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Abstract
Global geodynamic processes show that the Earth is a dynamic system. To observe these
changes with high precision, geodesy determines the Earth’s geometry, the orientation of its
rotation axis in space, and its gravity field. These three quantities are commonly referred to
as the three pillars of geodesy. Satellite-based observations make it possible to obtain global
and homogeneous observations within short time spans. The United Nations emphasised
the importance of reliable spatial information for achieving the Sustainable Development
Goals in Resolution A/RES/69/266 in 2015. Geodetic reference frames are fundamental
to this endeavour and indispensable for positioning and Earth system monitoring. In this
context, the International Association of Geodesy (IAG) established the Global Geodetic
Observing System (GGOS) in 2003 as a major project, defining target accuracies of 1 mm in
position and 1 mm per decade in long-term stability for the parameters defining the reference
frame.

Today, the space geodetic techniques Doppler Orbitography and Radiopositioning In-
tegrated by Satellite (DORIS), Global Navigation Satellite Systems (GNSS), Satellite Laser
Ranging (SLR) and Very Long Baseline Interferometry (VLBI) are the main contributors to
reference frame determination. Since each technique has different strengths in different
parameter groups, they are combined in order to exploit their complementary characteristics
and to provide a more complete description of the Earth system. So far, this has been
achieved by using common parameters, such as Earth Rotation Parameters (ERPs) or
atmospheric parameters, and by surveying Local Ties (LTs) between technique-specific
reference points at co-location sites on the Earth’s surface.

This thesis investigates the potential of co-locating the space geodetic techniques DORIS,
Global Positioning System (GPS) and SLR on a single satellite. On such a ’space-tie satel-
lite’, multiple observation techniques are integrated on a single platform, thereby enabling
co-location of the techniques in space. For this purpose, a simulation environment was
developed that is capable of simulating realistic observations for the three observation tech-
niques. Real data were evaluated and subsequently re-simulated to obtain information for
the subsequent simulations of the space-tie satellite and to represent the existing ground and
space segments. Together, these reference simulations provide the basis for investigating
the improvement potential of the space-tie satellite scenarios. Using the information obtained
from real data, observations of the three techniques were simulated for six different space-tie
satellite scenarios. The scenarios comprise the previously proposed NASA GRASP and
ESA E-GRASP/Eratosthenes mission concepts, a modified E-GRASP scenario with a lower
numerical eccentricity, and three circular scenarios at an altitude of 7’000 km with inclinations
of 30, 60, and 89 degrees.

The potential for improvement arising from a space-tie satellite was first analysed separ-
ately for each technique, with emphasis on the technique-specific impact on the reference
frame and the ERPs. Selected mismodelling effects were then imposed in the simulations to
assess the robustness of the scenarios and to quantify their impact on the reference frame
and ERPs. In this way, it is possible to evaluate the risk that the space-tie satellite mission
might not achieve its full potential due to systematic modelling errors.

The techniques were then combined in a simulation with observations free of systematic
errors. To isolate the contribution of the Space Tie (ST), a combination using only Global
Ties (GTs) was first carried out. These parameters include the ERPs and, in the case of

i



gravity field estimation, the spherical harmonic coefficients of the gravity field. Subsequently,
the space-tie satellite orbits from the individual single-technique solutions were combined,
thereby introducing the ST.

To take the third pillar of geodesy, the Earth’s gravity field, into account, the potential
of the space-tie satellites was investigated in terms of their ability to estimate the gravity
field using the three techniques. This was examined for each technique individually and in
combination with GTs, with the spherical harmonic coefficients of the estimated gravity field
being combined. Subsequently, the solutions were also combined with the ST in order to
assess the potential of the ST for gravity field determination.

The results demonstrate that a central benefit of a space-tie satellite lies in strengthening
the combined reference frame solution, in particular by enabling the geodetic datum realised
by GPS to be transferred to DORIS and SLR at the millimetre level through the ST combina-
tion. In the simulation, the joint use of GTs and the ST enabled the recovery of distances
between technique-specific reference points at co-location sites with an accuracy of about
one millimetre. This provides a promising basis for the global validation of LTs determined by
local surveys, especially for reference points that are difficult or impossible to access directly.
In this way, inter-technique consistency can be improved and systematic discrepancies can
be revealed.

Improvements in the ERPs are mainly achieved through the combination with GTs, while
the additional contribution of the ST is small. The gravity field analysis indicates that the
space-tie satellite solutions based on GPS observations provide the lowest errors among the
techniques investigated and is the dominating technique in the combination. In the overall
assessment of the gravity field results, the additional ST combination does not show a clear
systematic improvement, although improvements may occur for individual coefficients.

The scenario assessment shows that, among the orbit configurations investigated, the
near-polar circular scenario with an inclination of 89 degrees yields the best overall perform-
ance for reference frame determination and datum transfer via the ST. The circular scenario
with an inclination of 60 degrees and the eccentric E-GRASP-like scenario represent the
strongest alternatives, whereas the modified E-GRASP scenario, the circular scenario with
an inclination of 30 degrees, and the GRASP-like scenario are less advantageous in the
overall assessment.

Although the GRASP-like scenario shows considerable potential for reference frame
improvement and provides the highest sensitivity to the gravity field owing to its lower orbital
altitude, its overall performance is limited by its vulnerability to systematic modelling errors.
The mismodelling analyses therefore demonstrate that the maximum achievable potential
alone is not sufficient for selecting an orbit, since beneficial geometric properties can be
accompanied by increased vulnerability to systematic modelling errors.

Overall, the results provide a basis for recommendations on the orbit design of future
co-location-in-space missions, emphasising the need to optimise the orbit configuration with
respect to reference frame realisation, mission-specific gravity field sensitivity, robustness
against mismodelling, and inter-technique consistency.

ii



Kurzfassung
Globale geodynamische Prozesse zeigen, dass die Erde kontinuierlich dynamischen Verän-
derungen unterliegt. Für die hochpräzise Beobachtung dieser Vorgänge beschäftigt sich die
Geodäsie mit Messungen der Geometrie der Erde, der Orientierung ihrer Rotationsachse im
Raum und ihres Schwerefeldes. Diese drei Zielgrößen werden als die drei Grundpfeiler der
Geodäsie bezeichnet. Mithilfe satellitengestützter Beobachtungen ist es heutzutage möglich,
innerhalb kürzester Zeit homogene globale Beobachtungen zu erhalten. Die Bedeutung
dessen wurde im Jahr 2015 von den Vereinten Nationen in der Resolution A/RES/69/266
bekräftigt, in der die Wichtigkeit verlässlicher raumbezogener Informationen für das Ziel
einer nachhaltigen Entwicklung (engl. Sustainable Development Goals) festgehalten ist.
Geodätische Referenzrahmen sind hierfür ein fundamentales Produkt, das für Positionie-
rungsaufgaben sowie die Beobachtungen des Systems Erde unabdingbar ist. In diesem
Rahmen hat die International Association of Geodesy (IAG) im Jahr 2003 das Global
Geodetic Observing System (GGOS) als Projekt initiiert, in dessen Zusammenhang eine
Genauigkeit von 1 mm in der Position und 1 mm pro Dekade Langzeitstabilität für die den
Referenzrahmen definierenden Parameter als Ziel festgehalten wurde.

Für die Referenzrahmenbestimmung leisten die weltraumgeodätischen Techniken Dopp-
ler Orbitography and Radiopositioning Integrated by Satellite (DORIS), Global Navigation
Satellite Systems (GNSS), Satellite Laser Ranging (SLR) und Very Long Baseline Inter-
ferometry (VLBI) heute den Hauptbeitrag. Da jede dieser Techniken ihre Vorteile in unter-
schiedlichen Parametergruppen hat, werden sie kombiniert, um die Stärken zu vereinen und
das System Erde mit allen Parametern allumfassend beschreiben zu können. Bisher erfolgt
diese Kombination durch gemeinsame Parameter, wie z. B. über die Erdrotationsparameter
(ERPs) oder Atmosphärenparameter, sowie durch die lokale Vermessung von Inter-Technik-
Distanzen zwischen technikspezifischen Referenzpunkten an Kolokationsstationen auf der
Erdoberfläche, den sogenannten Local Ties (LTs).

In der vorliegenden Arbeit wird das Potenzial der Ko-Lokation der weltraumgeodätischen
Techniken DORIS, GPS und SLR durch einen Satelliten im Weltraum untersucht. Auf einem
solchen „Space-tie Satelliten“ sind mehrere Techniken auf einer gemeinsamen Plattform
vereint, wodurch die Ko-Lokation der Techniken ermöglicht wird. Für die Untersuchungen in
dieser Arbeit wurde eine Simulationsumgebung implementiert, mit der realistische Beobach-
tungen der drei Techniken simuliert werden können. Als Grundlage für die Simulation wurden
Echtdaten ausgewertet und anschließend nachsimuliert, um einerseits Informationen für die
anschließenden Simulationen des Space-tie Satelliten zu sammeln und andererseits das
existierende Boden- und Raumsegment zu simulieren. In Bezug auf diese Referenzlösun-
gen kann das Verbesserungspotenzial der Space-tie Satelliten untersucht werden. Unter
Verwendung der aus den Echtdaten gewonnenen Informationen wurden Beobachtungen der
drei oben genannten Techniken zu sechs unterschiedlichen Space-Tie-Satellitenszenarien
simuliert. Die untersuchten Szenarien umfassen die Orbits der ehemals von der NASA
vorgeschlagenen Satellitenmission GRASP, der von der ESA vorgeschlagenen Satellitenmis-
sion E-GRASP/Eratosthenes sowie einer modifizierten Version mit niedrigerer numerischer
Exzentrizität. Darüber hinaus wurden drei zirkuläre Szenarien mit einer Flughöhe von 7’000
km und Inklinationen von 30, 60 und 89 Grad simuliert.

Das Verbesserungspotenzial durch den Space-tie Satelliten wurde für jede Technik
einzeln analysiert und der Einfluss auf den Referenzrahmen sowie die mit der jeweiligen
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Technik bestimmten Erdrotationsparameter (ERPs) untersucht. Darüber hinaus wurde der
Einfluss verschiedener Modellierungsfehler untersucht, um festzustellen, welche Auswir-
kungen diese auf den Referenzrahmen und die ERPs haben. So kann das Risiko beurteilt
werden, inwieweit die Space-tie Satellitenmission durch in der Realität auftretende Mismo-
dellierungseinflüsse ihr Verbesserungspotenzial nicht voll entfalten kann.

Die Kombination der Techniken wurde anschließend für den Fall einer Simulation mit Be-
obachtungen frei von systematischen Fehlern vollzogen. Um das Potenzial der Ko-Lokation
anhand der Space Tie (ST) zu beurteilen, wurde zunächst eine Kombination der Techniken
mit globalen Verknüpfungsparametern (engl. – Global Ties – GTs) durchgeführt. Dabei
handelt es sich um die Erdrotationsparameter und im Fall der Schwerefeldschätzung auch
um die sphärisch harmonischen Koeffizienten des Schwerefeldes. Anschließend wurde
zudem der Orbit des Space-tie Satelliten der Einzeltechniklösungen kombiniert, um den
Effekt der ST-Kombination zu isolieren.

Um auch den dritten Pfeiler der Geodäsie, das Schwerefeld der Erde, zu berücksichtigen,
wurde untersucht, inwiefern es möglich ist, das Schwerefeld mit den Space-tie Satelliten
und den drei Beobachtungstechniken zu bestimmen. Dies wurde für jede Technik einzeln
untersucht sowie in Kombination mit GTs, wobei an dieser Stelle die Schwerefeldkoeffizienten
(engl. Spherical Harmonics) kombiniert wurden. Anschließend wurde auch hier zusätzlich
mit der ST kombiniert, um beurteilen zu können, wie sich die Verwendung der ST auf die
Schwerefeldbestimmung auswirkt.

Die Ergebnisse zeigen, dass ein zentraler Nutzen eines Space-tie Satelliten in der Stär-
kung der kombinierten Referenzrahmenlösung liegt. Dies zeigt sich insbesondere darin,
dass sich das durch Global Positioning System (GPS) realisierte geodätische Datum durch
die Kombination mit der ST mit Millimetergenauigkeit auf DORIS und SLR übertragen lässt.
In der Simulation war es unter Verwendung von GTs und ST möglich, zwischentechnische
Distanzen an Ko-Lokationsstationen mit einer Genauigkeit von etwa einem Millimeter zu
bestimmen. Dies ist ein vielversprechendes Ergebnis, um global intertechnische LTs zu
validieren, die mit lokalen Vermessungen zu teils unzugänglichen Referenzpunkten be-
stimmt werden. Dadurch können die Konsistenz zwischen den Techniken verbessert sowie
systematische Abweichungen aufgedeckt werden.

Verbesserungen der ERPs werden vor allem durch die Kombination mit GTs erzielt,
während der zusätzliche Beitrag der ST gering bleibt. Die Schwerefeldanalyse zeigt, dass
unter den untersuchten Techniken die auf GPS Beobachtungen basierenden Space-Tie-
Satellitenlösungen die geringsten Fehler aufweisen und die kombinierte Lösung maßgeblich
bestimmen. In der Gesamtbewertung der Schwerefeldergebnisse lässt die zusätzliche
Kombination mit der ST keine eindeutige systematische Verbesserung erkennen, auch wenn
für einzelne Koeffizienten Verbesserungen auftreten können.

Die Szenariobewertung zeigt, dass unter den untersuchten Bahnkonfigurationen das
nahezu polare zirkuläre Szenario mit einer Inklination von 89 Grad die beste Gesamtleistung
für die Referenzrahmenbestimmung und den Datumstransfer über die ST aufweist. Das
zirkuläre Szenario mit einer Inklination von 60 Grad und das exzentrische E-GRASP ähnliche
Szenario erweisen sich als stärkste Alternativen. Das modifizierte E-GRASP Szenario, das
zirkuläre Szenario mit einer Inklination von 30 Grad und das GRASP ähnliche Szenario
schneiden in der Gesamtbewertung dagegen weniger vorteilhaft ab.

Obwohl das GRASP ähnliche Szenario ein nicht unwesentliches Potenzial zur Verbesse-
rung des Referenzrahmens zeigt und aufgrund seiner geringeren Bahnhöhe die höchste
Sensitivität gegenüber dem Erdschwerefeld aufweist, wird seine Gesamtbewertung durch
die erhöhte Anfälligkeit gegenüber systematischen Modellierungsfehlern begrenzt. Die Un-
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tersuchungen zu Mismodellierungseffekten zeigen daher, dass das maximal erreichbare
Verbesserungspotenzial allein nicht ausreicht, um eine Umlaufbahn auszuwählen, da vor-
teilhafte geometrische Eigenschaften zugleich mit einer erhöhten Sensitivität gegenüber
Mismodellierungen einhergehen können.

Insgesamt bilden die Ergebnisse eine Grundlage für Empfehlungen zur Auslegung der
Umlaufbahn zukünftiger Missionen zur Ko-Lokation im Weltraum. Sie verdeutlichen, dass
die Wahl der Umlaufbahn im Hinblick auf die Referenzrahmenrealisierung, die missionsspe-
zifische Sensitivität gegenüber dem Erdschwerefeld, die Robustheit gegenüber Mismodellie-
rungseffekten und die Konsistenz zwischen den Techniken optimiert werden muss.
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1 Introduction and objectives
In the context of global warming and its consequences, society is increasingly confronted
with geodynamic processes, such as sea-level rise and natural hazards. Other phenom-
ena, including extreme weather, changes in ocean circulation and ice mass loss, further
demonstrate that the Earth is continuously subject to highly dynamic processes. Since these
interactions directly affect our living environment, there is a strong interest in observing
and monitoring them, understanding their causes and consequences, as well as controlling
their impact. In this context, geodesy provides the basis for these tasks by dealing with the
measurement of the geometry of the Earth, the orientation of its rotation axis in space and
its gravity field, commonly referred to as the three pillars of geodesy. Today, high-precision
measurement data from satellites orbiting the Earth provide an essential contribution, as
they enable homogeneous global observations within a very short time. This importance
was further emphasised by the United Nations in 2015 with the adoption of UN Resolution
A/RES/69/266, entitled ’A global geodetic reference frame for sustainable development’,
which endorses the relevance of reliable geospatial information for the goals of sustainable
development. For a uniform reference of spatial measurement data, global geodetic ref-
erence frames are fundamental products that are indispensable for all positioning tasks.
As part of the Global Geodetic Observing System (GGOS) (Gross et al., 2009), initiated
in 2003 by the International Association of Geodesy (IAG) as its observing system, the
accuracy requirements for an International Terrestrial Reference Frame (ITRF) are set at 1
mm in position and 1 mm per decade in long-term stability, which have not yet been achieved.

To determine a Terrestrial Reference Frame (TRF), the four main space geodetic tech-
niques Doppler Orbitography and Radiopositioning Integrated by Satellite (DORIS), Global
Navigation Satellite Systems (GNSS), Satellite Laser Ranging (SLR) and Very Long Baseline
Interferometry (VLBI) are used in combination. DORIS and SLR rely on active stations on
the Earth’s surface. In the case of DORIS, ground beacons transmit signals that are received
by satellites, whereas SLR stations emit laser pulses that are reflected by retroreflectors on
satellites. In the case of GNSS, signals are emitted by the GNSS satellites and received
by passive (no bidirectional communication) receivers on the ground or on Low Earth Or-
bit (LEO) satellites. So far, only observations from ground stations are typically used to
determine precise orbits and clocks of the GNSS satellites. With VLBI, active galactic nuclei,
such as quasars, are observed, enabling the unique determination of the Earth’s orientation
in inertial space. The link between the techniques is achieved by using so-called Local
Ties (LTs) and Global Ties (GTs). LTs can be eccentricities between the ground stations of
different techniques at co-location sites, precisely measured by local surveying. Co-location
sites are sites where at least two of the techniques are located in close proximity. GTs are
global parameters that can be determined by more than one technique, such as the Earth
Orientation Parameters (EOPs). The current realisation of the ITRF, the ITRF2020 (Altamimi
et al., 2023), attains an accuracy of 5 mm with a long-term stability of 0.5 mm per year in the
origin of the frame. Accordingly, an improvement by a factor of five is necessary to achieve
the GGOS goals. The full potential of the techniques can only be achieved if systematic
errors in the techniques, which prevent an optimal combination of the space segment of the
techniques, are unveiled and resolved.
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A concept to achieve this is the co-location of the techniques in space, known as Space
Ties (STs). Here, one or more satellites are placed in orbit around the Earth with at least two
of the techniques on board. Thereby, the link between the techniques should be strengthened,
systematic measurement errors revealed, and their influence reduced. Previously proposed
co-location-in-space missions, such as the Geodetic Reference Antenna in Space (GRASP)
(National Aeronautics and Space Administration (NASA)/USA) (Bar-Sever et al., 2009) or the
European mission E-GRASP/Eratosthenes (E-GRASP) (European Space Agency (ESA))
(Biancale et al., 2017), envisaged such scenarios and indicated their potential to contribute
to the GGOS accuracy requirements. So far, none of these missions has been realised.
One of the reasons for this was the unclear optimal mission orbit, as well as the doubts
and uncertainties regarding a satellite-based VLBI transmitter, as VLBI observations of
transmitters on satellites are a novelty. On 23 November 2022, the Genesis mission (Delva
et al., 2023), carrying all four techniques on board, was approved and funded by ESA. The
plan is to launch this mission in 2028, although the final orbit characteristics and shape of
the satellite have not yet been decided.

In fact, various applications based on the co-location-in-space concept have already
been studied. Zhu et al. (2004) investigated the integrated adjustment of LEO satellites
carrying a Global Positioning System (GPS) receiver together with the GPS satellites and the
GPS ground network. It has been shown that LEO satellites provide additional information,
especially on the geocentre, which is beneficial to the global network adjustment.

Männel (2016) confirmed this and achieved a 20% improvement in geocentre formal
errors by integrating one LEO satellite into a GNSS constellation. This improvement was
eight times larger than the improvement expected from the increase in the Degree of Freedom
(DoF) alone. Furthermore, Männel explored the potential for using VLBI to observe GNSS
satellites, successfully achieving an accuracy of approximately 1 cm in estimated station
coordinates. In the context of GNSS co-location with VLBI and also SLR, Herrera Pinzón
(2023) investigated strategies to identify and reduce systematic errors and inaccuracies in
inter-technique LT distances. By analysing short baselines, technique-specific biases could
be identified and minimised using innovative methods. Notably, a double-difference SLR
method was introduced, which avoids the need to estimate SLR range biases. Furthermore,
a combination of clock parameters was performed between two VLBI telescopes, thereby
achieving millimetre-level agreement with the measured LT distances. Moreover, a rigorous
combination of GNSS and VLBI at the observation level was performed, using LTs in the
form of inter-technique distances and troposphere parameters. As a result, significant
improvements were achieved in the station coordinates, particularly the height components,
and all EOPs.

Since some of the GNSS satellites have meanwhile been equipped with SLR retro-
reflectors, SLR and GNSS can be co-located in space using GNSS satellites. Thaller et al.
(2011) investigated this option and carried out a co-location of the two techniques using GPS
and the Global’naya Navigatsionnaya Sputnikovaya Sistema (GLONASS) satellites as a ST.
It was found that the scale could be transferred from SLR to GNSS, despite the estimation
of the GNSS transmitter antennas’ eccentricities (Phase Center Offsets (PCOs)), which are
correlated with the scale and the estimated clock offsets. Solar Radiation Pressure (SRP)
modelling for GNSS satellites weakened the determination of the geocentre, and it is re-
commended that geodetic satellites, such as LAser GEOdynamics Satellite (LAGEOS), be
included in the analysis. Bruni et al. (2017) extended this approach by including geodetic
satellites such as LAGEOS, but could not verify advantages for the scale and origin transfer

2



1 Introduction and objectives

through the ST. Moreover, an optimistic simulation of SLR observations to GNSS satellites
was conducted, assuming a perfectly homogeneous SLR station network and optimal obser-
vation tracking for every pass. These results further emphasised this finding, revealing that
the GNSS and SLR station networks coexist with their own independent frame realisation.
Bury et al. (2021) conducted a similar study, investigating the optimal approach to combine
SLR and GNSS, using GNSS satellites as the ST. The most favourable results were attained
when both No-Net-Rotation (NNR) and No-Net-Translation (NNT) conditions were applied
to the SLR and GNSS networks. However, the rotation and translation datum could not be
reliably transferred from GNSS to SLR in this study either. Nevertheless, an improvement in
the determined Length Of Day (LOD) was identified, and eccentricities for ground co-location
sites derived from the solution were consistent with LTs at the millimetre level. Some LEO
satellites, such as Sentinel-3 and -6, are also equipped with multiple observation techniques
and already provide co-location in space of DORIS, GNSS and SLR, which can be used
as a ST. Haines et al. (2024) made use of these and performed a first combination of SLR
and GPS with STs at the observation level. The GPS and LEO satellites were used as the
STs, while VLBI observations of extragalactic radio sources were used to establish the link
to the celestial frame. The derived TRF demonstrated comparable accuracy to the current
ITRF realisation (ITRF2020), despite the considerably shorter processing period, and thus
highlighted the potential of co-location on satellites.

The German Research Foundation — German: Deutsche Forschungsgemeinschaft
(DFG) project GGOS-SIM (Schuh et al., 2015), realised by GFZ Helmholtz Centre for
Geosciences (GFZ) in cooperation with the Technische Universität Berlin (TUB), performed
simulations of the techniques GPS, SLR, and VLBI to investigate, inter alia, the influence of
improvements in the station network (e.g. adding new stations) and differences in combina-
tion using LTs and GTs. Investigations on the influence of different observation accuracies
on the TRF and the EOPs for VLBI were performed by Glaser et al. (2016). Thereafter, the
transfer of the geodetic datum was examined using LTs and GTs (Glaser et al., 2017). It was
demonstrated that the rotation around the Z-axis could not be adequately transferred from
VLBI to SLR with these ties. Subsequently, Glaser et al. (2018) investigated the influence of
the weight of LTs in a combination of GPS, SLR and VLBI, and how systematic errors in the
LTs affect the derived TRF. For SLR, Glaser et al. (2019) demonstrated the refinement of
single- and multi-technique TRF due to the addition of future SLR stations.

The DFG project GGOS-SIM-2 is a follow-up to this project (again realised by GFZ in
cooperation with the TUB) and is dedicated to the topic of co-location in space and investig-
ating possibilities to achieve the mentioned GGOS goals by simulation. This thesis focuses
on the simulation results for the techniques DORIS, GNSS, and SLR. The VLBI part of the
project in combination with the SLR part elaborated in this thesis was the topic of the PhD
thesis by Mammadaliyev (2024).

The objective of this thesis is to provide answers to the following research questions:

Q1 To what extent can a possible space-tie satellite contribute to TRF solutions —
technique-specific and in combination?

Q2 To what extent does mismodelling of the space-tie satellite affect the single-technique
TRF determination?
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Q3 Which orbit scenarios are most beneficial for contributing to the GGOS goals?

Q4 To what extent can a possible space-tie mission contribute to gravity field recovery,
and what is the effect of the spacetie?

This thesis begins with an introduction to relevant theoretical aspects in Chap. 2 and
information about the observation techniques used in Chap. 3. Thereafter, six different
space-tie satellite orbit scenarios are investigated. The adopted orbit scenarios comprise the
GRASP and E-GRASP missions, a modified version of the E-GRASP scenario with lower
numerical eccentricity, and three circular scenarios at an altitude of 7’000 km with three
different inclinations of 30, 60, and 89 degrees. To achieve highly realistic simulations, a
simulation environment has been developed that is trained using real data. The methodology
of this simulation environment is described in Chap. 4. Subsequently, real data from a wide
variety of satellite missions with the observation techniques DORIS, GPS, and SLR were
evaluated and analysed, ranging from LAGEOS for SLR and TOPography EXperiment/Po-
seidon (TOPEX) for DORIS to recent missions such as Sentinel-6A Michael Freilich. As
part of the training for the simulation environment, existing satellites currently used by the
techniques to determine the TRF were also simulated and form the technique-wise reference
solutions, which are to be improved. The results thereof are presented in Chap. 5. In the
following, scenarios of observations to the space-tiesatellite were simulated over a period
of seven years for the three techniques, and the potential to improve the single-technique
TRF has been analysed. At this point, cases of systematic mismodelling have also been
examined to assess the extent to which the TRF is affected, and to identify the orbit scenario
posing the least risk to achieving the mission objective. This step also involved estimating
the Earth gravity field for each technique individually, to take the third pillar of geodesy into
account. These results are presented for each technique in Chap. 6. Subsequently, the
scenariosthat are free from systematic error influences are combined using the ST, and the
potential for TRF improvement is assessed. The details on this are provided in Chap. 7.
The results obtained are summarised in Chap. 8 and the outlined research questions are
answered. The results will help identify the best trade-off for a satellite that co-locates all
four techniques in space and supports progress towards GGOS-compliant TRFs and Earth
rotation parameters.
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2 Theory
In this chapter, relevant theoretical aspects are introduced that are used in the subsequent
analyses. Starting with theoretical aspects of Earth orientation (Sec. 2.1), time systems
(Sec. 2.2) and coordinate systems (Sec. 2.3), the method of dynamic orbit determination is
introduced in Sec. 2.4. Sec. 2.5 provides insight into the functionality of the Earth Parameter
and Orbit System (EPOS) software, which is used in this work. Sec. 2.6 then describes in
detail how orbit determination is carried out using the Earth Parameter and Orbit System
- Orbit Computation (EPOS-OC) module. Finally, Sec. 2.7 demonstrates relevant normal
equation operations used for the processing and determination of reference frame solutions,
and introduces the method used for combining the techniques with a ST.

Spacegeodetic observations as used in the following are carried out by DORIS, GNSS
and SLR. VLBI is not used in this work. Positions of sites located on the Earth’s surface are
conveniently described by coordinates in an Earth-fixed system rotating with the Earth. The
satellite being observed is in orbit around the Earth, and its dynamic motion is best described
in an inertial system in which no apparent forces have to be introduced. To transform
between the Earth-fixed system and the inertial system in order to analyse observations
from the ground to the satellite, rotations involving the EOPs need to be taken into account.
According to Seitz & Schuh (2010), the transition from an inertial to an Earth-fixed reference
system can be described by precession (P), nutation (N), sidereal rotation (G) and polar
motion (M) as described in Fig. 2.1 and discussed in detail in Secs. 2.1, 2.2 and 2.3 below.

Figure 2.1: Transition from the inertial to the Earth-fixed system.

The orbit of a satellite is subject to several perturbations. The theoretical background of
orbit determination and perturbation modelling is described in Sec. 2.4. Information on the
EPOS software used in this thesis is given in Sec. 2.5. Sec. 2.6 provides a more detailed
description of parameter estimation with the module EPOS-OC. After the orbit determination
process, normal equations are set up, accumulated, combined and solved. These steps
are described in detail in Sec. 2.7, where the relation to the combination of space geodetic
techniques and the concept of co-location in space is described.

2.1 Earth orientation
The term EOPs is used to describe the orientation and the variation of an Earth-fixed

reference system with respect to an inertial system. The rotations from an Earth-fixed
reference system to an inertial system can be described by the following rotations:
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2.1 Earth orientation

REOP (t) = P(t)⏞⏟⏟⏞
Precession

N(t)⏞⏟⏟⏞
Nutation

G(t)⏞⏟⏟⏞
GAST

M(t)⏞⏟⏟⏞
Polarmotion

(2.1)

P, N, G and M are rotation matrices containing the EOPs, G and M the Earth Rotation
Parameters (ERPs). These are as an approximation described with models in conventions
for reference frame realisations, such as the International Earth Rotation and Reference
Systems Service (IERS) conventions (Petit & Luzum, 2010). These models for precession,
nutation, GAST and polar motion only describe the long-term components that can be well
modelled. Absolute values and deviations from the model are published by the IERS as
EOPs on a continuous basis. The ERPs are an essential part of the analyses presented in
Chap. 5, 6 and 7.

2.1.1 Precession and nutation
An International Celestial Reference System (ICRS), according to the International

Astronomical Union (IAU) conventions, is nowadays defined in such a way that the X-axis of
a three-dimensional Cartesian coordinate system points to a reference direction close to the
true equinox at epoch J2000.0 = 0 based on observations to extragalactical radio sources.
The Y-axis is situated orthogonal in the equatorial plane, while the Z-axis completes the
right-hand rectangular coordinate system. The position and gravitational force of the Sun
and Moon in relation to the plane of the Earth’s equator result in a constant motion of the
Earth’s axis of rotation.

As a consequence, this force gives rise to the precession of the Earth’s axis around
the ecliptic pole, which has an angle of approximately 23.5 degrees. Therefore, the vernal
equinox moves clockwise along the ecliptic with a period of approximately 25’800 years,
which defines a Platonic year.

Nutation can be defined as an oscillation superimposed on precession, with significantly
shorter periods (Mathews et al., 2002). The most significant component of nutation can be
attributed to the inclination of the moon’s orbital plane. This is at an inclination of 5 degrees
to the ecliptic, with the node of the orbital plane exhibiting a period of 18.6 years as it drifts
along the ecliptic. This results in a torque being exerted on the Earth with the same period,
the strength of which is dependent on the position of the moon’s orbital node in relation to
the vernal equinox. In comparison to precession, nutation has a significantly smaller opening
angle of approximately 10 arc seconds (Seitz & Müller, 2016).

A rotation around the combined effect of precession and nutation allows the transition
from the inertial system to the celestial equatorial system, where the pole is defined as the
Celestial Intermediate Pole (CIP) (McCarthy & Petit, 2004) and the X-axis points towards
the true equinox. Using accurate ephemerides, precession and nutation can be calculated
according to a model such as that given in Petit & Luzum (2010). The IERS publishes the
deviations from this calculated pole as celestial pole offsets in the X and Y components,
∆X-CIP and ∆Y-CIP, as its motion cannot be accurately enough be described by models
(see Fig. 2.2). These offsets are determined from VLBI observations to extragalactic radio
sources.

2.1.2 Earth rotation angle
For the transition from the celestial to the terrestrial equatorial system, it is necessary to

rotate around the CIP. This establishes the relationship between the true equinox and the
zero meridian. This is expressed by GAST, which is then linked to the difference between
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2 Theory

Figure 2.2: Time line of the corrections to CIP according to EOP20C04 data.

the astronomical time Universal Time (UT), which is determined by recurring astronomical
events, and Coordinated Universal Time (UTC), which is defined by atomic time.

The discrepancy between the mean solar day and the mean sidereal day can be ex-
pressed as ∆UT = UT1 − UTC, which illustrates the relationship between the atomic
time measure and the orientation of the Earth in the inertial frame. These values are
published by the IERS as part of the EOPs. The central observation technique used
to determine UT1 is VLBI, as it is the only technique that observes space-fixed targets
(Schmid, 2009). Furthermore, it can be expressed as the variation of LOD, with the relation:
LOD − 86400s = ∆LOD = − d

dt
∆UT · 86400s (Moritz & Mueller, 1988). Further detailed

information on time systems can be found in Sec. 2.2. The absolute rotation angle of the
Earth can only be determined with VLBI. Variations in LOD are also accessible from satellite
observations.

2.1.3 Polar motion
In the Earth-fixed system, the Z-axis of the ITRF is defined as the Conventional Terrestrial

Pole (CTP). For the transition from the terrestrial equatorial system to the Earth-fixed system
two rotations around the X- and Y-axis are necessary (Seitz & Müller, 2016). These two
rotations are the Earth pole coordinates, which describe the difference from the instantan-
eous rotation axis of the Earth’s crust to the CTP (Mueller, 1989). For the latest EOP20C04
dataset, they are shown in Fig. 2.3.

2.2 Time systems
In satellite geodesy, the analysis of observations from space geodetic techniques and

the calculation of parameters such as satellite orbits and the orientation of the Earth involves
different time systems. The subject of time systems is inherently complex, and therefore only
those time systems that are necessary for the applications in this thesis will be discussed
in more detail here. These are illustrated in Fig. 2.4 and can be classified, according
to, for example, Seeber (2003), into three categories of time measurement: UT, atomic
time, and inertial time. Further information on time systems can be found in, for example,
Seidelmann (1992). Each of these time scales is based on the measurement of astronomical
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2.2 Time systems

Figure 2.3: Time line of the pole coordinates according to EOP20C04 data.

or physical events:

UT is the time system, which is based on astronomical events, specifically the Earth
rotation and the mean solar day at the Greenwich meridian. It provides a reference from
the Earth-fixed reference system, in which, for example, ground stations are located and
the rotation of the Earth in inertial space. It depends on the rotational speed of the Earth,
contains its irregularities and therefore varies over time.

Atomic times, such as the International Atomic Time — French: Temps Atomique Interna-
tional (TAI), which uses the Système international d’unités (SI) second, are used as a highly
precise uniform time system. This is essential for space geodetic measurements, including
time of flight measurements in terms of SLR and time tagging of observation epochs.

Inertial time systems are uniform time systems that are free of effects of general relativity,
and are used to describe the motion of satellites or planets in inertial space. It is our
understanding that inertial time systems are, at least in theory, free from relativistic effects in
relation to the reference system in which they are defined. This time system can then be
used in the equation of motion.

