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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 fiir Jahr erweitert, was zum Teil auf neue Anwendungen
wie das Weltraumverkehrsmanagement, sowie auf neue Unternehmen zuriickzufiihren 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, groflen Teleskopen usw., und der Masse, dem Volumen
und den Gesamtkosten solcher Systeme zu finden. Ein wesentlicher Unsicherheitsfaktor
bei der Abschitzung 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 Verfiigung gestellt wurden, und von Daten, die aus durchgefithrten 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 durchfithren, nur eine kleine
Anzahl iibrig bleibt, die zuverlédssige und konsistente Daten liefert. Andere weisen einen
relativen systematischen Fehler auf, was darauf hindeutet, dass moglicherweise falsche Sys-
temspezifikationen angegeben werden, aber auch die angewandte Return-Raten-Kontrolle
diese Fehler umfasst. Die ausgewéhlten Stationen werden dann zur Ableitung der in-Orbit
OCSs verwendet.

Zuséatzlich 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 fiir die meisten Arten von Arrays verniinftige OCSs liefert,
aber in bestimmten Féllen groflere Diskrepanzen aufweisen kann.

Aus den Ableitungen des Link Budgets geht hervor, dass die Diskrepanzen zwischen den
theoretischen und den praktischen Werten fiir Satelliten in hoher Umlaufbahn moderat
sind, was die Anwendung des Link-Budgets befiirwortet. Fiir LEO-Satelliten kénnen die
OCSs in groflerem Mafle abweichen. Die Ursache hierfiir ist nicht ganz klar, kann aber ver-
mutlich auf dynamische Effekte, wie z.B. Nachfiihrunsicherheiten, zuriickgefithrt werden.
Folglich weist das verwendete Link-Budget-Modell einige Schwéchen auf, die in zukiinftigen
Studien beseitigt werden kénnen.
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Nomenclature

Nomenclature

Abbreviations

CCR
CRD
CSPAD
DLR
ECI
EDC
FFDP
FTP
GEO
GNSS
ILRS
ITP
ITRF
LEO
MCP
MEO
NaN
ND
NIR
NP
oC
OoCs
000s
PMT
SGP
SLR
SPAD
TIR
TLE
TOF
UROL

Corner Cube Re ector

Consolidated Laser Ranging Data
Compensated Single-Photon Avalanche Diode
Deutsches Zentrum fir Luft- und Raumfahrttechnik
Earth-Centered-Inertial

EUROLAS Data Center

Far-Field Di raction Pattern

File Transfer Protocol

Geostationary Earth Orbit

Global Navigation Satellite System
International Laser Ranging Service
Institute of Technical Physics
International Terrestrial Reference Frame
Low Earth Orbit

Micro-Channel Plate

Mid Earth Orbit

Not a Number

Neutral Density

Near Infrared

Normal Point

Operation Center

Optical Cross Section

Orbital Objects Observation Software
Photon-Multiplier Tube

Simpli ed General Pertubation
Satellite Laser Ranging
Single-Photon Avalanche Diode

Total Internal Re ection

Two Line Elements

Time Of Flight

Uhlandshoehe Research Observatory

Physical Constants

c
h

g

299792458 ms 1 Speed of light in vacuum
6:62607015 10 34Js ! Planck constant
9:81kgs 2 Earth gravity
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Nomenclature

Latin Symbols

A m? Aperture
A, m? Receiver aperture
D m Diameter
Ep J Pulse energy
fi Hz Laser repetition rate
Gt srl Transmitter gain
h m Altitude
J1 - First kind Bessel function
k - Number of expected events
Npin - Number of range measurements
Npe - Number of generated photo electrons per pulse
N¢ - 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
Py - Detection probability
R m Slant range
Re m Earth radius
P m Unit vector from the SLR station to the satellite
S m Unit vector from the center of the Earth to the satellite
Thin S Epoch bin
t S Time of ight
\% m Visual range
¢ ms ! Unit vector of the satellite's movement in space
Greek Symbols
rad Velocity aberration
¢ 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-o0 angle
d rad Far eld beam divergence half-angle
i rad Incidence angle
0 rad Propagation angle
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Nomenclature

filter
t

Indices

atm
ccr
E
gnss
max
min
obs
r

t

sat
zen

rad

Beam pointing error

Wavelength

Reduced aperture radius

Re ectivity

Optical cross section

Peak cross-section

Transmission

Transmission of the atmosphere
Transmission of cirrus clouds
Transmission of all elements
Transmission e ciency of the receiver
Filter transmission

