050 2 0w =050
3 030 =1.00 < 030 m1.00
3 3
0.20 250 0.20 250
0.10 0.10
1L 5.00 5.00
0.00 0.00
cocoogoocgocgoogoogag cocoogoocgocgoogagoag
29899999939 93999299979 298999999399 93999299¢299
SdAdmMmeImMoNwaSdaNm<nG~ o SAAdmemonNwaSdaNm<no~ o
SOagINgng Eit= Rl g R
Al AQ

Figure A.9: Relative frequency of the differences betwéendetermined and reference orbital elements
semi-major axis: [km], eccentricitye [-], inclination i [°], and right ascension of ascending ndd¢°],
grouped by the assumed astrometric nof§efpr the test object LEO1.
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Figure A.10: Relative frequency of the differences betwiberdetermined and reference orbital elements
semi-major axis: [km], eccentricitye [-], inclination i [°], and right ascension of ascending ndd¢°],
grouped by the assumed astrometric nof§efpr the test object LEO2.
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Figure A.11: Relative frequency of the differences betwberdetermined and reference orbital elements
semi-major axis: [km], eccentricitye [-], inclination ¢ [°], and right ascension of ascending ndd¢°],
grouped by the assumed astrometric nof§efr the test object LEO3.
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Figure A.12: Relative frequency of the differences betwberdetermined and reference orbital elements
semi-major axis: [km], eccentricitye [-], inclination ¢ [°], and right ascension of ascending ndd¢°],
grouped by the assumed astrometric nof§efpr the test object LEOA4.
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Figure A.13: Relative frequency of the differences betwiberdetermined and reference orbital elements
semi-major axis: [km], eccentricitye [-], inclination i [°], and right ascension of ascending ndd¢°],
grouped by the assumed astrometric nof§efpr the test object LEOS.
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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 &ition of the initial orbit determination
for space-based space surveillance (see Sect. 6.4).] miiis from single passes are determined for
subsequent days as a function of various astrometric neisds| including a case without any noise
added. The differences of the orbital elements compareldetodase without added noise are displayed,
together with added formal errors of the determined element
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Figure B.1: First orbit determination of object 33059 fobsequent passes. The individual sub-plots
show the difference for selected orbital elements (semjéimeaxis, eccentricity, inclination, and right
ascension of the ascending node) between the "truth” the.prbit determination without astrometric
noise) and the orbit determination using noised obsemstio
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Figure B.2: First orbit determination of object 23192 fobsequent passes. The individual sub-plots
show the difference for selected orbital elements (semjéimeaxis, eccentricity, inclination, and right
ascension of the ascending node) between the "truth” the.prbit determination without astrometric
noise) and the orbit determination using noised obsemstio
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Figure B.3: First orbit determination of object 22563 fobsequent passes. The individual sub-plots
show the difference for selected orbital elements (semjéimeaxis, eccentricity, inclination, and right
ascension of the ascending node) between the "truth” the.prbit determination without astrometric
noise) and the orbit determination using noised obsemstio
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Figure B.4: First orbit determination of object 34710 fobsequent passes. The individual sub-plots
show the difference for selected orbital elements (semjéimeaxis, eccentricity, inclination, and right
ascension of the ascending node) between the "truth” the.prbit determination without astrometric
noise) and the orbit determination using noised obsemstio
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