2.2.1 Universal time
The UT time system is a time system based on astronomical events and used in con-

junction with the Earth’s rotation. In order to define this time system and relate it to the
Earth’s rotation, it is first necessary to introduce the concept of sidereal time systems. The
term ’sidereal time’ is defined in relation to the meridian and its position in relation to the
vernal equinox. This is defined in a uniform manner with respect to the Greenwich meridian,
referred to as the Greenwich Apparent Sidereal Time (GAST). For any given longitude, the
East longitude angle can be extended to yield the Local Apparent Sidereal Time (LAST).

This orientation of the Earth in the inertial frame can be determined from astronomical
observations. As a consequence of the Earth’s polar motion and the associated temporal
variation in the position of the equator relative to the ecliptic, this time measurement is
subject to periodic variations.

Once the effect of nutation has been accounted for, a mean vernal equinox can be
defined that is subject only to the effects of precession. In the context of the Greenwich
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Figure 2.4: Overview of the different time systems and their differences to each other. UT1
data according to EOP20C04 data.

meridian, this is referred to as Greenwich Mean Sidereal Time (GMST). The mean sidereal
day is thus defined as the interval between two consecutive passages of the upper meridian.
As a consequence of the residual effect of precession, the mean sidereal day exhibits a
deviation of approximately 0.0084 seconds from a full rotation of the Earth.

If the aforementioned time measurement is not based on the mean vernal equinox, but
rather on a calculated mean position of the Sun, the mean solar day can be defined. The
hour angle of the Greenwich meridian with respect to the mean position of the Sun is referred
to as UT. As a consequence of the Earth’s movement around the Sun, the mean solar day
defined in this way differs from a mean sidereal day by 3 minutes and 55.909 seconds. After
correction for the effects of polar motion and with respect to the CTP, the time system UT1
can be defined, which is linearly proportional to the Earth’s rotation angle in accordance with
McCarthy & Petit (2004).

2.2.2 Atomic time
Atomic time is founded upon the observation of periodic physical phenomena, thereby

providing a consistent and uniform measure of time. It’s unit is the SI second, set forth in
the BIPM standards (BIPM, 1960; BIPM, 1967; BIPM, 2018). It was selected to align as
closely as possible to the preceding ephemeris second, which was defined on the basis of
the mean rotation of the Earth between 1900 and 1905. Given the inherent variability in the
performance of individual atomic clocks, it is essential to develop a unified solution based on
a set of high-precision atomic clocks distributed globally to establish TAI. It is anticipated
that this combined solution will exhibit superior accuracy and minimal residual error. On 1
January 1958, TAI corresponded to the epoch of UT1.
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2.2 Time systems

2.2.2.1 UTC

The two time systems, TAI and UT1, show increasing discrepancies over time due to secular
variations in UT1. In certain applications, a uniform time system closely aligned to UT1 is
required. To address this need, the time system UTC was defined as a kind of approximative
step function to UT1. The steps are referred to as leap seconds and, if necessary, are
introduced at the beginning or middle of the year. This allows the discrepancy between
UTC and UT1 to be maintained below 0.9 seconds. Consequently, there is a constant offset
between UTC and TAI, which has been 37 seconds since 1 January 2017.

2.2.2.2 GPS time

The GPS Time (GPST) is a time system defined by the GPS control segment. It is derived
from a set of ground station clocks and GPS onboard clocks. At the 00:00 UTC epoch on 6
January 1980, GPS time was identical to UTC. The GPS time differs from TAI by a constant
offset of 19 seconds. Furthermore, due to the use of different atomic clocks in formulating
the time system, there may be slight differences in the time systems that are kept below the
microsecond level.

2.2.3 Inertial time
Inertial time systems have their historical origins in the theory of the dynamics of plan-

etary bodies and are, in principle, the closest approximation to an absolutely uniform time
system over long time periods.

Ephemeris Time (ET) was an inertial time system based on the tropical year 1900, which
at that time coincided with UT1. Due to discrepancies between ET and the Earth rotation
and the atomic time, it diverged from TAI over time.

The concepts of special and general relativity were first articulated by Einstein (1905)
and Einstein (1916). It posits that a clock in a gravitational field (general relativity) and due
to relative movement (special relativity) undergoes time dilation. To define a time system
based on atomic time which also indirectly incorporates relativistic influences, the dynamic
time system Barycentric Dynamical Time (TDB) and Terrestrial Dynamical Time (TDT) were
introduced at 00:00:00 TAI on 1 January 1977 (Müller, 1977) and the SI second defined
as the time measure. TDT was equated with ET at this epoch, resulting in an offset of
32,184 seconds compared to TAI. Relativistic effect were not explicitly stated, they were
incorporated through the definition of the SI second.

As the precision of atomic clocks advanced, phenomena of general relativity became
increasingly significant, reaching a point where they were comparable to the definition of
the atomic second. Accordingly, the 1991 IAU Resolution explicitly incorporated the full
influence of general relativity into the definition of the space-time reference frame. Barycentric
Coordinate Time (TCB) and Geocentric Coordinate Time (TCG) were defined, incorporating
full effect of general relativity. The term ‘dynamic’ was removed from the designation TDT,
and the definition of Terrestrial Time (TT) was precised as being a scaled version of TCG.
Therefore TCG differs from TT by a relativistic scaling factor (Thomas et al., 1994), after
which TCG differs from TT by 21.98 milliseconds over 365 days Seeber (2003).

EPOS-OC uses TT for the calculation of near-Earth satellite orbits, which are subject to
the same relativistic effects as the Earth around the Sun.
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2.3 Coordinate systems
As previously stated at the outset of Sec. 2.1, two reference systems are of paramount

importance for the applications addressed in this thesis: an inertial and a terrestrial one. In
the inertial reference system, the equation of motion of the satellites is expressed, given
that Newton’s axioms are applicable and no apparent forces are present. In the terrestrial
reference system, the specifications include station coordinates, observations and models
such as the gravitational field. In EPOS-OC, the mean equatorial reference system is used
as the inertial reference system and the CTS as the terrestrial reference system.

2.3.1 Conventional Inertial Reference System
The Conventional Inertial System (CIS) is a quasi-intertial space-fixed geocentric frame.

The origin is situated at the centre of mass of the Earth, and it is characterised as a three-
dimensional Cartesian coordinate system. The Z-axis coincides with the mean equatorial
frame, which is defined by the mean celestial pole. The X-axis coincides with the mean
vernal equinox at the origin epoch, which is epoch 0 in the J2000.0, starting at 0:00 on 1
January 2000. The inertial frame employed in EPOS-OC is the mean equatorial reference
system at epoch J2000.0 = 0, which is a well adapted Earth centred quasi-inertial reference
system in the sense of general relativity (Reigber, 1989).

2.3.2 Conventional Terrestrial Reference System
The definition of the Conventional Terrestrial System (CTS) is in accordance with the

IERS conventions set forth in Petit & Luzum (2010). In accordance with these conventions,
the origin is situated at the centre of mass of the Earth, the SI metre is used as the length
measure, and the time scale being TCG. As an Earth-fixed reference system, it should retain
its orientation with respect to the Earth’s crust.

2.3.3 IERS Terrestrial Reference Frame (ITRF)
A conventional reference system is defined in accordance with the relevant conventions.

The realisation of such a reference system is what is referred to as a reference frame. In the
case of a terrestrial realisation, this is the TRF. In accordance with Resolution 2 of the IUGG,
the IERS has been entrusted with the realisation and dissemination of the International
Terrestrial Reference System (ITRS). The CTS realisation is the ITRF, which is currently
available in the ITRF2020 realisation (Altamimi et al., 2023). It comprises the positions
and temporal variations of globally distributed stations that are geographically fixed to the
crust of the Earth with respect to a reference epoch, as well as a combined solution of the
EOPs. Prior to this, the temporal variation included the velocities of the stations and was
described by a linear function (Altamimi et al., 2016). Since the ITRF2014, post-seismic
deformation (PSD) represents a distinct category of data, providing a description of the non-
linear positional movement of stations in the aftermath of seismic events. From ITRF2020
onward, these temporal variations also encompass seasonal and geocentric variations. The
four main space geodetic techniques, namely DORIS, GNSS, SLR and VLBI, are currently
employed in combination for the realisation of the ITRF. As concluded, the accuracy of the
ITRF2020 in the scale is 5 mm in position and 0.5 mm/year long-term stability. Following
the application of a filter to the SLR and VLBI solutions, selected epochs demonstrate a
scale agreement of 1 mm at the equator with respect to the reference epoch, exhibiting
no significant drift. In accordance with the GGOS requirements for the precision of a TRF
realisation, i.e. 1 mm and 0.1 mm/a in the reference frame defining parameters, it is indicated
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2.4 Orbit determination

that this objective has not yet been attained and that an enhancement of at least a factor of
five is imperative.

2.4 Orbit determination
The problem of orbit and gravity field determination and it’s numerical solution was

demonstrated by (Kaula, 1966). The motion of a satellite subjected to a force F can, in
accordance with Newton for the two-body problem in a non-rotating geocentric reference
system be expressed by the following differential equation:

r̈ =
F(t, r, ṙ)

m
= −GM

r3
r (2.2)

with:

• r̈ - geocentric acceleration vector of the satellite

• F - Force

• t - Epoch

• r - Satellite geocentric position vector

• ṙ - Satellite velocity vector

• m - Mass of the satellite

• G - Gravity constant

• M - Mass of the Earth

• r - Satellite orbital radius

• −GM
r3

r - Central gravity term

2.4.1 Osculating orbital elements
Assuming that there are no perturbing forces acting on a satellite, the satellite’s orbit

can be described by six constant orbital elements. EPOS-OC uses the orbital elements
a, e, i, ω,Ω,M (see Fig. 2.5). These are congruent with the six element state vector con-
taining position r and velocity ṙ of the satellite. For the case where there are no perturbing
forces, a set of orbital elements can be calculated from the state vector at time t for a future
epoch t+∆t. Since, contrary to the above assumption, perturbative forces act on a satellite,
its orbit deviates from a Keplerian ellipse, and the orbital elements thus become functions of
time and are called osculating orbital elements.

12



2 Theory

Figure 2.5: Orbital elements

• a - Semi-major axis

• e - Eccentricity

• i - Inclination

• ω - Argument of perigee

• Ω - Right ascension of the ascending node

• M - Mean anomaly

2.4.2 Equation of motion
In a geocentric, quasi-inertial reference system, the equation of motion of a satellite

can be represented by extending the Kepler term GM
r3

r of the two-body problem to include
perturbation accelerations r̈pert (Beutler, 2005).

r̈ = −GM

r3
r+ r̈pert (2.3)

2.4.3 Perturbation forces
The dominant part of the forces acting on an orbiting satellite is the conservative force

due to the Earth’s gravity. The remaining much smaller forces are several disturbance forces,
which can be divided into other conservative forces and non-conservative forces. Non-
conservative forces are often referred to as surface forces because they act directly on the
satellite and are therefore a function of the satellite’s size, mass and orientation. The main
surface forces acting on a low-orbiting satellite are radiation pressure and drag from the upper
atmosphere. Each of the perturbation forces can be expressed as an acceleration, taking
into account the mass of the satellite. In the following, the perturbation acceleration term
from formula 2.3 is split into individual components and their implementation in EPOS-OC is
explained in detail.

Fig. 2.6 shows the individual perturbation forces and their minimum and maximum
magnitudes for a GPS satellite and the individual space-tie satellite scenarios considered
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in this thesis (for information on the orbital characteristics of the scenarios, see Sec. 4.1).
It can be seen that the dominant force is due to the Kepler term and the oblateness of the
Earth’s gravitational field. The next largest forces are about 4 orders of magnitude smaller.

• conservative forces:

– Earth gravitational field

– Third body effect

* Gravitational field of the Moon

* Gravitational field of the Sun and planets

– Tides

* Earth tides

* Ocean tides

• Non-conservative forces:

– Radiation pressure

* Solar radiation pressure

* Earth radiation pressure

– Atmospheric drag

• Corrections due to relativistic effects

– Schwarzschild

– Lense-Thirring

– DeSitter

The perturbation forces, which are summarised in Equation (2.3) to r̈pert, can now be
defined individually as follows (Beutler, 2005):

r̈pert = r̈g + r̈b + r̈e + r̈o + r̈s + r̈a + r̈d + r̈rel + ... (2.4)

with:

• r̈g - Gravitational acceleration due to the deviation of the Earth from a spherical
aaaaaaaa shape and a radially symmetric mass distribution. Sec. 2.4.3.1

• r̈b - Acceleration due to third bodies. Sec. 2.4.3.2

• r̈e , r̈o - Acceleration due to Earth’s and ocean tidal potential. Sec. 2.4.3.3

• r̈s , r̈a - Direct and indirect solar radiation pressure acceleration. Sec. 2.4.3.4

• r̈d - Acceleration due to atmospheric drag. Sec. 2.4.3.5

• r̈rel - Relativistic corrections. Sec. 2.4.3.6
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Figure 2.6: Minimum and maximum values of the acceleration of each perturbing force for
GPS satellites and each space-tie satellite scenario. (For satellites passing through the
Earth’s shadow, the minimum radiation pressure value would be zero.)

In order to ascertain the true acceleration acting on a satellite, it is imperative to determine
these perturbation forces with a high degree of accuracy. Therefore, they will be discussed
in greater detail. In the subsequent simulations (Chap. 6), the impact of inaccuracies on
specific perturbation forces is investigated. For the introduction of systematic error effects
in Chap. 6, certain parameters for the computation of the perturbation accelerations are
modified, which will be outlined in the following.

2.4.3.1 Gravity field of the Earth

The largest perturbation force acting on a satellite is induced by the variations in the Earth’s
gravity field. The resulting accelerations can be expressed by the gradient ∇ of the gravity
potential V.

r̈g = ∇V (r) (2.5)

where the vector of the position r is expressed in spherical coordinates:

r =

⎛⎝ r cos(ϕ) cos(λ)
r cos(ϕ) sin(λ)

r sin(ϕ)

⎞⎠ (2.6)

where:

• λ, ϕ - geocentric longitude and latitude of the satellite

So the gravitational potential, represented by the function V = V (r, λ, ϕ), is expressed by
Spherical Harmonics (SHs) as a spherical harmonic expansion:
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2.4 Orbit determination

V (r, λ, ϕ) =
GM

r

∞∑︂
n=o

(︃
R0

r

)︃n n∑︂
m=0

Pnm(sin(ϕ))[Cnmcos(mλ) + Snmsin(mλ)] (2.7)

whereby:

• R0 - mean radius of the Earth at the equator

• n,m - degree and order of the geopotential

• Pnm - normalized Legendre function of degree n and order m

• Cnm, Snm - SH geopotential coefficient of degree n and order m

The geopotential coefficients describe the density distribution of the mass inside the Earth.
These can be differentiated into zonal (m=0), sectorial (m=n) and tesseral (0<m<n) coeffi-
cients. Terms of order m=0 are in the English-speaking world denoted as Jn = −Cn0. The
harmonic coefficients up to degree 2 have particular meanings:

• C00 - The physical scale of the Earth according to the two-body problem, by
aaaaaaaaaaaaadefinition set to 1

• C10, C11, S11 - The translation of the center of mass to the origin of the reference
aaaaaaaaaaaaa frame on the x, y and z axis, per definition set to 0

• C20 - The oblateness of the Earth, the largest influence on the perturbation
aaaaaaaaaaaaaforces

• C21, S21 - The deviation of the principle inertia tensor axes from the reference
aaaaaaaaaaaaaframe axes in the inertial system

As part of the investigation of systematic errors below in Chap. 6, the SH coefficients of
the Earth Gravitational Model (EGM) are modified, resulting in a discrepancy between the
simulated and recovered gravitational forces. In the case of estimating the gravity field, the
SH coefficients of the EGM are set up as solved-for parameters.

2.4.3.2 Third body

An additional significant influencing factor is the perturbation, which arises from the gravit-
ational attraction of the Sun, the Moon and the planets. These perturbation forces can be
calculated by approximating the gravitational attraction with a point mass, as outlined in e.g.
Beutler (2005):

r̈b = −
∑︂
j

GMj

(︃
r− rj
|r− rj|3

+
rj
|rj|3

)︃
(2.8)

with:

• rj,Mj - Geocentric position vector and mass of the point mass element j
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Thus a third body perturbation force for every attracting body can be computed. The formula
employs the position vectors of the respective body, for which ephemerides, generated for
instance by NASA’s Jet Propulsion Laboratory (JPL) for the celestial bodies within our solar
system, can be utilised. JPL’s DE421 ephemerides (Folkner et al., 2009) are employed in this
thesis. Prior to processing with EPOS-OC, they are preprocessed into a time series within
the inertial Earth-centred reference frame of the orbit computation, comprising the position
and its first and second derivatives. During processing, this information is interpolated to
encompass the specified time period. For greatest accuracy, a gravitational field can also be
included in the computation of the third body perturbation of the Moon in EPOS-OC, such
as that by Ferrari (1977).

2.4.3.3 Tidal forces

The gravitational force of the Sun and Moon exerts a permanent deformation on the shape
of the Earth, which in turn gives rise to changes in the gravitational potential and thus to
accelerations of the satellite. These can be classified according to their prominence, with
the most notable effects being the Earth and Ocean tidal effects.

Earth tides
In EPOS-OC the modulation of Earth tides is conducted in accordance with the recommend-
ations set forth by the IERS conventions 2010 (Petit & Luzum, 2010). These comprise
the tidal model in accordance with the recommendations set forth by Wahr (1981) and the
elastic Earth model 1066A, as proposed by Gilbert & Dziewonski (1975). This model is
dependent on the position of the Sun and Moon, and thus introduces a change to the gravity
model of the rigid Earth, making it time-dependent. In EPOS-OC, this influence is calculated
as a difference in the geopotential coefficients. As a first approximation, the variation for
degree two, ∆V , on the Earth’s surface can be expressed as quasi frequency-independent
as follows:

∆V = K2R
2
0

∑︂
j=S,M

GMj

r3j
P20(cosΨj) (2.9)

and for a satellite orbiting in free space outside the Earth’s surface:

∆V = K2
R5

0

r3

∑︂
j=S,M

GMj

r3j
P20(cosΨj) (2.10)

with:

• K2 - Love number

• GMj - Gravitational constant time mass of j=M, the Moon, and j=S, the
aaaaaaaaaaaaaaaSun

• rj - Geocentric position vector of j=M, the Moon, and j=S, the Sun

• Ψj - Geocentric angular separation of j=M, the Moon, and j=S, the Sun

• Pn0(cosΨ) - Assigned Legendre-function of degree n
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2.4 Orbit determination

The required alterations to the geopotential coefficients can be obtained by incorporating the
factor GMER

2
eq into the equation, where Req represents the equatorial radius of the Earth.

For the normalised zonal degree two coefficient it follows:

∆C20 =
1√
5
K2(0)

R5
0

GMER2
eq

∑︂
j=S,M

GMj

r3j
P20(sinϕj) (2.11)

with:

• λj, ϕj - geocentric longitude and latitude in the Earth-fixed frame

with the resulting expression for the changes in normalized spherical harmonic coefficients:

∆Cnm − i∆Snm = Am

∑︂
S(n,m)

∆KSHS

(︃
1
−i

)︃n+maeven

n+maodd

eiθs (2.12)

whereby AM holds:

AM =
(−1)m

R0

√︁
4π(2− δom)

(2.13)

and:

• δom -

{︄
1, m = 0

0, m ̸= 0

• θs - Doodson arguments

• ∆Ks - Difference of the frequency-dependent Love number Ks
2(1) and the nominal

aaaaaaaa one K2(1)

• Hs - Amplitude of tidal generating potential

Ocean tides
The oceans demonstrate a response to tidal-driven potential change. These variations in the
ocean mass distribution can be described as a set of tidal height components with frequen-
cies, amplitudes, and phase information. For use with EPOS-OC, these are expanded to
changes in SH coefficients. The tidal height components ζs can be described for any point
on the ocean surface (λ, ϕ) and the Doodson argument (θ) as follows:

ζs =
∞∑︂
n=0

n∑︂
m=o

−∑︂
+

(C±
snmcos(mλ± θs)± S±

snmsin(mλ± θs))Pnm(sinϕ) (2.14)

• C±
snm, S

±
snm - Coefficient of the ocean tide constituent s
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Once the SH coefficients and the Doodsen arguments have been calculated, the dynamic
effect on a satellite can be expressed as a variation of the normalised geopotential coeffi-
cients.

∆Cnm = Fnm

∑︂
s(n,m)

((C+
snm + C−

snm)cos(θs) + (S+
snm + S−

snm)sin(θs)) (2.15)

∆Snm = Fnm

∑︂
s(n,m)

((S+
snm + S−

snm)cos(θs)− (C+
snm + C−

snm)sin(θs)) (2.16)

whereby:

Fnm =
4πGρw

GM
R2

0

[
(n+m)!

(n−m)!(2n+ 1)(2− δom)
]
1
2
1 +K ′

n

2n+ 1
(2.17)

with:

• 4πGρw
GM

R2
0

=+8.752 ∗ 10−8

• K ′
n - Load Love number

For this computation, the C±
snm and S±

snm coefficients of the respective tidal component s are
passed to EPOS-OC, along with the associated Doodsen argument θs.

2.4.3.4 Radiation pressure

The radiation pressure experienced by a satellite can be divided into two distinct compon-
ents. The direct component represents the force exerted by direct radiation from the Sun,
commonly referred to as SRP. Conversely, the indirect component describes the radiation
coming from the Earth, mainly in the optical and infrared spectrum, and is hence referred to
as Earth radiation pressure, also known as albedo.

Solar Radiation Pressure
The direct radiation results in an acceleration, which can be described as follows:

r̈R = −γκ[
l

R
]2CR

1

m

∑︂
i

si[(1− ρi)us + 2(
δi
3
+ ρi(us · ni))ni]Ai(us · ni) (2.18)

whereby:

• γ - A shadow factor that holds:

– γ = 0 The satellite is in the shadow of the Earth (Umbra), or the Moon

– 0 < γ < 1 The satellite is in half-shade (Penumbra)

– γ = 1 The satellite is situated in an area of direct irradiation.

• κ - Bolometric solar constant in Newton/m2

• l - Astronomical unit in metres
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2.4 Orbit determination

• R - Difference between the geocentric position vectors of the Sun and the
aaaaaaaaaa satellite rsun − rsatellite

• CR - Scaling factor which can be adjusted

• si - Shadow factor of the surface element i

{︄
1, us · ni > 0

0, us · ni ≤ 0

• m - The mass of the satellite

• us - Unit vector from the satellite to the Sun R
|R|

• Ai - Area of the satellite surface element i

• ni - Normal vector of the satellite surface element i

• ρi, δi, αi - Fraction of the incident sunlight that is reflected, diffused or absorbed,
aaaaaaaaaa whereby ρi + δi + αi = 1

Two of the optical properties coefficients are required by EPOS-OC, the third is computed
internally. Nevertheless, some difficulties emerge when considering the solar constant
determined by Johnson (1954). For example, the variation of the solar constant was
measured over approximately 30 years by the Observatory of the Smithsonian Institute, which
indicated a variation of the solar constant by approximately 0.1% (Hoyt, 1979). However,
it should be noted that these measurements are defined for a distance of 1 AU and an
absorption value of α=1, which does not align with the conditions experienced by satellites.
Moreover, it is challenging to develop a precise model for the shadow transition and the
factor γ. In many cases, data pertaining to surface properties are only available in a
limited manner. However, the creation of macro-models based on these data for Precise
Orbit Determination (POD) inevitably results in some degree of inaccuracy. This is due
to the fact that an exact spectral measurement is not always available for every material
used. Furthermore, surfaces are typically composed of multiple materials, resulting in a
heterogeneous mixture of surface properties.

For the calculation of radiation pressure in EPOS-OC the following variables are passed:
the bolometric solar constant, two surface optical property coefficients, the area and orienta-
tion of the surface elements in the satellite-fixed reference frame, the mass of the satellite, and
scaling factors, which can also be estimated. In the analysis of systematic errors in radiation
pressure force presented in Chap. 6, the surface properties ρi, δi, αi were perturbed for the
LEO satellite. For the GPS transmitter satellites, the size of the partial surfaces was modified.

Earth Radiation Pressure
The force resulting from radiation reflected by the Earth from incident solar radiation and
the thermal radiation of long wavelengths can be collectively described as Earth radiation
(albedo). This force can be expressed, starting from an area of the Earth, Ej, for an area
element of a satellite, Ai, as follows:

Fij = siCRκ

[︃
l

R

]︃2
(sjajcos(Θsj) +

ej
4
)
dEjcos(τj)

πr2j[︃
(1− ρi) · uj + 2(

δi
3
+ ρicos(βij) · ni)

]︃
Aicos(βij) (2.19)
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The nomenclature of the variables κ, l, R,Ai,ni, ρi, δi,us, CR is identical to that used for
solar radiation pressure. Additionally, we define:

• si -

{︄
1, cosβij > 0

0, cosβij ≤ 0

• sj -

{︄
1, cosβsj > 0

0, cosβsj ≤ 0

• aj - Albedo value of j-th Earth’s surface element dEj

• Θsj - Angle between nj and us

• ej - Thermal radiation of j-th Earth’s surface element dEj

• dEj - Surface element of the Earth

• τj - Angle between nj and −uj

• rj - Vector from the j-th Earth’s surface element center to the satellite

• uj - − rj
rj

• βij - Angle between ni and uj

• nj - Normal vector for dEj

A global albedo value is passed to EPOS-OC, which is then used to calculate the albedo
and thermal radiation values at the satellite position according to an internal analytical model.
The specified satellite macro-model is then used to calculate the orientation of the surface
elements to the Earth. The total acceleration is therefore the sum of the acceleration of all
sub-areas of the satellite and all sub-areas of the Earth radiation model:

r̈a =
1

m

∑︂
i

∑︂
j

Fij (2.20)

2.4.3.5 Atmospheric drag

As satellites pass through the atmosphere, they are subject to atmospheric drag and lift.
These forces can be described as follows:

Atmospheric drag:

r̈d = −1

2
CDρ

v2rel
m

[︄∑︂
i

Aicos(νi)K
i
D

]︄
· uD (2.21)

Atmospheric lift:

r̈l = +
1

2
CLρ

v2rel
m

[︄∑︂
i

Aicos(νi)K
i
L · ui

L

]︄
(2.22)
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whereby:

uD =
ṙ− ω × r

|ṙ− ω × r|
(2.23)

ui
L =

uD × (uD × ni)

sin(νi)
(2.24)

with:

• CD,L - Scaling factors (can be adjusted in EPOS-OC)

• ρ - Density of the atmosphere

• vrel - Velocity of the satellite relative to the atmosphere

• m - Mass of the satellite

• Ai - Area of the satellite surface element i

• νi - Angle between the velocity vector ṙ relative to the atmosphere and the
aaaaaaaa normal of the surface element ni

• KD,L - Coefficient, describing the surface interaction with the atmosphere

• r, ṙ - Geocentric position and velocity of the satellite in the integration reference
aaaaaaaa system

• ω - Angular velocity of the Earth in the integration reference system

• ni - Unit vector of the surface element i

The normal vectors of the satellite surfaces are expressed in the satellite-fixed reference
frame. Subsequently, these are transformed into the reference system of the integration
utilising a rotation matrix, depending on the attitude control system. The calculation of the
atmospheric drag presents two significant challenges. The initial challenge is to ascertain an
appropriate value for the atmospheric density ρ at the location of the satellite. The second
challenge pertains to the determination of suitable coefficients Ki

D for the surface materials.
The values for the density of the atmosphere are derived from atmospheric models. The
resistance coefficients are provided by the satellite manufacturer if available.

In the investigation of the influence of atmospheric resistance (see Sec. 4.6.2), the
atmospheric model is replaced, resulting in a change of the parameter ρ at this point.
Subsequently, the parameter CD is estimated to minimize the introduced disturbance. Atmo-
spheric lift is not taken into account in this thesis.

2.4.3.6 Corrections due to relativistic effects

In order to accommodate Newton’s law of gravity within a relativistic spacetime, it is neces-
sary to make certain corrections. In the context of a geocentric reference system (as in
EPOS-OC), relativistic corrections to acceleration and observations are due to the Schwarz-
schild effect, the Lense-Thirring effect, and the de Sitter effect.
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Of the three relativistic corrections mentioned here, the acceleration due to the Schwarz-
schild effect is the most significant. This effect results in a deviation from the constant ellipse
described in Newton’s gravitation law for the orbit of a mass around a central mass. Instead,
the perigee drifts in the direction of the velocity vector of the orbit (Schwarzschild, 1916).
The size of the effect is approximately 10−8m/s2 at an altitude of 1’000 km and diminishes
with increasing altitude.

The Lense–Thirring effect describes the twisting of space-time around a rotating mass in
the local inertial system (Lense & Thirring, 1918). The rotating mass exerts a force on the
surrounding space-time, analogous to the viscosity of a viscous liquid. For a satellite in
Earth orbit, this results in a drift of the ascending node and perigee. The effect is approx-
imately two orders of magnitude weaker than the Schwarzschild effect (i.e. 10−10m/s2 at
an altitude of 1’000 km) and also diminishes with increasing altitude (Ciufolini & Pavlis, 2004).

The de Sitter effect, named after its discoverer Willem de Sitter (de Sitter, 1916; de Sitter,
1917), describes a relativistic phenomenon occurring along the axis of rotation of a rotating
body within the gravitational field of a central body. In the case of a satellite orbiting the
Earth, this results in a precession of the orbital plane of the satellite, given that it is not in
the plane of rotation of the Sun, which results in a drift of the ascending node and perigee.
The strength of the effect varies less with the altitude of the satellite than with the current
position of the satellite, Earth, and Sun constellation, and is approximately at the level of
3 · 10−11m/s2 for LEO satellites.

2.5 The EPOS software
The software employed at GFZ for the estimation of Earth system parameters and

satellite orbits is the Earth Parameter and Orbit System (EPOS) (Neumayer et al., 2024).
EPOS is a suite of modules that augment the core module OC (Orbit Computation). The OA
module (Orbit Analyses) enables the comparison and geographic analysis of orbits, among
other capabilities. The CS (Combination and Solution) module is used to analyse normal
equations, in particular, to accumulate them, to impose weak or stringent constraints, reduce
or fix parameters, and to solve them. Collectively, the modules facilitate data preparation,
orbit integration, orbit and Earth parameter adjustment, orbit prediction, orbit analysis, linear
algebra applications with normal equations, and the simulation of observations (see Fig. 2.7).

An example of the operational use of EPOS is POD (e.g. Schreiner et al. (2022c))
and gravity field determination for the satellite mission GRACE Follow-On (GRACE-FO)
(Landerer et al., 2020). For this purpose, several measurement techniques such as DORIS,
SLR, GNSS and VLBI can be processed with EPOS-OC. Fig. 2.7 shows the programme
flow of EPOS-OC. The process starts with reading the input data, such as the observation
data. After that, different modes can be executed, depending on the user’s choice. The
modes theoretically build on each other, so if mode 3 is used, the steps of mode 0, 1, 20,
2 and 3 will be gone through. As an example, the simulation of observations takes place
in mode 1. After the calculation of the theoretical observation, the module stops there and
does not proceed with mode 20, 2 and 3, going directly to the next step, the simulation of
the observations and the output. For POD, mode 3, the parameter adjustment, is used.
This process goes through several iterations until the convergence criterion is reached and
then the output files are generated. In this thesis, mode 0 is used for the orbit design of
the space-tie satellites, mode 1 for the simulation of the observations, mode 3 for POD and
mode 2 for the generation of normal equations to solve for dedicated parameters.
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Figure 2.7: Diagram of the EPOS software with its individual packages for orbit computation
(OC), orbit analysis (OA), and handling of normal equations (CS) with the schematic flow
chart of the OC module.
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2.6 Orbit and parameter determination with EPOS-OC
The equations of motion described in Sec. 2.4.2, are typically formulated in an inertial

reference system. For orbit modelling of satellite orbits close to the Earth, EPOS-OC uses
the mean equatorial reference system at epoch J2000.0 = 0, which is a well adapted Earth
centred approximation for an inertial reference system in the sense of general relativity
(Reigber, 1989). The mean equatorial system differs from the CIS due to the effect of pre-
cession. This is taken into account for numerical purposes in the form of an approximation
based on IAU models. The differential equations describing the motion of the satellite are
extended to include the relevant perturbations in Sec. 2.4.3. Since a direct analytical solution
of these equations is not feasible, EPOS-OC uses a numerical solution procedure to solve
the equation of motion.

2.6.1 Solution of the equation of motion
In the numerical solution procedure, the complete perturbation model is incorporated

into the equation of motion, therefore we speak of the dynamical approach. Subsequently,
the differential equations are integrated numerically for the position and velocity vector. The
integrator of EPOS-OC employs a symmetric, double totalised Cowell method (Brouwer &
Clemence, 1961; Borderies, 1977) with adaptation in accordance with Kulikov (1963). In
this method, the equation of motion and all perturbation forces are solved in a Cartesian
coordinate system within an inertial reference frame, step by step, until a certain epoch is
reached. The acceleration vector is given by equation (2.4) and the equation of motion is
expressed as (2.3). Here, the individual components can be written as:

r =

⎛⎝ x
y
z

⎞⎠ , ṙ =

⎛⎝ ṙx
ṙy
ṙz

⎞⎠ , r̈pert =

⎛⎝ r̈pert,x
r̈pert,y
r̈pert,z

⎞⎠ (2.25)

To compute the position and velocity of a satellite at a specific time t, it is necessary to
integrate the six equations for r and ṙ. In order to achieve this, the initial position and velocity
are required. However, there are inherent limitations to this approach, namely rounding
errors and the accumulation of discretisation errors. These can be mitigated by reducing the
step size of the integrator or increasing the order height of the integrator, thereby enhancing
the accuracy of the solution. In this regard, EPOS-OC is well-optimised in terms of the
absolute accuracy of the integrator, as evidenced by adjustments such as those proposed
by Kulikov (1963) and results of internal studies.

2.6.2 Adjustment and parameter determination
The application of the dynamic method for the determination of satellite orbits and

geodetic parameters relies on observations such as ranges from the Earth surface to the
satellite and many other possibilities to track a satellite. In the case of GNSS, however, it is
the GNSS satellites that transmit and the ground stations or LEO satellites that receive. For
ground-to-satellite observations, the observation can generally be expressed as follows:

q = q(t, P ) = q̄(t,XS(P ), XT (P ), P ) (2.26)

So the observation q is a function of time t and the set of parameters P . More precisely, XS

represents the position vector of the observed satellite given in the CIS and being dependent
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2.6 Orbit and parameter determination with EPOS-OC

on the parameters we want to solve, and XT denotes the position vector of the observing
station, and given in the CTS and being also dependent on the parameters. The position
vector of the satellite (XS) is derived from the theoretical formulation of satellite orbit motion.
The station vector (XT ) is derived from the theoretical modelling of the motion of a topocenter
on the dynamic Earth and its motion in space. These formulations are based on the use of
models, for which the following information is necessary:

• The geocentric position of the observing station in the CTS at a reference epoch T0.
Here the ITRF2014 (Altamimi et al., 2016) is used .

• The motion of Earth’s crust at the position of the observing station (station velocities,
tidal deformation, ocean loading).

• The irregular motion of the CIP and its relation to the CTP, consequently celestial pole
offsets, UT1 variations and polar motion.