Transmission e ciency of the transmitter
E ective solid angle

Angle

Atmosphere

Corner Cube Re ector
Earth

Global Navigation Satellite System
Maximum

Minimum

Obscuration

Receiver

Transmitter

Satellite

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 dont crash your satellite,
and really please don't crash it into somebody elsgL].

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, sinc&32nm 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 of 1064 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 nm provides 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.

Page | 2



2 Satellite Laser Ranging

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:

c TOF
2
The speed of light is in fact not constant along the TOF and is reduced by the refractive

R= ; (2.1)
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2 Satellite Laser Ranging

index of the medium. This e ect needs to be taken into account in order to resolve the
distance to the target as precises as possible.

Transmitting and recording several laser pulses as the satellite travels over the SLR station,
an orbital arc is obtained. This allows orbital modelling calculations to infer the entire
orbital ephemeris. If this is combined with measurements from other stations, a highly
accurate orbital determination can be produced.

2.2 The miniSLR system

The miniSLR follows the concept of a minimal SLR station, consisting only of the necessary
components and occupying minimal space, without ranking behind regular SLR segments
[9]. Making SLR a more accessible and a ordable concept. If retrore ectors on satellites
become more common, a small network of standardised miniSLR systems around the world
could provide extremely accurate orbital data at very competitive costs [10].

The system is placed on top of the roof of the Institute of Technical Physics (ITP) in
Stuttgart, Germany (see Figure 2.1) , with the geodetic coordinates487489 N, 9:1026 O.

Figure 2.1. View of the miniSLR system, placed on the roof of the DLR in Stuttgart,
Germany. (Photo: Paul Wagner / DLR)

It contains all of the optics and electronics within a small footprint of 223mx 1:3mx 2:0m.

The controlling electronics are stored in a lower compartment, whereas a top compartment
encloses the optical components, such as the receiving telescope and the laser head. Due
to its small aperture, the miniSLR makes use of a high repetitive and high pulse energy
laser source to compensate the loss on the receiver side [9]. In order to track a satellite,
the top compartment can be rotated in a full hemisphere around two axes, conducted by
an altitude-azimuth telescope mount. Light received by the telescope is coupled into a
multi-mode bre and detected by a single photon counting device.

The compartments are fully sealed and air conditioned, thus maintaining stable conditions,
which are relevant for the precision of the system.
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2 Satellite Laser Ranging

Moreover, the system is operated via the in-house developed Orbital Objects Observation
Software (OOOS). The software utilises a user-friendly interface and is designed to take
over all tasks related to the operation of a SLR segment. This includes the real-time oper-
ation, such as the scheduling, tracking and ranging and the control of the infrastructure,
e.g., the laser. In addition, OOOS enables the experimental evaluation of the obtained
data. Furthermore, it o ers the potential to operate the system in a high degree, up to full
automation [11]. In the long term, the miniSLR system shall operate fully autonomous,
which has been partially proven to date.

2.3 The link budget equation

In order to evaluate the performance of a SLR system, the link budget is applied. It
derives the returned signal strength, which is declared as the detected photoelectrons per
yielded laser pulse. It depends on the system itself and thus the hardware speci cations,
but also the space segment contributes to the received signal. Additionally, environmental
and orbital geometries determine the signal strength. This metric allows system designers
to determine an estimate if the average signal strength is lower than the noise or detection
threshold of the electronics. If so, then it will not be possible to detect a return from a
satellite.

