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Chapter 1

Introduction

For more than half a century, Satellite Laser Ranging (SLR) has been an essential mea-
suring technique of geodesy, which is defined by Helmert in 1880 as the science of the
measurement and mapping of the Earth’s surface. Since SLR measures the round-trip
time-of-flight of ultra-short laser pulses emitted by a terrestrial ground station and re-
flected by an artificial Earth orbiter, e.g., a satellite, it can only be performed when the
satellite is visible from the ground station. In order to improve the coverage of the satel-
lite orbit with SLR measurements, a global network of ground stations has been formed
and is constantly being further developed (Pearlman et al. 2019).

Moreover, geodetic SLR satellites, i.e., spheres covered with retro-reflectors and having
a low area-to-mass ratio, were designed to reduce the non-gravitational perturbations
and are therefore well suited for long-term studies.

Before the SLR data are processed, the full-rate data may be compressed, which is al-
lowed due to correlations between observations, into a smaller set of so-called SLR Nor-
mal Points (NP)s. This compression is today performed on-site at the SLR ground sta-
tions. Then, the high accuracy of the NPs allows a reliable determination of, e.g., geocen-
ter coordinate motion, SLR station coordinates and velocities, polar motion or Length-
Of-Day (LOD). Even though dedicated gravimetry satellite missions were designed to
observe the time-variable Earth’s gravity field, the determination of the very low-degree
Spherical Harmonic (SH) geopotential coefficients (here: up to degree and order 6) still
relies on SLR observations.

However, to describe all the changes of the system Earth, a stable terrestrial reference
frame is inevitable. The realization of such a reference frame is based on four different
geodetic techniques, where SLR data is essential for the definition of the origin and the
scale of the frame, e.g., Altamimi et al. (2016).

In the last years, there has been an on-going development at the ground SLR stations
from laser systems with repetition rates of few Hz towards kHz (Pearlman et al. 2019).
This results in a large amount of full-rate SLR observations and may lead to different
satellite signature effects, such that the compression strategies should be adapted. More-
over, since 2021 most of the SLR stations provide not only NPs but also full-rate data,
which allows to homogenize the compression process for all stations.

In this work, on the one hand, data compression processes are analyzed by quantifying
the information loss based on simulated SLR data. On the other hand, two different NP
generators and their impact on SLR data processing are studied.
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It is planned that for further realizations of terrestrial reference frames the SLR contri-
bution should be extended from only using SLR data of LAGEOS-1/2 to also include
LARES SLR data. Therefore, in this work an optimized orbit parametrization of LARES
and its contribution to a multi-satellite SLR combination of LAGEOS-1/2 is studied.
Moreover, the necessary adaption of the orbit parametrizations for a reliable estimation
of the low-degree SH geopotential coefficients is discussed.

Finally, to exploit the full potential of SLR, e.g., to reduce correlations between parame-
ters of interest or to extend the parameter space, multi-satellite SLR combinations with
geodetic Low Earth Orbiter (LEO), e.g., Stella or Starlette, are generated.

This work was initiated in the framework of the SPACE TIE project, which has the main
objective of determining a long-term stable reference frame by unifying all ”three pil-
lars” of Geodesy, i.e., the changes in the Earth’s shape, rotation and gravity field (Rum-
mel 2000), based on the two satellite geodetic techniques of Global Navigation Satellite
Systems (GNSS) and SLR by using co-location sites in space.

This work is arranged by the following chapters:

Chapter 2, Satellite Laser Ranging, introduces the observation principle of SLR and the
corresponding space and ground segments.

Chapter 3, Fundamentals of Satellite Geodesy, gives an overview of the satellite orbit
modeling and the underlying mathematical principles, i.e., least-squares
adjustment, variance component estimation and the contribution analysis.

Chapter 4, SLR Data Processing and Validation at AIUB, presents the SLR data process-
ing and the methodology to validate the quality of the estimated parame-
ters of interest.

Chapter 5, SLR Normal Point Generation and Analysis, describes the SLR data compres-
sion strategies and validates its quality and impact on the results of SLR
data analysis.

Chapter 6, Optimization of the Geodetic and Orbit Parametrization Based on LAGEOS-
1/2 SLR Data, focuses on optimized geodetic and orbital parametrizations
based only on LAGEOS-1/2 SLR data, analyzes the impact of different
Earth’s gravity field background models.

Chapter 7, Multi-Satellite SLR Combinations, deals with combinations of SLR data to
several geodetic satellites on NEQ-level, illustrates different weighting meth-
ods, e.g., variance component estimation or Helmert’s simple estimator,
discusses correlations between parameters and the extension of the pa-
rameter space.

Chapter 8, Summary, Conclusions and Outlook, recapitulates the main results and con-
clusions of this work and gives an outlook for further studies.