The geocentric position vector of the satellite, XS , in the inertial reference system is derived
from the integration of the equation of motion, which is based upon the mechanics of Newton.

m¨̄xS =
∑︂
i

F̄i (2.27)

The right side of this formula describes all gravitational and non-gravitational forces that act
on the satellite, as well as those that arise due to the rotation of the integration system in
relation to a truely inertial system S. In order to describe the position of the satellite with
reasonable accuracy, information about the aforementioned perturbation forces (for further
details, please refer to Sec. 2.4.3) and some initial knowledge of the parameters is needed.
So an actual observation qobs at time t will not coincide with the theoretical observation qtheo
based on the initial parameters PR.

qtheo = q(t, PR) (2.28)

The objective is to minimise the distance between qobs and qtheo by employing a differential
parameter improvement of P . To this end, the observation equation is expanded into a Taylor
series around PR. The distance

qobs − qtheo = qobs − q(t, PR) = qobs −

(︄
q(t, PR) +

∑︂
i

∂q

∂Pi

∆Pi

)︄
(2.29)

with ∆P = P − PR.

If the approximation PR is close enough to P , terms of order greater than one can be
neglected in the Taylor series and we obtain:

q(t, P ) = q(t, PR) +
∑︂
i

∂q

∂Pi

∆Pi (2.30)
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The set of parameters can be divided as follows:

q(t, P ) = q̄(t,XS(X
0
S, β, ϵ), XT (ST , β, ω)) (2.31)

with:

X0
S = (r(t0),v(t0)) initial state vector of the satellite in the CIS

ST = (x1
T , x

2
T , x

3
T )

T position of the observing station in the CTS

β = (β1, ..., βn)
T set of parameters of the geopotential

ϵ = (ϵ1, ..., ϵn)
T set of parameters of the surface force models of the disturbance forces

ω = (xp, yp, UT1) set of EOPs for the rotation between the terrestrial and the inertial
frame

With formula 2.31, 2.30 can now be written as:

∆q = q(t, P )− q(t, PR) =
(︂

∂q
∂XS

∂q
∂XT

)︂∑︂
i

(︃ ∂XS

∂Pi
∂XT

∂Pi

)︃
∆Pi (2.32)

or in matrix notation

∆q = [SETRG]

⎡⎢⎢⎢⎢⎣
∆PS

∆Pϵ

∆PT

∆Pω

∆Pβ

⎤⎥⎥⎥⎥⎦ (2.33)

with the following arc-dependent parameters (inner parameters)

• PS - Initial state vector of the satellite

• Pϵ - Empirical accelerations and force model parameters

the following arc-independent parameters (outer parameters)

• PT - Coordinates of the observing station

• Pω - Earth rotation parameters

• Pβ - Earth’s gravitation parameters

and SETRG the block matrix containing the respective partial derivatives of the parameters.
In Equation 2.33, ∆q describes the deviation of the calculated from the true value of q. The
vectors S to G describe the partial derivatives of the observations with respect to the inner
and outer parameters. For a sufficient number of observations of a single arc, a system of
observation equations can be established to solve for the inner parameters. In order to solve
for the outer parameters, the process is divided into two steps:

• The differential orbit improvement process, where only the inner parameters are
determined from observation data for each arc.

• Estimation of geodetic parameters, where the outer parameters are determined from
observational data from multiple arcs and satellites.
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2.7 Combination strategies

2.6.2.1 Differential orbit improvement process

In this process, only the inner parameters are considered. It is assumed that all other
parameters are known, which reduces the system of observation equations to:

∆qi =
[︁
SE
]︁
i

[︃
∆PS

∆Pϵ

]︃
(2.34)

The necessity of linearity is fundamental to the least squares method. Therefore, the
approximation parameters in this highly non-linear problem must be sufficiently close to
the true values, which is achieved by differential parameter improvement. Therefore, once
appropriate weights have been applied, the equation is solved using the least squares
method to determine the arc-dependent parameters ∆P̄S and ∆P̄ϵ. The improvements
are then incorporated into the reference value, and the resulting parameters establish a
new system. This process is repeated until the weighted square sum of the residuals ∆qni
converges to a minimum.

2.6.2.2 Outer parameter determination process

Once the initial step of parameter determination has been completed and the inner paramet-
ers have been estimated, the outer parameters can be estimated. In order to achieve this,
the normal equation of the system of equations is set up in a further step, as in the converged
state before, but extended by the external parameters, such as gravity field coefficients. The
normal equations generated in this way over a certain time period are accumulated and
eventually inverted using Cholesky decomposition.

For instance, a period of at least 2.5 years is recommended for estimating station
velocities (Blewitt & Lavallée, 2002), while a month is typically used for the estimation of the
C2,0 SH coefficient with SLR, and several decades for long-term trend estimation (Cheng &
Tapley, 2004; Cheng et al., 2013). With Gravity Recovery and Climate Experiment (GRACE)
and GRACE-FO, monthly gravity fields of SH coefficients are usually estimated and also
used for combinations (Meyer et al., 2023), but daily solutions are also possible and provide
insightful information, for example on high-frequency water flux information (Eicker et al.,
2020).

2.7 Combination strategies
The combination of single and multiple space geodetic techniques can be achieved in

three different ways. This is exemplified by the use of the space-tie satellite in the context
of this thesis. The combination can be made at the observation level (Gauß, 1809; Gauß,
1887), normal equation level (Gauß, 1823) or parameter level (Gauß, 1828). In the following,
only the combination on normal equation level will be used. To illustrate the differences
between the combination methods, the basic formulation of the Gauss-Markov least squares
adjustment will be examined, which requires linearity (compare above) (’Linear’) and provides
the most accurate (’Best’), unbiased (’Unbiased’) estimator (’Estimator’), say BLUE (Aitken,
1936).

The least squares method for the linear model is described as follows:

l̃ = Ax̃ (2.35)
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where l̃ is the vector of true observations, x̃ is the vector of true unknowns, and A is the
Jacobi matrix. Since we do not have the true values, we must use the actual observations
l to determine the estimated values x̂. The functional model is only consistent if we add a
vector of residuals v to the observations.

l + v = Ax̂ (2.36)

Because the issues related to orbit and gravity field determination are inherently nonlinear,
the functional relationship between the observations and the unknowns x̃, must be expressed
as follows:

l + v = f(x̂) = f(x0) + A∆x (2.37)

with the parameter correction vector ∆x. The stochastic model for this is given by the
covariance matrix Kll for a given vector of observations l, one can combine the variance
factor σ2

0 with the cofactor matrix Qll.

Kll = σ2
0Qll (2.38)

The inverse of this matrix is the weight matrix, denoted Pll, which is used in the following.

Pll = K−1
ll (2.39)

Furthermore, by rearranging formula (2.37) in accordance with

x̂ = x0 +∆x̂ (2.40)

and the aforementioned residuals, we obtain:

v = f(x̂)− l = f(x0 +∆x̂)− l (2.41)

Where x0 is an approximate value. This can be linearised using a Taylor series which can be
terminated after the first order.

v = f(x0) +
∂f(x0)

∂x0

+ ...− l (2.42)

Now we introduce the Jacobi matrix as the partial derivative of the nonlinear functional
relations according to the approximate value

A =
∂f(x0)

∂x0

(2.43)

and the reduced observation vector w

w = l − f(x0) (2.44)

the equation of the residuals can in first approximation with Ax0 = f(x0) be written as:

v = A∆x̂− w (2.45)

The combination of techniques at this point would be classified as an observation-level

combination, with v =

⎛⎝ vDORIS

vGPS

vSLR

⎞⎠
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2.7 Combination strategies

The method of least squares minimises the sum of the weighted squares of these residuals.
In order to achieve the objective function vTPllv → min, it is necessary to determine the
extreme, which is a minimum of the objective function. Derivation and rearrangement
according to the estimated values gives the system of normal equations:

(ATPllA)∆x̂ = ATPllw (2.46)

The solution of this system of normal equations can be written as:

∆x̂ = (ATPllA)
−1ATPllw (2.47)

in which the normal equation matrix is referred to:

N = ATPllA (2.48)

and the vector of the right-hand side of the normal equation system:

y = ATPllw (2.49)

A combination at this point would be a combination on normal equation level with
Ncombined = NDORIS +NGPS +NSLR.

The rank of the matrices N and A is equal and of full rank if the rank is equal to the number
of unknown parameters. If this is not the case, the matrices are singular and indicate a
configuration or datum defect. To care for the datum, certain conditions can be introduced.
The estimated parameters are eventually calculated according to 2.47 and 2.40 as:

x̂ = x0 + (ATPllA)
−1ATPllw = x0 +N−1y (2.50)

With the redundancy (or DoF) r = n−u as the difference between the number of observations
n and the number of unknowns u, we can estimate the a posteriori variance factor from the
residuals:

σ2
v =

vTPllv

r
(2.51)

and the variance-covariance matrix of the estimated unknowns as:

Kx̂x̂ = σ2
vN

−1 (2.52)

A combination at this point would be a combination at parameter level. If more than one
solution is available, they can be combined using different methods, such as averaging or
normal equation accumulation.

2.7.1 Accumulation of normal equations
In order to combine several normal equations over a longer analysis period or from

several satellites, for instance to determine external parameters, normal equations from
several solution systems are accumulated, thus combining the information on common
parameters. Assuming that there are no correlations between the systems, EPOS-OC stores
for each solution system the normal equation Ni = AT

i PlliA
T
i and the vector of the right-hand
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side yi = AT
i Plliwi. With ∆x denoting the set of all parameters of the individual normal

equations, the accumulation is written as:

∑︂
i

Ni∆x =
∑︂
i

yi (2.53)

2.7.2 Normal equation parameter reduction
The reduction of parameters from the normal equation is used intensively in the following,

especially in the GPS processing in Sec. 5.3 and 6.3. This allows to reduce parameters not
of further interest so that they no longer appear explicitly. However, the information content
of the estimate is transferred to the remaining equation system, so parameter reduction must
be strictly distinguished from parameter fixing. For example, EPOS-OC uses reduction for
the epoch clock parameters during GNSS processing to reduce the dimension of the normal
equations and significantly speed up the processing time.

Besides the normal equation and the vector of the right hand side, EPOS-OC also returns
the value of the objective function q = vTPllv at the point x = x0 with v = l−Ax0, as well as
the initial value x0. To reduce the system of equations, the components are partitioned into
the parameters ∆x1 to be kept and the parameters ∆x2 to be reduced, with ∆x = x− x0.
Accordingly, we can write:

N =

(︃
N11N12

NT
12N22

)︃
,∆x =

(︃
∆x1

∆x2

)︃
, y =

(︃
y1
y2

)︃
(2.54)

The solution of N∆x = y is equivalent to the solution of the optimisation:

min
q

{︁
∆xTN∆x− 2yT∆x+ q

}︁
(2.55)

The reduction is done by finding the optimum of the objective function for the partial vector
∆x2 and inserting it into the initital objective function, which yields:

min
q̃

{︂
∆xT

1 Ñ∆x1 − 2ỹT∆x1 + q̃
}︂

(2.56)

The new normal equation now reads:

Ñ∆x1 = ỹ (2.57)

with

Ñ = N11 −N12N
−1
22 N

T
12 (2.58)

ỹ = y1 −N12N
−1
22 y2 (2.59)

and the objective function

q̃ = q − yT2 N
−1
22 y2 (2.60)

The original system of equations has thus been reduced by the parameter group ∆x2.
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2.7 Combination strategies

2.7.3 Parameter constraints
Parameter constraints may be necessary to stabilise singular normal equation systems

so that they can be inverted. In the context of this thesis, parameter constraints are primarily
used to introduce the geodetic datum. Constraints can be applied to parameters in several
ways, such as by applying a conditional adjustment or, as is the case here, by introducing
pseudo-observations. The observation equation of the pseudo-observations can be written
for xc, a subgroup of x, in the same way as for real observations as vc = Ac∆xc − wc.
With the observation equation of the constrained Eq. 2.62, a system of normal equations is
generated for the pseudo-observation in the same way as for real data. The normal equation
system of the pseudo-observations is then added to the actual normal equation system (Eq.
2.62), as described above in Sec. 2.7.1. Hereby, the variance of the pseudo-observation
determines the weight of the condition. In the case of a small weight, this corresponds to
loose constraints, in the case of a large weight, it is equivalent to a condition.

lc + vc = Acx̂c (2.61)

(N +Nc)x̂ = (ATPl + AT
c Pclc) (2.62)

2.7.4 Network datum constraints
Network conditions allow that a network that has to be estimated, gets aligned to a

specific reference frame defined by coordinates. If the rank defect of the normal equation is
solely corrected by a condition of the same rank as the datum defect, this corresponds to
the minimum constraint approach.

The pseudo-observations of the commonly used No-Net-Scale (NNS), NNR and NNT
conditions (Boucher & Altamimi, 1993) are derived from the Helmert transformation:

⎡⎣XD

YD

ZD

⎤⎦ = (1 + sc)

⎡⎣ 1 −R3 R2

R3 1 −R1

−R2 R1 1

⎤⎦ ∗

⎡⎣XS

YS

ZS

⎤⎦+

⎡⎣T1

T2

T3

⎤⎦ (2.63)

where XS, YS and ZS are the source coordinates and XD, YD and ZD are the destination
coordinates. The transformation parameters are the rotation angles Ri, the scale sc, and
the translation values Ti. With lH the pseudo-observation of the Helmert constraint, the
observation equation and the design matrix can be written as:

lH + vH = AH x̂H (2.64)
∆xH = [sc, R, T ] (2.65)

AH =

⎡⎣1 0 0 0 Zapri −Yapri Xapri

0 1 0 −Zapri 0 Xapri Yapri

0 0 1 Yapri −Xapri 0 Zapri

⎤⎦ (2.66)

The Helmert parameters xH can be determined by a least squares adjustment:

NH∆xH = AT
HPHwH (2.67)

x̂H = x0H +∆xH (2.68)

32



2 Theory

In order to obtain a more compact form of the Helmert constraint normal equation that can
be added directly to the original normal equation, a parameter change can be made to the
estimated Helmert parameters, x̂H , and the pseudo-observations, lH . The normal equation
of the Helmert constraint can therefore be written as:

NH x̂H = AT
HPH lH (2.69)

and the overall least squares solution is obtained by adding the constraint normal equation
to the original normal equation system. With N as the notation for the original and NH for
the constraint normal equation ATPA results in:

(N +NH)x̂ = ATPl + AT
HPH lH (2.70)

Here, PH is the weighting matrix of the transformation parameters. In the case of hard
constraints, the value of σH in the weighting 1

σ2
H

of PH , is chosen to be near zero. Thereby
the network is constrained to the a priori network, and the vector lJ becomes 0. Forcing the
rotation parameters Ri to zero expresses a NNR condition, the translation parameters Ti a
NNT condition and the scale parameter sc a NNS condition.

2.7.5 Combination with global parameters - global tie
The concept of global ties is understood to represent global parameters, which can

also be described as external parameters in the context of the adjustment theory (see also
Sec. 2.6.2). In this thesis, global ties are the ERPs, and if applicable, also the spherical
harmonic coefficients of the gravity field. Global tie parameters are combined by merging the
parameters from different solutions into one set of parameters when adding several normal
equations, as described in Sec. 2.7.1. The information content for these parameters is thus
combined.

2.7.6 Combination with co-location on ground - local tie
Local ties are defined as locations on ground where multiple space geodetic techniques

are situated in close proximity to one another. Consequently, the discrepancies between the
techniques can be quantified with great accuracy through a local survey. A challenge thus
arises in determining the reference point of the measurement station. In the case of SLR
or VLBI, this is not a straightforward process, as the reference points in question are not
accessible due to their location within the instrument or construction. For DORIS and GNSS
the antenna mounting points are measured to which a calibrated PCO is added to give the
absolute reference point for the combination. These phase centre patterns may pose similar
problems for the GNSS and DORIS analysis as the reference points of large telescopes do.

The eccentricities between the techniques can be incorporated into the normal equation
system as a relative constraint between a pair of coordinates. As outlined by f.i. Thaller
(2008), the observation equation for the measured eccentricity, denoted by lLT , between two
positions, X1 and X2, with a displacement of X1 −X2 = lLT , can be expressed as:

lLT + vLT = ALTxLT =
[︁
−1 1

]︁
·
[︃
X1

X2

]︃
(2.71)

NLT x̂LT = AT
LTPLT lLT (2.72)
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The strength of the local tie is considered by the weight matrix PLT . The resulting normal
equation of the local tie NLT can be applied, by adding it to the original normal equation
system. In this thesis, local ties are not utilised, they are presented here for the sake of
comprehensiveness and as a precursor to co-location in space.

(N+NLT )x̂ = ATPl+AT
LTPLT lLT (2.73)

2.7.7 Combination with co-location in space - space tie
A space tie is comparable to a local tie in that it involves the co-location of several

techniques. However, in this case, the co-location occurs on a satellite that is in orbit around
the Earth. Ideally, the eccentricities between the techniques should be determined with great
precision prior to launch. The satellite can thus serve as a high-precision connection point
for the techniques in space. Figure 2.8 illustrates a theoretical representation of a space-tie
satellite, which incorporates the four main space geodetic techniques. As with local ties, a
space tie can also be introduced at the normal equation level with relative constraints (see
Sec. 2.7.6). Another method for the combination of several techniques by means of a space
tie is achieved by the addition of common parameters at the normal equation level, which is
used in this thesis. The common parameters are the dynamic parameters of the satellite
orbit in each arc. Additionally, estimated empirical parameters used in the integrated POD of
the space-tie satellite and the GPS constellation to achieve a more stable processing, are
reduced prior to combination. This results in the transfer of information content to the orbital
elements, which are then used for combination.

Figure 2.8: Theoretical sketch of a space-tie satellite and co-location in space.
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3 Space geodetic techniques
Four main space geodetic techniques are currently used for determining the ITRF: DORIS,
GNSS, SLR and VLBI. For each of these techniques, a dedicated service is operated
by the IAG. These are the International DORIS Service (IDS), the International GNSS
Service (IGS), the International Laser Ranging Service (ILRS) and the International VLBI
Service (IVS). Fig. 3.1 shows an illustration of the structure of the IAG services contributing to
the realisation of the ITRF. Each of the individual services generates a combined contribution
for the respective technique from the contributions of its international Analysis Centers (ACs).
These are then delivered to the ITRS combination centres for ITRF determination via the
IERS Central Office. Each of these techniques has its own distinctive advantages and
strengths. With regard to the determination of reference frames, the relevant techniques are
listed in Tab. 3.1. Given that no single technique can address all aspects, a combination
of the techniques is essential for a comprehensive realisation of the ITRS. The ITRS
combination centres are responsible for carrying out this combination based on the input
data sets, resulting in the generation of a TRF. The official ITRF product is generated by the
ITRS Product Centre. As indicated by the green ticks in brackets in Tab. 3.1, the contribution
of the corresponding technique to the parameter in question has not been included in the
realisation of the respective parameter of the ITRF. This demonstrates that the full potential
of the techniques and their combination is not yet being fully exploited, as there are residual
systematic uncertainties in these parameters that preclude the combination. It is anticipated
that the combination by means of co-location on a satellite in space will make a significant
contribution to the resolution of this issue. The focus of this thesis is on the simulation
analyses of DORIS, SLR and GPS for co-location in space. The aforementioned techniques
are discussed in greater detail in Secs. 3.1, 3.2 and 3.3, respectively. The order is based on
that of the individual single-technique analyses. As the GPS analysis differs slightly from
the other two techniques, it is listed last. For the VLBI technique, the reader is referred
to Mammadaliyev (2024), in which a simulation and analysis of VLBI for co-location on a
satellite in space, in line with the present work, is investigated.

3.1 Doppler Orbitography and Radiopositioning
Integrated by Satellite

The observation technique Doppler Orbitography and Radiopositioning Integrated by
Satellite (DORIS) was developed by a joint venture between Centre National d’Études
Spatiales (CNES), Institut National de l’information Géographique et Forestière (IGN), and
Groupe de Recherche de Géodésie Spatiale (GRGS), in the 1990s as part of the TOPEX
satellite mission with the objective of determining the orbit of satellites with high accuracy.
As DORIS was originally developed for POD of scientific altimetry missions, it also became
one of the four main space geodetic techniques, offering the potential to determine not
only the satellite orbit, but also station positions, tectonics, polar motion and the Earth’s
gravity field. One of the technique’s principal advantages is the homogeneous and dense
distribution of ground stations, which is conducive to the determination of a TRF and allows
comprehensive global observation coverage, including for satellites in lower orbits. The
measurement technique permits highly precise orbit determination, particularly in the radial
direction, which is of considerable interest for applications such as altimetry.
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3.1 Doppler Orbitography and Radiopositioning Integrated by Satellite

Figure 3.1: Overview of the IAG Services and the path to the ITRF (adapted from Seitz et al.
(2015)).

Table 3.1: Overview of different capabilities of space geodetic techniques and their contribu-
tion to the ITRF2020 realisation. Information in brackets indicates that this contribution was
not used for the realisation of the respective parameter. (Adapted from Rothacher (2003)
and Altamimi et al. (2023)).

DORIS GNSS SLR VLBI

Radio source coordinates × × × ✓
Nutation offsets × × × ✓
Nutation rates (✓) (✓) (✓) ×
Terrestrial pole ✓ ✓ ✓ ✓
UT1-UTC × × × ✓
LOD (✓) (✓) (✓) ×
Station coordinates ✓ ✓ ✓ ✓
Origin (✓) (✓) ✓ ×
Scale (✓) (✓) ✓ ✓

3.1.1 System components
3.1.1.1 Ground segment

The DORIS ground segment comprises approximately 60 ground stations distributed globally
in a homogeneous manner (see Fig. 3.2). Each ground station is equipped with a transmitter,
designated as the beacon (see Fig. 3.3), which emits on two frequencies, 400 MHz and 2
GHz. Furthermore, the stations are equipped with an Ultra Stable Oscillator (USO), an omni-
directional antenna, Uninterruptible Power Supply (UPS) and a package of measurement
instruments for the recording of meteorological data. The initial generation of antennas was
the Alcatel, the last of which was deactivated in 2008. The Starec antennas represent a
more modern iteration of the antenna technology. They are utilised in versions B, C and D
(D being the latest one) (see Fig. 3.4). As the signal is generated by the beacon, the ground
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stations are also directly referred to as beacons. Ground beacons may be classified as
Orbitography Beacons, Customer Beacons, or Location Beacons, as well as IDS Beacons,
Time Beacons and Master Beacons (see Tab. 3.2). Orbitography beacons are mounted on
geodetic points. In this configuration, a dedicated foundation ensures that the position of the
antenna remains stable. Customer or Location beacons provide an accurate location for the
customer, but do not disseminate data or coordinates as part of the IDS. Time beacons are
orbitographic beacons, which exhibit a high degree of stability in terms of their frequency
and time parameters. The stability of these stations is ensured by the precise control of
their clocks in relation to the TAI atomic time standard, which is monitored by Multi-Mission
Altimetry, Orbitography and Precise Positioning Ground Segment — French: Segment Sol
multi missions ALTimétrie, Orbitographie et localisation précise (SSALTO). Mostly these
beacons are linked to an external atomic clock. The highest level is represented by the
master beacons, which, in addition to the time beacons, have a direct connection to the
SSALTO. Through them, the current time information from all master and time beacons and
the geographic positions of all beacons are uploaded to the satellites, which are necessary
for the accurate functionality of the onboard receiver.

Table 3.2: Overview of DORIS master and time beacons

Station code Beacontype

Hartebeesthoek HBMB Master Beacon
Kourou KRWB Master Beacon
Papeete PAUB Master Beacon
Terre Adelie ADGB Time Beacon
Toulouse TLSB Master Beacon

Figure 3.2: Map of the DORIS station network as of November 2020. Image citation. Cited
from: CNES-CLS (2024).
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Figure 3.3: Picture of a DORIS
ground beacon in Dionysos. Photo-
graph by the author.

Figure 3.4: Picture of the Starec an-
tenna in Terre Adélie. Image citation.
Cited from: CNES (2024a).

3.1.1.2 Space segment

The space segment of DORIS is theoretically not limited in terms of the number of satellites
that can be operated, given that it is a quasi-passive system. The ground stations only
transmit the signal and are not necessarily in a two-way communication with the receivers.
Nevertheless, communication links do also exist for the purpose of synchronising the onboard
clock or receiving information from the satellite for the purpose of controlling the ground
network in relation to the received signals. In this context, receiving satellites can be divided
into those which only receive the signal and use it for their own purposes, and those which
are contributing satellites. These also provide downstream data on the received DORIS data
to the SSALTO ground segment for system analysis and monitoring.

3.1.1.3 Onboard receiver

To receive DORIS signals on a satellite, it is necessary to have a special receiver and an
antenna orientated towards the Earth. The first generation of receivers was capable of
tracking a single channel at a time and had a weight of 18 kg. Over time, these receivers
have undergone significant technological advancement. Present-day receivers, such as the
DGXX-S, are capable of simultaneously receiving up to seven channels and are equipped
with a redundant unit that automatically switches to redundant in the case of a malfunction.
The reduction in weight, which has decreased to approximately 1 kg, represents a significant
enhancement, as it diminishes the payload mass (see Tab. 3.3 for further details).

3.1.2 International DORIS Service
The IDS was established in 2003 during the International Union for Geodesy and Geo-

physics (IUGG) General Assembly with the objective of fostering international collaboration in
the domain of DORIS data analysis and the generation of scientific geodetic products based

38



3 Space geodetic techniques

Table 3.3: Overview of the development of DORIS receivers (CNES, 2024b)

Year Weight [kg] Channels

1st Generation 1992-2013 18 1
2nd Generation 2002-2012 5.5 2
2nd Generation miniaturised 2001-2015 3 2
Intermediate DGXX not oper. used 3 2
Full DGXX and DGXX-S generation 2008-utd 1.15 2x7 (redundant)

on the DORIS technique, within the framework of the IERS. The IDS generates scientific
products that contribute to GGOS under the guidance of the IAG, functioning as an IAG
service (Willis et al., 2010). In 2024, six ACs and four Associate Analysis Centerss (AACs)
have been active within the IDS. The contributions of the IDS ACs are combined by the
IDS Combination Center (CC), which is responsible for generating the IDS’s contribution to
the generation of the ITRF. Further details regarding the generation and combination of
the IDS contribution can be found in Willis et al. (2015b). Moreover, the IDS CC generates
and provides a special adaptation of the ITRF for DORIS, known as the DPOD (DORIS
extension of the ITRF for Precise Orbit Determination) (Moreaux et al., 2023a).

3.1.3 Measurement principle
The principle of the observation of DORIS is based on the Doppler effect. Ground

beacons, which are distributed globally, emit a constant frequency electromagnetic signal.
DORIS-equipped satellites orbiting the Earth pass the ground station, receive the signal,
and track the pseudorange and phase of the signal. As the satellites pass the horizon of the
ground station, the distance of the transmitted signal changes, resulting in a Doppler shift of
the radio frequency. The Doppler shift in the received signal onboard the satellite can be
expressed in terms of the wavelength as:

λreceived = λground − vsatellite ·∆t (3.1)

with

λground – Wavelength of the beacon on ground

λreceived – Received wavelength onboard the satellite

vsatellite – Velocity of the satellite in the direction of the ground station

∆t – Doppler integration interval

The receiver generates measurements every 3 and 10 seconds (0s, 3s, 10s, 13s, 20s,
23s, etc.). Noteworthy, EPOS-OC uses only those observations taken at the 10-second
interval, which aligns with the Doppler integration interval of the formerly used Doppler range
rate observations given in the DORIS data exchange format (CNES, 2008). The typical level
of precision for a common Doppler range rate observation over an integration interval of 10
seconds is approximately 0.3 mm/s, which corresponds approximately to 3 mm of phase
observation.
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3.1.4 DORIS observation in EPOS-OC
The initial format for the provision of real DORIS observation data was the DORIS data

exchange format for range rate observations. This format provides measurements of range
rate, the count interval, and information regarding the application of corrections, such as
the tropospheric correction. Following the launch of the Jason-2 satellite, this format was
superseded by the Receiver INdependent EXchange format (RINEX) format, which remains
in use today. The RINEX format differs from the previous one in that it provides direct
pseudorange and carrier phase measurements at the two DORIS frequencies, rather than
the range rate, which can be calculated from the phase observations.

As EPOS-OC is not yet capable of directly processing DORIS pseudorange and phase
observations, this thesis makes use of Doppler range rate measurements. Accordingly,
the phase measurements provided in the DORIS RINEX observation files are subject to a
preprocessing procedure that consists of the following steps. The explanations and values
presented herein are based on the current state-of-the-art in DORIS equipment, which
refers to the Starec ground antennas. The following implementations and their underlying
mathematical principles are originally published in Schreiner et al. (2023), to which reference
is made here.

The two frequencies used within DORIS are f1 = 2036.25 MHz and f2 = 401.25 MHz.
Prior to any other considerations, the frequency shift of the DORIS beacons is taken into
account. The use of shifted frequencies for beacons serves to avoid Doppler collisions. As a
result, the nominal frequency of the emitted signals of a station is shifted by a small amount.
This allows modern DORIS receivers to correctly distinguish signals from multiple ground
stations. The station frequency shift factor, denoted by the variable k, is specific to each
station and is stated in the RINEX observation files. The fundamental frequencies that have
been shifted are given by:

f1 = 543 · F0(
3

4
) + (

87 · k
5 · 226

)

f2 = 107 · F0 · (
3

4
) + (

87 · k
5 · 226

)

(3.2)

with:

k – Integer station frequency shift factor between -90 and +90

F0 – 5 · 106Hz ± 0.21 USO frequency of the beacon

with these we can form the frequency relation (γ) for the ionosphere-free linear combination,
which is independent of the k-factor:

γ =
f 2
2

f 2
1

= 25.75325356 (3.3)

and the ionosphere-free linear combination for the measurement points i and i+ 1 of the 2
GHz signal:

L1,i,iono−free,2GHz = L1,i +
L1,i −

√
γ · L2,i

γ − 1

L1,i+1,iono−free,2GHz = L1,i+1 +
L1,i+1 −

√
γ · L2,i+1

γ − 1

(3.4)
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with

L1 – Phase measurement at 2036.25 MHz

L2 – Phase measurement at 401.25 MHz

i – Epoch

From these two ionosphere-free measurements the difference between the two data points
can be calculated. This gives the integrated Doppler count NDOP for the time period ∆t:

NDOP = −(Li,i+1,iono−free,2GHz − L1,i,iono−free,2GHz) (3.5)

Given that the formation of an ionosphere-free linear combination of phase measurements
was undertaken with the purpose of determining the integrated Doppler count, it follows
that the ionosphere-free reference points must be used for both the ground and satellite
antennas. Accordingly, this can be express as:

PCOiono−free =
f 2
1

(f 2
1 − f 2

2 )
· PCOf1 −

f 2
2

(f 2
1 − f 2

2 )
· PCOf2 (3.6)

Based on the integrated Doppler, the Doppler range rate can be calculated:

DRR = c · (1 + ∆fbeac) ·
1

fbeac
· −NDOP

∆t
(3.7)

with:

DRR – DORIS range rate measurement

c – Speed of light

∆fbeac – Ground beacon frequency bias in Hz

fbeac – Ground beacon frequency (2.036250 GHz)

NDOP – Integrated Doppler count

∆t – Doppler count interval duration

The calculated range rate measurements are those provided in the DORIS data exchange
format. This allows the same observation input to be used in EPOS-OC as for conventional
range rate measurements. However, EPOS-OC makes use of the actual Doppler count itself
as the theoretical measurement to be measured. Therefore, this range rate measurement is
converted to the integrated Doppler count value according to the following equation:

zmes = ∆t · (fbeac · (1−
DRR

c
)− fsat) (3.8)

with:
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zmes – Measured integrated Doppler count measurement

fsat – Actual satellite frequency (nominal: 2.036125 GHz)

The theoretical measurement in EPOS-OC is described by:

ztheo =
Distt1 −Distt2

λ
−∆t ·∆fbeac +∆Tropo +∆Relat −∆Phase (3.9)

with:

ztheo – Theoretical measurement as integrated Doppler count

Distt1 – Euclidean distance between station and satellite at Doppler count start
interval t1

Distt2 – Euclidean distance between station and satellite at Doppler count end
interval t2

λ – Carrier wavelength

In this formula, the first term of the sum represents the theoretical value of the Doppler count
resulting from the satellite’s movement towards the ground station. The remaining terms of
the sum pertain to the influence of the ground station’s frequency bias, tropospheric effects,
relativistic effects, and the phase variation of the signal.

3.1.5 Technique-specific obstacles
Significant technical obstacles for DORIS include the influence of the South Atlantic

Anomaly (SAA) on the USO of the satellites and the time synchronisation of the system,
both of which will be explained in more detail below. Another drawback is the noise in the
DORIS code observations, which prevents the phase ambiguities from being resolved using
the same strategy as for GNSS.

3.1.5.1 South Atlantic Anomaly

The SAA is a region in the southern Atlantic that moves slowly over South America. It
is characterised by a higher proton flux compared to the rest of the world, which can be
attributed to anomalies in the inner Van Allen radiation belt (Ginisty et al., 2024). This in turn
affects the quartz USO, which is used on board the satellite, given that it is highly sensitive
to radiations. Moreover, anomalous frequency glitches and irregular clock behaviours can be
observed, resulting in distortion of the phase measurement. This results in inaccuracies in
the determination of station positions within the SAA, for example. One common method of
addressing this issue is to downweight or even exclude these stations from the POD process,
or to adjust parameters empirically to mitigate this effect. For example, this could involve
accounting for frequency drift over the SAA region during each pass. Another option for
satellites with a GNSS receiver on board and connected to the same USO is to transfer the
GNSS clock estimates to the DORIS measurement. However, this is only possible if the two
techniques utilise the same USO. Fig. 3.5 shows the region where a higher dose exposure
can be detected.
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Figure 3.5: Visualisation of the higher
dose exposure over the SAA region
for an altitude of 1’300 km. Colour
scale from low exposure in blue to
high exposure in red. Image citation,
adapted. Cited from: Lemoine & Cap-
deville (2006).

Figure 3.6: DORIS time bias for
TOPEX relative to SLR, calculated
at GFZ.

3.1.5.2 DORIS time-bias

DORIS observations are received and generated on board the satellite and given a timestamp
whose time information comes from the USO on board. The satellite’s clock must be
synchronised to a reference time. This is done using a time transfer at time beacons which,
for the on-board USO, provide a correspondence to International Atomic Time (TAI) with
an accuracy of about 1 microsecond today. Remaining differences in the time stamping
procedure can be resolved, e.g., with the Time Transfer by Laser Link (T2L2) system (Belli
et al., 2020), which was so far only put onboard the Jason-2 satellite, or with a common
onboard USO for the DORIS and GNSS receivers, if applicable. This allows the behaviour
of the on-board clock to be evaluated directly via GNSS. If the satellite carries other tracking
techniques, any inter-technique time bias can be solved for in a POD process, e.g. by
fixing the DORIS-only orbit. Fig. 3.6 shows the DORIS time bias for TOPEX relative to SLR
derived using this approach.