The theory of SLR measurements and the link budget has been extensively studied by
Degnan [4] whose work forms the basis for the calculations that are presented in this thesis.
This section presents the link budget equation and the corresponding parameters. Those
parameters comprise characteristics of both the ground segment and the space segment.

The adapted radar link equation represents the use of laser ranging and is given by

2
Npe = Nt Gt 471}-\’2 Ar ot q filter aztm c2: (2.2)
The equation calculates the mean number of photo electron®,e which are recorded by
the detector of the ground segment per emitted laser pulse. It depends on the number
of photons emitted per laser pulseN¢, the transmitter gain G, the slant range R, the
optical cross section , the receiver apertureA,, the transmission e ciency of the receiver
r, the transmission e ciency of the transmitter , the quantum e ciency g, the lter
transmission +jer , and the transmission of the atmosphere am [4].

Emitted photons of laser N¢

The rst quantity on the right side of the equation is the number of photons N; that is
emitted per laser pulse. It is calculated by

Eo . (2.3)

N¢ = :
“h ¢

where N is a function of the pulse energyE, the wavelength of the laser, the Planck
constant h, and the speed of light in vacuumc [4].
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2 Satellite Laser Ranging

Transmitter gain Gt

The transmitter gain G; for a Gaussian beam is given by
8 " 2"
Gi=— exp 2 —F (2.4)
d

Here, 4 is the far eld beam divergence half angle between the beam centre and thé=€?
intensity point. The exponential term is denoted by the static beam pointing loss. It
depends on |, which is the resulting beam pointing error from the centre of the beam

[4]

Slant range R

The slant range, i.e., the distance between a ground segment and an object in space is
calculated by the geometric coherence. It is given by

R = (Rg + hstation) €OS 5 e

s S (2.5)

+  (Rg + Nhgtation ) cOS 5 e +2REe(hsat  Nstation ) + hgat hgtaﬂon :

This equation comprises the Earth radiusRg, the station altitude above sea levelhggtion ,
the satellite altitude above sea levelhsy, and the elevation angle .. The elevation angle
describes the angle between the horizontal plane and the line of sight, i.e., the emitted
laser beam [4].

Optical cross section

Next, denotes the Optical Cross Section (OCS) of a single retrore ector or a retrore ector
array, which is mounted onto the satellite. It de nes the amount of light that is re ected
back to the ground segment. This quantity is a complex function of the retrore ector
properties, including the material, the coating, the dihedral o set angle, the aperture size,
and the form of the array. Other factors of relevance are the orientation, the spatial
distribution, and the incident light. The OCS and an appropriate, analytical method of
calculation are described in more detail in Chapter 2.5. Since this property depends on
several in uences, such as the angle of incidence and the position of the satellite with
respect to the ground station, a common method is to derive an average value along
multiple angles of incident and the velocity aberration annulus.

Receiver aperture A,

The term A, describes the e ective receiver aperture area that is seen by the re ected
beam and is given by

Ar= 7 DF (1 ob): (2.6)

It depends on the receiving optical system with a diameterD, of the main receiving optics
as well as the amount of obscuration ¢,5 due to a secondary mirror.
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2 Satellite Laser Ranging

Transmission of optics and quantum e ciency

The parameters ; and ; represent the total transmission e ciency of the receiver and
transmitter optics, respectively. They are the products of the transmission of all elements
i in the beam path according to .
nt = i (2.7)
I
To reduce the noise originating from the background radiation during daylight observa-
tions, bandpass lters are implemented into the receiver path. These transmit the light of
a particular wavelength in a given range. However, this method is associated with trans-
mission l0SSes fijter -
The quantum e ciency ¢ describes the e ectiveness of the detector that converts an in-
cident photon into an electron. This conversion factor depends on the wavelength of the
incident light.