Chapter 2

Satellite Laser Ranging

This chapter introduces the satellite geodetic technique of SLR, which determines the
distance between a ground station and a satellite by measuring the round-trip time-
of-flight of ultra-short laser pulses (see Sec. 2.1). Beacon Explorer-B, launched in 1964,
was the first successful satellite mission, where the satellite was equipped with retro-
reflectors and therefore suitable for SLR observations. Actually, the predecessor satel-
lite mission, Beacon Explorer-A, was already designed for SLR observations, however
shortly after the launch a malfunction caused a crash and thus no observations were
ever taken (Williams 2023). Nevertheless, in 1965, the NASA’s Goddard Space Flight
Center (GSFC) in Greenbelt, Maryland, was first to successfully detect reflected laser
pulses from Beacon Explorer-B (Plotkin et al. 1965). Afterwards, further satellites were
equipped with retro-reflectors, e.g., Beacon Explorer-C, GEOS-1 or Diademe-D1C, and
new dedicated spacecraft were designed for SLR, e.g., LAGEOS-1/2, Etalon-1/2, Star-
lette, Stella or LARES/LARES-2 (see Sec. 2.2). This group of spherical satellites are char-
acterized by small area-to-mass ratios, such that the non-gravitational perturbing forces
are minimized and therefore the orbit modeling is simplified.

In order to track these satellites on a regular basis and to ensure a good coverage of the
orbits, SLR stations were gradually set up all over the world. Since the SLR stations are
normally designed and maintained by different national organizations, they differ in the
incorporated technology, e.g., laser or timing systems (see Sec. 2.3). At the same time,
the International Laser Ranging Service (ILRS, Pearlman et al. 2002) was established to
coordinate the SLR network, to collect and provide laser ranging data and to specify
guidelines for data handling and processing, e.g., on how to generate NP (see Sec. 5.1).
Furthermore, the ILRS does SLR analysis to generate geodetic products (see Sec. 2.4).

Nevertheless, there are also other space geodetic techniques, e.g., Very Long Baseline In-
terferometry (VLBI), Doppler Orbitography and Radiopositioning Integrated by Satel-
lite (DORIS) and GNSS. Each technique has its advantages and disadvantages and is
therefore able to determine different parameters (see Table 2.1). Hence, e.g., for the re-
alization of a stable reference frame (see Sec. 3.1), different geodetic techniques have to
be combined (Rothacher 2003).
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Table 2.1: Space geodetic techniques and the corresponding parameters, which can be
estimated (adapted from Rothacher 2003).

Parameter SLR VLBI DORIS  GNSS
Nutation X

Polar motion X X X X
UT1 X

Length of day (LOD) X X X X
Station coordinates X X X X
Geocenter coordinates X X X
Gravity field X X X

2.1 Observation Principle

SLR is a geodetic technique measuring mainly the two-way time-of-flight At of ultra-
short laser pulses emitted from a ground station to a satellite, which is ideally equipped
with retro-reflectors, and reflected back to the ground station. Nevertheless, SLR can
also be used as a one-way measurement technique, where the SLR station measures the
emission time of the ultra-short laser pulses and the on-board receiver telescope on the
satellite measures the time of reception. The emission and the receiving times are then
measured by different clocks, hence, they first have to be synchronized before the time-
of-flight and therefore the distance R between the SLR station and the satellite can be
determined (Mao et al. 2017). Since the mean signal flux is proportional to R™* (Degnan
1993), the one-way measurement technique enables to perform laser ranging to artifi-
cial objects in the interplanetary space. Therefore, e.g., the Lunar Reconnaissance Or-
biter (LRO, Chin et al. 2007), a National Aeronautics and Space Administration (NASA)
mission with the main goal to produce accurate maps of the Moon to identify future
landing sites, was designed to perform one-way laser ranging (Zuber et al. 2010). The
NP collected from different SLR stations, e.g., GO1L in Greenbelt, Maryland US, or the
Swiss Optical Ground Station and Geodynamics Observatory Zimmerwald (SwissOGS,
Schildknecht et al. 2015), over five years from 2009 to 2014 have a precision of 15-30 mm
and are used in combination with S-band data for precise orbit determination of the LRO
(Mao et al. 2017).

In this work, only the two-way SLR measurements are further used an analyzed. The
two-way time-of-flight At can also be expressed by the distances between the station
and the satellite at different time epochs (see Fig. 2.1). Neglecting atmospheric delays
and station biases, this yields

1
At = Atl + Atz = E (lrs(t) - 1.stat(t - Atl)l + |rs(t) - 1‘stat(t + Atz)l) ’ (21)
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with

t : reflection time of the laser pulses at the satellite,
At : time-of-flight of laser pulses emitted from the ground station to the satellite,
At, : time-of-flight of laser pulses reflected at the satellite to the ground station,
r(t) : position of the satellite at time ¢,
Igai(f) : position of the ground station at time f,

c : speed of light.

With a Taylor series expansion and the assumption that At; ~ At, ~ $At, the time-of-
flight At can be approximated when neglecting higher order terms as

2
At ~ —
Cc

(lrs(t) _rstat(t)l)- (2-2)

Then, the measured distance d between the ground station and the satellite at the re-
flection time of the laser pulses at the satellite follows from the observation equation

(Seeber 2003)

d= gc + Adgy, + Ad

> sig + Adsat + Adrel +1 (23)

with

At : time-of-flight,

c : speed of light,
Adg, : station related corrections,
Adg,

Ad,, : satellite related corrections,

: signal propagation corrections,

Ad,.; : relativistic corrections,

1 : unmodeled residual effects.

satellite

|I‘5(t) _rsmt(t _Atl)

Totar(t — Aty) [15(£) = Tgpar (t + Aty)]