3.1.6 Open potential for reference frame determination
Currently, DORIS does not contribute to the origin and scale of the ITRF (Altamimi et al.,

2023). Since the processing of DORIS-based reference frames began in the 1990s, starting
with the TOPEX mission, the derived scale shows unclear artefacts such as an offset or drift
in comparison to SLR and VLBI, which define the scale of the ITRF-2020. The calibration of
the scale between different DORIS satellite missions, and the exclusion of missions for this
reason, is also an issue that has not been finally resolved (Moreaux et al., 2023b). Because
of these issues, the DORIS ground segment antennas, Alcatel and Starec, were used in a
calibration campaign for high-precision chamber calibration. This was also a key factor in
providing more precise information on the absolute phase centre position of the antennas
(Tourain et al., 2016). However, this scale uncertainty has not yet been fully resolved.

3.2 Satellite Laser Ranging
Since the development of the laser (around 1960), SLR has been used to measure geo-

metric distances to various satellites in orbit. It is the only measurement principle that uses
the optical spectrum of electromagnetic waves, and therefore is not capable of penetrating,
for instance, clouds. The only requirement for the satellites is the installation of a passive
reflector element. Measurements can be made to either purely passive satellites (geodetic
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satellites) or to other satellites that have been equipped with reflectors to use SLR for backup
orbit determination, orbit quality control and calibration. The first satellite to be equipped
with reflectors was BEACON Explorer B, which was launched on 9 Nov. 1964 as part of
the American Explorer programme (Seeber, 2003). The first successful SLR measurement
followed shortly afterwards in 1965, achieving an accuracy of a few metres. Since then, the
accuracy has steadily improved over the years and is now within a few millimetres (McGarry
et al., 2018).

3.2.1 System components
3.2.1.1 Ground segment

The SLR ground segment consists of approximately 40 stations distributed across the globe
(see Fig. 3.7). In comparison to other techniques, the number of stations is not as high due
to the significant financial investment required for each station. Furthermore, the distribution
is less homogeneous than in the case of DORIS, for example, because possible locations
of the stations are restricted by external conditions such as cloud coverage, rainy seasons,
snow, dust or connection to civilisation. Figure 3.8 shows the Potsdam SLR station during a
night measurement, serving as an illustrative example of a station within the global ground
segment.

Figure 3.7: SLR station network. Image citation. Cited from: NASA (2024).

3.2.1.2 Space segment

The SLR space segment used within the ILRS for the determination of Earth system para-
meters are geodetic satellites, which are satellites designed and constructed with the specific
intention of being observed with SLR. These satellites are designed as spheres with reflect-
ors on the outside and are usually made of very dense material to achieve a low area-to-mass
ratio. This reduces the sensitivity of the satellite’s motion to perturbations such as atmo-
spheric drag or solar radiation pressure. Fig. 3.9 illustrates a selection of prominent geodetic
satellites, including LAGEOS (fifth from the left), which plays the most significant role in the
determination of an SLR-based reference frame.
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3.2.2 International Laser Ranging Service
The ILRS is a geodetic service operating under the umbrella of the IAG. It was established

in September 1998 with the objective of supporting geophysical research and participating
in the definition of the ITRF (Pearlman et al., 2002). Today the ILRS additionally supports
the activities of GGOS. The ILRS collects, archives, analyses and provides observations
from over 40 observing stations. The SLR observations are analysed by the ILRS ACs
and subsequent solutions are combined by the ILRS CC. The ILRS contribution to the
ITRF2020 was formed by a combination of seven ACs, as documented in Pavlis & Luceri
(2022). The ITRF adaptation of the ILRS is called the SLRF and provides station coordinates
and velocities and the Data Handling File (DHF) (Rodríguez et al., 2019).

3.2.3 Measurement principle
The measurement principle is based on the travel time of light from the ground station

to the satellite and back. The SLR station transmits a laser pulse to the satellite, which is
reflected by a retroreflector on the satellite, and the reflected pulse is received back at the
station. While the pulse repetition rate was in the low double-digit range in the early days,
it is now in the kilohertz range, and megahertz lasers are already in development at some
stations.

The basic observation data product for SLR analysis consists of Normal Points (NPs).
The formation of NPs reduces the noise in the observations and reduces the amount and
number of observations, which are usually highly correlated, so that no valuable information
is lost (Kucharski et al., 2015). Full-rate data on the other hand can be used for special
applications, such as determining the spin of a satellite (Kucharski et al., 2012). NPs are
processed over a given interval of time, known as the bin size.

The observation equation for two-way ranging is written as follows:

∆t =
2

c
(dSgr + δtro) +

1

c
δsys + ϵ (3.10)

with:

∆t – Observed time interval between the emission of the laser pulse and the
detection of the reflected pulse

dSgr – One way distance between observation station and satellite

c – Speed of light

δtro – Delay of the signal due to the troposphere

δsys – Correction due to the signal delay in the system

ϵ – Time interval measurement error

The precision with which a time interval can be measured currently reaches several pico-
seconds. It is possible to further divide a measured time interval into two parts: an interval
∆t1 describing the path of a pulse from the observing station (denoted by rgr) to a satellite
(denoted by rS), and another interval ∆t2 describing the subsequent path from the satellite
to the measuring station. The time measurement can thus be written as follows:

45



3.2 Satellite Laser Ranging

Figure 3.8: SLR station in Potsdam. Im-
age citation. Cited from: GFZ (2026).

Figure 3.9: Compilation of well-known
geodetic satellites. LAGEOS, the most
important for reference frame determ-
ination, is shown fifth from left. Image
citation. Cited from: NERC (2024).

∆tSgr = ∆t1 +∆t2 =
1

c
(|rS(tS)− rgr(t

S −∆t1)|+ |rS(tS)− rgr(t
S +∆t2)|) (3.11)

The two position vectors of the SLR observation station, rgr, at time epochs (tS −∆t1) and
(tS + ∆t2), can be approximated by neglecting the higher-order terms of a Taylor series
expansion:

rgr(t
S −∆t1) ≈ rgr(t

S − 1

2
∆tSgr), rgr(t

S +∆t2) ≈ rgr(t
S +

1

2
∆tSgr) (3.12)

In this manner, the interrelationship between the time measurement vectors and the position
vectors can be expressed as follows:

∆tSgr =
2

c
|rS(tS)− rgr(t

S))| (3.13)

3.2.4 SLR observation in EPOS-OC
In EPOS-OC, the extended observation equation of an SLR measurement holds for the

range between ground station and satellite, with the corrections to be applied:

d(tS) =
1

2
c∆t+ δrel + δrot + δgr + δRB + δCoM + δZmf + ϵ (3.14)

whereby:

d(tS) – One way distance from the observation station to the satellite at time tS.

tS – Epoch of the observation

c – Speed of light

∆t – Measured runtime

δrel – Relativistic correction
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δrot – Corrections due to the rotation of the Earth and satellite motion in the
inertial system

δgr – Corrections of the measuring point to the reference point of the observation
station

δRB – Range bias (RB) of the observing station

δCoM – Center of Mass correction of the satellite

δZmf – Correction of the troposphere delay at zenith mapped to slant range

ϵ – Random errors

The correction of the SLR measurement point to the reference point of the observing
telescope describes the process of aligning the point where the return pulse is detected to
the intersection of the telescope axes. Range bias corrections are the result of errors in the
measurement electronics or faulty calibrations. The ILRS provides recommendations for
range or time bias corrections to be applied over longer time intervals, which are provided in
the DHF. The estimation of a range bias results in a reduction in the DoF, and a range bias
estimate is highly correlated with the height component of the station. The term Center of
Mass (CoM) correction describes a distance that is added to the range, as the measured
range refers to the distance to a reflector on the satellite. However, the dynamic orbit
determination models the motion of the centre of mass of the satellite. Corrections due to the
delay in the travel time of the laser pulse as it passes through the atmosphere, specifically the
troposphere in the case of visible light, are described by a model that includes a correction
to the signal at zenith and a mapping function from which a correction can be calculated
for the particular elevation angle (Mendes & Pavlis, 2004). The distortion of the signal by
the ionosphere is below 0.1 µm for the wavelengths employed in SLR, and thus can be
considered negligible (Seeber, 2003).

3.2.5 Technique-specific obstacles
In SLR, there are several obstacles that hamper optimal data. These include network-

related effects such as the non-optimal global distribution of ground stations. However,
as purely technical effects, the two most significant influences, range and time bias are
discussed below.

3.2.5.1 Range bias

Range biases are one of the most significant factors limiting the accuracy of SLR-derived
geodetic products (Appleby et al., 2016). These biases can be caused by time walk effects,
range calibration errors, temporal system delays, refraction correction errors resulting from
inaccurate barometric measurements, and amplitude variations in the event timer system
(McGarry et al., 2018), to name just a few causes. Range biases are dependent on
the station, satellite and time. Empirically determined range bias values can be used for
correction in the POD, which are published by the ILRS in the DHF. However, these biases
can only be used for other satellites to a limited extent. Rodríguez et al. (2019) states that
the station-dependent bias is assumed to be accurate to about 2 mm, but satellite-specific
biases may remain. Therefore, it is common practice to estimate range biases in the POD
for satellites that are not provided with range biases in the DHF. However, this leads to a
reduction in the DoF, and the biases are highly correlated with the height component of the
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station position (Coulot et al., 2009). Estimated biases can also absorb systematic offsets
in the orbit, e.g. in the case of SLR orbit validation (Arnold et al., 2018), or in the on-board
SLR reference point (Otsubo & Appleby, 2003).

3.2.5.2 Time bias

SLR time biases affect the time epoch of the measurement. These can be caused by
instabilities in the timekeeper, calibration errors or thermal effects, for example. Most time
biases for SLR stations were found to be very small (Luceri et al., 2019). However, Exertier
et al. (2017) showed, through the T2L2 project (Samain et al., 2008), that time biases of
several microseconds can be found for individual stations. The influence on estimated
station coordinates was found to be most significant in the East-West component, at several
millimetres. The ILRS also provides recommendations for applying time bias corrections in
the DHF.

3.3 Global Navigation Satellite Systems
GNSS began with the NAVigational Satellite Timing And Ranging (NAVSTAR) GPS

developed by the United States Department of Defense (USDOD) in the 1970s. In the
subsequent years, further satellite navigation systems followed, in chronological order of
development: the Russian GLONASS, the Chinese Beidou, and the European Galileo.
In addition to GNSS, there are also some regional navigation systems, called Satellite-
Based Augmentation Systems (SBAS), such as the Japanese Quasi-Zenith Satellite System
(QZSS). These satellites are used in addition to, for instance, GPS observations to achieve
a more precise positioning.

3.3.1 System components
Each of the aforementioned satellite systems can be divided into several segments. Here,

we divide them into four subgroups, each of which is described in greater detail with respect
to GPS, as it is the system used exclusively in the following.

3.3.1.1 Space segment

The space segment is comprised of up to 32 satellites, though not all are typically active
or in operation simultaneously. The satellites are distributed across six orbital planes at an
altitude of approximately 20’200 km, with an inclination of approximately 55 degrees and an
orbital plane separation of 60 degrees. A single revolution of a GPS satellite lasts for about
11 hours and 58 minutes. The constellation has a repeat cycle of two revolutions, meaning
that a fixed point on Earth will see the exact same constellation of GPS satellites after 23
hours and 56 minutes.

3.3.1.2 Control segment

The Operational Control System (OCS) for GPS is comprised of the Master Control Stations
(MCS), monitor stations, and ground antennas. The MCS bears responsibility for the
monitoring, control and general operation of the system. The monitor stations are dedicated
ground observation stations, which transfer their data to the MCS, thereby enabling the latter
to conduct comprehensive global control of the transmitted signals. The ground antennas are
employed for communication with the satellites and transmit data, including the broadcast
messages, to the satellites.
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3.3.1.3 User segment

The user segment includes all GPS receivers. These can be either ground stations, such as
those in the IGS, or receivers in mobile phones, cars, aircraft or on satellites.

3.3.1.4 Ground segment

In addition to the three official system components, the ground segment can also be defined
as a system component. There are several networks of receivers that are used for specific
types of service. This includes, for instance, the global network of receivers associated with
the IGS. This network, which in 2024 consisted of more than 500 ground stations distributed
across the globe, is used for the operational generation of IGS products, including orbit and
clock products. Furthermore, it serves as the basis for the determination of ERPs and station
coordinates in the context of the IGS, thus contributing to the ITRF. Figure 3.10 illustrates
the network of IGS ground stations. In comparison to other techniques, the large number
and global distribution of receivers is remarkable (NCO, 2022).

3.3.2 International GNSS Service
The IGS was established in August 1993 by the IAG and commenced its operations in

1994 (Johnston et al., 2017). The IGS has set itself a number of objectives, one of which
is the public dissemination of GNSS data, including that from the IGS network, as well as
products such as orbits and clock solutions (Dow et al., 2005). Moreover, the IGS contributes
to the ITRF and is committed to providing the scientific community with continuous Earth
monitoring. The IGS currently comprises over two hundred international research institutes,
national agencies and the like. The IGS contribution to the ITRF2020 (Rebischung et al.,
2024) was formed by contributions from 10 ACs and generated by a combination carried
out by the IGS CC, which also generates the IGS adaptation of the ITRF2020, consisting of
station coordinates, as well as PCO and Phase Center Variation (PCV) calibration values for
ground receivers and transmitting satellites.

Figure 3.10: Map of the IGS GNSS station network. Image citation. Cited from: International
GNSS Service (IGS) (2022).

3.3.3 Measurement principle
The principle of GPS is based on radio frequency signals emitted by the GPS satellites

and received by the receiver. The transmitting satellites emit different signals with a frequency
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of a few GHz in the so-called L-band. This has the advantage that this waveband of the
microwave spectrum can effectively penetrate the atmosphere and is more resistant to
ionospheric effects, thus ensuring the robustness of the signal. The signals transmitted
are all derived from the fundamental frequency generated by the atomic clock on board
the satellite. For GPS, this fundamental frequency is 10.23 MHz. Current GPS satellites
transmit on three different ground frequencies. While older satellites only transmit on L1
and L2, newer satellites, such as Block III satellites, also transmit on L5. These signals
have a different frequency, which differs from the fundamental frequency by a multiplication
factor. This factor is 154 for L1, 120 for L2 and 115 for L5, resulting in frequencies of 1575.42
MHz, 1227.60 MHz and 1176.45 MHz, respectively. A code is modulated on these ground
frequencies using phase modulation. The observation equation for pseudorange (code)
measurements can be written as:

P s
r = rsr + cδtr − cδts + T s

r +
f 2
ref

f 2
n

Isr + ϵP (3.15)

whereby:

P s
r – Measured pseudo distance

rsr – Geometric distance between receiver and sender

δtr, δt
s – Receiver and sender clock correction to GPS time

T s
r ,Isr – Delays due to troposphere and ionosphere

f2
ref

f2
n

– Fractional scaling of the ionosphere for frequency n with respect to the
reference frequency

ϵP – Pseudorange random errors

And the observation equation for phase measurements as:

Ls
r = rsr + cδtr − cδts + T s

r −
f 2
ref

f 2
n

Isr + λN s
r + ϵL (3.16)

whereby:

λN s
r – Ambiguity of the phase

ϵL – Phase random errors

Note that the ionosphere effect on the phases causes an advance rather than a delay as with
the code. In addition, when observing phases, there is also the part of phase ambiguities.
Apart from the random errors, all other quantities in the code and phase equations are equal
due to the coherent signals. The noise levels of the code and phase observations in the
ionospheric-free linear combination are approximately 50 cm and 5 mm, respectively.
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3.3.4 GNSS observation in EPOS-OC
The processing of GPS observations in EPOS-OC is based on the ionosphere-free linear

combination of two code and two phase observations, respectively. The ionosphere-free
code observation results in:

CIono−free =
f 2
1

(f 2
1 − f 2

2 )
· C1 −

f 2
2

(f 2
1 − f 2

2 )
· C2 (3.17)

and the corresponding ionosphere-free phase observation:

LIono−free =
f 2
1

(f 2
1 − f 2

2 )
· L1 −

f 2
2

(f 2
1 − f 2

2 )
· L2 (3.18)

whereby:

f1 – 1.57542 GHz

f2 – 1.22760 GHz

Ci – Pseudorange observation on frequency channel i

Li – Carrier phase observation on frequency channel i

These observations are subsequently processed in EPOS-OC as zero-difference obser-
vations. The observation equation for zero-difference Satellite-to-Satellite Tracking (SST)
observations of a receiver on a satellite can be written as follows:

LIono−free,t = |rsender(t− ρ/c)− rreceiver(t)|+ c(δtreceiver(t)− δtsender(t− ρ/c)) + δrel + ϵ
(3.19)

with:

rsender(t) – Geocentric position vector of the sender

rreceiver(t) – Geocentric position vector of the receiver

δtsender(t) – Clock error of the sender

δtreceiver(t) – Clock error of the receiver

δrel – Relativistic corrections

ρ/c – Light travel time from the GPS satellite to the receiver for the dis-
tance ρ between the satellite and the receiver

ϵ – Random errors

Since the ionosphere-free linear combination is used here as an observation, this also
refers to the associated ionosphere-free phase centre reference points of the receiver and
transmitter antennas (the so-called PCO), which are calculated accordingly:

LIono−free,PCO =
f 2
1

(f 2
1 − f 2

2 )
· L1,PCO − f 2

2

(f 2
1 − f 2

2 )
· L2,PCO (3.20)
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3.3.5 Technique-specific obstacles
The processing of GNSS data is hindered by a variety of obstacles. These can include

signal distortions in the troposphere and ionosphere, as well as multipath, ambiguities, and
cycle slips, to name just a few. Technical obstacles that significantly influence POD in GPS
do include the limitied availability of satellite-specific information and the need to resolve
epoch-specific clock parameters. These will be discussed in more detail below.

3.3.5.1 Availability of satellite-specific information

GPS satellite specifications, such as absolute attitude information, satellite design and
transmitter antenna characteristics, are not made publicly available.

Kouba (2008) demonstrates the importance of highly accurate attitude information from
GPS satellites, which is essential in POD for the computation of the orientation of the
antenna, the associated calculation of the centre of mass, the determination of disturbance
forces and phase wind-up corrections. Various models have been developed and optimised
for attitude modelling, especially in shadow passages (Bar-Sever, 1996; Kouba, 2008),
which arise from the necessity that deviations from the nominal orientation of the satellite
are not known. As part of the IGS, attitude information is published by the ACs, which is
derived from the attitude models implemented in the different software packages. Yang et al.
(2021) investigates their use for precise point positioning ambiguity fixing and underlines
their effectiveness and importance.

Another point is the exact design of the satellites and materials used. This makes the
construction of box-wing models, which can be used within POD for calculating radiation
pressure, significantly more difficult (Steigenberger et al., 2020). For the modelling of
radiation pressure, various box-wing models for GPS satellites were generated (Rodriguez-
Solano et al., 2012; Steigenberger et al., 2020), as well as analytical models such as ROCK
(Fliegel et al., 1992) and empirical modelling approaches such as the widely used ECOM
(Springer et al., 1999; Arnold et al., 2015).

Furthermore, transmitter antenna characteristics such as PCOs and transmitt power
are not publicly known from manufacturer’s calibration. PCO values can be estimated over
longer periods of time in GNSS processing with chamber-calibrated ground stations (e.g.
Schmid et al., 2007). For Galileo, where the manufacturer’s values have been published,
deviations in the decimetre range were found between estimated values (Steigenberger
et al., 2016) and manufacturer’s values (EUSPA, 2023). The inclusion of LEO satellites with
chamber-calibrated PCOs and PCVs has proven helpful in this regard (Haines et al., 2015;
Huang et al., 2020). Another method is to transfer the scale of Galileo with manufacturer
values for PCO and PCVs to other GNSS (Villiger et al., 2020).

The radiation characteristics of satellites can be measured using high-gain antennas
(Steigenberger et al., 2024) and subsequently taken into account in POD.

3.3.5.2 Clock biases

The need to estimate epoch clock parameters in GNSS processing is an obstacle, which can
also be considered technical due to its origin. Due to various influences, GNSS satellites’
clocks are subject to high-frequency disturbances that cannot be predicted with sufficient
accuracy (Hauschild & Montenbruck, 2008).

For many kinematic positioning tasks high-resolution GNSS orbit and clock solutions
are necessary. Computing these high-resolution clocks requires a considerable amount of
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processing due to the large number of parameters involved. Approaches such as carrier
phase clock interpolation can offer an efficient solution to this problem (Hesselbarth &
Wanninger, 2008).

It is also common practice for ground stations to estimate epoch clock offsets. However,
these are highly correlated with the height component of the stations, among other things.
For ground stations with less stable clocks, this is unavoidable, however for stations with
highly stable masers, approaches such as stochastic clock modelling can be highly effective
in improving positioning (Wang & Rothacher, 2013; Weinbach, 2013).

For future GNSS constellations, optical clocks (Boldbaatar et al., 2023) or new obser-
vation types, such as inter-satellite range links, inter-satellite clock synchronisation (Giorgi
et al., 2019; Glaser et al., 2020; Kur et al., 2020; Trainotti et al., 2023) and accelerometers
(Schreiner et al., 2024a) offer promising results for improved POD and positioning.
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4 Simulation scenarios and simulator
methodology
This chapter outlines the satellite scenarios, the simulation environment, and the processing
steps that are used in subsequent analyses. Sec. 4.1 introduces and compares the orbit
scenarios of the space-tie satellites in more detail. Sec. 4.2 examines the feasibility of
these orbit scenarios and whether obstacles that could hinder successful tracking with the
different observation techniques can be identified. Subsequently, the implemented simulation
environment is described in Sec. 4.3, the setup used for the simulation in Sec. 4.4.1 and the
steps from the simulation to the generation of the normal equations in Sec. 4.5. Lastly, Sec.
4.6 describes the mismodelling scenarios investigated.

4.1 Co-location in space satellite orbit scenarios
The six orbit scenarios for the simulation studies (see Tab. 4.1) include the orbit char-

acteristics of the formerly proposed NASA mission ‘GRASP’ (Bar-Sever et al., 2009),
which stands for Geodetic Reference Antenna in Space, and the European equivalent
E-GRASP/Eratosthenes mission (ESA) (Biancale et al., 2017), denoted GRASP-like and
E-GRASP-like in the following 1.

Table 4.1: Orbital elements2of the simulation scenarios for the satellites at launch

a[km] e i[deg.] ω[deg.] peri. h. [km] apo. h. [km]

GRASP-like 7540.67 0.0325 100.2162 79.7583 919.69 1410.51
E-GRASP-like 10495.07 0.3197 63.3981 179.9933 763.83 7474.91
E-GRASP-mod 10493.93 0.1904 63.4225 179.8667 2120.16 6115.84
Circular 30° 13378.16 0.0003 29.9984 88.9886 6993.05 7000.43
Circular 60° 13378.15 0.0006 60.0002 89.2790 6992.69 7007.36
Circular 89° 13378.14 0.0006 89.0018 89.5241 6993.93 7009.38

Another scenario is a modified version of the E-GRASP-like orbit scenario, designated E-
GRASP-mod (modified), which exhibits a lower numerical eccentricity. This results in a more
circular orbit, with a higher perigee and a lower apogee. In the context of the E-GRASP-like
and E-GRASP-mod scenarios, a particular inclination stands out, with a numerical value
of approximately 63.4 degrees. This value describes the critical inclination, indicating that
these orbits have zero apogee drift. Given that the apogee is always situated at the same
point in the orbital plane, in this case at the equator with ω = 180 degrees, stations located
in close proximity to the equator will consistently observe the perigee and apogee of the
orbit, whereas stations further North and South will consistently observe passes of medium
altitude. The remaining three scenarios are circular orbits with an altitude of approximately

1The two orbit scenarios, designated as ‘GRASP-like’ and ‘E-GRASP-like’, are referred to in this study
as ‘like’ to clarify that the orbit characteristics are similar, but that the studies, including simulations, are
independent of the particular mission proposal.

2a = semimajor axis, e = numerical eccentricity, i = inclination, ω = argument of perigee, peri. h. = height
of the perigee, apo. h. = height of the apogee
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7’000 km and inclinations of 30, 60 and 89 degrees. These three scenarios were selected on
the basis that a higher orbit would allow a larger number of VLBI observations the scheduled,
in order to assess the potential of VLBI observations for LEO satellites. Therefore, the line
of orbit scenarios comprises the GRASP-like, representing the lowest orbiting scenario,
E-GRASP-like and E-GRASP-mod, which cover the mid-range up to near 7’000 km in apo-
gee, and three higher-orbiting circular scenarios. The corresponding VLBI simulation of this
project and its analysis are presented in the thesis Mammadaliyev (2024).
The ground tracks of the six orbital scenarios are shown in Fig. 4.1 for a period of one week.
It can be seen that the GRASP-like and the three circular scenarios have a homogeneous
spatial resolution across the range of their inclinations. The E-GRASP-like and E-GRASP-
mod scenarios have a less dense ground track coverage and show higher orbital passes,
which are always in ascending arcs with their apogee at the equator. Fig. 4.2 illustrates a
three-dimensional representation of the E-GRASP-like orbit in the inertial frame. The impact
of the critical inclination on the orbit is evident, with the positions of perigee and apogee
remaining stable.

From the integrated orbits of the scenarios, the periods listed in Tab. 4.2 are computed.
These include the sidereal period of revolution, the main and first sub-periods of the beta
angle, and the draconitic period. Due to the orbit geometry, these periods can cause
resonance effects in the ERPs, which are relevant for the spectral analyses in Chap. 6 and 7.
For all scenarios, either the main beta-angle period or the first beta-angle sub-period is close
to the corresponding period of the GPS constellation. Furthermore, only for the GRASP-like
and E-GRASP-mod scenarios is the nodal period close to the annual period.

Table 4.2: Orbital periods: Period of revolution, main beta angle period and first sub period,
and draconitic period.

Sidereaal [min] β angle [days] draconitic [days] nodal [days]

GRASP-like 114 longer than 7 years 18340.1 372.7
E-GRASP-like 154 197, 357 197.2 428.8
E-GRASP-mod 178 184, 362 184.3 372.0
Circular 30° 257 220, 365 220.4 556.1
Circular 60° 257 265, 361 264.9 963.8
Circular 89° 257 360 360.4 26921.7
GPS satellites 718 346-353 349.7-351.5 8215.9-9330.4

4.2 Technique-wise feasibility assessment of the orbits
It can be assumed that each of the techniques has different requirements in terms of the

orbit scenario in order to achieve an optimal result.

In the case of DORIS, it is important to consider the altitude at which the satellite is
orbiting. Conventional satellites equipped with a DORIS receiver typically orbit at altitudes
ranging from a few hundred kilometres to approximately one and a half thousand kilometres
(for example, ˜1350 km for Sentinel-6 Michael Freilich). In all orbital scenarios in this sim-
ulation, with the exception of the GRASP-like scenario, the question arises as to whether
DORIS observations at altitudes beyond these altitudes are indeed feasible. The atmo-

56



4 Simulation scenarios and simulator methodology

Figure 4.1: Seven-day ground track for each mission scenario, giving a sense of the global
coverage achievable in time. Satellite altitude is indicated by the colour bar.
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Figure 4.2: Three-dimensional representation of the E-GRASP-like mission over a 90-day
period in the intertial frame

spheric opacity for radio waves in the 0.4–2 GHz frequency spectrum employed by DORIS
is close to zero, as these frequencies are within the radio window. Consequently, there are
no significant atmospheric obstacles to signal transmission or Signal-to-Noise Ratio (SNR).
However, it should be noted that signal power decreases quadratically with height. This
results in a signal that is approximately 27 times weaker at an altitude of 7’000 km than at
the Jason satellites’ altitude of around 1340 km. It is recommended that any increase in
transmit power that may be required should be used with caution, at least at co-location
sites, due to the potential impact on S-band reception by VLBI and the sensitivity of the Low
Noise Amplifiers (LNAs) used within VLBI stations. With increasing altitude, the number of
DORIS stations simultaneously visible to the satellite increases, so that the receiver reaches
the maximum number of stations that can be tracked simultaneously. Another issue is that
of Doppler collisions, where the signals from multiple ground stations are received by the
on-board receiver at a similar frequency and frequency rate, making it practically impossible
to distinguish between them. Doppler collisions can be remedied by shifting the frequency
of the ground beacons. This has already been successfully done for Jason-3 (Jayles et al.,
2021).

For SLR, there appears to be a lower risk of complications. SLR measurements to higher
orbiting targets, such as the two geodetic satellites ETALON-1 and ETALON-2, or GNSS
satellites at altitudes in the range of 20-25’000 km, are today a standard task for SLR stations.
In consideration of the maximum altitude of the simulated space-tie satellite’s orbit scenarios,
which is approximately 7,000 km, it is improbable that SLR will impose any restrictions. At
very low altitudes, tracking becomes increasingly difficult as satellite predictions deteriorate,
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making target acquisition significantly more problematic. This was noticeable, for example,
at the end of the GFZ-1 mission at an altitude of 350 km.

In the context of GNSS, particularly GPS, receivers at ground stations and on LEO
satellites at altitudes reaching several thousand kilometres are standard. Therefore, the
orbital scenarios investigated here, with an altitude of up to 7’000 km, are slightly higher
than those of operational LEO missions carrying GNSS receivers. Experimental missions
such as Equator-S have demonstrated that it is feasible to receive and track a sufficient
number of GNSS signals for orbit determination even in significantly higher orbits (Balbach
et al., 1998). Furthermore, it is also possible to use GNSS signals for positioning in altitudes
beyond the GNSS constellation, such as in geostationary orbits. This can be achieved
through the use of specialised GNSS receivers, including the NAVIGATOR GPS receiver
(Winternitz et al., 2009). At an altitude of approximately 10’000 km, Capuano et al. (2013)
found that a single-satellite receiver should be able to track a -134.2 dBm signal, while a
dual satellite system receiver (e.g. GPS and Galileo) would need to track a -120.8 dBm
signal. Moreover, the simulation results from the aforementioned study indicate that with
increasing altitude, substantial performance enhancements can be achieved through the
utilisation of a multi-satellite system receiver. Montenbruck et al. (2023) address the topic of
GNSS characteristics at an altitude of 6’000 km and different receiver orientations on the
satellite, with a particular focus on the upcoming Genesis mission (Delva et al., 2023). The
study concludes that at higher altitudes, the sidelobes of the GPS signal play an important
role in satellite visibility. It is therefore strongly recommended that calibrated PCV values
of GNSS satellites be published for higher off-boresight angles in order to achieve optimal
positioning performance. The simulations of GNSS observations for ground stations and
SST on the space-tie satellite in this thesis are based on GPS only. Furthermore, it is
assumed that calibrated PCV values for GNSS satellites will be available for higher off-
boresight angles. With regard to signal strength, only GPS is used and no loss in receiver
performance is assumed. Consequently, in the simulation, this at least partly counteracts
the recommendation of a multi-GNSS receiver for higher flight altitudes and the improved
geometry that a second nadir antenna would provide.

4.3 Simulation procedure
The simulations are based on evaluations of real data. Therefore, a variety of real

data-based information about accuracy, precision, availability, and visibility of each technique
and station are obtained in a POD process. The simulation process for GPS is based on
fixed assumptions regarding noise, availability, performance and ambiguity behaviour, due to
the large number of observations and the consistently high and continuous availability of the
receivers. For both DORIS and SLR, a specific simulation approach has been developed
and implemented, as shown in Fig. 4.3. The method employs the storage of real data-based
information in matrices, designated as simulation configuration matrices. These matrices
regulate the operation of various simulation programs, which can then apply the stored
information to simulations of existing or fictitious satellites and stations. This process involves
a preliminary ‘learning’ step for existing satellites, followed by the application of the stored
information to a simulation of existing satellites for validation purposes. After successfully
passing a quality check, the stored information is then applied to fictional scenarios.

In the initial phase, EPOS-OC is used for POD of real data. The real data observations
are then evaluated with regard to their fundamental characteristics. These characteristics in-
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Figure 4.3: Flowchart of the simulation procedure for DORIS and SLR. The numbers indicate
the order of the steps.

clude the NP bin size and sampling rate for SLR, the Doppler count integration sampling rate
for DORIS and the sampling rate for GNSS. In addition to these, the azimuth and elevation
angles for ground stations and temporal variations are also considered. Fig. 4.4 provides an
illustrative example of the real data parser’s output, which analyses characteristics such as
the sampling rate and coherences with the length of the observed arc.

In the second step of the process, the real data observations are searched for the lowest
possible elevation angle per station and stored as a global parameter per station in the
simulation configuration matrix. For DORIS the minimum elevation angle is set to 10 degrees,
for GPS ground stations 20 degrees and for GPS SST observations 10 degrees. These
values represent the lower limits used in the real data processing, so there may be real
observations below these values, but as they were not used in real data processing, they
are not simulated. Higher elevation cut-off angles were not identified in these cases.

In the third step EPOS-OC is used to simulate all possible observations based on the
basic simulation characteristics. These are the sampling rate, the maximum number of
receiver channels (DORIS and GPS), the elevation cut-off angle (all techniques), the number
of ambiguities and cycle slips (GPS) and the PseudoRandom Noise (PRN) yield factor
(GPS). The PRN yield factor is a value that determines how many satellites a receiver
should track in comparison to the potential number of satellites that could be tracked. This
value is calculated by employing simulations to determine the actual maximum number of
satellites that could have been tracked and comparing the result to the outcomes of real
data processing. It thus indirectly replicates the receiver software that decides when to
observe which satellite. In the case of both DORIS and SLR, the simulated observations
are all those that would be feasible due to geometry and are free of errors in this step. For
GPS, EPOS-OC also simulates a realistic number of satellites tracked. This is achieved by
adjusting the aforementioned PRN yield factor. Furthermore, the noise on the code and
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Figure 4.4: Output of the real data parser, analysing several observation characteristics such
as the sampling rate of the observations in relation to the length of the observed pass. As
an example, the output for the observations of the TLSB DORIS station in Toulouse received
by Jason-1 over one week in 2010 is shown.

phase observations, as well as ambiguities and cycle slips, are simulated based on the given
settings. Upon completion of this step, the simulated GPS observations are ready for use,
and subsequent steps are only performed for DORIS and SLR.

In the fourth step, the training is conducted with the objective of obtaining the information
necessary to configure the simulation. Firstly, the number of passes in the simulated obser-
vations is quantified. This number is then compared with the number of passes observed in
reality, and the resulting factor, defined as the pass yield factor, is stored for each station in
the simulation configuration matrices at a weekly time resolution. The number of passes is
thereafter reduced in accordance with the aforementioned pass yield factor, with the passes
to be removed being selected at random. The pass-scaled simulated observations are
employed once more within a POD in EPOS-OC for the purpose of evaluating the efficiency
of the pass scaling and determining the remaining number of observations per station. Given
that the number of passes is now consistent with the real data, the remaining number of ob-
servations is compared. The resulting observation yield factor is also stored for each station
in the simulation configuration matrices with a weekly temporal resolution. Subsequently,
observations are removed from the pass-scaled simulated observation file based on the
respective yield factor, with the selection of which observation to remove determined by a
random generator. Thereafter, the simulated observations are once again used within a
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POD in EPOS-OC to validate the final number of observations and passes.