Atmospheric transmission atm and ¢

The term 5m describes the one-way atmospheric transmission of the laser beam propagat-
ing the Earth's atmosphere. The attenuation of light in the visible and the infrared wave-
length occurs due to the absorption and the scattering, which is caused by air molecules,
solid, and liquid particles. The latter ones are aerosols, consisting of dust, haze, and fog
[12].

To take these e ects into account, an atmospheric transmission was proposed [4]. It is
based on the Lambert-Beer law [13] and assumes a straight line path between the observing
station and the object being observed, i.e., it ignores the refractive bending of the ray in
the atmosphere [4]. This assumption leads to

#
(;V; 0)hscale Nstation
7V ) =ex ! ex _— 2.8
atm ( ) p cos (§ e) p hsca|e ( )
In general, the total attenuation coe cient  in Equation 2.8 decreases approximately
exponentially with the height. It is given by
h
(GhiV) = (5 0V) exp o ; (2.9)
scale

where ¢(; O;V) is the attenuation coe cient at sea level and hgcge is a scale height with
a value of 1:2km.

A semi-empirical model, the so-called Kruse model, is commonly used in SLR to obtain
the attenuation coe cient at sea level height [13]. The named model yields

3912 [nm] 9

G OVI= Ukml 550

(2.10)

It depends on the visual rangeV that is de ned as the distance at which the contrast of a
black object at daylight compared to the horizon reaches a threshold of % [14]. Table 2.1
provides the relation of di erent visibilities and the corresponding weather conditions.
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Table 2.1: Various visibilities and the corresponding weather conditions according to [15]
Visibility in km | Weather condition

0-05 Moderate fog
05-1 Light fog

1-2 Thin fog

2-4 Haze

4-5 Light haze

10 - 20 Clear

20 - 50 Very clear

>50 Exceptionally clear

The exponentq depends on the patrticle size distribution and thus on the visible range and

is given as 8
316 for V > 50km

q= 5 1.3 for 6km <V < 50km (2.11)
© 0:585 V17 for V < 6km

[13].

Further atmospheric losses occur due to the presence of cirrus clouds. These are sub-
visible clouds that are overhead50 % of the time at most locations [4] and thus attenuate
the signal strength. A global study was conducted by Hall et al. regarding the time cirrus
clouds are present at a given location and the thickness of the clouds. The ndings show
that 75 % of the time the transmission derived from the mean cloud thickness is above a
value 0.8, independent of the utilised wavelength [4]. From this insight, the cirrus cloud
transmission . is assumed to be 0.8.

Further uncertainties and losses, such as noise from background radiation and atmospheric
turbulence can in uence the signal strength. These are further discussed by Degnan in [4],
but not included in this thesis due to the lack of information and in order to generalise the
model for multiple stations around the world. Today's SLR stations reduce noise by the
utilisation of spectral and spatial Iters. Furthermore, the stations utilise gated detectors,
which causes the detector to be switched for the period of time during which a signal
is expected. From the aforementioned noise reduction measures, it is assumed that the
background noise is negligible.

2.4 Photon detection statistics

The received signal of a transmitted pulse is in general detected by a light sensitive detector,
which in addition triggers the stop signal for the TOF determination. SLR stations can
be distinguished in two modes of operation. The mode of operation refers to the intensity
of the returned laser pulses which are to be detected. Multi photon mode is present when
the detection of a yielded laser pulse contains several photons. The counterpart, so-called
single photon ranging, is present when the intensity of the returned pulses is limited so that
no more than an individual photon should generate a detected photoelectron [16]. The
achieved mode is highly dependent on the utilised hardware, but also the target, which is
ranged.
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SLR stations employ typically three di erent detector types [17]:

Single-Photon Avalanche Diode (SPAD) or Compensated Single-Photon Avalanche
Diode (CSPAD)

Micro-Channel Plate (MCP)
Photon-Multiplier Tube (PMT)

SPAD detectors detect up to a single photon per red laser pulse. These are however
subject to rst photon arrival. Meaning, when the return energy exceeds the single photon
level, the detected epoch time is being shifted towards earlier epochs, which is also called
time walk. CSPAD detectors are an improved version of the SPAD detectors, which can
register single to a thousands of photons [17]. They are characterised by compensating
for time walk when receiving multi photons. However, single photon detectors can only
record a single event for each transmitted laser pulse, which means that the detector may
also register background noise or daylight signal as an observation [17]. Another way of
conducting bias free range measurements when multi photons are present, is to utilise
certain multi photon detectors. These comprise MCP and PMT detectors and are capable
of recording multiple returns [18].

