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Abstract

Abstract

The network of Satellite Laser Ranging (SLR) is expanding every year, which is partly
driven by new applications such as space traffic management as well as new companies
that commercialise the technology. For the design of new ground segments, it is important
to find the balance between an optimisation of the link budget, e.g., through the utilisation
of high-power lasers, large telescopes, etc., and the mass, the volume, and the overall costs
of such systems. A key uncertainty in the estimation of the link budget remains the Optical
Cross Section (OCS) of the satellites that are equipped with retroreflectors.
In the context of this work, the practical in-orbit OCS from SLR measurements are derived
with a given link budget model and evaluated.
The analysis is accomplished using historical SLR measurements provided by the Interna-
tional Laser Ranging Service (ILRS) network and data, which is obtained from conducted
measurements with the system developed at the DLR, namely the miniSLR. The measure-
ments of the systems are summarised and a filter algorithm is applied to identify single
photon operating stations. Throughout a selection of satellites, the outcomes of individual
single photon stations are investigated. It shows that out of the 28 stations providing
single photon SLR measurements, only a small number remains that provide reliable and
consistent data. Others exhibit a relative systematic error, which indicates that incorrect
system specifications might be stated, but also the applied return rate control comprise
these errors. The selected stations are then used to derive the in-orbit OCSs.
In addition, theoretical values are determined from a state-of-the-art analytical approach.
These are exploited to gain a first validation of the results from the SLR measurements.
The theoretical values are prior evaluated against the existing literature values, which were
computed via diffraction theory. It shows that the proposed method yields reasonable
OCSs for most types of arrays, but can feature larger discrepancies in specific cases.
From the derivations of the link budget it appears that for high orbiting satellites, the
discrepancies between the theoretical and the practical values are moderate, which endorses
the application of the link budget. For Low Earth Orbit (LEO) satellites the OCSs can
differ in a larger manner. The origin to this is not fully clear, but can be presumably
attributed to dynamical effects, such as tracking uncertainties. Consequently, the utilised
link budget model features some flaws, which may be eliminated in future studies.

Keywords: Satellite Laser Ranging, Retroreflectors, Link Budget
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Kurzfassung

Kurzfassung

Das SLR Netzwerk wird Jahr für Jahr erweitert, was zum Teil auf neue Anwendungen
wie das Weltraumverkehrsmanagement, sowie auf neue Unternehmen zurückzuführen ist,
die diese Technologie kommerziell nutzen. Bei der Konzeption neuer Bodensegmente ist
es wichtig, ein Kompromiss zwischen der Optimierung des Link Budgets, z.B. durch den
Einsatz von Hochleistungslasern, großen Teleskopen usw., und der Masse, dem Volumen
und den Gesamtkosten solcher Systeme zu finden. Ein wesentlicher Unsicherheitsfaktor
bei der Abschätzung des Link Budgets ist nach wie vor die OCS von Satelliten, die mit
Retroreflektoren ausgestattet sind.
Im Rahmen dieser Arbeit werden die praktischen in-Orbit OCSs aus SLR-Messungen mit
einem gegebenen Link-Budget-Modell abgeleitet und bewertet.
Die Analyse erfolgt unter Verwendung historischer SLR-Messungen, die vom ILRS-Netzwerk
zur Verfügung gestellt wurden, und von Daten, die aus durchgeführten Messungen mit
dem am DLR entwickelten System, dem miniSLR, gewonnen wurden. Die Messungen der
Systeme werden zusammengefasst und ein Filteralgorithmus wird angewandt, um Statio-
nen, welche im single-photon Betrieb arbeiten zu identifizieren. Anhand einer Auswahl
von Satelliten werden die Ergebnisse der einzelnen Stationen untersucht. Es zeigt sich,
dass von den 28 Stationen, welche single-photon Messungen durchführen, nur eine kleine
Anzahl übrig bleibt, die zuverlässige und konsistente Daten liefert. Andere weisen einen
relativen systematischen Fehler auf, was darauf hindeutet, dass möglicherweise falsche Sys-
temspezifikationen angegeben werden, aber auch die angewandte Return-Raten-Kontrolle
diese Fehler umfasst. Die ausgewählten Stationen werden dann zur Ableitung der in-Orbit
OCSs verwendet.
Zusätzlich werden theoretische Werte aus einem modernen analytischen Ansatz ermit-
telt. Diese werden genutzt, um eine erste Validierung der Ergebnisse der SLR-Messungen
vorzunehmen. Die theoretischen Werte werden vorherig mit den bestehenden Literaturw-
erten verglichen, die mit Hilfe der Beugungstheorie berechnet wurden. Es zeigt sich, dass
die vorgeschlagene Methode für die meisten Arten von Arrays vernünftige OCSs liefert,
aber in bestimmten Fällen größere Diskrepanzen aufweisen kann.
Aus den Ableitungen des Link Budgets geht hervor, dass die Diskrepanzen zwischen den
theoretischen und den praktischen Werten für Satelliten in hoher Umlaufbahn moderat
sind, was die Anwendung des Link-Budgets befürwortet. Für LEO-Satelliten können die
OCSs in größerem Maße abweichen. Die Ursache hierfür ist nicht ganz klar, kann aber ver-
mutlich auf dynamische Effekte, wie z.B. Nachführunsicherheiten, zurückgeführt werden.
Folglich weist das verwendete Link-Budget-Modell einige Schwächen auf, die in zukünftigen
Studien beseitigt werden können.
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Abbreviations