Following this final verification step, the observation noise of the real data POD is
incorporated into the simulation configuration matrices for each station with a weekly time
resolution. The noise values are obtained in the context of the POD for the real data set,
with the noise expressed in terms of post-fit standard deviations of the Observed minus
Computed (O-C) residuals. The values according to the data set of the noise configuration
matrices are then applied to the simulated observations. In the configuration used, the
Gaussian noise generator generates noise that is both station and time-related and has
a loose zero mean condition. Further information regarding the rationale behind the zero
mean condition and its applications can be found in App. B.

4.4 Simulation setup
4.4.1 Model definition

In the simulations, the method of dynamic orbit determination is employed. This requires
certain models, which are listed in detail in Tab. 4.3. In the case of real data evaluations, it
is desirable to use models that are as close to reality as possible, thereby minimising the
number of empirically estimated parameters that absorb the residual non-modelled forces.
However, for the purpose of a simulation, the extent of the perturbations introduced by the
models used must be quantified once systematic mismodelling comes into play.

4.4.2 Space-tie satellite configuration
To simulate a fictitious satellite mission, a number of assumptions must be made about

the satellite itself. These include the shape, the mass and CoM of the satellite, the attitude
law and the technique reference point eccentricities onboard, as well as reference point
variations, such as PCVs. In this case, the space-tie satellite was assumed to be like the
CHAllenging Minisatellite Payload (CHAMP) satellite (Reigber et al., 2006). CHAMP was
launched into a near-polar orbit at an altitude of approximately 460 km. Launched in 2000
with a planned mission duration of five years, the mission was successfully operated for a
total of ten years.

The shape of the space-tie satellite body was based on that of the CHAMP satellite. The
satellite body comprises a body and a 4-metre-long boom, to which a magnetometer was
mounted. The lateral and upper surfaces of the satellite are equipped with solar panels. The
macro-model of the satellite is the essential basis for the calculation of disturbance forces for
the simulation and recovery as part of the dynamic POD. This model, depicted in Fig. 4.5,
comprises a total of 14 individual surfaces.

The mass of the space-tie satellite was chosen to be 522.63 kg, which is identical to the
launch mass of CHAMP. This mass was assumed to remain constant over the seven-year
duration of the simulated mission. The centre of mass of the satellite was positioned at the
origin of the satellite-fixed reference frame.

The phase centre reference points of the DORIS and GPS antennas, as well as the
optical phase centre of the SLR retroreflector, were placed in the origin of the satellite
reference frame. In reality, such geometries are not possible. However, for the purposes
of the simulation, this assumption can be made, providing a simplified means of investig-
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Table 4.3: Models used for dynamic POD and for simulating and recovering DORIS, SLR
and GPS.

DORIS & SLR GPS Reference

General
Software EPOS-OC (v6.74) idem (Neumayer et al., 2024)
Arc-length 7 days (00:00-00:00 UTC) 24h (00:00-00:00 UTC)
Simulation time span 7 years idem

Dynamic model
Gravity field EIGEN-6C 60x60 idem (Shako et al., 2013)

time variable 60x60 idem
Atmospheric tide BB2003 idem (Biancale & Bode, 2006)
Earth tide Wahr model idem (Wahr, 1981)

IERS Conventions 2010 idem (Petit & Luzum, 2010)
Ocean pole tide Desai 30x30 idem (Desai, 2002)
Ocean tide model FES2014 30x30 idem (Lyard et al., 2021)
Ephemeris DE421 idem (Folkner et al., 2014)
Moon FERRARI77 idem (Ferrari, 1977)
Albedo with IR Internal implementation idem
Atmosphere NRL-MSIS-E-00 idem (Hedin, 1991)

Geometric model
Earth Orientation Parameters IERS C04 08 idem (Bizouard et al., 2018)
Mean pole Linear mean pole idem (Ries, 2017)
Station coordinates DPOD 2008 (Willis et al., 2015a)

SLRF 2008 (Pavlis et al., 2008)
IGS 2008 (Rebischung et al., 2011)

Satellite configuration
Attitude Attitude law idem
Centre of mass no variation over time idem
Satellite mass no variation over time idem
Satellite model LEO: Macro-model LEO: Macro-model

Sender: Macro-model (Steigenberger et al., 2020)
Observations
Observation DORIS: integrated Doppler count Code and Phase

SLR: aarange on L1 and L2

Elevation angle cut-off DORIS: 10 deg. LEO: aa 10 deg.
SLR: aa station-specific Ground: 20 deg.

Downweighting law DORIS/SLR: none GPS: none
Observation correction models
Frequency bias and drift DORIS: zero
Optical phase map SLR: aazero
Antenna phase pattern Sender: modified igs14 (Rebischung et al., 2016)

Ground receiver: igs08
Satellite receiver: zero

Antenna code pattern zero
Carrier phase wind-up applied
Range bias SLR: aazero
Time bias DORIS/SLR: zero GPS: zero
Troposphere model DORIS: VMF-1 GPS (ground): GMF (Boehm et al., 2006)

SLR: MP 2004 (Mendes & Pavlis, 2004)
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Figure 4.5: Visualisation of the implemented macro-model for the space-tie satellite.

ating systematic errors. In the case of GPS, the PCO was set to zero, thereby equating
to the antenna mounting point. No azimuth- or elevation-dependent PCV or Code Phase
Variations (CPV) has been introduced.

The attitude of the satellite is controlled using a nominal attitude law, which stipulates
that the satellite always flies straightforward, with its radial axis aligned to the radial position
vector, starting from the centre of mass of the Earth. The normal direction is defined as
the norm of the radial position vector and the velocity vector, and the transversal direction
completes the right-hand system.

4.4.3 GPS satellite configuration
As part of the integrated processing of the space-tie LEO satellite together with a GPS

constellation, it is necessary to simulate this GPS constellation as well. For this purpose, it
was assumed that a future GPS satellite constellation would consist primarily of the current
Block III satellites. Accordingly, the entire constellation was defined as Block III satellites.
The PCO and PCV characteristics have been derived from the values published in igs14
(Rebischung et al., 2016). A macro-model of the GPS III satellites was constructed for
the simulation of radiation pressure and albedo radiation with InfraRed radiation (IR), in
accordance with the specifications outlined in Steigenberger et al. (2020). A set of five
reduced ECOM-1 parameters (D0B1) (Arnold et al., 2015) was also estimated for this model
in the POD run, which corresponds to a hybrid approach to radiation pressure modelling.
With no systematic error influences, the use of the macro-model of the simulation in the
recovery would result in the same perturbation forces as those simulated. Any remaining
variations can be attributed to the influence of noise of the observations and correlations
between the estimated parameters.

4.5 Steps included in the simulation
The simulation process with EPOS-OC is comprised of a series of steps, which are

executed until the normal equation of the scenario can be established. These steps are
described in greater detail in the following sections, from 4.5.1 to 4.5.3, and are illustrated as
a flowchart in Fig. 4.6.

4.5.1 Simulation run
The simulation generates both the orbit of the satellite and the observations. This is

achieved by integrating the orbit over the entire time horizon of the simulation, utilising the
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Figure 4.6: Flowchart of the simulation process with EPOS-OC

models delineated in Sec. 4.4.1. Subsequently, the integrated orbit is examined for stability
and consistency with the desired orbit characteristics. Thereafter, the orbit is divided into
smaller time segments, which are used for observation simulation and further recovery
steps. Following this, observations are simulated for these segments in accordance with the
procedures described in Sec. 4.3. To enhance the realism of the simulated observations,
the programs of the simulation environment, as described in Sec. 4.3, are used to edit the
observations in a separate step outside of EPOS-OC.

4.5.2 Recovery run
In the recovery run, previously simulated observations are used in a POD process. In

this way, what has been simulated is recovered, hence the name recovery. In the absence
of systematic perturbations and sufficiently dense and uniform observations across the
arc, this step should yield the same orbit as the integration of the simulation. The step is
slightly different for the DORIS and SLR techniques compared to GPS, and as such, these
techniques are explained separately. Tab. 4.4 gives an overview of the parameterisation of
each technique described below for the scenarios free of systematic errors.

As part of the adjustment of the orbit determination, several parameters can be estim-
ated. Since the systematic error-free simulation for DORIS and SLR does not contain any
error influences other than the noise of the observations, only the initial state elements of
the satellite are estimated in this step. The following adjustment process is iterated until
convergence is reached. This converged state is then stored in order to be used as initial
information for the following normal equation step. In this example for DORIS and SLR, the
stored information consists only of the estimated initial state elements.

The procedure for GPS is slightly different at this point. In principle, the entire GPS
constellation is always solved in a network adjustment. For cases involving a space-tie
satellite, the LEO satellite is integrated into the network adjustment and the whole system
is solved again, i.e. the ground station coordinates and the GPS and LEO orbits. Since
the simulated GPS observations contain not only noise on code and phase observations,
but also ambiguities and cycle slips, the parameterisation is slightly different from that for
DORIS and SLR. In real data processing of GPS constellations, station coordinates are
typically estimated during the network adjustment, so they are also estimated in the POD

65



4.5 Steps included in the simulation

recovery run of the simulation. To align the station coordinates to the a priori network,
no-net constraints on scale, rotation and translation are applied. Thus, the station coordin-
ates have only a residual freedom to vary within the noise level of the simulated observations.

Since cycle slips and ambiguities are simulated, ambiguities are initially co-estimated
as float values. The iterative cycle slip detection of EPOS-OC is used to detect further
ambiguities during POD, tropospheric scaling factors are also estimated. For the transmitter
satellites of the GPS constellation, the initial state elements and empirical coefficients as well
as the radiation pressure parameters are estimated using the reduced ECOM-1 parameter
set (as also employed in Steigenberger et al. (2020)). The parameterisation of the LEO
satellite, integrated into the GPS constellation, is comparable (compare Tab. 4.4). For the
LEO, the empirical coefficients are setup more densely in time and no radiation pressure
parameters are estimated. The POD process is first iterated until convergence is reached.
This is followed by an ambiguity fixing process where the estimated float values are fixed
to integer values using double differences. In the case of the integrated LEO satellite, its
ambiguities are also fixed in this way. Fixing is achieved by introducing side constraints on
the ambiguities of the converged arc and continuing the iterative process from there until
convergence is reached again. The final state of convergence is now saved to allow the
use of the normal equation mode of EPOS-OC from this converged state onwards. Further
information on the handling of ambiguities at normal equation level with EPOS-OC can be
found in App. A.

Table 4.4: Parameterisation for the cases without systematic errors. T = transversal, N =
normal, DD = double differences

DORIS SLR GPS constellation GPS LEO

Initial state estimated idem idem idem
Atmospheric drag fixed idem idem estimated every 6h
Albedo with IR fixed idem idem idem
Solar radiation fixed idem reduced ECOM-1 fixed
Empirical acc. fixed idem constant and 1/rev 1/rev cos, sin every 75’

cos, sin every 24h in N and T direction
in T direction with piecewise linear

amplitude modelling
Troposphere estimated
Ambiguities estimated - DD fixed estimated - DD fixed

4.5.3 Normal equation run
In the final step EPOS-OC is used in normal equation mode. The previously described

stored final state of the converged arc is read, used as the initial condition, and the normal
equation is set up according to the set of parameters to be estimated. In this step, all
parameters of interest can be activated, which has the advantage that station coordinates
and velocities, ERPs and gravity field coefficients can be set up for estimation without the
necessity of a priori information or constraints and without further iteration of the solution.
In order to obtain a reasonable solution for the station velocities and the gravity field, the
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normal equations need to be accumulated over a longer period of time (at least 2.5 years for
the velocities according to Blewitt & Lavallée (2002)).

At this point, the processing with EPOS-OC is complete. The Earth Parameter and
Orbit System - Combination and Solution (EPOS-CS) software package is then used for
further processing of normal equations. EPOS-CS is part of EPOS (see Sec. 2.5) and has
been developed to handle normal equations. In this case, the normal equations are first
accumulated over the entire time period to obtain one set of parameters for station positions
and velocities and, if applicable, gravity field coefficients. After adding the geodetic datum,
this normal equation is then inverted and evaluated.

4.6 Mismodelling scenarios
In order to evaluate the impact of different mismodelling on orbit and reference frame

realisations, the scenarios presented in Tab. 4.5 were selected. The simulations start with a
systematic error-free scenario for all techniques. This is done with the intention of generating
observations that imitate a perfect world with only noise on the observations. Only technically
necessary conditions are applied to the simulated observations. This includes white noise in
any case, and for GPS, it also includes cycle slips and ambiguities. This decision was made
on the basis that cycle slips and ambiguities are a technical fact that cannot be avoided even
in a perfect scenario. On the other hand, DORIS frequency biases could be eliminated if all
beacons were connected to high-precision clocks as frequency transmitters. (So far this is
not the case). With regard to SLR, it was decided not to estimate or simulate range biases,
since the effect is comparable to CoM biases, which are also treated in the following.

Table 4.5: Performed simulation mismodelling cases

DORIS SLR GPS
Sec. 6.1 Sec. 6.2 Sec. 6.3

Systematic error-free yes yes yes
5 [mm] CoM bias fixed yes yes
5 [mm] CoM bias estimated yes yes
10 [mm] CoM bias fixed yes yes
10 [mm] CoM bias estimated yes yes
Atmosphere mismodelling yes yes
Solar and Earth radiation pressure mism. yes yes for the constellation
Frequency bias yes
Earth gravity field mismodelling yes yes yes

4.6.1 Centre of mass mismodelling
The issue of the reference point (antenna for DORIS, reflector for SLR) mismodelling is

investigated for DORIS and SLR. To introduce an error of the vector from the CoM to the
reference point of the observation technique, either the antenna and reflector reference points
can be modified or the location of the CoM of the satellite. In this case, the displacement of
the CoM was chosen. A similar investigation was not conducted for GPS, as the calibration
and influence of PCO values of GPS transmitter satellites and the integration of LEOs to a
GPS constellation are extensive topics in their own right. Several authors have published on
these subjects, providing valuable insights (e.g. Huang (2022)).

67



4.6 Mismodelling scenarios

The CoM displacement is examined for two different values. The vector to the reference
point is altered by 3 mm and 6 mm in all three directions, resulting in an Euclidean distance
of approximately 5 mm and 10 mm, respectively. Subsequently, the value is either kept fixed
and the influence is investigated, or estimated in order to assess the extent to which it can
be calibrated in orbit.

4.6.2 Atmospheric drag
The influence of atmospheric drag mismodelling is investigated for DORIS and SLR

only. For the mismodelling, the atmosphere model employed in the simulation, namely
NRL-MSIS-E-00, is substituted by the DTM 78 model (Barlier et al., 1978). This results in a
change of the composition of the upper atmosphere, which is derived from the models and
is used to calculate the satellite’s drag disturbance force.

4.6.3 Solar radiation pressure
The impact of radiation pressure modelling inaccuracies is investigated for the LEO

space-tie satellite scenarios for DORIS and SLR. In the case of GPS, the LEO is not
subjected to mismodelling, but the GPS transmitter satellites are, in order to determine the
extent to which the integration of a LEO satellite into the constellation could help. The impact
of incident radiation on satellites can be modelled in EPOS-OC using macro-models of the
satellites. Radiation pressure modelling includes the direct radiation pressure of the radiation
emitted by the Sun and the radiation reflected by the Earth (albedo). In the method used
here, radiation includes solar radiation and albedo of the visible and infrared light spectrum.
The total force is calculated based on the areas and surface properties of the macro-model
of the satellite. However, the aforementioned macro-model is also used for the computation
of the atmospheric drag disturbance force. The drag influence of the upper atmosphere on
satellites varies depending on their flight altitude. Consequently, modifications to the satellite
macro-model, for example in terms of area or structure, would also result in variations of
the influence of the upper atmosphere. Therefore, only the visible and infrared absorption
properties of the solar panels were modified and increased by 5%. This modification affects
the radiation pressure forces, but leaves the atmospheric drag computation unchanged.

The GPS transmitter satellites are not subject to drag from the upper atmosphere due
to their altitude of more than 20’200 km. Accordingly, this force has not been simulated for
these satellites. This has the advantage that the radiation pressure can be perturbed, for
example by varying the area of the box-wing model, without any additional influence on the
drag force. Consequently, all areas of the box-wing model of the GPS transmitter satellites
were increased by 5%. It should be noted that this mismodelling also affects the albedo
(including infrared radiation).

4.6.4 Frequency bias
The frequency bias represents a specific effect unique to DORIS. This bias is a con-

sequence of the fact that the transmission frequency of the ground beacons does not
perfectly align with the nominal frequency of the signal. As not all beacons are connected
to atomic clocks, discrepancies in the frequency of the transmitted signal occur for stations
relying on a free USO.
A comparable phenomenon is observed in relation to the satellite’s onboard frequency. Over
time, the onboard frequency of the satellite’s USO undergoes a drift, which must be rectified
during the processing. On the one hand, this is done by an onboard software of the satellite,
that estimates the current onboard frequency deviation in relation to the nominal frequency.
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On the other hand, this can be achieved during the processing by correcting the satellite’s
onboard frequency in accordance with the estimated frequency bias of the master beacons.
As previously outlined in Sec. 3.1.1.1, these beacons are connected to atomic clocks, which
ensures that the frequency bias of these stations is approximately zero. Therefore, the
mean deviation of the estimated frequency bias of these stations from zero reflects the
difference between the onboard USO frequency and the nominal frequency. Given that
current satellites, such as Sentinel-3A/-3B or -6A (MF), carry an USO, which is connected
to the DORIS and also to the GPS/GNSS receiver, it is possible to calibrate the onboard
frequency using GPS satellite clock estimates. For the mismodelling of the frequency bias
performed here, the ground beacons are perturbed only, but not the on-board frequency of
the USO. To model the frequency bias, the average values of the estimated frequency biases
derived from the Jason-2 real data evaluation are employed. These values are provided in
Tab. 4.6 and are applied to the simulated observations as constant values over the entire
simulation time span. As the onboard USO drift was not corrected in this analysis, most of
the frequency biases are positive.

Table 4.6: Frequency bias values used for DORIS frequency bias modelling

Station Bias in Hz Station Bias in Hz Station Bias in Hz

ADEB 76 HBMB 85 PATB 49
AMUB 68 HEMB 63 PDMB 88
ARFB 111 JIUB -4 REUB 132
ASDB 36 KETB 72 REZB 137
BADB 105 KIUB 113 RIDA 50
BEMB 130 KOLB 41 RIKB 26
BETB 188 KRBB 104 RIPB 139
CADB 122 KRWB 88 ROUB 13
CHAB 110 LAOB 92 SAKB 49
CICB 61 LICB 107 SALB 76
COBB 136 MAHB 75 SANB 114
CRPB 44 MALB 68 SCRB 0
DIOB 83 MANB 107 SODB 94
DJIB 135 MATB 102 SPJB 72
EASB 82 METB 33 STJB 118
EVEB 171 MIAB 97 SYPB -106
FAIB -4 MOOB 96 THUB 133
FUTB 67 MORB 46 TLSB 85
GAVB -125 MSPB 110 TRIB 158
GR3B 106 NOWB 50 YASB -42
GREB 38 OWEC 173 YEMB 82

4.6.5 Earth gravity field mismodelling
To ascertain the sensitivity of each orbit scenario to the gravity field of the Earth, the

EGM used for the recovery is modified. The EGM used in the simulation is the EIGEN-6C
up to degree and order 60. Time-variable gravity information is represented by linear drift
terms up to degree and order 60 in this model. In the modified EGM, the static part of this
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model is replaced by the static part of the GGM05S model (Tapley et al., 2013), while the
drift terms remain unchanged.

The gravitational mismodelling resulting from this allows the evaluation of the impact on
the orbits and the TRF. In a subsequent step, the static part of the gravity field is estimated
to the maximum degree and order of the expansion, and the generated normal equations
are accumulated over the full simulation time span. Thereafter, the determined SHs are
compared to those of the simulation. This allows errors in the estimated SHs to be identified,
where they occur, and to what extent a satellite mission utilising each observation technique
can contribute to the determination of the gravity field.
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simulations
In order to make the simulations in this thesis as realistic as possible, the simulator uses
information derived from real observations, as described in Chap. 4. This approach ensures
that the characteristics of the simulated observations are as close as possible to those of
real observations. For each observation technique, POD was performed for well-known
satellites in order to analyse the real observation data. The results are presented for DORIS
in Sec. 5.1, for SLR in Sec. 5.2, and for GPS in Sec. 5.3.

5.1 DORIS
For the DORIS real data evaluation, the satellites listed in Tab. 5.1 were considered. Not

all satellites overlap with the time window of the simulations (2008 to 2014). Nevertheless, an
evaluation of all the aforementioned satellites was conducted in order to obtain the DORIS
technique, ground station, and satellite-specific characteristics. These include the temporal
availability of the ground stations, pass yield, observation yield, elevation cut-off angle,
achievable orbital fit in terms of Root Mean Square (RMS), mean and standard deviation
values, observation sampling rate and the maximum number of signals tracked in parallel.
In addition to being the source of data for subsequent simulations, the ENVironmental
SATellite (ENVISAT), Jason-1 and Jason-2 satellites themselves were also simulated. The
simulation of these three satellites provides the reference solution for the DORIS observation
technique. The simulations of the DORIS observations of the space-tie satellites are based
on the characteristics analysed in greater detail below. In the simulator, the satellites were
prioritised in descending order: Jason-2, Jason-1 and ENVISAT. As soon as the information
from Jason-2 is not available, for instance due to data gaps, Jason-1 is employed, followed
by ENVISAT. For Jason-1 the SAA-corrected date according to Capdeville et al. (2016) was
used. Consequently, at the outset of the simulation period prior to the launch of Jason-2,
the simulation relies on the information obtained from Jason-1 and ENVISAT. This, however,
does not affect the configuration of the receiver used in the simulation, which was chosen to
emulate a DGXX/DGXX-S receiver with seven parallel channels.

5.1.1 Ground antenna types
Over the past few decades, the antennas used at DORIS ground stations for signal

transmission have undergone a series of evolutionary changes. The initial generation of
antennas used, were the Alcatel. Subsequently, these were replaced over the years by
their successor, the Starec-B antenna. Since 2014, the latest antenna models, Starec-C
and Starec-D, have been installed. As the Starec-C and Starec-D models are very similar
and the phase centre measurements do not differ, the Starec-D models are not explicitly
identified in the station code and are assigned the same ‘C’ designation as the Starec-C
antennas. They are henceforth referred to as Starec-C, and are not explicitly distinguished.
Fig. 5.1 illustrates the evolution of the antennas employed over time. The number of ground
stations has remained at approximately 60 since the end of the 1990s. The simulation is
based on antenna availability between 2008 and 2014. During this period, the Starec-B
antenna was the primary opertional choice. In the context of the simulation, the antenna
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Table 5.1: Used satellites, sorted by launch date. Satellites marked with a * overlap with the
simulation time span from 2008 to 2014. Orbital elements taken from the real data analysis
prepared for this work.

Perigee Inclination Ecc. Receiver Launch EOL

TOPEX 1336 km 66.1 ◦ 0.0006 1G 10-Aug-1992 18-Jan-2006
* Jason-1 1324 km 66.0 ◦ 0.0006 2GM 07-Dec-2001 01-Jul-2013
* ENVISAT 758 km 98.5◦ 0.0014 2G 01-Mar-2002 08-Apr-2012
* Jason-2 1310 km 66.0◦ 0.0006 DGXX 20-Jun-2008 09-Oct-2019

Jason-3 1336 km 65.9◦ 0.0006 DGXX-S 17-Jan-2016
Sentinel-3A 794 km 98.7◦ 0.0014 DGXX-S 16-Feb-2016
Sentinel-3B 794 km 98.7◦ 0.0014 DGXX-S 25-Apr-2018
Sentinel-6A (MF) 1336 km 65.9◦ 0.0006 DGXX-S 21-Nov-2020

type is only of relevance if one wishes to analyse antenna-type specific effects, such as
the PCV. Furthermore, the characteristics of the observations, including the noise, pass
yield and observation yield, are dependent on the station setup, specifically the antenna
and beacon used. A simulation based on real data information obtained with Starec-B and
Starec-C antenna characteristics and a network of approximately 60 stations is realistic
for near-future missions. The station network of the simulation is therefore composed of
Starec-B and Starec-C stations. The PCV of the stations is assumed to be error-free for the
purposes of the simulation.

Figure 5.1: Total number of active DORIS antennas and their type over the years. Starec-C
also includes Starec-D antennas.

5.1.2 Ground station elevation cut-off angle
In the evaluation of the real data, the elevation cut-off angle employed is 10 degrees, as

no downweighting law for lower elevations is applied. To ascertain whether specific stations
exhibit higher cut-off angles, potentially due to obstructions in the line of sight, the real data
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of ENVISAT, Jason-1 and Jason-2 were examined for their minimum elevation angle for the
period between 2008 and 2014. In this analysis, azimuth-dependent variations were not
considered. No station was identified that exhibited a cut-off angle exceeding 10 degrees.
Therefore, the minimum cut-off angle is represented by the POD value of 10 degrees, which
was applied to all DORIS simulations for all ground stations.

5.1.3 Observation sampling rate
DORIS observations are generated on-board the satellite. The USO gives the time

interval after which observations are formed and assigned with a time stamp. Starting with
the old DORIS data exchange format, observations were formed at intervals of either seven
or ten seconds. Two distinct types of Doppler integration intervals have been employed. In
the event that the integration was chained to a preceding one, the interval is ten seconds,
and these observations are designated as chained. If the aforementioned interval was
not connected to a preceding one, the integration interval of the observation was set to
seven seconds, resulting in the observations being designated as unchained. Today, DORIS
observations are provided in the RINEX format, wherein the code and phase observations
underlying the Doppler range rate measurement are given. These are provided every 7- and
10-second interval, resulting in observations at 0, 7, 10, 17, 20, and 27 seconds, and so forth.
The preprocessing used to process RINEX phase observations with EPOS-OC employes
a 10-second integration interval to generate range-rate observations. This approach is
analogous to the chained mode of the previous data format. The time difference between
consecutive accepted observations serves as a fundamental basis for the simulations.
Fig. 5.2 illustrates the sampling rate between two consecutive accepted observations in
the performed POD with real data for ENVISAT (ENVISAT observations are provided in the
DORIS data exchange format). The majority of observations exhibit a sampling rate of 7 or 10
seconds, significantly fewer have a sampling rate of 14 seconds. This occurs when multiple
seven-second observations come in line and an intermediate one is excluded during the
POD, or when no valid observation is generated for other reasons (e.g., zero phase). Other
notable peaks in the sampling rates are observed in the histogram at 20 and 24 seconds.
These are attributed to disparate combinations of the various integration intervals and the
absence or acceptance of a few observations in between. In the simulation, observations
are initially simulated at 10-second intervals. These are subsequently processed by the
ensuing steps of the simulator, where some of the observations are eliminated, also resulting
in larger sampling rates between observations.

5.1.4 Further observation characteristics
Other characteristics of the DORIS real data that are analysed for the simulations are the

number of ground stations received in parallel, the noise of the observations, and the global
distribution of azimuth and elevation of the observations at the ground stations. Fig. 5.3
illustrates the analysis of the simulated observations using ENVISAT as an example. The
results for the real observations are displayed on the left, while the results for the simulated
observations after completion of the full sequence of the simulator environment (as described
in Chap. 4) are shown on the right. The figures illustrate, from top to bottom, the number of
ground stations received in parallel and the distribution of the residual RMS of the POD. The
figures underneath present the distribution of observations for all stations over the azimuth
angle and the distribution over the elevation angle. The maximum number of stations that
can be received in parallel is two for ENVISAT, given that it is equipped with a 2G receiver,
the upper limit of which is two channels. The simulation for ENVISAT is able to reproduce this
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Figure 5.2: Analyses of the sampling rate of accepted DORIS observations of a POD using
real data for ENVISAT. Most observations show a sampling rate of 7 and 10 seconds to
each other.

structure with a high degree of accuracy. The distribution of the residuals shows a Gaussian
distribution for both the real data and the simulated observations, with a mean value close
to zero. The observations are almost evenly distributed across the azimuth angles for all
ground stations. Minor maxima are observed at approximately 180 and 360 degrees. This
can be attributed to the fact that near-polar stations have only a direct line of sight to the
satellite, for instance, to the South or to the North. The distribution of observations over the
elevation angle decreases uniformly with increasing angle. This can be attributed to the fact
that the time a satellite flies over a station in the direct or near zenith is the shortest, while
further on the horizon it becomes longer and longer at almost the same elevation angle,
resulting in a greater number of observations. A comparison between the real observations
and the simulated ones reveals that the simulation is capable of reproducing the behaviour
over the elevation angle as well as the fine structures in the azimuth.

5.1.5 Global observation coverage
To ensure that all parts of the satellite’s orbit are covered with observations, it is important

to have an optimal global distribution of the ground stations. This is needed to ensure
the most accurate state determination of the satellite at any given time and location. Fig.
5.4 illustrates the global observation coverage and distribution for the real and simulated
observations. It is evident that ENVISAT exhibits a greater number of observation gaps in
comparison to the two Jason satellites, which can be attributed to its lower altitude. Jason-1
and 2 do not show observations in the near polar regions due to their lower inclination.
In comparison, Jason-2 exhibits a markedly higher number of observations. This is due
to the DGXX receiver on board, which is capable of tracking up to seven signals from
ground stations in parallel, in contrast to the two signals that can be tracked by ENVISAT
and Jason-1. At the altitude of the Jason satellites, DORIS achieves an almost perfect
global observation coverage. It is observed that, for all missions, there are minor gaps in
the observation coverage in the North-Eastern and South-Western regions. The global
observation coverage of the simulated observations is shown for each of the three satellites
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Figure 5.3: Analyses of observations for the maximum number of ground stations tracked
in parallel, histogram of residual RMS, and azimuth and elevation dependent distribution of
observations for one week. The left figures show the analysis for real observations, the right
figures for simulated observations. Since the simulator is trained with real data, and real
data are also required for quality control, ENVISAT is used as an example.

on the right-hand side of Fig. 5.4. Slight discrepancies can be noticed between the real data
and the simulated data in the case of ENVISAT. In the regions of overlap between ground
station visibility, the number of observations in the simulation is slightly higher than in the real
world. This can be attributed to the onboard software that schedules the real observations.
To verify this assertion, three-dimensional plots of ENVISAT’s observation vectors during
a short arc are presented in Fig. 5.5 a) and b). In the closer view on the right figure b) it
can be seen, how the receiver, with its two channels, switches between the possible signals
of the ground stations in order to achieve an optimal observation distribution. Here short
observation gaps become obvious e.g. at the observations shown in light red. In contrast,
in the simulation, the signal switch occurs instantaneously, resulting in a slight increase
in observations in overlapping areas. However, this phenomenon is only discernible for
ENVISAT, the higher orbiting Jason-1 satellite exhibits minimal indication of this effect, and
Jason-2 not at all, which is capable of tracking up to seven signals in parallel. Fig. 5.5 c) and
d) illustrate the difference between two and seven receive channels, examplified by Jason-1
and Jason-2, situated in approximately the same geographical position along the arc. The
greater number of channels leads to a considerable increase in the number of observations,
even for stations located at greater distances. For the simulation of the space-tie satellite
scenarios, the characteristics of the most advanced type of DORIS receivers is chosen (i.e.
DGXX/DGXX-S), capable of tracking up to seven signals in parallel.
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(a) (b)

(c) (d)

(e) (f)

Figure 5.4: The figures on the left (a,c,e) show the global observation coverage with real
observation data for the satellites ENVISAT, Jason-1 and Jason-2. The figures on the right
(b,d,f) show the global observation coverage with the simulated observation data for the
respective satellite.

5.1.6 Station availability
The availability of DORIS ground stations can be interrupted, e.g. due to maintenance,

technical issues or equipment upgrades. This behaviour has to be reproduced for a realistic
simulation. To this end, the station availability per station and arc was analysed for the three
satellites. Fig. 5.6 shows for each satellite the number of accepted observations for each
station and arc. Stations situated closer to the poles have a greater number of observations
than others, depending on the inclination of the satellite. The station availability is reproduced
directly in the simulation as an on/off switch.
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(a) (b)

(c) (d)

Figure 5.5: Three-dimensional view of the geometry of the DORIS observations. The stars
mark the ground stations, the position of the satellite is marked in black and the coloured
vectors show the observations, with each colour representing the observations from a
ground station. Figure a) shows the vectors of the observations received by the ENVISAT 2G
receiver. Figure b) shows a closer view of this pass. Figures c) and d) show a comparison of
Jason-1 and Jason-2, highlighting the difference between the 2-channel 2GM receiver and
the 7-channel DGXX receiver.

5.1.7 Overall orbital fit
The obtained orbital fit of the POD provides the basis for the measurement noise of

the simulated observations. The statistical values of the POD, i.e. RMS, mean, standard
deviation and the number of accepted observations and passes per arc, are presented
for the three satellites in Fig. 5.7 a), c) and e). Additionally, the global RMS values are
provided in Tab. 5.2. The global mean RMS values for DORIS are 0.35 mm/s for Jason-1
and Jason-2, with ENVISAT exhibiting slightly higher RMS values of 0.42 mm/s. The SLR
observations were first used in the real data analysis to calculate and correct the DORIS
time bias, and subsequently downweighted for quality control of the orbits. The RMS values
of the SLR observations are approximately 1 cm for all three missions. This confirms the
accuracy of the orbits and the setup of the DORIS orbit determination. The missions show an
average of approximately 60 thousand accepted observations per weekly arc for ENVISAT,
80 thousand for Jason-1, and 116 thousand for Jason-2. A comparison of the capabilities of
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(a) ENVISAT real observations (b) Jason-1 real observations

(c) Jason-2 real observations

Figure 5.6: Number of accepted observations per station per arc for a) ENVISAT, b) Jason-1
and c) Jason-2

78



5 Real data analysis and ensuing simulations

the Jason-1 and Jason-2 reveales the benefit of the additional observation channels, which
leads to approximately 45% more observations. Fig. 5.7 b), d) and f) and Tab. 5.2 show the
results of the POD evaluation with the simulated observations. These results demonstrate
a high degree of fidelity to the characteristics of the real data. The simulation of DORIS
observations for the space-tie satellite scenario makes use of information from all three real
satellites analysed. A DGXX-S receiver with seven channels is simulated, with the statistical
characteristics of the stations employed in descending order of priority from Jason-2, Jason-1
and ENVISAT. Consequently, if no information is available from real data from Jason-2 at
any stage during the simulation of the space-tie satellite, Jason-1 is utilised, and if that is
also unavailable, ENVISAT is employed.

Table 5.2: Post-fit residuals and number of observations for the three satellites (SLR down-
weighted in the real data case for orbit quality control). The time span is the full mission
duration between the project period from the beginning of 2008 to the end of 2014.

DORIS [mm/s] SLR [cm]

RMS Mean No. Obs. RMS Mean No. Obs.