2.4.1 Poisson statistics

The rate of detection, i.e., the intensity of the returned signal, can be estimated via a
Poisson process, by a simple count of the successful detections for a period of time. The
probability distribution for a Poisson process is given by
NK, e Nee

I:’d(Npe; k) = peT;
where k is the number of expected events and\pe is the mean number of generated
photoelectrons per pulse, previously de ned in Equation 2.3 [16]. Today's SLR systems
are based on threshold detection. The probability of detection is therefore equal to the
probability that the number of photoelectrons detected exceeds the threshold valueNy ,

(2.12)

k= Ne 1 N k
Pa(Npe; Ny sk)=1 e Nee e (2.13)
k=0
[4]. For multi photon operating systems the threshold Ny is unknown and therefore
likewise the distribution. By setting the threshold to one, which is valid for single photon
operating systems, the Poisson distribution becomes

Pd(Npe) =1 e Npe; (2.14)

which is why only single photon systems are considered in this work. At high mean
photoelectrons per pulse,Py tends towards one. But at low mean photoelectrons per
pulse, the detection probability resolves toPy  Npe[19]. Stations that operate solely in
single photon mode, feature return rates belowl5 %/[17]. Further, they may also limit the
returned signal to maintain at single photon levels independent of the ranging conditions.
The single photon threshold of 15% is not a static value, nor consistent and may di er
in other literature, such as in [18], which recommends a value 010% This is especially
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relevant for SPAD type detectors, to minimise the e ect of time walk. Nevertheless, it is
assumed in this work that stations utilising multi photon detectors operating below the
threshold also remain at single photon levels.

2.4.2 Normal point generation

In general, SLR stations record the time or the distance residuals between measurements
and an orbit prediction. Orbit predictions either stem from radar or laser ranging data. In
general, the latter is more precise. Before the data is published, a ltering method must
be applied to remove false detection and noise. This enables the extraction of the satellites
track from the raw data. A common ltering algorithm that is utilised, is the iterative
n-sigma lter, which is recommended by the ILRS [20].

After ltering, the data contain information of an orbit segment along with the TOFs

of the individual data points. The Itered raw data is also referred to as full rate data.
Since observations can last several minutes, a large amount of ranging points are acquired
during this time. This is enhanced by the usage of kHz repetition lasers and fast responding
detectors. This leads to a vast amount of full rate data for observations.

In order to achieve a reduction of data, so-called Normal Points (NPs) are formed. There-
fore, the full rate data points are averaged within selected epoch bins, i.e., orbit segments.
They constitute xed time frames, i.e., normal point bins of an orbit segment and have

a dependence on the orbit altitude. These time frames can range from a few seconds for
LEO satellites up to several minutes for Geostationary Earth Orbit (GEO) satellites. The
ILRS created a recommendation for normal point bins, which can be found on the ILRS
webpage [21]. A detailed discussion of the NP algorithm is beyond the scope of this thesis.
Additional literature with more information regarding the normal point algorithm can be
found on the ILRS webpage [22].

An example of the NP generation from the raw ranging data is presented in Figure 2.2.
This example shows the raw residuals of the satellite Lageos-1, which was observed with
the miniSLR system. The blue dots indicate the raw data points that were recorded by
the detector with no Itering applied. The green dots mark the data points after ltering,

i.e., the full rate data and the crosses mark the NP of each epoch bin.
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