CCR Corner Cube Re�ector
CRD Consolidated Laser Ranging Data
CSPAD Compensated Single-Photon Avalanche Diode
DLR Deutsches Zentrum für Luft- und Raumfahrttechnik
ECI Earth-Centered-Inertial
EDC EUROLAS Data Center
FFDP Far-Field Di�raction Pattern
FTP File Transfer Protocol
GEO Geostationary Earth Orbit
GNSS Global Navigation Satellite System
ILRS International Laser Ranging Service
ITP Institute of Technical Physics
ITRF International Terrestrial Reference Frame
LEO Low Earth Orbit
MCP Micro-Channel Plate
MEO Mid Earth Orbit
NaN Not a Number
ND Neutral Density
NIR Near Infrared
NP Normal Point
OC Operation Center
OCS Optical Cross Section
OOOS Orbital Objects Observation Software
PMT Photon-Multiplier Tube
SGP Simpli�ed General Pertubation
SLR Satellite Laser Ranging
SPAD Single-Photon Avalanche Diode
TIR Total Internal Re�ection
TLE Two Line Elements
TOF Time Of Flight
UROL Uhlandshoehe Research Observatory

Physical Constants

c 299;792;458 m s� 1 Speed of light in vacuum
h 6:626;070;15� 10� 34 J s� 1 Planck constant
g 9:81 kg s� 2 Earth gravity
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Nomenclature

Latin Symbols

A m2 Aperture
A r m2 Receiver aperture
D m Diameter
Ep J Pulse energy
f l Hz Laser repetition rate
Gt sr� 1 Transmitter gain
h m Altitude
J1 - First kind Bessel function
k - Number of expected events
Nbin - Number of range measurements
Npe - Number of generated photo electrons per pulse
N t - Number of photons emitted per laser pulse
L m Length
lat � Station latitude
lon � Station longitude
n - Refractive index
n� - Number of dihedral o�sets
Pd - Detection probability
R m Slant range
RE m Earth radius
r̂ m Unit vector from the SLR station to the satellite
ŝ m Unit vector from the center of the Earth to the satellite
Tbin s Epoch bin
t s Time of �ight
V m Visual range
v̂ m s� 1 Unit vector of the satellite's movement in space

Greek Symbols

� rad Velocity aberration
� c rad Compensated velocity aberration
� e rad Elevation angle
� s rad Shifted velocity aberration
� - Quantity

 rad Mean angular distance

 t - Attenuation coe�cient
� rad Dihedral angle o�set
� - Factor of reduction
� obs - Amount of obscuration
� q - Quantum e�ciency
� rad O�-axis angle
� c rad Cut-o� angle
� d rad Far �eld beam divergence half-angle
� i rad Incidence angle
� 0

i rad Propagation angle
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Nomenclature