ENVISAT (real data) 0.42 0 12’352’695 1.23 0 324’570
ENVISAT (simulated data) 0.42 0 12’346’603 - - -
Jason-1 (real data) 0.35 0 19’384’620 1.00 0 692’203
Jason-1 (simulated data) 0.35 0 19’249’774 - - -
Jason-2 (real data) 0.35 0 38’722’235 1.04 0 1’155’866
Jason-2 (simulated data) 0.35 0 38’712’550 - - -

5.1.8 Conclusion DORIS
The real data from the ENVISAT, Jason-1 and Jason-2 satellites were evaluated for the

DORIS simulation of the existing space and ground segment. Based on the results of the
POD, the simulation was trained for these three satellites. The aforementioned satellites
were subsequently simulated themselves, whereby the combination of these three forms the
simulated reference solution for DORIS. The training data gives the basis for the simulation of
DORIS observations of the space-tie satellite scenarios, which are employed in descending
order of Jason-2, Jason-1 or ENVISAT, depending on availability. The DORIS receiver of
the space-tie satellite is simulated as a DGXX-S receiver, with the capability to track up to
seven signals in parallel.
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5.1 DORIS

(a) ENVISAT orbital fit real data (b) ENVISAT orbital fit simulated data

(c) Jason-1 orbital fit real data (d) Jason-1 orbital fit simulated data

(e) Jason-2 orbital fit real data (f) Jason-2 orbital fit simulated data

Figure 5.7: Orbital fit obtained for the three satellites used as direct basis for the simulations.
The figures on the left (a,c,e) refer to the real data, the figures on the right (b,d,f) to the
simulated data. The peaks in the number of observations represent arcs where either
observation gaps occur or a higher number of observations are eliminated due to, for
example, manoeuvres. This was included in the simulation in order to simulate these
scenarios in a realistic manner.
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5.2 SLR
The existing space segment currently used within the ILRS for reference frame determ-

ination with SLR has, over the past few decades, consisted of the two geodetic satellites
LAGEOS 1 and 2 and the two Etalon satellites. For the real data evaluation with SLR, in
addition to the two LAGEOS satellites, a number of well-known geodetic satellites are also
taken into account, which are listed in Tab. 5.3. These are used at GFZ, for the determin-
ation of the C20 time series (König et al., 2019) and other low-degree SHs in the context
of GRACE/GRACE-FO missions’ gravity fields (Dahle & Murböck, 2020). The two Etalon
satellites are not included, as they are not used at GFZ for the purpose of gravity field
modelling. In order to evaluate the characteristic properties of the SLR technique, the real
data is analysed for the elevation cut-off angle, station availability, pass yield, observation
yield, and the sampling rate of the observations. Additionally, the measurement noise of
the observations is taken into account, specifically in terms of the achievable orbital fit. The
process by which these simulations are created, which forms the basis for the SLR simula-
tions of the space-tie satellites, is described in detail in the following section. The procedure
and results for LAGEOS-1 are presented in greater detail as an illustrative example, as
LAGEOS-1 provides the primary basis for control information for the SLR space-tie satellite
simulation. The procedure and results for LAGEOS-2 are identical.

Table 5.3: Geodetic satellites that have been analysed and evaluated. Orbital elements
taken from the real data analysis prepared for this work.

Per. h. [km] Apo. h. [km] Inclination Ecc. A/M [cm2/kg] Launch

Ajisai 1480.19 1496.18 50.0◦ 0.0009 53.0 12-Aug-1986
LAGEOS-1 5844.45 5942.49 109.9◦ 0.0040 6.9 04-May-1976
LAGEOS-2 5610.16 5956.58 52.6◦ 0.0142 7.0 22-Oct-1992
LARES 1441.37 1449.92 69.4◦ 0.0007 2.7 13-Feb-2012
Starlette 799.77 1110.76 49.9◦ 0.0211 9.5 06-Feb-1975
Stella 788.49 813.48 98.4◦ 0.0018 9.4 26-Sep-1993

5.2.1 Ground station elevation cut-off angle
In the default POD setup for the SLR real data evaluation, an elevation cut-off angle of

10 degrees is used. However, not every SLR station is capable of observing down to 10
degrees or below, due to the limitations of its construction or its surrounding environment. In
order to ascertain the individual angle of each station and thereby enable station-by-station
control in the simulation, the accepted observations of the performed POD of the satellites
from Tab. 5.3 are analysed for their lowest elevation angle. Fig. 5.8 illustrates the results for
LAGEOS-1, ordered by descending angle. The mean angle for all stations is approximately
18 degrees, with only a few stations capable of observing down to the predefined minimum
angle of 10 degrees. These station values are used as constant values for the minimum
elevation of the simulation of SLR observations for all scenarios.

5.2.2 Observation sampling rate
The term ’bin size’ refers to the time interval used to generate NPs from full-rate SLR

observations. This value is specific to each satellite and depends on the altitude of the
satellite. A bin size recommendation is given by the ILRS (NASA, 2024). In the case of
LAGEOS-1, this value is 120 seconds. In the simulation, the sampling rate of the observations
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Figure 5.8: Elevation cut-off angle derived from real data for LAGEOS-1 (threshold in POD
processing 10 degrees, therefore no analysed observations below this value). The black line
symbolises the mean cut-off angle of 18.1 degrees for all stations.

is defined, which, in this context, can also be understood as the bin size. Nevertheless, it is
necessary to ascertain whether the sampling rate of the accepted observations in a POD
is approximately equivalent to the recommended bin size when utilising real data. Fig. 5.9
shows the sampling rate of the accepted observations of the POD with real observations
for LAGEOS-1. Tab. 5.4 lists the mean values of the fitted Gaussian distribution for the
evaluated missions. The sampling rates for LAGEOS-1 exhibit a fairly good Gaussian
distribution around the mean value of 111 seconds. As can be seen in the histogram, the
sampling rate between two observations can also be considerably smaller than the bin size.
This phenomenon can be attributed to the manner in which the filter program assigns the
NP epoch (e.g., mean or median) and the distribution of observations within the NP. To
illustrate, if the full-rate observations are generated over a time interval of 20 seconds and
this period is at the end of a bin, i.e. 100 to 120 seconds from T0, then a NP filter program
would assign this NP the middle epoch of the full-rate observations, for example, which in
this example would be T0+110 seconds. Consequently, the subsequent bin epoch would
span from T0+120 seconds to T0+240 seconds. In the event that the 20-second full-rate
observations being observed at the beginning of the subsequent bin rather than at the end,
the time interval between the initial and subsequent NP is 20 seconds, still with a bin size of
120 seconds. If the initial observation were to be made at the beginning of the first bin and
the subsequent observation at the end of the second bin, this would result in a lengthening
of the sampling rate. The elimination of observations during the POD process, as well as the
slewing of the SLR station from one satellite to another in order to generate observations for
other satellites as well (segmented observations), mean that the sampling rate can also vary
significantly.
In the simulation of the space-tie satellite scenarios, the sampling rate is adjusted iteratively
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following an initial simulation to ensure that the average number of observations across
the entire simulation period is approximately equivalent to that observed for LAGEOS-1.
Consequently, all scenarios of the space-tie simulation possess a comparable number of
SLR observations.

Table 5.4: Bin size according to NASA (2024) and analysed sampling rate of the accepted
observation. All values in seconds.

Sampling rate

Bin size real data simulation

Ajisai 30 28 ± 11 -
LAGEOS-1 120 111 ± 43 120
LAGEOS-2 120 111 ± 43 120
LARES 30 31 ± 14 -
Starlette 30 28 ± 11 -
Stella 30 28 ± 11 -

Figure 5.9: Distribution of the sampling rate of accepted SLR observations in a POD. The
grey bars show all data, the black ones the data used to fit the Gaussian distribution shown
in red.

5.2.3 Global observation coverage
The geographical distribution of the SLR observations for LAGEOS-1 and 2 is illustrated

in Fig. 5.10 a) and c). The global coverage of SLR varies significantly with the altitude of
the satellite, due to the fact that there are considerably fewer ground stations compared to
DORIS, for instance. As a result, as the altitude of the satellite decreases, the observation
patterns become increasingly spot-like in proximity to the stations and in regions where
observations are not possible. The effect is less pronounced for the two LAGEOS satellites,
due to their altitude of approximatly 6’000 km. The right figures b) and d) in Fig. 5.10 show
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the geographical distribution of the simulated observations. The simulated observations
demonstrate a high degree of agreement with the real data. Some minor differences can be
seen in the observation gaps near the equator at 30 degrees West and 60 degrees East,
which are slightly smaller in the simulation. Furthermore, the observations in the region
extending from Central Europe to North Africa and South Australia are slightly more evenly
distributed in the simulation. The geographical observation maps of the simulated SLR
observations for the space-tie scenarios can be found in Sec. 6.2, where they are subject to
detailed analysis.

(a) (b)

(c) (d)

Figure 5.10: Maps showing the geographical distribution of SLR observations to LAGEOS-1
and LAGEOS-2 for the real observations in the figures on the left, and for the simulated
observations in the figures on the right.

5.2.4 Station availability
The SLR ground stations are not in continuous autonomous operation. Despite the

growing automation of processes such as the tracking process itself, external factors such
as weather remain a significant limiting factor. Therefore, there are intervals during which
the station is unable to observe satellites. For the simulation, it is important to reproduce
these periods as accurately as possible. For this purpose, all stations were analysed for
their availability during the simulation period, based on real data. This information is then
used in the simulation to control the number of observations to be generated. The evaluation
of LAGEOS-1 is illustrated in Fig. 5.11. After that, stations that have been observing with
more than one Site Occupation Designator (SOD) number within the specified time period
are summarised for the simulation as a single station with one SOD (for example, Haleakala
71191401 and 71191402). This is done because station velocities are to be estimated, and
this requires observations over several years (see also Sec. 4.5.3). In a real data analysis,
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these two time spans, where the same station has observed with different SOD numbers,
would be connected, for example by local ties (see also Sec. 2.7.6).

Figure 5.11: Number of accepted observations per station per arc after POD with real data
for LAGEOS-1.

5.2.5 Station pass and observation yield
The term ’pass yield factor’ can be defined as the ratio of the number of passes actually

observed and the number of passes possible at most. In order to achieve this, a simulation
is conducted in which all possible observations and all possible passes are considered.
Only the sampling rate and the station specific elevation cut-off angles are used as control
conditions for the simulator. The number of simulated passes is related to the number of
accepted passes from the real data to obtain the pass yield factor. The average factor for
LAGEOS-1 is approximately 10 (Pass yield factor = Nsim. passes/Nreal passes). This indicates
that each ground station observes only about every tenth possible pass of the satellite
(see Fig. 5.12). If one wants to interpret this factor not only as a control parameter of the
simulation, but also with respect to the real data, it should be noted that the simulation at
this point does not take into account any limiting factors, such as weather conditions at a
given time. The number of simulated passes is now adjusted to align with the number of
passes obtained using the aforementioned pass yield factor. A comparison with the real data
reveales an average deviation of -0.6% between the simulation and the real data in terms of
the number of passes (negative values indicate a lower number of passes in the simulation).

Once the number of passes has been scaled, the theoretical maximum number of
possible observations in the remaining passes can be compared to the number of accepted
observations in the real data in the same way. This comparison demonstrates that, on
average, approximately 3.5 times as many observations would be possible within the passes
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Figure 5.12: Factor showing the maximum possible number of passes per station to LAGEOS-
1 compared to the actual number of passes observed. Light grey indicates that the station
is operating close to its maximum. Blue shows the average of 10 and indicates that about
10 times more passes were theoretically possible. Red indicates that more than twice the
average number of passes would have been possible.

observed in reality for LAGEOS-1 (see Fig. 5.13). One potential explanation for this
discrepancy is the duration of a pass of a higher-orbiting satellite like LAGEOS-1, which can
last several minutes. During this time, the station does not use its full capacity exclusively for
observations of a single satellite. Instead, it also performs slews to other visible satellites,
allowing these to be observed as well. Additionally, local conditions, such as weather, may
prevent observations from being conducted. Subsequently, the observation yield factor
is used to edit the number of observations within the remaining passes. Once more, a
comparison is made between the simulation and the real data, resulting in a discrepancy of
approximately 2% in the number of observations (a positive value indicates that the simulation
yields a higher number of observations). The aforementioned deviations in passes and
observations allow for the calculation of a performance factor for the simulator, defined as
100% minus the absolute value of the deviation. The factor is 99.4% for the number of
passes and 98.0% for the number of observations. Both values can be accepted as a nearly
perfect simulation.

5.2.6 Overall orbital fit
The standard deviation of the orbital fit obtained in the POD with real data is used as the

basis for the measurement noise of the SLR observation simulations. For the POD the same
setup is used as at the GFZ ILRS AC. The calculated global RMS values in Tab. 5.5 refer to
the project period from 2008 to 2014. The values for LAGEOS-1 for this period are shown in
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Figure 5.13: Factor indicating the maximum possible number of observations per station
for LAGEOS-1 within the scaled passes. Light grey indicates that the station is close to
its maximum, blue indicates a possible increase near the mean of about 3.5 times more
observations, and red indicates a possible increase of more than twice the mean.

Fig. 5.14. These values are employed as control parameters for the white noise applied to
the simulated observations, together with a zero mean condition, as described in Sec. 4.3. A
comparison of the calculated standard deviations of the real and simulated data in the POD
shows an agreement of 98.4%. Therefore, the mean of the generated noise is ~1.6% lower
than that of the real data, indicating a very good agreement of the simulation with reality.

Table 5.5: Post-fit residuals and number of observations for the existing satellites, evaluated
and simulated. The time span is the full analysis time period from the beginning of 2008 to
the end of 2014.

Real data Simulation

RMS [cm] Mean [cm] No. Obs. RMS [cm] Mean [cm] No. Obs.

LAGEOS-1 0.88 0.03 528’688 0.87 0.01 523’981
LAGEOS-2 0.91 0.03 468’834 0.90 0.01 464’880

5.2.7 Conclusion SLR
The simulated reference solution for SLR is formed by the combination of the two satellites

LAGEOS-1 and 2. For the simulation of these two satellites, real data was evaluated and
the simulator was trained. The accuracy of the simulation achieved in terms of the number
of passes and observations, as well as the noise level, is over 98% for both satellites. The
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(a) (b)

Figure 5.14: The two figures show the achieved orbital fit for LAGEOS-1. Figure a) shows the
values for the real data, figure b) for the simulated data. The mean number of observations
per weekly arc is 1446 for the real data and 1435 for the simulation.

training data from LAGEOS-1 serves as the basis for the simulation of the SLR observations
of the space-tie satellite scenarios.
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5.3 GPS
In comparison to DORIS and SLR, the processing of GPS data typically comprises

two distinct steps, referred to as the two-step approach (see Fig. 5.15). The first step
involves the utilisation of a ground network of globally distributed receivers, which receive
the signals transmitted by the GPS satellites. These observations can be used in a network
adjustment to determine ERPs, ground station coordinates and the orbits and clocks of
the GPS constellation. The second step then concerns only the satellites carrying a GPS
receiver (here we consider only LEO satellites). The positions of the GPS satellites and their
clocks are fixed in order to calculate the orbit and the clock parameters of the LEO satellite.

The LEO satellites observe the GPS satellites, but so far they are not commonly used to
determine the orbits and clocks of the GPS constellation. An integrated approach, whereby
ground station and LEO observations are processed in one single step, has been introduced
by Zhu et al. (2004). Here, the LEO satellites are included in the adjustment of the GPS
constellation. In this way, they contribute to the determination of the orbits and clocks of
the transmitting satellites and thus indirectly also to the determination of the position and
velocity of the ground stations and the ERPs. Fig. 5.15 illustrates this concept.

Figure 5.15: Conceptual illustration of the integrated approach compared to the conventional
two-step approach.

For the GPS technique, the simulations are once more based on real data processing,
albeit with a somewhat different approach in comparison to that of DORIS and SLR. As
the integrated processing of LEOs together with a GPS constellation is not yet common
practice, the conventional two-step approach has been employed for the preparation of the
real data. Nevertheless, it is expected that the post-fit noise level will be on an equal level
for the integrated approach. For the ground stations and the GPS satellites, the results of
the Rapid Science Orbit (RSO) (Schreiner et al., 2022a) and Precise Science Orbit (PSO)
GPS constellation solutions or specially prepared ones are used. These differ in terms of
the number of stations employed, the length of the arc and the delay in the calculation. The
basis for the LEO GPS information is the GFZ RSO solutions (Schreiner et al., 2022c), or
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specially prepared orbits of the satellites listed in Tab. 5.6. The main focus is laid on the
Sentinel-3A and Sentinel-3B satellites.

Table 5.6: Evaluated LEO satellite missions with GPS receiver and their orbital elements
taken from the analysis prepared for this work.

Perigee Inclination Ecc. Launch Evaluation reference

GRACE 449 km 89.0◦ 0.0029 16-Mar-2002 (König et al., 2022a)
(König et al., 2022b)

GRACE-FO 478 km 89.0◦ 0.0021 22-May-2018 (Schreiner et al., 2022a)
(Schreiner et al., 2022b)

Jason-2 1336 km 66.1◦ 0.0006 20-Jun-2008 specially generated
Jason-3 1336 km 66.1◦ 0.0006 17-Jan-2016 specially generated
Sentinel-3A 794 km 98.6◦ 0.0014 16-Feb-2016 specially generated
Sentinel-3B 794 km 98.6◦ 0.0014 4-May-1976 specially generated
Sentinel-6A (MF) 1336 km 66.2◦ 0.0006 21-Nov-2020 specially generated
SWARM-A 425 km 87.3◦ 0.0017 22-Nov-2013 specially generated
SWARM-B 492 km 87.8◦ 0.0016 22-Nov-2013 specially generated
SWARM-C 425 km 87.3◦ 0.0017 22-Nov-2013 specially generated
TanDEM-X 499 km 97.5◦ 0.0016 21-Jun-2010 (Schreiner et al., 2022e)
TerraSAR-X 499 km 97.5◦ 0.0015 15-Jun-2007 (Schreiner et al., 2022d)

5.3.1 Elevation cut-off angle
In the operational processing of the GFZ RSO and PSO constellation, the elevation

cut-off angle employed for ground stations is 20 degrees. In the context of diverse projects,
such as the Copernicus Sentinel satellites, alternative special constellation solutions are also
generated, based on the utilisation of specific models for the purpose of ensuring consistent
model processing. Some of these special solutions employ lower elevation cut-off angles.
Nevertheless, the improvements in orbit and clock solutions resulting from the additional ob-
servations and improved geometry are modest, while the processing time rises considerably
due to the markedly higher number of observations. Furthermore, the noise associated with
the observations increases considerably when the elevation is below 20 degrees. To address
this issue, a weighting function is typically used to assign reduced weight to observations
with low elevation. In the case of the processing of the operational RSO constellation with
EPOS-OC, no elevation-dependent weighting is employed with an elevation cut-off angle
of 20 degrees. For the simulation here, given the time span of 7 years and the selected
size of the station network, it was decided to adopt the same approach and simulate only
observations down to a minimum elevation of 20 degrees, without elevation-dependent noise
and without a weighting model.

In the processing of real GPS data from LEO satellites, no minimum elevation restriction
is employed. However, it was found that the receiver for Sentinel-3A and Sentinel-3B is
configured to not generate observations below 10 degrees. Therefore, the minimum elevation
for the simulation of LEO GPS observations was set to 10 degrees.
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5.3.2 Observation sampling rate
The current observation sampling rate for GPS ground receivers in the IGS network is 30

seconds for hourly or daily observation files. Nevertheless, an increasing number of stations
are providing high-rate data, with observations taken every second. Here, for the processing
of the GPS constellations, the hourly and daily observations are used (International GNSS
Service (IGS), 1992a), as available at Crustal Dynamics Data Information System (CDDIS)
(Noll, 2010). This configuration is followed in the simulation and an observation sampling
rate of 30 seconds is simulated.

The observation sampling rate for LEO satellites is dependent upon the specific mission.
Some receivers, such as those on Sentinel-3A and Sentinel-3B, are capable of providing
continuous observations at one-second intervals for all signals. Other receivers, such as
that on GRACE-FO, also provide observations at one-second intervals, but only a complete
set of observations is available every ten seconds for all signals. In the case of the real
data POD, a 30-second sampling rate is typically used in the Sentinel orbit determination
configuration at GFZ, given that the constellation clock solutions are also generated in 30
second intervals, and thus no interpolation is required. The interpolation of clock solutions,
depending on the sampling rate of the data set to be interpolated, can result in interpolation
errors due to the non-linear behaviour of clocks. This leads to an increase in noise in
the phase observations, which can have a detrimental impact on the accuracy of the orbit
determination. Consequently, the sampling rate of the simulation of the LEO observations
was chosen to align with that of the ground stations, which is 30 seconds.

5.3.3 Station availability
GPS receivers are nowadays ubiquitous and have been developed to a high standard by

a wide range of manufacturers. Such devices are capable of functioning with a high degree
of reliability over extended periods of time. Interruptions may occur due to a number of
factors, including construction work, power outages, technical maintenance, replacement of
antennas, and so forth. However, such interruptions are often of short duration. Therefore,
an alternative method has been used to assess the availability of ground station receivers for
GPS. To calculate the GFZ PSO GPS constellation solution, an average of 130-145 globally
well-distributed GPS receiving stations are selected, for the GFZ RSO GPS solution about
80. The number of stations processed per arc over the years is shown in Fig. 5.16 for the
PSO solution. For the simulation, a station network was created containing 128 stations1,
which are well-distributed globally. In each simulation arc, a random generator removes 5%
of the stations (equivalent to 7 stations) from the network. This results in 121 stations (112)
remaining for simulation and recovery.

5.3.4 GPS satellite availability
The GPS constellation comprises up to 32 satellites. Ideally, 32 satellites are active,

utilising unique PRN codes. It is possible that a satellite may be temporarily unavailable, or
that a particular PRN code may not be actively used by a satellite vehicle for an extended
period of time. Such occurrences can be attributed to a number of factors, including satellite
manoeuvres undertaken to maintain the orbital configuration of the satellites, cases of
deactivation, the removal of satellites and the launch of new satellites. In the simulation,
the information regarding the availability of each satellite is based on the IGS combined
orbit solutions (International GNSS Service (IGS), 1992b). These are employed to extract

1The number 128 was chosen because it corresponds to 27 and therefore allows for easy subdivision into
subgroups.
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Figure 5.16: Number of stations used for the GFZ PSO GPS solution per day and for the
simulation.

information regarding the initial elements of each satellite. If a particular PRN is not listed
there, it is assumed to have experienced an outage and is also disabled in the simulation
for that day. The number of PRNs subsequently used for the simulation is illustrated in Fig.
5.17.

Figure 5.17: Number of simulated GPS satellites per day

5.3.5 GPS satellite block configuration
Over the years, various so-called GPS block types have been developed, with each

iteration incorporating a number of innovative features. The actual GPS constellation for
the period covered by the simulation (2008-2014) comprises a combination of older Block
IIA to newer Block IIF satellites. The most recent block type is currently Block III. As the
simulations describe a space-tie satellite in a future scenario, it was decided that the GPS
constellation should be as up-to-date as possible. It was therefore assumed that all older
block types would be superseded over the next few years by newer Block III satellites, which
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have a projected operational lifespan of 15 years (NCO, 2022). Accordingly, the simulated
constellation comprises solely Block III satellites. The PCO values listed in Tab. 5.7 and
PCV characteristics were taken from the IGS14 Antenna Exchange Format (ANTEX) file
(Johnston et al., 2017) of a Block III satellite and used for all. The shape of the satellite was
configured using a box-wing model whose parameters were taken from Steigenberger et al.,
2020 and further adapted based on images of the satellite body published by, for example,
Lockheed Martin Corporation (2024). The final configuration of the box-wing model is listed
in Tab. 5.8. These geometric and diffuse reflection coefficients for visible and IR wavelengths
serve as the input for the calculation of the radiation pressure forces, as described in Sec.
2.4.3.4.

Table 5.7: PCO values used for all GPS satellites in millimetres. Axes orientation according
to IGS conventions.

X Y Z

L1 4.88 -21.04 1992.74
L2 4.88 -21.04 1992.74

Table 5.8: Used box-wing model for Block III satellites. Geometric reflection coefficient ρ and
diffuse reflection coefficient δ. The axes follow the IGS conventions. Z radial, X direction to
the Sun, Y direction to the solar panel rotation axis.

Front Back
visible IR visible IR

Area [m2] ρ δ ρ δ ρ δ ρ δ

X 3.96 0.01 0.46 0.00 0.46 0.00 0.46 0.00 0.46
Y 9.24 0.00 0.06 0.00 0.06 0.00 0.06 0.00 0.06
Z 7.56 0.10 0.46 0.10 0.46 0.10 0.46 0.10 0.46
Solar array 28.20 0.08 0.00 0.08 0.00 0.08 0.00 0.08 0.00

5.3.6 Code and phase residuals
The processing of real GPS data and the simulation with EPOS-OC uses code and

phase observations at two frequencies. These are here the L1 and L2 frequencies. Fur-
thermore, Block III satellites also transmit on the newer L5 frequency. However, given
that the measurement in EPOS-OC refers to the ionosphere-free linear combination of two
frequencies and that no mismodelling, such as that of the ionosphere, or bit errors are taken
into account, the choice of frequency bands is not a critical factor. In order to create a
realistic simulation, white noise is added to the simulated data. In the following, the terms
’code’ and ’phase’ are used to refer to the values of the ionosphere-free linear combination
of pseudoranges and carrier phases. The noise values of the observations are based on
the orbital fit values obtained from the processing of the real data. For this purpose the
aforementioned constellations processed with EPOS-OC at GFZ were utilised. For POD
with real data Fig. 5.18 a) and c) show the orbital fit values of the accepted code and phase
observations, each globally for all stations per arc. The values of the code observations are
about two orders of magnitude larger than those of the phase observations. The globally
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obtained RMS values of the code observations are approximately 60 cm, while for the phase
observations, they are approximately 4 millimetres.

(a) (b)

(c) (d)

Figure 5.18: Global orbital fit of GPS code and phase observations for the real data based
GFZ GPS PSO in the left subfigures and for the simulated observations in the right subfig-
ures.

In the simulation, the aforementioned values have not been directly adopted for the noise.
In order to achieve a ratio of weighting for code and phase observations of 1 to 100, the mean
of the obtained code and phase RMS values in accordance with the desired weight ratio
were used, which for the code can be calculated as (CodeRMS+PhaseRMS ·100)/2 = 50 cm.
The resulting noise value for the code is therefore 50 cm, while the phase value was set at 5
millimetres. Furthermore, the ground stations were categorised into two distinct groups. The
majority of stations, i.e. 122, are assigned the above mentioned values for the observation
noise. An increased phase noise of 10 mm and code noise of 70 cm is applied to another
group of six ground stations. These values roughly correspond to the highest post-fit RMS
of ground stations in the GFZ PSO. The orbit fit achieved in terms of RMS values for the
current BLOCK III satellites is not significantly different from that of other block types. This
was done in order to ensure that stations in the daily station subnetwork exhibit slightly lower
performance following the random selection of stations from the total station network. Six
ground stations were selected, so that, after the random generator has selected the total
of 121 stations per arc, a maximum of about 5% (6/121) of the ground stations have these
lower specifications. The post-fit values for the simulation are presented in Fig. 5.18 b) and
d).
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For the noise of the SST GPS observations of the receiver mounted on the space-tie
LEO satellite, primarily the residuals achieved post-fit for the two satellites Sentinel-3A and
Sentinel-3B are utilised. The mean residuals for the code observations are 38.9 cm and
37.5 cm, while the phase observations yield 3.1 mm and 3.2 mm, respectively (Schreiner
et al., 2023). Accordingly, the noise for the LEO GPS receiver was set to 38 cm for the code
and 3.1 mm for the phase observations.

5.3.7 Receiver channel limitation
The number of receiving channels of GPS receivers can be a limiting factor, particularly

for those situated in LEO satellites. It can happen that the number of visible GPS satellites
exceeds the number of channels available for parallel observations. This makes it impossible
for a receiver to observe all theoretically possible satellites. In order to reproduce this effect
for the GPS ground receivers of the simulation, general internal scaling factors have been
employed which omit certain passes within a simulation arc. This consequently results in a
reduction in the number of parallel observations. To ascertain an appropriate scaling value,
the real data were evaluated with respect to the number of parallel received signals and
compared with the simulations. The scaling factor for all stations was adjusted so that the
average number of passes and the number of satellites received in parallel were identical
for all stations. The scaling factor subsequently employed is 97% for the general network of
stations and 85% for a subnetwork of five stations, as listed in Tab. 5.9 in order to include
stations with lower performance. Fig. 5.19 shows for the GPS receiver in Ny Ålesund the
number of satellites tracked in parallel for the real data evaluation and the simulated data,
achieved with the respective scaling factor, the difference is insignificant.

Table 5.9: Scaling factors for the GPS ground stations in the simulation.

Site City Location Scaling

TIDB Tidbinbilla Australia 85%
NKLG Libreville Gabon 85%
KIT3 Kitab Uzbekistan 85%
KERG Port-aux-Français Kerguelen Islands 85%
REUN Le Tampon La Réunion 85%
all other 97%

The characteristics of the GPS receiver on the LEO satellite in terms of the number of
available channels are based on a rigorous analysis of real data from the Sentinel-3A and
Sentinel-3B satellites. The two satellites are constructed in an identical manner and are
equipped with the same receiver. The receiver is capable of tracking up to eight satellites
in parallel with full dual-frequency observations. Fig. 5.20 illustrates the number of parallel
tracked PRNs for a 28-hour arc of real data processing from Sentinel-3A. The maximum
number of parallel receive channels is therefore limited to eight for the GPS receiver of the
simulated LEO satellite. This is achieved by simulating all possible observations initially.
Subsequently, a post-processing step identifies the sessions of each PRN and the maximum
number of PRNs tracked in parallel per epoch. Finally, a random generator eliminates several
channels until the maximum condition of eight is met.
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5.3 GPS

Figure 5.19: Number of GPS PRNs received in parallel for the ground receiver at the IGS
station in Ny Ålesund. The real data are shown in blue, with an average of 9.2 PRNs, and
the simulated observations are shown in red, with an average of 8.4 PRNs.

Figure 5.20: Number of PRNs received in parallel one the Sentinel-3A satellite, based on
real data analysis.

5.3.8 Global observation coverage
The global coverage of observations of GPS signals by ground stations is highly depend-

ent on the choice of the ground network. The majority of receivers in the IGS network is on
continents, with a smaller number situated on islands. In general, the density of receivers
is lower over the oceans. A notable number of receivers are distributed across Europe.
Depending on which receivers are selected for processing, there is a different structure of
global observation coverage. For the GPS processing with EPOS-OC, an optimisation is
performed to obtain a globally homogeneous observation distribution. The ground station
network used for the simulations is based on the same principle.
For LEO satellites with GPS receivers, the situation is slightly different. In contrast to fixed
receivers on Earth, both LEO and GPS satellites are subject to orbital motion. The global
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5 Real data analysis and ensuing simulations

distribution of observations is shown in Fig. 5.21 for Sentinel-3A, evaluating all observations
in 2021. The distribution of observations is notably homogeneous, although a band of
approximately 60 degrees in longitude exhibits a markedly higher density of observations,
the reason for this phenomenon is the sun-synchronous orbit of Sentinel-3A.

Figure 5.21: Global GPS coverage for Sentinel-3A in 2021 using real observations.

5.3.9 Conclusion GPS
The simulation of GPS observations is based on the analysis of real data used to provide

realistic global settings. For the generation of the simulated reference solution for GPS, a
GPS constellation and ground network was simulated, into which the simulated space-tie
satellite can be integrated according to the integrated approach presented above. For the
simulation of the GPS observations of the space-tie satellite, the characteristics are derived
from Sentinel-3A and Sentinel-3B, and the GPS receiver of the space-tie satellite is chosen
to be an 8-channel receiver.
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6 Technique-wise simulation analysis
This chapter presents the results of technique-wise simulations conducted for a co-location
in space on a satellite (space tie) in various orbital scenarios, utilising the techniques DORIS
(Sec. 6.1), SLR (Sec. 6.2) and GPS (Sec. 6.3). The potential for improvements in the
determination of the TRF and ERPs is evaluated by incorporating the space-tie satellite
scenario into a technique-specific reference solution. For DORIS and SLR, this is done
by adding the normal equation of the space-tie satellite scenario to the reference solution.
Subsequently, the impact on the formal errors associated with the station coordinates, station
velocities, and ERPs is examined.

The simulated reference solution for DORIS is a combined solution of ENVISAT, Jason-1
and Jason-2 (see Sec. 5.1), and for SLR, it is a combined solution of LAGEOS-1 and -2 (see
Sec. 5.2).

In the case of GPS, the reference solution is constituted by the GPS constellation
and the ground network, as described in Sec. 5.3. The potential of a space-tie satellite
equipped with a GPS receiver is in this case assessed by using an integrated adjustment
approach, as described in Sec. 5.3. The process involves solving for the ground network,
the GPS constellation, and one space-tie satellite scenario at a time within one common
POD adjustment run.

In order to identify the effects on the TRF, the influence of each scenario on the reference
solution is examined in a systematic error-free case and with systematic mismodelling.
This is accomplished by examining the parameters that define the reference frame, namely
translation, rotation, and scale, and the estimated ERPs. The potential for improvement
can be identified through the change in formal errors. Systematic effects on the ERPs are
revealed by comparing the a posteriori parameters using linear regression, hypothesis testing
and spectral analyses. The potential with regard to the retrieval of the Earth gravity field is
assessed for each space-tie scenario and each technique individually, without a respective
combination with a reference solution. Only in the case of GPS is the estimation of the
gravity field carried out together with the GPS constellation due to the integrated approach.
For the evaluation, an analytical sensitivity analysis is used, as well as difference plots of the
SH coefficients and degree amplitudes.

The methods of evaluation and interpretation are described in greater detail in the first
section (Sec. 6.1), which addresses DORIS. For the subsequent analyses, reference is
made to the description given there.

To investigate the influence of different mismodelling effects on the scenarios and tech-
niques, the following influences are considered for the DORIS and SLR techniques: CoM
coordinate displacement, atmospheric drag mismodelling and SRP mismodelling. Further-
more, the impact of ground beacon frequency offsets on DORIS is examined. In the case
of GPS, in addition to the systematic error-free case and the gravity field investigations,
only the influence of SRP mismodelling of the GPS satellites is considered in conjunction
with one of the space-tie satellites. Investigations for the space-tie satellite regarding CoM
displacement and atmospheric drag have been omitted for GPS due to the considerable
computational effort required and the extensive scope (i.e. CoM and PCO), which remains a
topic of ongoing discussions.

Following the examinations of the systematic error-free cases, a subjective quality
assessment on a scale from one to three is made, where a lower number is always better.
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This assessment is intended to demonstrate which scenario offers the greatest potential for
achieving the desired objectives. Furthermore, this assessment is conducted in a consistent
manner for each case of mismodelling, with the objective of evaluating the vulnerability of
each scenario to various mismodelling effects. In this context, vulnerability refers to the
susceptibility of a scenario to losing its theoretically achievable improvement potential in
the presence of mismodelling effects, rather than to an actual deterioration of the reference
solution itself. Finally, the assessment of vulnerability to mismodelling is incorporated into
the overall assessment as a risk factor.
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6 Technique-wise simulation analysis

6.1 DORIS
For reference frame determination with DORIS, the ACs of the IDS use a variety of

satellites equipped with a DORIS receiver. These are mostly altimetry or radar satellites.
The three satellites chosen here to form the reference solution are ENVISAT, Jason-1 and
Jason-2, which overlap with the simulation period. Other satellites, such as the SPOT
satellite, were not taken into account, as no radar satellite orbits were processed at GFZ at
that time.