Earth rotation

Figure 2.1: Observation principle of SLR.
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Station related corrections Ady;, are measurement errors of devices within the measuring
system, e.g., timing systems or detectors. In addition, the stations have to take into ac-
count the system delays caused by cables, the equipment to direct the laser beam within
the internal system and the laser path (Degnan 1985). For this purpose, they measure
with the laser system the distance to a calibration target, which is located within the
dome or at an external building (Degnan 1985). Hence, the difference to the geometri-
cal light path corresponds to the system delay. Figure 2.2 (left) shows calibration mea-
surements performed at the SwissOGS, where the two-way system delay is —23.72 m.
The not normal distribution of the data is characterized by the convolution of the target
response function and the system noise (Otsubo et al. 2015), especially from the detec-
tor, i.e., the Compensated Single-Photon Avalanche Diode (C-SPAD) (see Sec. 2.3). The
large system delay is mainly caused by the length of the laser path in the internal system
(Lauber, pers. communication, 2023). Most essential is that this value does not change
as long as nothing is modified in the laser system. Otherwise, the laser system is not
reliable. All station related corrections should ideally be applied already at the level of
data pre-processing at the SLR stations.

The Earth’s atmosphere, through which the short laser pulses are propagating from the
ground station to the satellite and back to the station, has different properties at dif-
ferent altitudes. Hence, the atmosphere is divided according to the signal propagation
velocity (resp. the refractivity) into the troposphere and stratosphere, which cover the
layers from the Earth’s surface to the altitude of 60 km, consisting of neutral gas and the
ionosphere, i.e., the layer from the altitude of 60 km to 1500 km, consisting of gas with
charged particles (Torge and Miiller 2012). However, the propagation of an optical sig-
nal, e.g., laser pulses with a wavelength of 532 nm, is only affected by the troposphere
(Seeber 2003). Since the refractivity along the propagation path cannot be directly mea-
sured, models describing the gradient of the refractivity at different heights have been
developed by, e.g., Marini and Murray (1973) or Mendes and Pavlis (2004). These models
analytically describe the correction in zenith direction Az and provide a mapping func-
tion m(90° —z) for the projection at the zenith angle z of the satellite. Therefore, the sig-

nal propagation corrections can be expressed as Ad;, = Az-m(E). The functions depend

sig
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Figure 2.2: Calibration measurements (left) of the laser system (right) at the SwissOGS
SLR station to determine the system delay on March 22, 2022.
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only on the temperature, the relative humidity and the pressure of the air at the ground
station. For the SwissOGS the tropospheric corrections for the given environmental con-
ditions, i.e., 920 mbar pressure, 20 °C and a relative humidity of 80 %, range from about
25m for an elevation of 4° to 2 m in zenith direction (see Fig. 2.3, left). The differences
between the tropospheric models Mendes-Pavlis and Marini-Murray are most signifi-
cant for low elevation angles. In the case of the SwissOGS, satellites are tracked to a
minimal elevation angle of 10 ° for LEO, 15 ° for Medium Earth Orbiter (MEO) and 20 °
for High Earth Orbiter (HEO).

The satellite related corrections Ad,, are due to the fact that reflection points of laser
pulses do not coincide with the center-of-mass of the satellite, the trajectory of which
is modelled in the orbit determination. In the beginning of the SLR era, the correc-
tion distance between the reflection point of laser pulses and the actual center-of-mass
was empirically determined by pre-launch analyses for each satellite, e.g., 251 mm for
LAGEQOS-2 (Minott et al. 1993). With increasing ranging accuracy, it became apparent
that the distribution of the returned signal and, therefore, the corresponding center-
of-mass correction depends on the laser ranging system (Appleby 1993, Kirchner and
Koidl 1993), e.g., width of laser pulses, laser ranging regime (single- or multi-photon),
screening method and type of detector. For instance, systems ranging on a multi-photon
level tend to measure shorter distances than systems ranging in a single-photon regime
when using a single-photon detector (Otsubo and Appleby 2003). Consequently, many
studies, e.g., Otsubo et al. (1999), Otsubo and Appleby (2003), Otsubo et al. (2015) or
Rodriguez et al. (2019) have been carried out to determine system-dependent center-
of-mass corrections for spherical geodetic satellite. However, these corrections are not
constant in time for SLR stations, because the laser ranging systems are frequently up-
dated and/or improved (see Fig. 2.3, right).

LAGEOS-1

— 30 0.6 0.252 7 i T T
é Mendes-Pavlis = 7090

o Error of Mendes-Pavlis (x1000) | | 0 .g, E‘ w— 7810
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° o c — 7839
< 104 _8 g 0.25 — 7845
c k ’ O 8834
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Figure 2.3: Tropospheric correction (left) depending on the elevation of the observations
taken at SwissOGS in Zimmerwald. Center-of-mass corrections (right) for LAGEOS-1
for a selected list of stations observing with a wavelength of 532 nm (extracted from the
ILRS SLR data handling file?).

https://ilrs.dgfi.tum.de/fileadmin/data_handling/ILRS_Data_Handling_File.snx
(Accessed: 22/12/2022)
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The theory of general relativity implies that the speed of light of laser pulses along their
paths changes according to the strength of the gravity field potential. These time delays
are also known as the Shapiro effect (Shapiro 1964). Since laser pulses, emitted by a SLR
ground station, are travelling within the Earth’s gravity field, the Shapiro effect needs
to be taken into account as relativistic correction Ad,,,.