� � p rad Beam pointing error
� m Wavelength
� - Reduced aperture radius
� - Re�ectivity
� m2 sr� 1 Optical cross section
� 0 m2 sr� 1 Peak cross-section
� - Transmission
� atm - Transmission of the atmosphere
� c - Transmission of cirrus clouds
� i - Transmission of all elements
� r - Transmission e�ciency of the receiver
� f ilter - Filter transmission
� t - Transmission e�ciency of the transmitter

 sr E�ective solid angle
! rad Angle

Indices

atm Atmosphere
ccr Corner Cube Re�ector
E Earth
gnss Global Navigation Satellite System
max Maximum
min Minimum
obs Obscuration
r Receiver
t Transmitter
sat Satellite
zen Zenith
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1 Introduction

1 Introduction

Ruth Stilwell, executive director of Aerospace Policy Solutions, once said during a panel
discussion:

For right of way, the regulatory framework is please don't crash your satellite,
and really please don't crash it into somebody else[1].

Close approaches are becoming more common in LEO, as the number of satellites increases.
SpaceX's Starlink constellation, with nearly 1700 satellites in orbit today, has contributed
to many of those, such as one in September 2019 when the European Space Agency said
it moved an Earth observation satellite, Aeolus, to avoid a close approach with a Starlink
satellite [1]. These events show that space monitoring is becoming increasingly important.
One promising way is to utilise SLR, to monitor and predict the satellites orbits. SLR is
an established technology to measure distances to satellites equipped with retrore�ectors
[2]. The current SLR network faces in this manner a few challenges. First of all, the global
coverage of SLR stations remains uneven, whereby most of the stations are located on the
upper hemisphere [3]. On the other hand, many stations are already at or beyond their
limit in terms of tracking requests [2].
Consequently, the current SLR network has to be expanded and the technology has to
become more accessible, in order to meet the growing demand of objects to be tracked.
One major problem in to dates legacy systems is that these comprise of large observatories
and thus require elaborate infrastructure, are expensive and mostly require on-site sta�
for operation. This leads to the need for small, inexpensive and autonomous systems that
can be transported and placed anywhere on the globe.

In order to construct the system as small as possible, they should only contain the necessary
elements. Accordingly, the power and hardware is limited. Powerful lasers and large
telescopes require a lot of space and energy. The systems must therefore be optimised
for the application and performance. In order to gain insight of a systems performance,
link budgets are employed. These determine the detectable signal for a given system,
which enables its evaluation and validation. The link budget depends on several system
speci�cations, such as the laser energy, the telescope diameter or the detector e�ciency,
but also on the space segment, i.e. the orbit height and the utilised retrore�ectors [4].
However, since the need for compact ground segments is emerging, it is important to �nd
the balance between an optimisation of the link budget, e.g., through the utilisation of
high-power lasers, large telescopes, etc., and the mass, the volume, and the overall costs
of such systems. A key uncertainty in the estimation of the link budget remains the OCS
of the satellites that are equipped with retrore�ectors.
The OCS is to date a rare parameter. It describes the amount of signal that is re�ected back
to the source, i.e., the ground station and is therefore essential for the signal estimation.
Arnold [5] and Degnan [4, 6] extensively studied and advanced the mathematics of retrore-
�ectors, and thus computed OCSs for several satellites. But with the vast growing utilisa-
tion of retrore�ectors on newly launched satellites, especially Global Navigation Satellite
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1 Introduction

System (GNSS) satellites, these values are to date barely available. In particular for the
wavelength of 1064 nm values are scarcely available, since532 nm is the most common
ranging wavelength. Therefore, making the signal estimation via the link budget more
di�cult for the former mentioned wavelength.