The real data of the three satellites were processed according to the models listed in Tab.
4.3 in Sec. 4.4.1 and the parameterisation described in Tab. 6.1. Further information on the
real data evaluation can be found in Chap. 5.1. These three satellites were subsequently
simulated following the simulation steps described in detail in Chap. 4, the results of which
are used as the basis for the following simulations. The simulated weekly arcs per satellite
are shown in Fig. 6.1. The simulated single-satellite solutions are subsequently used to
estimate station coordinates, station velocities and ERPs. The resulting normal equations
are accumulated over the full time span for each satellite and the resulting single-satellite
normal equations are combined to form the reference solution. This solution is free of
systematic errors, and the combined parameters are station coordinates, station velocities
and ERPs.

For the evaluation of the space-tie satellite scenarios for DORIS, the single-satellite
normal equation of the respective space-tie satellite scenario is combined with the DORIS
reference solution to evaluate the improvement of the scenario relative to the reference
solution. In the following, the maximum potential of the individual space-tie satellite scenarios
is first analysed in a systematic error-free case in Sec. 6.1.2.1. This is followed by an analysis
of the influence of CoM deviations (Sec. 6.1.2.2), atmospheric drag (Sec. 6.1.2.3), SRP (Sec.
6.1.2.4), ground beacon frequency offsets (Sec. 6.1.2.5) and the influence and potential of
gravity field estimation (Sec. 6.1.2.6).

Figure 6.1: Simulated weekly arcs over time for the DORIS reference solution.

6.1.1 Reference solution
In the reference solution only white noise is added to the simulated observations. Apart

from that the simulation is free of systematic errors. In the POD, to achieve the maximum
potential, only initial state elements are solved for, as there are no unmodelled perturbations,
which should be handled by additional parameters. In doing so, just the direct effect of the
noise of the observations on the orbit, derived TRF and ERPs can be obtained.
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6.1 DORIS

Table 6.1: Parameterisation for the DORIS real data evaluation. T = transversal, N = normal.

DORIS

Initial state Estimated
Atmospheric drag Piecewise linear scaling factors every 3h
Albedo with IR One linear scaling factor
Solar radiation One linear scaling factor
Empirical acc. 1/rev cos, sin every 12h in N and T direction
Frequency bias Once per station and pass estimated
Troposphere bias Once per station and pass estimated
Time bias Estimated per arc

6.1.1.1 Orbital fit

The orbital fit of the scenarios and its comparison to the real data evaluation are presented
in Sec. 5.1.7. The global distribution of the residuals is illustrated in Fig. 6.2 as the mean
of the standard deviation of the residuals. A geographic pattern is evident for all satellites,
particularly in the SAA region, where the standard deviation is slightly larger. This can be
attributed to the fact that the simulator is replicating the real observations, which demonstrate
increased orbital fit values in this region.

Figure 6.2: Global distribution of the mean standard deviation of the simulated DORIS
observations for the three satellites of the reference solution.

6.1.1.2 Orbit recovery

The orbit comparison of the true orbit of the simulation with the recovered orbit gives the
statistical values given in Tab. 6.2. The clear strength of the DORIS observation technique
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6 Technique-wise simulation analysis

shows up in radial direction, where the mean RMS values for all three satellites are in
the submillimeter range. Values in cross-track and along-track direction are higher with
RMS values of 2 to 3 mm. A bias in the mean can be observed for all orbit scenarios with
values of about 2 mm in along-track direction. This can be attributed to a so far unavoidable
discrepancy within EPOS-OC for calculating simulated DORIS time epochs. At the present
time, this has to be accepted. The interested reader is referred to appendix C for further
details.

The geographic distributions of the mean orbit differences are shown in Fig. 6.3. In
the radial direction, no systematics can be detected for any of the satellites, the mean
differences are globally uniform near zero. In cross-track direction the geographic differences
are slightly larger and show a very slight stripe pattern along the longitudes for ENVISAT
with an amplitude of 0.3 mm. Both Jason satellites show a North-South distribution with
an amplitude of approximately 0.5 mm for Jason-1 and 0.3 mm for Jason-2. The two
satellites have similar orbits, but the amplitude is probably smaller due to the higher number
of receiver channels of the on-board receiver of Jason-2. In the along-track direction, the
aforementioned mean deviation caused by the simulation software has been removed for
the orbit comparison. Furthermore, no additional geographic patterns are evident in the
along-track direction. No correlation with the geographic distribution of the residuals can be
identified.

Table 6.2: Mean orbit differences of the simulated and recovered orbits.

RMS [cm] Mean [cm] Max [cm]

ENVISAT
Radial +0.025 +0.000 +0.037
Cross-track +0.199 +0.000 +0.323
Along-track +0.257 -0.232 +0.442
Jason-1
Radial +0.029 +0.000 +0.042
Cross-track +0.231 -0.000 +0.359
Along-track +0.229 -0.198 +0.413
Jason-2
Radial +0.026 -0.000 +0.038
Cross-track +0.185 +0.000 +0.288
Along-track +0.208 -0.180 +0.375

6.1.1.3 Reference frame

From the converged arcs of the POD, the normal equation mode of EPOS-OC is used to
set up weekly normal equations. In this mode it is possible to take the converged state
of the POD with all parameters and in a single further iteration estimate parameters of
interest and incorporate them into the normal equation (see also Sec. 2.6.2.2). Here, the
estimation of station positions, velocities and ERPs is activated without any constraints. This
results in weekly normal equations per satellite, which are then accumulated over the entire
simulation period, resulting in one set of station coordinates and velocities per station for the
whole timespan and ERPs with daily resolution. These accumulated normal equations for
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6.1 DORIS

Figure 6.3: Mean orbit differences of the true simulated and recovered orbit over the full
simulation time span. From the top to the bottom, ENVISAT, Jason-1, and Jason-2. From left
to right in radial, cross-track, and along-track direction. In along-track direction the values
are corrected by the mean along-track bias of the scenario.

each satellite are now also accumulated, resulting in the normal equation of the reference
solution — an equally-weighted combination of ENVISAT, Jason-1 and Jason-2. For the
introduction of the geodetic datum, a total of 11 DORIS stations according to Tab. 6.3 were
selected. The DORIS station network of the simulation and the datum stations are shown in
Fig. 6.4. Stations were chosen as datum stations, which observe over the entire period of
the simulation at most gapless (compare Fig. 5.6 in Sec. 5.1.6) and the totality of the datum
stations is as evenly distributed globally as possible. Thus, a NNR condition is imposed as
a free network constraint (see Sec. 2.7.4) on these stations. The strength of the condition
is chosen as 1 mm for station coordinates and 0.1 mm/a for station velocities according to
the recommendation of Altamimi (2003). The two stations OWEC and LAOB were reduced
before inverting the normal equation because they show larger differences to the a priori
station coordinates and velocities, which negatively affects the overall results. This can
be attributed to the fact that only Jason-2 received these two stations and the observation
period is only a few weeks for OWEC and about one and a half years for LAOB. This is not
sufficient especially for the station velocities, whereby larger deviations arise.

Helmert parameters The normal equation of the reference solution is subsequently in-
verted and analysed with respect to the parameters defining the reference frame, namely
the origin, orientation and scale. For this purpose two 7 parameter Helmert transformation
are used. The parameters of the Helmert transformation (Tab. 6.4) demonstrate discrep-
ancies of less than 0.3 mm and 0.02 mm/a compared to the a priori station network for the
datum stations and for the totality of all stations. The largest discrepancies are found in the
station positions, where minor Z-translations and rotations in X and Z can be observed, with
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6 Technique-wise simulation analysis

Table 6.3: DORIS datum stations and stations which have been reduced.

Datum stations Reduced stations

Station code Name Station code Name

SPJB Ny-Alesund OWEC Owenga
TLSB Toulouse LAOB Le Lamentin
HBMB Hartebeesthoek
SYPB Syowa
JIUB Jiufeng
STJB Newfoundland
YASB Yarragadee
MSPB Mount-stromlo
GREB Greenbelt
PATB Papeete

Figure 6.4: The DORIS station network of the simulation. All stations used are shown in
blue, datum stations are additionally encircled in red.
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6.1 DORIS

maximum absolute values of 0.27 mm. This is well below the strength of the applied NNR
condition.

Formal errors The median formal errors of the estimated station coordinates, velocities,
and ERPs are used as another criterion (Tab. F.2 in App. F.1). These are in the sub-millimeter
range for the station coordinates. Especially the formal errors in X-direction are noticeable
smaller, with values even below one hundredth of a millimeter. The formal errors of the
station velocities are at a similar level for all three axes, ranging from 0.21 to 0.24 mm/decade.
The pole coordinates show values for formal errors of about 1.6 mm for the X-pole and Y-pole
in both cases, and 0.38 µm for LOD. 1

6.1.1.4 ERP analysis

The differences in the estimated ERPs compared to a priori show a scatter of 1.7 mm, 1.9
mm and 0.9 µm for X-pole, Y-pole and LOD respectively (Tab. F.3). The fewer satellites are
involved in the combined solution, the higher is the noise in the ERP differences (compare
Fig. 6.1 and G.1). A significant bias can only be detected in the Y-pole, which is in the range
of 0.2 mm, significant trends cannot be detected (see Tab. F.3). The spectral analysis of the
ERPs does not reveal any significant frequencies beyond 0.1 mm.

Table 6.4: Helmert parameters and their standard deviation to a priori for station positions
and velocities of the DORIS reference solution.

Tx [mm] Ty [mm] Tz [mm] Rx [mm] Ry [mm] Rz [mm] sc [mm] s0
Tẋ [mm/s] Tẏ [mm/s] Tż [mm/s] Rẋ [mm/s] Rẏ [mm/s] Rż [mm/s] ṡc [mm/s] s0

Combined reference
datum stations 0.01 ± 0.04 0.05 ± 0.04 0.22 ± 0.04 0.08 ± 0.05 0.03 ± 0.05 -0.15 ± 0.06 0.06 ± 0.04 0.14

0.00 ± 0.00 0.00 ± 0.00 0.02 ± 0.00 0.00 ± 0.01 0.00 ± 0.00 -0.01 ± 0.01 0.01 ± 0.00 0.01
all stations 0.05 ± 0.03 0.05 ± 0.03 0.27 ± 0.03 0.16 ± 0.04 0.02 ± 0.04 -0.15 ± 0.04 -0.03 ± 0.03 0.25

0.01 ± 0.01 0.00 ± 0.01 0.02 ± 0.01 0.00 ± 0.01 0.00 ± 0.01 0.00 ± 0.01 -0.02 ± 0.01 0.07

6.1.2 DORIS space-tie satellite results
The single-technique solutions for the different space-tie scenarios are created in the

same way as described for the reference solution. To investigate the influence of the space-tie
satellite scenarios, the normal equation of one of the simulated space-tie satellite scenarios
at a time is added to the simulated DORIS reference solution and evaluated. Subsequently,
the changes due to the inclusion of this scenario in the reference solution are assessed.
After the systematic error-free case, which is intended to reflect the maximum achievable
potential of each scenario, various mismodelling cases are investigated. It is analysed how
much of the full potential could be lost, in which parameters losses occur, how the TRFs and
ERPs change and where systematics appear.

6.1.2.1 Case free of systematic errors

In the case of systematic error-free simulations, only white noise is added to the simulated
DORIS observations. As the simulated DORIS beacon frequency is identical to the nominal

1Values of the pole coordinates are converted to millimeters, and LOD to µm for easier comparison.
For pole coordinates, this results in polemm = polearcseconds · 2πR

60·60·360 · 106, and for LOD in LODµm =

LODsec · 2πR
60·60·24 · 109, where R = 6378 km is the radius of the Earth.
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frequency, no frequency bias or drift is estimated for ground stations in this case. The
estimated parameters are listed in Tab. 6.5. This configuration may be regarded as optimistic,
but would be feasible if all ground beacons were connected to, for example, a maser for
high-precision frequency monitoring. However, the influence of frequency biases and their
estimation is examined in greater detail in Sec. 6.1.2.5. Further details on the simulation can
be found in Chap. 4.

Table 6.5: Estimated parameters and dynamic parameterisation used in the systematic
error-free case.

Parameterisation for systematic error-free case

All scenarios
Arc length 7 days
Initial state parameters estimated

Orbital fit For each simulation scenario, the orbital fit values are provided in Tab. 6.6 and
the variation over time is shown in Fig. 6.5. The global RMS of the simulated DORIS obser-
vations is observed to be approximately 0.35 mm/s on a consistent basis. In comparison,
the GRASP-like scenario demonstrates a markedly reduced number of observations with an
average of approximately 100’000 observations per week. More observations are achievable
for all other scenarios. For the E-GRASP-mod and E-GRASP-like scenario this is about
3 times higher, for the cirular scenarios more than 4 times. The variation in the number
of observations is similar over the simulation period for all scenarios. Especially at the
beginning of the period until the launch of Jason-2 in mid-2008, the number of observations
is in each case about 25% lower. This is due to the fact that the simulation in this period
is based on the real data results of ENVISAT and Jason-1. This effect is also noticeable a
few times in 2012 and 2013, where the simulation falls back on the information of ENVISAT,
or Jason-1, because Jason-2 is not available in the real data evaluation, e.g. due to bad
POD results or observation data gaps. This variation in the number of observations can be
assumed realistic. At the beginning of satellite missions often certain settings are checked
and tested before the maximum functionality of the instruments is reached. Temporary
reductions in the number of observations, as seen in 2012 and 2013, can be caused by e.g.
on-board receiver changes, reboots, software updates, or switches to redundant receiver
unit.

Global observation coverage The global distribution of simulated DORIS observations is
shown in Fig. 6.6 for each of the space-tie satellite scenarios. The colour bar is scaled 5 times
smaller for the GRASP-like scenario, which has the lowest number of observations, due to its
much lower altitude. Compared to the E-GRASP-mod scenario, the E-GRASP-like scenario
provides more observations over Europe and North Africa due to the higher apogee and
density of DORIS stations in these areas. A similar distribution of observations is obtained
with the circular scenario at 60 degrees inclination, whereby even more observations are
possible over Europe and North Africa, as well as in the south-eastern regions near South
Africa and Australia. When the inclination is reduced to 30 degrees (Circular 30° scenario),
the observations cluster around the area defined by the inclination, showing significantly more
observations over Africa and around the 30 degree North and South latitude boundaries. A
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Figure 6.5: Orbital fits for the simulation scenarios in the systematic error-free case.
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Table 6.6: DORIS post fit statistics, total number of observations and passes for the simulated
space-tie satellite scenarios. Full simulation time span from beginning of 2008 to end of
2014.

DORIS
[mm/s] Number

Min. Max. RMS Mean Std. Observations Passes

GRASP-like -2.18 2.41 0.35 0.00 0.35 36’400’560 636’060
E-GRASP-mod -2.36 2.27 0.35 0.00 0.35 113’628’736 589’979
E-GRASP-like -2.32 2.38 0.36 0.00 0.36 113’682’183 538’398
Circular 30° -2.27 2.41 0.36 0.00 0.36 149’580’663 417’089
Circular 60° -2.41 2.42 0.36 0.00 0.36 158’146’731 464’841
Circular 89° -2.51 2.42 0.35 0.00 0.35 161’847’129 518’320

larger inclination of 89 degrees (Circular 89°) results in a more homogeneous distribution of
observation, where more observations are visible over Europe to Greenland as well as the
Antarctic Ocean. The E-GRASP-like, E-GRASP-mod and Circular 89° scenarios show the
most globally homogeneous distribution of observations.

Fig. 6.7 shows the global distribution of the mean standard deviation of the simulated
observations for each scenario. The residuals of the observations are collected over the
entire simulation period and analysed in a bin of 1 degree latitude and 1 degree longitude.
For the low-orbiting GRASP-like scenario, slightly increased values are seen near the SAA
and West of South America, as well as over Southeast and East Asia. This is due to the fact
that the simulated observations are based on the post-fit residuals of the real data analyses,
which therefore include effects such as the SAA that lead to a regional increase of the RMS.
However, the mean values of the observations do not show any global structure, just a higher
scatter. The regional effects decrease with increasing altitude, and the lowest standard
deviation values are in general observed near the polar regions, whereby the GRASP-like
scenario shows slightly lower values than the Circular 89° scenario.

Orbit recovery To assess the maximum accuracy of the POD in each scenario, the
recovered orbit is compared with the orbit of the simulation, which describes the true
orbit. The maximum potential is reflected when just initial state elements are estimated.
Subsequently, the mean of the RMS values and mean values in the radial, cross-track, and
along-track directions are calculated, as well as the mean 3D RMS. The results of these
calculations are shown in Fig. 6.8. Here, too, the mean along-track bias of the DORIS
simulation is evident for all scenarios, which was already mentioned in Sec. C. A comparison
of the directions reveals that the radial direction is the most precise for all scenarios, with
RMS values below or close to 1 mm. Significantly higher RMS values are found in the cross-
track and along-track directions, with the cross-track direction being the weakest. Comparing
the scenarios among each other shows significantly better accuracy of the orbit for the
GRASP-like scenario. This is most likely due to the lower orbit of the satellite and better
observation geometry. The two eccentric scenarios, E-GRASP-mod and E-GRASP-like,
which in the perigee show similar flight altitudes as the GRASP-like scenario, exhibit lower
RMS values as the circular orbits. The lower perigee of these scenarios shows a positive
effect on the overall accuracy of the orbit in cross-track and along-track direction, with RMS
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Figure 6.6: Global observation coverage of simulated DORIS observations for the space-tie
satellite scenarios. Please note the different color bar limits for the GRASP-like scenario.

values in along-track direction that are comparable to those of the GRASP-like scenario. The
different eccentricity of the E-GRASP-mod and E-GRASP-like scenario does not appear to
have a major effect on the orbital fit, the results are almost identical.

The geographical distribution of mean orbit differences is shown for each scenario in
radial, cross-track, and along-track directions in Fig. 6.9. The distribution of differences is
most homogeneous for the GRASP-like scenario, where no regional effects are visible. The
two eccentric orbit scenarios, E-GRASP-mod and E-GRASP-like, exhibit a stripe pattern
in radial direction as well as in cross-track direction and a slight North-South asymmetry,
that is inverted between the two scenarios. The most pronounced regional variations are
observed in the cross-track direction, where eight stripes are visible. It is assumed, that this
is an effect of the critical inclination, where perigee and apogee of the orbit show no drift
within the orbital plane (apsidal precession). The ground tracks with the flight altitude, as
shown in Fig. 4.1 in Sec. 4.1, show for these scenarios a pattern, whereby the apogee is
consistently reached with ascending arcs and always at the equator. This pattern of the
flight altitude is strongly correlated with the deviations in the recovered orbit, which show
up in cross-track direction and are significantly higher at the apogee. The decrease in the
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Figure 6.7: Global distribution of the mean standard deviation of the simulated DORIS
observations for the space-tie satellite scenarios in the systematic error-free case.

strength to determine the cross-track component with increasing altitude has already been
noticed for the circular scenarios (compare Fig. 6.8). Given that the node of the orbit drifts
even at a critical inclination, this appears to be an effect related to the angle of the orbital
plane to the Sun (beta angle) or a geographic effect. However, with regard to the orbital
repeat cycle, which is approximately one month, no correlation with the beta angle could be
identified. Consequently, it is assumed that this is a geographic effect. In the along-track
direction, a slight regional pattern is visible for the E-GRASP-like scenario, where negative
orbital differences towards the poles and positive ones near the equator appear. In contrast,
the circular orbit scenarios show overall nearly no significant regional patterns, with only
minor patterns appearing in the North-South direction.

Whether eccentric orbits in general, or only in connection with the choice of the critical
inclination, lead to higher deviations and systematic patterns in the cross-track direction,
which is desirable to avoid, cannot be concluded from the scenarios analysed here. The
higher orbiting scenarios all show significantly increased RMS values in the cross-track and
along-track direction, indicating that the accuracy of DORIS position determination in these
directions decreases with increasing altitude. The accuracy of the position determination
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Figure 6.8: Mean RMS value of the orbit comparison in radial, cross-track, along track and
3D directions, as well as the mean orbit deviation. True orbit of the simulation compared to
the orbit recovered in the systematic error-free case.

in radial direction is less affected by altitude or eccentricity, with RMS values in the radial
direction being significantly smaller and close to or below 1 mm for each scenario.

Based on the results of the orbit recovery, an orbit with a low numerical eccentricity
seems to be the best to avoid regional patterns in the POD, lower altitudes improve the
accuracy.

Reference frame evaluation As stated at the beginning of this section, the potential of
a space-tie satellite scenario to improve a DORIS based TRF is determined by adding
the normal equation of the appropriate scenario to the DORIS reference solution. A TRF
is determined from the resulting normal equation using the same procedure as for the
reference solution in Sec. 6.1.1. Subsequently, two 7 parameter Helmert transformations of
the positions and velocities with respect to the a priori reference frame are first calculated to
monitor possible systematic effects. The potential for improvement is then determined based
on the changes in the median of the formal errors of station coordinates, velocities and
ERPs. This is done first in the Cartesian X, Y, Z coordinate system, and then in a geographic
coordinate system to better understand local geometric effects. To assess the significance,
the p-value of the hypothesis test against the reference is given. This is considered significant
if, based on a two-sigma criterion, equivalent to 5%, the p-value is less than 0.05. For more
information on the distribution of formal errors and the hypothesis tests used, see App. D,
which deals with robust hypothesis testing of the median for non-normally distributed data.

Formal error evaluation In order to quantify improvements in formal errors, the follow-
ing terms are introduced:
Expected improvement is defined as the improvement that is expected to result from a
change in the DoF, mainly due to additional observations.
Scaled improvement is defined as the change of two formal errors expressed in percentage,
for instance, the relation of the reference to the test scenario. In this case, negative values
represent a reduction in formal errors by that percentage, thus indicating an improvement.
Observation scaled improvement is a percentage value representing the improvement

112



6 Technique-wise simulation analysis

Figure 6.9: Mean orbit differences of the true simulated and recovered orbit over the full
simulation time span of 7 years for DORIS in the systematic error-free case. From the top to
the bottom, GRASP-like, E-GRASP-mod, E-GRASP-like, Circular 30°, Circular 60°, Circular
89° scenario. From left to right in radial, cross-track, and along-track direction. In along-track
direction the values are corrected by the along-track bias of the scenario.
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adjusted to the expected improvement. In the case of negative values, this indicates an
improvement that is greater than the expected value, thus indicating a geometric added
value.
Loss of Improvement Potential (LIP) describes the loss of a scaled improvement, in
relation to the maximum potential of improvement achieved. For example, if a scenario
achieves an improvement of a reduction of the formal error of a parameter to 50% of the
value of the reference solution in the systematically error-free case, this is defined as the
maximum improvement to be achieved. Should the formal error values of the scenario now
increase to 75% of the value of the reference due to systematic mismodelling, this would
represent a loss of 50% of the potential for improvement. A 100% LIP would indicate that
the formal error of the parameter has returned to the value of the reference. This is done to
assess the risk of a scenario to achieve its maximum potential for improvement.
Further details on this topic, including its mathematical representation, can be found in App.
E.

Helmert parameters The values of the Helmert parameters for each of the scenarios
are illustrated in Fig. 6.10 and listed in Tab. F.1 in App. F.1. Deviations in the Z-translation
and in the X- and Z-rotations of the positions and velocities are slightly more pronounced
in the reference scenario. These can be reduced by the inclusion of any of the space-tie
satellite scenarios. All Helmert parameters are below 2/10 mm and 0.025 mm/a, respectively.
The variance factors of the transformation demonstrate a similar reduction of 70-80% for all
scenarios, with the exception of GRASP-like, which is at the level of the reference.

Figure 6.10: The upper figure shows the Helmert parameters of all station positions for the
systematic error-free case compared to a priori. The lower figure shows the values for the
velocities.
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Formal errors The formal error results for each scenario are presented for coordinates
in X, Y, and Z in Fig. 6.11 and for latitude, longitude, and height in Fig. 6.12 (absolute values
for all scenarios can be found in App. F. Further details on the test methods to identify
significant changes can be found in App. D). The values for the ERPs are identical in both
figures and for the pole coordinates converted to cm and for LOD to µm equivalent on the
Earth’s surface. The expected improvement for the GRASP-like scenario is about 19%, that
of the other scenarios between 38 and 45% (compare Tab. F.2 in App. F.1).

Formal errors of station coordinates It is noticeable that the formal errors in a
systematically error-free case reach very low values. These values are clearly below 1 mm
for station position and LOD, below 1 mm per decade for station velocities and about 1.5 mm
for the pole coordinates. This demonstrates the theoretically very high potential of DORIS for
TRF and ERP determination. In a real data evaluation of a combined solution of Sentinel-3A,
-3B and -6A (MF) (Schreiner et al., 2023), the achieved values for station coordinates were
in the range of 5-10 mm for station coordinates, where however, station coordinates were
solved per weekly arc and no station velocities were estimated. Worth mentioning are also
the formal errors of the station coordinates in X-direction, which are below 1 micrometre.
This is a consequence of the good global distribution of the DORIS station network. If the
Cartesian coordinates are converted into geographic coordinates, local geometric effects of
the stations can be identified. Formal errors of the station coordinates are for the reference
solution along latitude (North-South) 0.07 mm , in longitude direction (West-East) 0.01 mm
and for the height component at 0.04 mm. Results of real data evaluation with EPOS-OC
at GFZ (Schreiner et al., 2023), as well as the combination of the IDS CC (Moreaux et al.,
2023b), show that the residuals of the position deviations in the West-East direction and
the height component are generally on a similar level and higher than in the North-South
direction. One potential explanation for these different results is that these solutions are
based on weekly arcs or shorter, and various existing modelling errors may have a stronger
influence on the West-East and height components than on the North-South component.
The scaled improvements provide a more accurate representation of the change in relation
to the reference solution. These are evident in both the X- and Y-directions, with a reduction
in formal errors between 20 and 30% with the circular 30° scenario demonstrates the least
improvement. The Observation Scaled Improvements (OSIs) results indicate that only the
GRASP-like scenario shows a minor geometric added value. For station coordinates in
the Z-direction, the situation is different. Here, all scenarios show a scaled improvement
of 50-60%, with the exception of the GRASP-like scenario, which exhibits an improvement
of only 20%. A geometric added value in terms of OSI is observed for all scenarios in the
Z-direction, the largest being for the circular scenario with an inclination of 89 degree and
the E-GRASP-like scenario with up to 14%. This is due to the fact that the clustering of
observations around the equator is highly beneficial for the determination of station positions
in this region. Therefore, stations such as Papeete (S: -17 ° 34’, W: 149° 36’), Rikitea (S:
23° 8’, W: 134° 57’) and Socorro (N: 18° 44’, W: 110 ° 57’) benefit from the many additional
observations. These stations have fewer observations in the reference, which is, in general,
weaker in the reference solution in the North- and Southeast Pacific region. The geographic
values exhibit a similar pattern. The improvements for all scenarios except the GRASP-like
scenario are of a comparable magnitude, at approximately 50%, 25% and 55% for the
North-South, West-East and height components respectively. The 30 degree inclined circular
scenario shows an improvement of about 10% less in the West-East direction than all other
scenarios. Due to the smaller number of observations, the improvements for the GRASP-like
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scenario are lower, and in the range of 25-30% for all three components. A geometric added
value can be found for all scenarios in the North-South direction of 5-15% and in the height
component below 10%. Exclusively for the GRASP-like scenario there is also an added
value of 5% in the West-East component, where the circular scenario with an inclination of
30 degrees is the least favourable.

Formal errors of station velocities With regard to the station velocities, all scenarios
demonstrate comparable improvements of approximately 16-30% in the Cartesian and
geographic coordinate analysis. The circular scenario with an inclination of 30 degrees is
once again less favourable, in terms of station velocities in the Z-direction, respectively in
the North-South and height component. Only the GRASP-like scenario slightly exceeds
its expected improvement in all three components, and shows a geometric added value in
the low single-digit percentage range, particularly in the Z-direction. The OSI in geographic
coordinates indicates that this geometric added value is present in both the horizontal
component and, to a slightly greater extent, in the height component.

Methodology peak improvement analysis As stated at the beginning of this section,
the median is used for the overall evaluation of changes in formal errors. In App. D this
is discussed in more detail, and it is shown that the formal errors of individual stations
can exhibit considerable variation compared to the majority of stations. In order to identify
instances where strong improvements are found for individual stations, the arithmetic mean
value of the formal error distribution is used. To this end, the mean of the formal errors of
a given parameter is calculated and the percentage difference in comparison to the mean
formal errors of the reference is determined. Should this value differ significantly from the
percentage change based on the median, this would indicate an improvement in outliers.
Negative values would indicate a more pronounced improvement in strongly deviating values,
resulting in a notable shift in the mean. Conversely, a positive value would indicate that
the mean improvement is less than the median, suggesting that no further improvement is
evident for these stations.

Peak improvement analysis for station coordinates and velocities The results of
the difference analysis of the mean and median are presented in Fig. 6.13. In the case of
station coordinate positions, sudden improvements of a similar magnitude can be observed,
particularly in the higher orbiting scenarios (i.e., E-GRASP-mod and the circular scenarios)
in the X and Y directions. In particular, the circular scenario with an inclination of 30 degrees
exhibits notable improvements, which can be attributed to the low inclination of the scenario
and the consequent dense clustering of observations around the equator. The geographical
coordinates indicate that the West-East and height components are particularly affected.

In the case of station velocities, peaks in improvement can be seen almost exclusively
in the Y-direction and for the constantly higher orbiting scenarios (i.e. E-GRASP-mod and
the circular scenarios). The geographic coordinates indicate that these improvements are
primarily evident in the height component, to a lesser extent also in the West-East direction.
It therefore seems that stations situated in close proximity to the geometric Y-direction
experience significant improvement in the height component for position and velocity. The
observation coverage of the reference solution shows less observations at 90 degrees
West and in the direction to the North Pacific. Indeed, the highest improvement in the
Y-component of the velocities can be observed for the Santa Cruz station, whose location
corresponds exactly to the aforementioned assumptions (Latitude: 0° 45’, Longitude: 269°
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42’). It can be seen that long observation passes from a satellite orbiting at a higher altitude
are advantageous in this context. However, a comparison of the E-GRASP-mod and E-
GRASP-like scenarios shows that the highly eccentric orbit of the latter does not achieve
this advantage. It can therefore be concluded that the orbit should have a constant higher
altitude.

It is important to note that peak improvements also depend on the reference solution.
The inclusion of further satellites to the reference could improve the regional observation
coverage, thus improving the values and stability of the formal errors observed for stations in
the aforementioned regions in the geometrical Y-direction. In this case, the peak improvement
would be different and perhaps less distinct. However, the majority of the DORIS satellites
fly on comparable orbits to those utilised for the reference. Based on the aforementioned
results, it can be assumed that the space-tie satellite scenarios, which demonstrate a peak
improvement, enhance the stability of the station position estimates for these regions and
make them less dependent on the reference solution. Consequently, the precision of the
positioning can be assured even if individual satellites in conventional DORIS orbits fall out
of the reference.

Formal errors of ERPs The improvements are more modest for the pole coordinates,
with the majority of scenarios exhibiting a reduction of less than 15%. The sole scenario that
exhibits a reduction of approximately 25% is the GRASP-like scenario, which also demon-
strates a geometric added value. In terms of LOD, all scenarios demonstrate substantial
improvements, with a range of 30-45%. This aligns closely with the expected improvement,
and only in the case of the GRASP-like scenario, a slight geometric added value in the low
single-digit percentage range is notable. When comparing the three circular scenarios, it
appears that a lower inclination, in this case 30 degrees, may offer a slightly less benefit.

A comparison of the two eccentric scenarios with the circular 60° scenario, which has a
similar inclination, demonstrates that an eccentric orbit is marginally better to improve the
ERPs, but there is almost no difference between the E-GRASP-mod and E-GRASP-like
scenario. The lower orbiting GRASP-like scenario achieves the most substantial improve-
ments for ERPs overall. Additionally, peak improvements can be observed in LOD. This
holds for all scenarios and can be attributed to the additional observations that help to avoid
outliers caused by e.g. the transition in the number of satellites in the combined reference.

A posteriori ERP analysis Furthermore, the impact of incorporating the space-tie
scenario into the reference solution on the a posteriori ERP values is evaluated.

For this purpose, the mean, standard deviation and linear regression values of the ERP
differences to the a priori are analysed. The significance of each standard deviation of
differences is determined by means of a Brown-Forsythe test (Brown & Forsythe, 1974). In
order to ascertain the significance of the linear regression parameters, a two-sided t-test
(Student, 1908) is employed. In the tables of the statistics of the ERPs, as f.i. Tab. F.3 in
App. F.1, the 5% significance level is expressed as a p-value. A significant change exists
when the p-value is less than 0.05. Similarly, for the linear regression, a significant offset or
trend can be detected when the p-value is less than 0.05.

The statistics pertaining to the ERPs are presented in Tab. F.3. It is possible to reduce
the standard deviation of the ERPs to a significant extent in all scenarios. With regard to
the pole coordinates, the 30 degree inclined circular scenario exhibits the most modest
reduction, in the range of 8 to 11%. In contrast, the GRASP-like scenario demonstrates the
most substantial reduction, in the range of 23 to 28%. The remaining scenarios demonstrate
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(a) Absolute values of the median of formal errors. The green bars indicate the expected improvement.

(b) Scaled improvement

(c) Observation scaled improvement

Figure 6.11: Fig. a) shows the absolute values of the median of the formal errors in X, Y,
and Z for the reference scenario and each of the space-tie satellite scenarios. Fig. b) shows
the scaled improvement, Fig. c) shows the observation scaled improvement.
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(a) Absolute values of the median of formal errors. The green bars indicate the expected improvement.

(b) Scaled improvement

(c) Observation scaled improvement

Figure 6.12: Fig. a) shows the absolute values of the median of the formal errors in latitude,
longitude, and height for the reference scenario and each of the space-tie satellite scenarios.
Fig. b) shows the scaled improvement, Fig. c) shows the observation scaled improvement.
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(a) Difference in improvement in Cartesian coordinates

(b) Difference in improvement in geographic coordinates

Figure 6.13: Fig. a) and b) show the difference in scaled improvements based on the mean
and median of the formal errors. Large negative values indicate a peak improvement for
outlier values.

comparable reductions, ranging from 11 to 20%. In contrast, the greatest reduction for LOD
is observed for the three higher orbiting circular scenarios, with values ranging from 65 to
69%. Comparable values can be achieved by the E-GRASP-mod and the E-GRASP-like
scenarios, while the GRASP-like scenario shows the least reduction, with a value of 45%.

The linear regression reveals notable offsets in the ERPs for a number of scenarios.
Nevertheless, these are in the order of 1/10 mm in the pole coordinates. In the Y-pole, the
reference solution already exhibits a slight offset of 0.2 mm, which is reduced by the inclusion
of any of the scenarios. In LOD, there are also some significant offsets, however, compared
to the GGOS goals, these are well below the millimetre level aimed for. Furthermore, the
trend analysis shows that there is no significant detectable trend in the ERPs for any of the
scenarios.