2.2 Satellites Equipped with Laser Reflectors

Satellite laser ranging can be applied if the satellite is ideally equipped with retro-
reflectors. A distinction is made between active and passive satellites. Active satellites
are also carrying electronic elements, e.g., sensors, receivers or computers, and there-
fore have a limited lifetime. In contrary, the passive satellites have no electronic devices
on board and can be used as targets for a long time span (Seeber 2003). Geodetic re-
search based on SLR is mainly based on spherical satellites with a small area-to-mass
ratio such that the non-gravitational disturbing forces, e.g., air drag or solar radiation
pressure, can be minimized and precisely modeled. In the following, a selection of pas-
sive spherical satellites, which are used in this work, is presented in more detail. These
are: LAGEOS-1/2, Etalon-1/2, Stella, Starlette, Ajisai and LARES/LARES-2. They differ
in the composition and the size (see Fig. 2.5) but also in orbital characteristics, e.g., alti-
tude (see Fig. 2.4), inclination and period (see Table 2.2). The technical specifications of
the satellites are mainly adopted from the ILRS website?.

For the SLR processing, the satellites are separated into the following groups
A :LAGEOS-1/2
B : Etalon-1/2

C :LARES

20000 |Etalon-1/2

10000

r ILAGEOS-1 |LAGEOS-2 ILARES-2
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Altitude [km]

2000

| Ajisai [LARES-1
IStarlette

1000 -

700 r | | [Stella | |

1970 1980 1990 2000 2010 2020 2030 2040
Time [a]

Figure 2.4: Time span of SLR tracking of geodetic SLR satellites at different altitudes
(adopted from the ILRS website?).

*https://ilrs.gsfc.nasa.gov/ (Accessed: 22/12/2022)



2.2 Satellites Equipped with Laser Reflectors

D : Starlette
E : Stella

F : LARES-2

2.2.1 LAGEOS-1/2

The space mission of LAGEOS-1 (LAser GEOdynamic Satellite) was elaborated by the
NASA. The satellite was launched on May 1976 and at that time it was the first spacecraft
dedicated exclusively to SLR. LAGEOS-1 was designed to have a stable orbit with a long
lifetime, such that it can serve as a reference point in inertial space. Therefore, the dis-
tance measurements between station and satellite can be used to determine the station
position with respect to the Earth’s center-of-mass (Fitzmaurice et al. 1977). The main
purpose was and still is to measure the Earth’s tectonic plate motion, the Earth Rotation
Parameters (ERP)s and geocenter coordinates (see e.g., Christodoulidis et al. 1985, Smith
etal. (1990, 1985) and Pavlis 1999). LAGEOS-1 is a passive spherical satellite with a brass
cube core covered with two aluminum alloy caps. The surface is equipped with 426 Cor-
ner Cube Reflectors (CCR) to ensure that any incident optical signal is reflected back to
the direction of origin (Minott 1974). 422 of the total 426 CCR are made of fused silica
to reflect signals in the visible and near infrared spectrum. The other 4 CCR consist of
germanium and are therefore well suited for the middle infrared spectrum. This enables
research in the non-gravitational thermal thrust effect due to the asymmetric reflectiv-
ity of the satellite’s hemisphere (Lucchesi 2003b). The thermal thrust of LAGEOS-1/2 is
mainly caused by the Yarkovsky effect, the solar Yarkovsky-Schach effect and the asym-
metric reflectivity and causes a decay of the semi-major axis of LAGEOS-1/2 (Lucchesi
et al. 2020). The Yarkovsky effect is generated by the satellite absorbing infrared radi-
ation of the Earth and re-emitting it in an anisotropic pattern and therefore causing a
perturbation force (Rubincam 1987, 1988). Furthermore, the Yarkovsky-Schach effect is
related to the anisotropic emission of absorbed solar radiation (Lucchesi et al. 2003).

LAGEQOS-1 weighs 407 kg with a diameter of 60 cm. The orbit has a perigee altitude
of 5860 km and an inclination of 109.8 °. LAGEQOS-2, the successor of LAGEOS-1, is a
collaborative mission between NASA and the Italian Space Agency (ASI) launched in
October 1992. Its design is very similar to LAGEOS-1, however, the orbital properties
are different, i.e., perigee altitude of 5620 km and inclination of 52.6 °. At these high al-
titudes, the satellite orbits are influenced only marginally by the air drag or the higher-
order of the time-variable Earth’s gravity field, which simplifies the orbit modeling.

2.2.2 Etalon-1/2

Etalon-1 and Etalon-2 are two Russian space missions launched on January, resp. May,
1989. The main purpose was to support the Russians global navigation system GLONASS
by investigating the satellite orbit dynamics and to improve the Earth’s gravity field
models. These satellites are also used for geodetic research, i.e., to improve station coor-
dinates, ERPs and to determine the gravitational constant GM (Dick et al. 1993). Even
the official ILRS products are including Etalon observations. Both satellites were iden-
tically manufactured. The spherical satellite is made of metal and the surface is covered
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2. Satellite Laser Ranging

with 2140 fused-quartz and 6 germanium CCR®. The orbit specifications of both Etalon
satellites are comparable with GLONASS satellites, i.e., a perigee altitude of 19 120 km
and an inclination of 64.9 ° resp. 65.5°.