This study addresses the goal to derive the in-orbit OCSs from obtained SLR measure-
ments, in order to expand the state of the literature values, and to provide OCSs for the
wavelength of1064 nm. Pursuing the goal that these obtained values can in future be used
for link budget estimations, for newly launched satellites. Besides the data provided by the
ILRS network, contributing to the analysis, further the over the past few years developed
miniSLR system of the DLR in Stuttgart, Germany, which operates at a wavelength of
1064 nmprovides valuable measurements.

This work makes use of the analytical link budget model derived by Degnan [4].
In contrast, a simpli�ed model for the theoretical calculation of the OCS is employed.
This model was derived by Degnan [6], which is based on the derivations of Arnold [5].
Exemplary theoretically obtained values shall serve as a �rst reference for the evaluation
and validation of the values obtained from the SLR measurements. Previously, the self-
calculated values are evaluated against existing literature values.

This thesis is divided into the following chapters: First, the theory relevant to this project
is discussed and the utilised link budget model is explained. Furthermore, the properties of
retrore�ectors are summarised and Degnan's simpli�ed model is presented and explained
in detail. Following, the data collection is outlined in Chapter 3. In addition, the theo-
retical values obtained in this process are discussed. An essential part of this thesis is the
processing of the data and the derivation of the OCS from the SLR measurements, which
is explained in Chapter 4.
Chapter 5 discusses the main results. In this manner the �ndings of the individual con-
tributing stations is discussed and evaluated. Moreover, the OCSs derived from the link
budget are discussed and compared to the theoretical values. The last chapter summarises
the content of this thesis and gives an overview of the obtained results. At the end, possible
additions and improvements to the method are discussed.
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2 Satellite Laser Ranging

The idea of measuring the range of a satellite in orbit around Earth was pioneered in the
early 1960s. The �rst successful ranging experiment was reported in 1964 which tracked
the Beacon-B (also known as Explorer-22) satellite for ten successful �yovers in the period
of three days [7, p. 302]. In the early stages SLR contributed to studies in tectonic plate
motion, crustal deformation, Earth orientation, the Earth's gravity �eld. However, these
early experiments achieved only an accuracy of several meters [8, 3].
In the years that followed, many satellites were launched carrying retrore�ector targets.
Furthermore, a global network of SLR stations was established and improved technologies
brought greater accuracy, precision and capability. Today, the SLR network continues
to maintain the International Terrestrial Reference Frame (ITRF) and to support Earth
observation satellites, including altimetry missions, through precise orbit determination
and validation [3]. Whereby, today's stations can determine the distance to a target with
millimetre accuracy [7].

A major aspect in the development of a SLR station is the determination of the expected
signal strength, which, in turn, determines the utilised hardware. A large part of this work
comprises the link budget which is outlined in detail in Chapter 2.3. Then, a brief insight
in detectors and their respective detection probability is given. Lastly, in Chapter 3.2.1,
the basic principles of retrore�ectors as well as their signi�cance with regard to the link
budget are described. A method proposed by Degnan [6] for the theoretical calculating of
the OCS completes the prerequisites of this work.

2.1 Principles of satellite laser ranging

The fundamental observable in satellite laser ranging is the measurement of the round-trip
�ight time of a laser pulse [8]. For this, a laser pulse is emitted by a laser transmitter of
a ground segment and is �red at a satellite. The departing laser pulse triggers an event
timer at a certain time. In order to obtain these measurements along a full orbit arc, the
satellite needs to be tracked. This is accomplished either by optical systems or by orbit
predictions. The satellite is equipped with special re�ectors, called retrore�ectors, that
re�ect the incident light back to its source. These re�ectors make up the space segment of
SLR and are passive components, which do not require any interface to the satellite bus.
The re�ected laser pulse is then registered by light-detecting devices of the SLR ground
segment and converted into a voltage. Thereby, the detector emits a stop signal to be sent
to the event timer. As a result, the Time Of Flight (TOF) of the laser beam is determined,
which comprises the two-way time of the pulse. The rangeR to the target results from
half the TOF multiplied by the speed of light c:

R =
c � TOF

2
: (2.1)

The speed of light is in fact not constant along the TOF and is reduced by the refractive
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