2.2.3 Starlette, Stella

Starlette (Satellite de Taille Adaptée avec Réflecteurs Laser pour les Etudes de la Terre)
and Stella were identically designed and launched in 1975 resp. 1993 by the Centre
National d’Etudes Spatiales (CNES). The main purpose of these space missions was the
determination and modeling of the solid Earth tides (Williamson and Marsh 1985). Fur-
thermore, several studies, e.g., So$nica et al. (2014) or Blofifeld et al. (2018), investigated
the contribution of Starlette and Stella to the estimation of geodetic parameters of the
global reference frame and the SH geopotential coefficients.

To minimize the area-to-mass ratio, the core of the satellites are made of depleted Ura-
nium 238 alloy and the surfaces are formed as an icosahedron with 20 triangular planes.
The planes are made of aluminum and cover three retro-reflectors. Hence, the spherical
satellites have a mass of 47 kg with a diameter of 24 cm. Starlette has an eccentric orbit
(eccentricity of 0.02) with a perigee altitude of 812 km and 48.8 ° inclination. Stella is a
sun-synchronous satellite with a circular orbit and a perigee altitude of 804 km.

2.2.4 Ajisai

Ajisai (also known as Experimental Geodetic Satellite EGS) was launched on August
1986 by todays known Japan Aerospace Exploration Agency (JAXA). The main goal was
to test JAXA’s two-stage launch vehicle and to determine the precise positioning of iso-
lated Japanese Islands®*. Despite of this, Sosnica et al. (2014) found that the contribution
of Ajisai SLR observations to multi-satellite SLR solutions is significant and improves
geodetic parameters, e.g., station coordinates or ERPs. Therefore, Sos$nica et al. (2014)
claims to use multi-satellite SLR combinations of LAGEOS-1, Starlette and Ajisai for the
SLR contribution to realizations of further terrestrial reference frames.

The satellite is spherical with a hollow interior and a shell made of glass-fiber-reinforced
plastics. The surface is covered by 1436 uncoated fused silica CCR for laser ranging and
318 mirrors for optical observations to measure Ajisai’s spin rate (Sasaki and Hashimoto
1987). With a weight of 685kg and a diameter of 215 cm the area-to-mass ratio of the
satellite is not optimal and the orbit modeling becomes more sophisticated (Sasaki and
Hashimoto 1987). The satellite orbit has a perigee altitude of 1490 km and 50 ° inclina-
tion.

2.2.5 LARES/LARES-2

LARES (LAser RElativity Satellite), launched on February 2012, is a satellite mission
of the ASI. The main goal of this mission is to accurately measure the frame dragging
effect, also known as the Lense-Thirring effect (Lense and Thirring 1918), predicted by
the theory of General Relativity (Ciufolini et al. 2016). Thereby, the rotation of the Earth

Shttps://space.skyrocket.de/doc_sdat/etalon.htm (Accessed: 08/08/2022)
*https://global.jaxa.jp/projects/sat/egs/ (Accessed: 24/02/2023)
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drags the axis of a local inertial reference frame, e.g., a satellite, orbiting the Earth (Ciu-
folini et al. 1996). In analogy, it causes a very small precession of the orbital plane, i.e., a
nodal shift, of a satellite in the Earth’s gravity field. Consequently, LARES experiences a
nodal precession of around 118 mas/a (Ciufolini et al. 2016) due to the Lense-Thirring
effect. In comparison, the nodal shift of LARES caused by the oblateness of the Earth is
about -2.029 82073 -10 mas/a (Iorio 2010).

LARES can also be used for geodetic research, e.g., to decorrelate low-degree gravity
field coefficients or to improve the ITRF. Therefore, it was planned that the ILRS con-
tribution to ITRF2020 and thus the official ILRS products, i.e., the station coordinates
and the Earth rotation parameters, should be generated with LAGEOS-1/2, Etalon-1/2
together with LARES (Altamimi et al. 2018). However, this proposal was not realized
due to delays at the ILRS analysis centers. Consequently, the contribution of the ILRS
to the ITRF2020 is still only based on LAGEOS-1/2 and Etalon-1/2 SLR data.

It is a passive spherical satellite made of very dense tungsten alloy and therefore, with a
weight of 387 kg and a diameter of only 36 cm, it is the densest known object in the solar
system (Ciufolini et al. 2011a). Additionally, it was formed from a single piece to enable
heat exchange, which reduces the thermal thrust perturbation acting on the satellite.
The 92 uncoated CCR for performing SLR measurements cover 26 % of the total area
(Paolozzi et al. 2015). LARES is placed in an almost circular orbit at 1450 km altitude
and 69.5 ° inclination.

LARES-2 was launched on July 2022 by the ASI. However, it was placed in an orbit with
a perigee altitude of 5896 km, comparable to the LAGEOS satellites (see Fig. 2.4), and
70.16 ° inclination. It is made of a nickel alloy and is covered with 303 uncoated CCR.
With a weight of 297.5 kg and a diameter of 42 cm, LARES-2 has a smaller area-to-mass
ratio than the LAGEOS satellites such that the orbit modeling may be simplified. The
first analysis of LARES-2 SLR observations are shown in Section 7.3.

Table 2.2: Technical data of spherical SLR satellites (adopted from the ILRS website?).

Satellite launch diameter weight area-to-mass altitude inclination period
[yr] [cm] [kg]  [10*m?/kg]  [km] °] [min]
LAGEOS-1 1976 60.0 407.0 6.9475 5860 109.8 225
LAGEOS-2 1992 60.0 405.4 6.9748 5620 52.6 223
Etalon-1 1989 129.4 1415.0 9.2940 19120 64.9 676
Etalon-2 1989 129.4 1415.0 9.2940 19120 65.5 675
Starlette 1975 24.0 47.5 9.5240 812 48.8 104
Stella 1993 24.0 48.0 9.4248 804 98.6 101
Ajisai 1986 215.0 685.0 53.0 1490 50.0 116
LARES 2012 36.4 386.8 2.6903 1450 69.5 115
LARES-2 2022 42.4 297.5 4.7461 5896 70.2 225
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Figure 2.5: Spherical satellites used for SLR.
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2.3 SLR Ground Stations

2.3 SLR Ground Stations

Figure 2.6 shows the most important components of an SLR ground station, which are a
generator of the laser pulses, a signal transmitter, a receiver telescope, a photo-detector
of the satellite signal pulses and a time-of-flight measurement device (Seeber 2003).
Nevertheless, there are also SLR systems, where the transmitter and the receiver are as-
sembled in the same telescope, e.g., at the SwissOGS in Zimmerwald.

In the beginning of the era of SLR, the stations used a ruby laser with Q-switch to gen-
erate laser pulses with a pulse width of 10-40ns (Degnan 1985). The pulse width is
strongly correlated with the accuracy of the range measurement (Seeber 2003), e.g.,
a pulse width of 10ns causes a ranging error of 1.5m. Consequently, other laser sys-
tems were developed, e.g., mode-locked Nd:YAG lasers, generating much shorter pulse
width of 0.04-0.2 ns at a wavelength of 532 nm and a 10 Hz repetition rate (Degnan 1985,
Wilkinson et al. 2019).

Nowadays, however, many SLR stations, e.g., in Graz (Kirchner and Koidl 2004), Her-
stmonceux or Kunming, are operating with lasers providing high-repetition rates of 1-
1000 kHz. This allows to reduce the power pulse energy without decreasing the number
of returned photons (Hampf et al. 2019). The high density of data points resulting from
a kHz system improves the precision of the Normal Points (Hampf et al. 2019). In addi-
tion, it is possible to identify the different retro-reflectors of a satellite by analyzing the
full-rate range residuals (Kirchner and Koidl 2004).

After the laser has generated the laser pulses, they are passed through the signal trans-
mitter towards the observed satellite. Further, the backscattered signal from the satellite
is received by the telescope and is collected by a photo-detector, which can either be a
Photomultiplier Tube (PMT), a Microchannel-plate Multiplier (MCP, Degnan 1985) or a
Single-Photon Avalanche Diode (SPAD). Their task is to absorb an incident photon and
convert it into an electrical signal, which stops the time-of-flight measurement device.
The SPAD detectors are outstanding for their fast rise time of the avalanche to provide
good epoch timing. Nevertheless, they are noisier, since different return energies change
the detection time and, therefore, causing errors in the range measurements. This is the
so-called time-walk effect, which cannot be avoided because it is difficult to perform

Satellite

O

Transmitter /

Receiver telescope

Laser

i

time-of-flight
measurement

|

Figure 2.6: General structure of a SLR ground station.
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SLR with holding a constant return pulse energy level. However, with the so-called C-
SPAD, which is an improved version of the SPAD, the time-walk can be reduced from
200 ps to less than 10 ps (Kirchner and Koidl 1999).

The time-of-flight measurement device is triggered by the signal transmitter when a
laser pulse is emitted. The measurement is stopped, if the backscattered signal is recorded
by the photo-detector. This time measurement device is either an interval counter or an
event timer. The interval counter measures directly the runtime of laser pulses, while
the event timer calculates the runtime by measuring the transmitting and the receiving
time epoch of the laser pulses. The latter has the advantage that it does not have to wait
for the return signal before sending the next one. Therefore, the event timer enables SLR
measurements with a high-repetition rate.

2.4 Role of the International Laser Ranging Service

The ILRS was established in 1998 and is an official service of the International Associa-
tion of Geodesy (IAG) (Pearlman et al. 2002). It collects and provides satellite and lunar
laser ranging data and generates own products. In addition, the ILRS sets and develops
new standards regarding, e.g., the formation of the normal points (see Sec. 5.1), to ensure
a high consistency between the products. The so-called analysis centers are generating
on a daily or weekly basis the official ILRS products, e.g., ILRS station coordinates and
velocities or Earth Rotation Parameters. Therefore, the ILRS contributes to the mainte-
nance of an accurate ITRF (Altamimi et al. 2011, 2016). At the time of writing, the ILRS
network consists of 45 active SLR stations (see Fig. 2.7).

Additionally, Table 2.3 gives further information about the SLR stations. Most of the sta-
tions are located on the northern hemisphere, especially in Europe and Southeast Asia.

24. August 2022

90 S

Figure 2.7: ILRS network from August 24, 2022 (adopted from the ILRS website®).

*https://ilrs.gsfc.nasa.gov/network/stations/index.html (Accessed: 24/08/2022)
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Within the ILRS, CODE is a so-called associated analysis center. In this framework, it
is validating the quality of the CODE orbit products of GNSS satellites equipped with
SLR retro-reflectors. The Astronomical Institute of the University of Bern (AIUB) also
generates orbit predictions for GNSS satellites to support their tracking by SLR stations.
With the SwissOGS in Zimmerwald, the AIUB also contributes to the ILRS network
with one of the most productive stations worldwide. In addition, the AIUB collaborates
with the Federal Agency for Cartography and Geodesy (BKG) in Frankfurt, Germany, to
generate products for the International Laser Ranging Service (ILRS) and to serve as a
backup in the frame of the analysis center activities at BKG.
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Table 2.3: Information about SLR stations from the ILRS network (adopted from the

ILRS website?).

Short station-nr. Abbreviation Location

1824 GLSL Golosiiv, Ukraine

1868 KOML Komsomolsk-na-Amure, Russia
1873 SIML Simeiz, Ukraine

1874 MDVS Mendeleevo 2, Russia

1879 ALTL Altay, Russia

1884 RIGL Riga, Latvia

1886 ARKL Arkhyz, Russia

1887 BAIL Baikonur, Kazakhstan

1888 SVEL Svetloe, Russia

1889 ZFLL Zelenchukskya, Russia
1890/1891 BADL/IRKL Badary/Irkutsk, Russia
1893 KTZL Katzively, Ukraine

7045 APOL Apache Point, NM

7090 YARL Yarragadee, Australia

7105 GODL Greenbelt, Maryland

7110 MONL Monument Peak, California
7119 HAA4T Haleakala, Hawaii

7124 THTL Tahiti, French Polynesia
7237 CHAL Changchun, China

7249 BEIL Beijing, China

7358 GMSL Tanegashima, Japan

7394 SEJL Sejong City, Republic of Korea
7396 JENL Wuhan, China

7403 AREL Arequipa, Peru

7406 SJUL San Juan, Argentina

7407 BRAL Brasilia, Brazil

7501/7503 HARL/HRTL Hartebeesthoek, South Africa
7701 I1Z1L Izafia (Tenerife), Spain
7810 ZIML Zimmerwald, Switzerland
7811 BORL Borowiec, Poland

7819 KUN2 Kunming, China

7821 SHA?2 Shanghai, China

7824 SFEL San Fernando, Spain

7825 STL3 Mt Stromlo, Australia

7827 SOSW Wettzell, Germany

7838 SISL Simosato, Japan

7839 GRZL Graz, Austria

7840 HERL Herstmonceux, United Kingdom
7841 POT3 Potsdam, Germany

7845 GRSM Grasse, France

7941 MATM Matera, Italy

8834 WETL Wettzell, Germany
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Chapter 3

Fundamentals of Satellite Geodesy

This chapter introduces satellite orbit modeling and the underlying mathematical prin-
ciples. First of all, coordinate reference frames, whether determining a position in space
or on Earth, have to be defined (see Sec. 3.1). In addition, ERPs are defined in order to
transform one reference frame to the other.

In Section 3.2, the concept of satellite orbit modeling is described. The starting point is
a simple two-body problem of the satellite and the Earth. However, in order to better
represent the real situation, the problem has to be adjusted by introducing additional
perturbations, e.g., the Earth’s static and time-variable gravitational field, tides, gravita-
tional effects of other bodies of the solar system, solar radiation pressure or relativistic
corrections (see Sec. 3.2.2).

Furthermore, the model parameters can be improved based on a set of observations us-
ing least-squares adjustment (see Sec. 3.3). In this process, the parameters can also be
constrained, pre-eliminated or stacked. If different sets of observations, e.g., different
geodetic techniques or different observed satellites, are to be combined, the method of
Variance Component Estimation (VCE) can be used (see Sec. 3.4). In addition, a so-called
contribution analysis can be performed to determine the contribution of each set of ob-
servations to the improved model parameters (see Sec. 3.5).

In Section 3.6, the method of the long-arc computation, which is regularly used in the
Bernese GNSS Software (BSW, Dach et al. 2015), is introduced and modified to also co-
estimating Earth’s gravity field coefficients. It allows to combine daily satellite arcs into
a longer arc, e.g., 7-day arcs, by transforming the initial osculating elements of each day
into one set of osculating elements referring to the beginning of the corresponding arc
and asking for continuous and differentiable orbits at the day boundaries.

In this thesis, the long-arc computation is applied to study the optimal orbit parametriza-
tion of satellites with lower orbital altitudes, e.g., LARES with an altitude of 1400 km
(see Sec. 7.1.2).
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3.1 Reference Systems and Frames

In order to describe positions of objects in inertial space, e.g., artificial satellites or the
Moon, or on the Earth, e.g., SLR stations, reference systems have to be defined. De-
pending on the need, the systems are fixed in space or rotating, e.g., according to the
Earth rotation. The realization of a reference system, called reference frame, is based
on measuring coordinates, e.g., of objects (mainly quasars) with a negligible proper mo-
tion outside our galaxy or sites on the surface of the Earth, with different geodetic space
techniques (Seeber 2003).

The International Earth Rotation and Reference Systems Service (IERS, Petit and Luzum
2010) defines the International Celestial Reference System (ICRS) as well as the Inter-
national Terrestrial Reference System (ITRS) and realizes the corresponding frames. It
also provides and maintains the ERPs to transform coordinates of one reference frame
into the other.

3.1.1 International Celestial Reference System and Frame

The International Celestial Reference System (ICRS, Petit and Luzum 2010) is a fixed
and non-rotating reference system used for the orientation in space. In 1991, the Inter-
national Astronomical Union (IAU) recommended to define the ICRS with the following
characteristics (Petit and Luzum 2010)

* The origin of the system is located in the barycenter of the solar system.
* The principle plane is located at the mean equator of J2000.0.
* One axis points to the equinox of J2000.0.

The realization of the ICRS is the International Celestial Reference Frame (ICRF) and is
based on VLBI estimates of equatorial coordinates of more than 200 extragalactic radio
sources (Charlot et al. 2020).

3.1.2 International Terrestrial Reference System and Frame

The International Terrestrial Reference System (ITRS, Petit and Luzum 2010) is an Earth-
fixed right-handed orthogonal reference system primarily used to describe station posi-
tions. A stable realization of the ITRS, the so-called International Terrestrial Reference
Frame (ITRF) is important to understand the dynamics of the Earth and for precise orbit
determination of satellites. The construction of the ITRF is based on four space geodetic
techniques, i.e., VLBI, DORIS, GNSS and SLR. First, long-term solutions per technique
are generated and then they are combined together with local ties at colocation sites
and, since ITRF2005, global ties for ERPs (Altamimi and Collilieux 2009, Altamimi et
al. (2007, 2016), Seitz et al. 2012).

All SLR analyses in this work are related to the ITRS realization called ITRF2014, which
is defined by the following specifications (Altamimi et al. 2016)

* Atthe epoch 2010.0, the translation and translation rates between the origin of the
ITRF2014 and the mean origin received from SLR observations are zero.
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* At the epoch 2010.0, the scale factor and scale factor rates between the ITRF2014
and the average of the scale factor and scale factor rates received from VLBI and
SLR observations are zero.

* At the epoch 2010.0, the rotation parameters and the rotation rates between the
ITRF2014 and the ITRF2008 are zero.

This ITRF is also characterized by the fact that for stations annual and semi-annual
terms were estimated and that Post-Seismic Deformation (PSD) models were applied
(Altamimi et al. 2016). The latest realization of the ITRS is the ITRF2020 (Altamimi et
al. 2018).

3.1.3 Earth Rotation Parameters

Station coordinates are normally represented in the ITRF, whereas the satellite positions
are conventionally given in an ICRF. To compute the distance between the station po-
sition and the position of the satellite, both positions have to be expressed in the same
reference frame. Therefore, coordinates expressed in the ITRF have to be transformed
into the ICRF, or vice versa, by using a set of three parameters, the so-called Earth Ro-
tation Parameters, together with a precession-nutation model (see Fig. 3.1). The ERPs
are represented by two pole coordinates of the polar motion (x, and y,) and the time
difference UT1-UTC (also referred as AUT). A position vector rjcrg in the ICRF is then
transformed into the ITRF according to the following equation (Seeber 2003)

I'ITRE = Rz(—xp)Rl(—?p)R3(®)NPf1CRF (3.1)
with

ricrr : position vector expressed in ICRF,
IiTRE - Position vector expressed in ITREF,
R,(y) : rotation matrix around the axis x with a rotation angle of y,
Xp, Yp : polar motion,
O : Greenwich apparent sideral time,
N : rotation matrix for nutation,

P : rotation matrix for precession.

The nutation and precession motion of the Earth’s rotation axis is caused by the gravi-
tational forces (torques) of the Moon and the Sun acting on the equatorial bulge of the
Earth and can be modelled based on a precession-nutation theory, e.g., IAU 2006 (Petit
and Luzum 2010, Mathews et al. 2002). Hence, the resulting reference system, i.e., the
Celestial Intermediate Pole (CIP), is defined by the true equator and equinox of date
(Seeber 2003). The transformation from the CIP to the ITRF is performed by using the
ERPs. First, the matrix R;(©) translates the non-rotating CIP into an Earth-fixed rotat-
ing system, where the rotation angle © is the Greenwich apparent sidereal time and is
related to the ERP AUT (Aoki et al. 1981). Finally, the polar motion which describes the
movement of the Earth’s rotation axis w.r.t. the Earth’s crust is taken into account by
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ICRF CIP ITRF

precession + nutation sidereal time + polar motion
N s
> >
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Figure 3.1: Transformation from the ICRF through the CIP to the ITRF.

the rotation matrices R,(-x,) and R;(~y,). The spectral analysis shows that the polar
motion is mainly a superposition of an annual and a strong 14-months, i.e., Chandler
period/wobble (Chandler 1891), signal (e.g., Beutler et al. 2005).
Figure 3.2 shows the ERP series IERS-14-C04, which is an IERS product based on a
multi-technique combination at observation level (Bizouard et al. 2019). The positions
of the rotational pole can vary by 0.4” (resp. 12 m on the Earth’s crust). The time differ-
ence AUT series shows several discontinuities due to the introduction of leap seconds
in UTC. They are used to adjust the coordinated universal time UTC to the actual Earth

rotation UT1. Therefore, the absolute value of AUT has to be smaller than 0.9s, other-

wise, the IERS will add a leap second. In our SLR processing this ERP series is used as a
priori information and reference series for comparisons.

2020
2015
— 2010

Figure 3.2: Polar motion (left) and time difference AUT (right) from the reference series
IERS-14-C04 for the years 1982-2021 (Bizouard et al. 2019).
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