ERP spectral analysis The objective of the spectral analysis of the scenarios is to
ascertain whether the incorporation of a scenario results in a reduction of specific periods
identified within the ERPs, or possibly also induces new periods. The inclusion of the space-
tie satellites does not lead to signals being amplified above 0.1 mm in any of the scenarios.
A reduction in signals can be observed in all scenarios, but the variations compared to the
reference scenario are in the micrometre range. For the sake of completeness, the ERP
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differences to a priori, and the respective Lomb-Scargale periodograms are presented for all
scenarios in Fig. G.2 to G.7.

Conclusion - systematic error-free The simulations of the systematic error-free case
of the scenarios for DORIS demonstrate a globally homogeneous observation coverage,
even in low-orbiting scenarios. Scenarios with higher altitudes achieve a significantly higher
number of observations, due to the fact that more ground stations are continuously visible,
which leads to a continuously higher utilisation of the DORIS receiver.

The highest orbit accuracy can be achieved in a low-orbiting scenario, such as the
GRASP-like scenario. As the altitude of the scenario increases, the orbit accuracy deteri-
orates. It appear that the eccentricity plays a less important role than the apogee height.
Systematic geographical differences in the determined orbits can be determined primarily
for the eccentric orbits, where these reach a maximum amplitude of 1 mm.

The capacity to improve formal errors in station positions and velocities is particularly
evident in the GRASP-like scenario, which is the sole scenario exhibiting a persistent
geometric added value. The remaining scenarios are not much inferior, but particularly in
regard to station velocities, they are unable to achieve the anticipated degree of expected
improvement due to the additional observations. Continuously higher orbiting scenarios,
such as the E-GRASP-mod and the circular scenarios, can enhance global observation
coverage, thereby leading to a notable improvement in the stability of position and velocity,
particularly in regions where conventional DORIS satellites offer less observations.

The potential to reduce formal errors in the pole coordinates is found to be smaller,
where only the low-orbiting GRASP-like scenario demonstrates a geometric added value.
Same holds for the reduction of noise in the a posteriori pole coordinate, which can be most
effectively reduced with the GRASP-like scenario. All other scenarios are less effective in this
regard. The periodic signals in the ERPs can be reduced, especially with the GRASP-like,
E-GRASP-like, and the circular scenario with an inclination of 89 degrees. However, the
E-GRASP-like scenario is less effective in reducing higher frequency signals.

The formal errors of LOD can be improved by a similar amount with each scenario,
although only to the level of expectation due to additional observations. All scenarios except
the GRASP-like achieve the lowest noise of the a posteriori values for LOD, the GRASP-like
is slightly less effective. Each of the investigated scenarios can reduce periodic signals,
however, variations are below 0.1 mm.

With regard to the improvement in the accuracy of the TRF and ERPs, the rating is
given in Tab. 6.7. The GRASP-like scenario is the most suitable. The E-GRASP-mod,
E-GRASP-like, and the circular scenarios with 60 and 89 degrees inclination demonstrate
slight differences in the advantages they offer, but on average, they exhibit a similar level
of benefit. Continuously higher orbiting scenarios, specifically the E-GRASP-mod and all
circular scenarios, were identified as particularly effective in enhancing the independence of
the reference solution for station coordinate estimates. Conversely, the circular scenario with
30 degree inclination appears to offer the least benefit.
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Table 6.7: Maximum potential of the satellite scenarios for DORIS to improve the TRF and
ERPs in the case free of systematic errors. The lower the stated value, the better the rating.
The summary represents the unweighted mean value. The abbreviations are G-like for
GRASP-like, E-G-mod for E-GRASP-mod, E-G-like for E-GRASP-like, f.e. for formal error.

G-like E-G-mod E-G-like Circ. 30° Circ. 60° Circ. 89°

Obs. cov. ② ① ① ② ① ①

Orbit ① ② ② ② ② ②

Helmert ① ① ① ① ① ①

Station pos. f.e. ① ② ② ③ ② ②

Station veloc. f.e. ① ② ② ③ ③ ③

Stat. stab. f.e. ③ ① ③ ② ① ①

Pole coord. f.e. ① ② ② ③ ③ ③

Pole coord. est. ① ② ② ③ ② ②

LOD f.e. ① ② ② ③ ② ②

LOD est. ② ① ① ① ① ①

ERP stab. f.e. ① ① ① ① ① ①

Summary 1.4 1.5 1.7 2.2 1.7 1.7

6.1.2.2 Influence of center-of-mass displacements

A crucial aspect of a space-tie satellite is the necessity for precision in determining the
eccentricities of the reference points of the measurement techniques, both prior to the launch
of the satellite and in orbit. This section will investigate how errors in the reference point
affect the orbit and, subsequently the reference frame determination. In reality, the CoM of
the satellite and the eccentricity of the reference points of the measurement techniques are
determined prior to the launch. The eccentricities of the measurement techniques depend
on their position on the satellite. In turn, the position of the CoM of the satellite depends on
its geometry and the distribution of masses within it.

In the context of the simulations, in the absence of any systematic errors, both the
CoM and all reference points of the measurement techniques are, for the sake of simplicity,
situated at the origin. In order to introduce a systematic displacement of the measurement
techniques, the CoM correction is shifted in the recovery. Post-launch DORIS reference
point estimates for altimetry satellites calibrated by dynamic POD (Cerri et al., 2021), or
CoM deviations (Montenbruck et al., 2017), are in the millimeter to centimeter range in
comparison to the manufacturer’s values. Two scenarios are thus established, the first of
which entails a shift of the reference point by 3 mm in all three axes, and the second by
6 mm. This results in a 5 mm and 10 mm displacement in three dimensions, respectively.
Given the selected attitude control of the simulated satellite, these axes directly correspond
to the radial, cross-track, and along-track components. The dynamic modelling remains
unchanged thorughout this process.

Orbital fit The orbital fits (minimum, maximum, RMS, mean, standard deviation) demon-
strate no deviation from the values of the systematic error-free case for any of the satellite
scenarios for both 5 mm and 10 mm systematic displacement. Therefore, the solved for
paramters absorb the introduced mismodelling and it is not reflected in the orbital fit. The
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geographical distribution of the residuals demonstrates a discernible systematic influence,
particularly in the case of the GRASP-like scenario. The extremes of the differences in mean
values are concentrated in intermediate regions between ground stations (see Fig. 6.14).
This effect is less pronounced in the E-GRASP-mod and E-GRASP-like scenarios, and in
the circular scenarios the influence is almost undetectable.

Figure 6.14: Global distribution of the difference in the mean of the observation residuals for
the 3D 10 mm CoM mismodelling scenario compared to systematic error-free.

Orbital recovery The results of the orbit comparisons, as illustrated in Fig. 6.15, indicate
that a systematic shift of the CoM affects the orbit to a different extent depending on the
specific orbit configurations. In the radial direction, almost no increase in the RMS or mean
deviation across all scenarios. Only the eccentric orbit scenarios exhibit a slight increase
in the RMS, with the E-GRASP-like scenario being slightly more affected. Moreover, in
the cross-track direction, all scenarios except the two eccentric ones (E-GRASP-mod and
E-GRASP-like) demonstrate no impact on the RMS and mean. The effect on the RMS is
discernible for the E-GRASP-like and E-GRASP-mod scenarios, exhibiting a deterioration of
20% and 10%, respectively, in comparison to the systematic error-free case. Furthermore,
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both scenarios exhibit a systematic deviation, which, represents approximately 50% of the
introduced displacement in the E-GRASP-like scenario and 20% in the E-GRASP-mod
scenario. In the along-track direction, each scenario reflects 100% of the introduced shift and
the RMS values increase the most for the lower orbiting GRASP-like and the two eccentric
E-GRASP-like and E-GRASP-mod scenarios.

A geographically systematic influence on the orbit is evident, particularly for the E-
GRASP-like scenario and to a lesser extent for the E-GRASP-mod scenario (see Fig. 6.16).
In the case of 10 mm CoM displacement, a systematic North-South distribution is observed
in the radial component, with an amplitude of 1.7 mm for the E-GRASP-like scenario and
1 mm for the E-GRASP-mod scenario. In the cross-track direction, a systematic increase
in orbit differences around the equator is observed, with an amplitude of up to 7 mm for
the E-GRASP-like scenario and 2.7 mm for the E-GRASP-mod scenario. In the along-track
direction, the geographical patterns are less pronounced and show an amplitude of up
to 1 mm around the systematic bias and are correlated with the radial component. The
other scenarios, namely GRASP-like and all circular scenarios, are much less affected and
demonstrate geographical patterns only in the sub-millimetre range.

The results demonstrate that the DORIS observation technique is particularly effective in
the radial direction, which is also an essential characteristic for one of its primary applications,
i.e. orbit determination for altimetry satellites. No systematic effects are observed in the
radial and cross-track directions, independent of inclination or altitude, for circular orbits.
The performance of eccentric scenarios is inferior, with the influence increasing with greater
numerical eccentricity. In the along-track direction, all scenarios reflect the full displacement
introduced.

DORIS reference point estimation A common approach is to estimate the CoM coordin-
ates and the reference point of the observation technique in orbit within the dynamic POD.
In this case, considerable discrepancies are frequently observed. As demonstrated by the
findings presented in Montenbruck et al. (2017), an error of 10 mm in the CoM coordinates
for the Sentinel-3A satellite was identified. This approach was also adopted for the scenarios
presented here, with the CoM coordinates estimated for each arc. Subsequently, the weekly
normal equations were accumulated over the entire time span to obtain one set of CoM
coordinates. The results of this process are presented in Tab. 6.8. The expected values of
the differences of the estimated parameters to the simulation are zero, so that the estimated
CoM coordinates would be identical to those in the simulation.

It can be observed that in all scenarios it is possible to determine the CoM coordinates
with an accuracy below 1 mm in the radial and normal directions, whereby the higher
orbiting circular scenarios show the highest inaccuracy. Only the circular scenarios with an
inclination of 30 and 60 degrees exhibit slightly larger deviations, with a maximum of 1.5 mm,
in comparison to the scenario with an inclination of 89 degrees. The greatest inaccuracy is
observed in the transversal direction, where discrepancies size up to multiple centimetres,
and a respective standard deviation of up to 156 cm. The best values in transversal direction
are achieved by the E-GRASP-mod and E-GRASP-like scenario, exhibiting differences in
the millimetre and sub-millimetre range. The GRASP-like performs worse with deviations in
the centimetre range, while the higher orbiting circular scenarios deviate significantly, with
deviations in the decimetre to metre range.

The increase of the displacement from 3 mm per axis to 6 mm shows no major influence
on the estimated values across the various scenarios. In light of the introduced systematic
shift and the considerably larger deviation of the estimated values, it can be concluded that
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Figure 6.15: Mean RMS and mean values of the orbit comparison of the simulated and
recovered orbit with 5 mm and 10 mm systematic displacement, respectively. The thinner
bars show the results of the test scenarios with the systematic displacement, the thicker bars
in the background show the values achieved in the systematic error-free case.

it is not possible to derive a meaningful estimate of the reference point in the transversal
direction in the GRASP-like and all circular scenarios. In the E-GRASP-like and E-GRASP-
mod scenarios, it is possible to a certain level, however, a bias at the millimetre level remains
in the E-GRASP-mod scenario. In reality, correlated effects such as a possible DORIS time
bias would prevent the separation of a time tagging bias and a reference point bias in the
transversal direction.

Reference frame

Helmert parameters A systematic effect on the TRF can be seen, particularly in the
case of the low-orbiting GRASP-like scenario. In this scenario, larger translations occur
in the Z direction for both station positions and velocities (see Fig. 6.17 and Tab. F.4 and
F.5 in App. F.1). These are 0.3 mm in the Z direction, which is approximately 1/10th of
the one-dimensional displacement introduced (3 mm). Additionally, a rotation around X is
observed, less strong also around Z, for the station positions and velocities. An influence on
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Figure 6.16: Mean orbit differences of the systematic error-free scenario and the recovered
orbit for the 3D 10 mm CoM mismodelling scenario. From left to right in radial, cross-track,
and along-track direction. From the top to the bottom, GRASP-like, E-GRASP-mod, E-
GRASP-like, Circular 30°, Circular 60°, Circular 89°.

126



6 Technique-wise simulation analysis

Table 6.8: Difference of estimated CoM coordinates to the simulation. All values in millimetre
with the corresponding standard deviation of the estimate. Introduced CoM coordinates
displacement of 3 and 6 mm all three components.

3 mm per component introduced 6 mm per component introduced

Radial Transversal Normal Radial Transversal Normal

GRASP-like -0.21 ± 0.10 -13.33 ± 8.75 -0.03 ± 0.09 -0.21 ± 0.10 -13.30 ± 8.75 -0.03 ± 0.09
E-GRASP-mod 0.01 ± 0.25 3.47 ± 3.21 0.13 ± 0.31 0.01 ± 0.25 3.47 ± 3.21 0.13 ± 0.31
E-GRASP-like 0.00 ± 0.16 0.81 ± 1.60 0.06 ± 0.25 0.00 ± 0.16 0.81 ± 1.60 0.06 ± 0.25
Circular 30 -0.64 ± 0.92 -1407.02 ± 1565.00 -1.54 ± 0.96 -0.64 ± 0.92 -1425.25 ± 1575.00 -1.54 ± 0.96
Circular 60 -0.59 ± 0.81 -290.33 ± 602.50 -1.01 ± 0.77 -0.59 ± 0.81 -290.56 ± 602.50 -1.01 ± 0.77
Circular 89 -0.29 ± 0.73 648.64 ± 484.50 -0.22 ± 0.69 -0.29 ± 0.73 648.20 ± 484.20 -0.22 ± 0.69

the scale can also be noted, which again is reflected with the factor of 1/10 of the introduced
displacement.

In the case of the two E-GRASP-like and E-GRASP-mod scenarios, there is significantly
less effect on the translations. Furthermore, the impact on the rotations is evidently less
pronounced than in the GRASP-like scenario, exhibiting only discernible rotations around
the X-axis. However, these rotations represent approximately a 1/30 ratio of the introduced
one-dimensional displacement. This effect is slightly stronger for the more eccentric E-
GRASP-like scenario. The two eccentric scenarios also show an influence on the scale and
its velocity, albeit to a considerably lesser extent than in the GRASP-like scenario.

All circular scenarios demonstrate a negligible impact on the Helmert parameters per-
taining to station positions and velocities, where the translations are all close to zero and
rotations can only be noted around X and Z, but are very small with values below 1/10 mm.
Same holds for the scale, where the maximum discrepancies appear to be below 1/10 mm
and 1/100 mm/a, respectively.

The Helmert parameters for the case of co-estimating the CoM coordinates show no
significant difference from the a priori station network across all scenarios. All previously
observed effects on the station network can be rectified. It is also noteworthy that the very
poorly determinable transversal CoM coordinates of the circular scenarios are not reflected
in the station coordinates.

Formal errors The impact of the fixed CoM displacement on the formal errors of the
station coordinates, velocities and ERPs is vanishing small for all scenarios, with a change
of less than 2/100% (see Tab. F.6 and F.7 in App. F.1). The co-estimation of the CoM
coordinates of the space-tie satellite result in a slight increase in the formal errors associated
with the station velocities (see Tab. F.8 and F.9 in App. F.1). This effect is most pronounced in
the GRASP-like scenario. The two eccentric scenarios, E-GRASP-mod and E-GRASP-like,
exhibit a slightly stronger increase than the circular scenarios, but most are on a similar level
with LIP below 1%. The maximum LIP of approximately 3% can be observed for the station
velocities in the Z-direction for the GRASP-like scenario.

ERP analysis The statistical parameters for the analysis of the impact on the ERPs are
listed in tab. F.10. It can be observed that the standard deviation of the estimated ERPs is
not affected in all scenarios. A major significant effect on the ERPs can only solely be seen
for the GRASP-like, E-GRASP-mod, and E-GRASP-like scenarios. In these scenarios, the
primary effect is observed in the Y-pole, with a 10 mm 3D CoM displacement resulting in an
offset of up to approximately 1.4 mm and a trend of 0.127 mm/a. The other scenarios are
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6.1 DORIS

Figure 6.17: Helmert parameters for all stations for 5 mm (top figure) and 10 mm (bottom
figure) CoM displacement compared to the a posteriori coordinates of the respective sys-
tematic error-free reference solution. The respective upper figures show the values of the
station positions, the lower ones those of the velocities.
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effected less. By co-estimating the CoM coordinates, it is possible to eliminate or reduce the
aforementioned effects in the Y-pole to an insignificant level or below 0.1 mm.

The spectral analysis of the ERPs shows no changes for a displacement of 5 mm. From
a displacement of 10 mm, slight variations begin to appear, but these are in the micrometre
range and are limited to the pole coordinates. In all cases of CoM coordinate estimation, no
changes can be detected compared to the systematically error-free case. It is noteworthy
that the poorly estimated CoM corrections, for example for the circular scenario with 30
degree inclination of about 140 cm in the transversal direction, are not reflected in the ERPs.
This is most likely absorbed by the initial state elements.

Conclusion - systematic center-of-mass displacement The coordinates of the CoM
have been shifted by 3 and 6 mm in all three axes, which corresponds to approximately 5
and 10 mm, respectively, in 3D.

It has been shown that the accuracy of the orbit is most impacted in the along-track
component, where the full displacement is reflected.With increasing eccentricity of the orbit,
the cross-track component also partly reflects the introduced displacement, which is at the
level of 20% of the introduced displacement for the E-GRASP-like scenario and 50% for the
E-GRASP-mod scenario. Systematic geographic influences on the orbit are only evident in
the E-GRASP-mod and E-GRASP-like scenarios.

The effect on the formal errors of station coordinates and ERPs was shown to be
negligible.

Systematic errors in the TRF are observed exclusevily in the GRASP-like, E-GRASP-
mod, and E-GRASP-like scenarios and appear as translations in the Z direction, rotations
around X, and scale errors. These are strongest for the GRASP-like scenario and reflect
approximately one tenth of the introduced CoM shift. Circular higher orbiting satellites show
almost no effect on the TRF and in the ERPs due to displacement.

The estimation of the reference point with DORIS is possible in each of the examined
scenarios in both the radial and normal directions. However, in the along-track direction, it is
clearly worse and for the GRASP-like and all higher orbiting circular orbits not possible at all.
The co-estimation of the reference point coordinates indicates a slight deterioration in the
formal errors of the station coordinates and ERPs, which, however, is at most 3% LIP. It is
noteworthy that the considerable and erroneous estimated along-track CoM coordinates of
the higher orbiting circular scenarios exhibit minimal impact on the TRF and ERPs.

This indicates that higher orbits exhibit a greater margin of error for less precisely
calibrated reference points in the DORIS measurement technique. Therefore these scenarios
are suitable to reduce the risk of achieving the mission’s objective, due to CoM and DORIS
reference point calibration inaccuracies.

The rating of the DORIS CoM mismodelling is listed in Tab. 6.9.
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Table 6.9: Vulnerability of the satellite scenarios for DORIS for systematic CoM mismodelling.

G-like E-G-mod E-G-like Circ. 30° Circ. 60° Circ. 89°

Orbit ② ③ ③ ① ① ①

CoM est. ② ① ① ② ② ②

Helmert CoM fixed ③ ② ② ① ① ①

Helmert CoM est. ① ① ① ① ① ①

Station pos. form. err. ① ① ① ① ① ①

Station veloc. form. err. ① ① ① ① ① ①

Pole coord. form. err. ① ① ① ① ① ①

LOD form. err. ① ① ① ① ① ①

ERPs est. CoM fixed ② ② ② ① ① ①

ERPs est. CoM est. ① ① ① ① ① ①

Summary 1.5 1.4 1.4 1.1 1.1 1.1

6.1.2.3 Influence of atmospheric drag mismodelling

Atmospheric drag mismodelling will be used to demonstrate the degree to which a satellite is
susceptible to drag effects that have not been modelled, across the different orbital scenarios.
The discrepancy between the model used for the simulation, which represents the truth, and
the one used in recovery is intended to reflect the inaccuracy of atmospheric drag modelling
on a satellite. The model representing the truth for the simulation is the NRL-MSIS-E-00
atmosphere model (Picone et al., 2002), which is replaced for the recovery by the Drag
Temperature Model (DTM) ’78 by Barlier (Barlier et al., 1978). The macro-model of the
satellite remains unchanged, further information regarding the macro-model can be found in
Sec. 4.4.2. The mismodelling of drag results in a temporal variation in the perturbation forces
acting on the satellite. This variation is illustrated for the different scenarios over a seven-day
period in Fig. 6.18. Shown are the differences between the sums of all accelerations (i.e.
atmospheric drag, Albedo and infrared radiation of the Earth, SRP, empirical accelerations,
Earth and Ocean tides and gravitational forces and attraction of the Earth, the Sun and
planets) for the truth and the mismodelling case.

No significant change in accelerations is seen for the circular orbit scenarios. This is due
to the altitude of the scenarios, which makes the influence of the high atmosphere vanishingly
small. In contrast, the situation is distinct for the GRASP-like, E-GRASP-mod, and E-GRASP-
like scenarios. The GRASP-like scenario is continuously exposed to mismodelling due to
its consistent altitude of below 1’000km. This is demonstrated by the growing discrepancy
in acceleration in the radial direction. As a consequence of the continuous different drag
acceleration, the integrated orbit undergoes a significant change over time. This is also
evidenced by the increasing discrepancy in the accelerations in the transversal direction
over time. The E-GRASP-mod and E-GRASP-like scenarios show a different behaviour.
As a consequence of the eccentricity of the orbit, the perturbation increases markedly with
each entry into the atmosphere and then decreases rapidly as the satellite approaches its
apogee. In the E-GRASP-mod scenario, this effect is notably less pronounced due to the
higher perigee compared to the E-GRASP-like scenario. For the E-GRASP-like scenario,
this perturbation factor increases so much over one week that it is eventually exceeding

130



6 Technique-wise simulation analysis

that of the GRASP-like scenario. To address the mismodelling introduced, the parameters
outlined in Tab. 6.10 are set up in the POD.

Figure 6.18: Difference in the sum of all accelerations acting on the satellite over 7 days with
mismodelled atmospheric drag.

It is important to note that the results of addressing an introduced mismodelling with
a dynamic parameterisation depend on the specific set of parameters being estimated.
The objective here is not to find the best possible parameterisation, but rather to find a
parameterisation that is sufficient to demonstrate the impact of introduced errors on the TRF
and ERPs. It is possible that alternative parameterisations may yield better results, however,
it is reasonable to expect that the fundamental aspect where these errors show up will be
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similar. Parameters are selected with the intention of absorbing unmodelled disturbance
forces while preserving the signal of interest.

Table 6.10: Used dynamic parameterisation and estimated parameters for the atmospheric
drag mismodelling case.

Parameterisation for atmospheric drag mismodelling case

All scenarios
Arc length 7 days
Initial state parameters estimated
Atmospheric drag parameters one global scaling factor per arc

and scaling factors every 12h
set up as piecewise linear polygon

Orbital fit The introduced atmospheric drag mismodelling does not result in any differences
in the orbital fits (minimum, maximum, RMS, mean, standard deviation) compared to the
systematically error-free case for any of the satellite scenarios. The global distribution of the
residuals (see Fig. 6.19) reveales a discernible geographic pattern only for the GRASP-like
scenario, in which a West-East pattern can be noted. This is markedly less pronounced in
the E-GRASP-like scenario and is not noticeable for the other scenarios at all.

Orbit recovery Fig. 6.20 illustrates the orbit comparisons of the true and the recovered
orbits for the case of atmospheric drag mismodelling. Initially, none of the scenarios shows a
systematic mean offset in comparison to the values obtained in the systematically error-free
case.
In the comparison of the RMS values of the orbit differences, especially the GRASP-like
scenario demonstrates a pronounced influence. Increased differences can be noted in
both the radial and along-track directions. The E-GRASP-like scenario is the next one to
be significantly impacted, where the differences are mainly reflected in increased RMS
values in the along-track direction. It appears, that the frequently stronger influence of the
acceleration difference for the E-GRASP-like scenario can be better absorbed, in comparison
to the GRASP-like scenario. The remaining scenarios are significantly less affected. In the
cross-track direction none of them shows increased orbital differences.
The GRASP-like and E-GRASP-like scenarios are also the two that primarily show a sys-
tematic difference in the radial and along-track directions in the geographic distribution
of the orbit differences (see Fig. 6.21). In both cases, a West-East pattern is observed
for both directions, although it is noteworthy that this is the other way around for the two
scenarios, which can be attributed to the prograde and retrograde inclination. Additionally,
the E-GRASP-like scenario exhibits a North-South pattern in the along-track direction.

Reference frame

Helmert parameters The impact on the TRF is shown by the Helmert parameters
presented in Tab. F.11. The most significant effect can be seen for the GRASP-like scenario.
In this case, the predominant effect is a significant translation of -1.67 mm and -0.17 mm/year
in the Z-direction of the station positions and velocities, respectively. Smaller translations and
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Figure 6.19: Global distribution of the difference in the mean of the observation residuals for
the atmospheric drag mismodelling case compared to systematic error-free.

rotations are observed in the X- and Y-directions, but are below 0.15 mm, respectively 0.01
mm/year. One potential explanation for this is the poorly determined along-track component,
which is close to the Z-axis for near polar orbits. For the GRASP-like scenario, minor effects
can also be observed on the scale, which is also consistent with the higher orbital differences
in the radial direction due to the introduced mismodelling. The other scenarios do not show
any significant effect.

Formal errors Comparing the LIP in the formal errors reveals that the main effect is
observed in low-orbiting scenarios, particularly in the pole coordinates. The LIP for station
positions and velocities is in the very low single-digit percentage range, at approximately 2%
or less for all scenarios (compare Tab. F.12 in App. F.1). In both pole coordinates, a loss of
about 40% is observed for the GRASP-like scenario, 25% for the E-GRASP-like scenario
and less than 5% for the E-GRASP-mod scenario. With regard to LOD, the LIP is smaller
and only worth mentioning for the GRASP-like scenario, where it amounts to approximately
8%, and the E-GRASP-like scenario with about 2%. In the case of the higher orbiting circular
scenarios, no significant effect on the formal errors can be observed.
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Figure 6.20: Mean RMS and mean values of the orbit comparison of the simulated and
recovered orbit for the atmospheric drag mismodelled case. The thinner bars show the
results of the drag mismodelling case, the slightly more transparent thicker bars in the
background show the values achieved in the systematic error-free case.

ERP analysis The analysis of the a posteriori ERPs corroborates these findings (see Tab.
F.13 in App. F.1). A notable rise in the standard deviation of the pole coordinates and LOD is
evident in the GRASP-like and E-GRASP-like scenarios. In the GRASP-like scenario, this
increase amounts to 36-38% in the pole coordinates and 29% in LOD. In the E-GRASP-like
scenario, it is 23% and 5%, respectively.

A notable offset in the ERPs can only be observed in the Y-pole for the GRASP-like
scenario, exhibiting an increase of approximately -0.3 mm. All the other offsets are either
insignificant or not significantly different from the systematic error-free case, with values
below 0.1 mm. Furthermore, no significant trends in the ERPs can be observed for any of
the scenarios.

These findings are confirmed by the spectral analysis of the ERPs in comparison to the
corresponding error-free scenario. The influence is limited to the GRASP-like and E-GRASP-
like scenarios and to the pole coordinates. In the GRASP-like scenario, an annual period
of 0.3 mm can be seen in both pole coordinates. Further signals also emerge with periods
of 186, 155, and 106 days, with amplitudes ranging from 0.1 to 0.2 mm (see Fig. G.8). In
the E-GRASP-like scenario, the most amplified signal is also an annual period, reaching 0.3
mm. Further amplified signals in the pole coordinates show periods of 122 and 92 days, with
the largest amplitude at 0.2 mm (see Fig. G.9). The spectral analysis of the ERPs of the
E-GRASP-mod and the circular scenarios shows no influence.

Conclusion - atmospheric drag mismodelling The lower the altitude of the satellite, the
greater the interaction between the satellite and the atmosphere, which in turn affects the
accuracy of the orbit, as well as the TRF and ERPs.

The orbital differences increase primarily in the radial and along-track components,
particularly in the context of the GRASP-like scenario with a three-dimensional increase by
a factor of three, slightly less for the E-GRASP-like scenario with a factor of 1.6.

Similarly holds for the TRF, where a systematic influence on the station network could
only be detected for the GRASP-like scenario. This influence is predominantly reflected
in a Z-translation by about 1.7 mm. The increase in formal errors pertaining to the station
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Figure 6.21: Mean orbit differences of the true simulated and recovered orbit over the full
simulation time span of 7 years for the atmospheric drag mismodelling case. From left to right
in radial, cross-track, and along-track direction. From the top to the bootom, GRASP-like,
E-GRASP-mod, E-GRASP-like, Circular 30°, Circular 60°, Circular 89°
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coordinates and velocities is deemed to be insignificant when considered across all scenarios
examined.

With regard to the ERPs, excluseviley the GRASP-like and E-GRASP-like scenarios,
a significant influence is evident. The LIP of the formal errors for the pole coordinates is
approximately 40% for the GRASP-like scenario and 25% for the E-GRASP-like scenario.
LOD with an LIP of 8% is only noteworthy in the GRASP-like scenario.

The estimated ERPs demonstrate an increase in noise of up to 38% in the GRASP-like
scenario and up to 23% in the E-GRASP-like scenario. Furthermore, a systematic offset in
the Y-pol can be observed in the GRASP-like scenario. These findings are reflected in the
spectral analysis of the ERPs, where these two scenarios exhibit increased amplitudes.

In conclusion, the E-GRASP-mod and the higher orbiting circular scenarios show the
least effect due to atmospheric drag mismodelling. The E-GRASP-mod scenario represents a
compromise, as the higher perigee can mitigate the deteriorating influence of the atmosphere
(compare Tab. 6.11).

Table 6.11: Vulnerability of the satellite scenarios for DORIS for systematic atmospheric drag
mismodelling.

G-like E-G-mod E-G-like Circ. 30° Circ. 60° Circ. 89°

Orbit ③ ① ② ① ① ①

Helmert ③ ① ① ① ① ①

Station pos. form. err. ① ① ① ① ① ①

Station veloc. form. err. ① ① ① ① ① ①

Pole coord. form. err. ③ ① ② ① ① ①

LOD form. err. ② ① ① ① ① ①

ERPs ③ ① ② ① ① ①

Summary 2.3 1.0 1.4 1.0 1.0 1.0

6.1.2.4 Influence of solar radiation pressure mismodelling

To demonstrate the effect of SRP mismodelling, the macro-model of the satellite used for
the simulations was modified for the recovery (see Sec. 4.4.2). In order not to induce any
influence in the modelling of the atmospheric drag, the reflection properties of the solar panels
of the satellite were modified for this purpose and not the sizes of individual surfaces. The
calculation of the SRP disturbance force with the usage of a macro-model, as implemented
in EPOS-OC, is based on surface reflectivity properties of certain areas in the visible and
IR spectrum and their orientation (see also Sec. 2.4.3.4). This information can be derived
from manufacturer’s information or from technical notes of specific materials, describing the
reflectivity characteristics of materials used at the outer layer of the satellite. The resulting
disturbance force is calculated on the basis of the geometric reflection coefficient (ρ), the
diffuse reflection coefficient (δ) and the absorption of incident radiation (α), in the visible
and IR spectrum. In the case of the satellite here, the solar panels of the macro-model are
positioned at the top of the satellite and the two slanted side panels (compare Fig. 4.5). In
the direction of flight, this corresponds to the radial and normal directions. These surface
properties were modified by increasing the geometric reflectivity and reducing the absorption
properties, as detailed in Tab. 6.12. Here, all affected surfaces of the model were taken
together as one large surface, since their surface properties are identical.
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Table 6.12: Modified macro-model surface properties for the SRP mismodelling case.

visible and IR

Total area [m2] ρ δ α

Simulation 7.6106 0.05 0.30 0.65
Recovery 7.6106 0.07 0.30 0.63

Fig. 6.22 illustrates the differences in the total disturbance acceleration resulting from
the SRP mismodelling, exemplified over the course of one week. It should be noted that this
effect depends on the β angle, and thus exhibits varying levels over time. The illustration
demonstrates the same time epoch, but with different β angles. An epoch with identical
β angles was not selected, as the range of the angle and its variation over time are quite
different for the scenarios. The GRASP-like, and all circular scenarios are significantly
less affected, with maximum acceleration differences of less than 0.3 mm/s2. The E-
GRASP-mod scenario demonstrates radial differences of up to 4-5 mm/s2 after seven days,
while the E-GRASP-like scenario exhibits up to 15-20 mm/s2. To attribute the introduced
mismodelling, the parameterisation according to Tab. 6.13 is used for all scenarios.

Table 6.13: Dynamic parameterisation and estimated parameters for the SRP mismodelling
case.

SRP mismodelling parameterisation

All scenarios
Arc length 7 days
Initial state parameters Estimated
SRP parameters Two linear scaling factors per arc, beginning to end
Albedo parameters Two linear scaling factors per arc, beginning to end
Atmospheric drag parameters One global scaling factor per arc,

piecewise linear scaling factor every 3h
Empirical accelerations Piecewise linear continuous in transversal direction every

24h, cosine/sine after 24,48,72,96,120,144 h
in transversal and normal direction

Orbital fit The introduced mismodelling of the SRP does not result in any notable differ-
ences in the orbital fits (minimum, maximum, RMS, mean, standard deviation) compared to
the systematic error-free case for any of the satellite scenarios. Furthermore, the global distri-
bution of the residuals (see Fig. 6.23) demonstrates no evidence of discernible geographical
patterns.

Orbit recovery The orbit comparison reveals a notable increase in RMS values, partic-
ularly in scenarios involving high orbit altitudes (compare Fig. 6.24). A systematic bias is
observable exclusively in the radial direction at the submillimetre level for the circular scen-
arios with 60◦ and 89◦ inclination. The geographical distribution of the orbit differences for all
components (see Fig. 6.25) is largely reflecting the increased RMS of the orbit differences.
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(a) GRASP-like β=18.75° (b) E-GRASP-mod β=35.9°

(c) E-GRASP-like β=36.1° (d) Circular 30° β=5.8°

(e) Circular 60° β=33.9° (f) Circular 89° β=59.6°

Figure 6.22: Difference in the sum of the accelerations acting on the satellite over 7 days
in the case of SRP mismodelling. The parameter β denotes the angle between the orbital
plane and the Sun. Note the different limits of the Y axes.
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Figure 6.23: Global distribution of the difference in the mean of the observation residuals for
the SRP mismodelling case compared to systematic error-free.

Slightly systematic patterns can only be observed in the E-GRASP-mod and E-GRASP-like
scenarios. In the radial direction, a systematic pattern can be seen from the equator to
the poles. In the cross-track direction, the systematic stripes previously mentioned in the
systematic error-free scenario (Sec. 6.1.2.1) are slightly amplified.

Reference frame

Helmert parameters The influence of the introduced SRP mismodelling on translation,
rotation and scale is quite small for all scenarios. The GRASP-like scenario exhibits the
most significant deviations, though these remain below 1/10 mm (see Tab. F.14 in App. F.1).

Formal errors The changes in the formal errors demonstrate that the station coordin-
ates and velocities exhibit a relatively minor LIP (see Fig. G.10 and Tab. F.15 in App. F.1). In
this context, the GRASP-like scenario is marginally more affected. With regard to geographic
coordinates, this is predominantly observed in the height components of positions and
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Figure 6.24: Mean RMS and mean values of the orbit comparison of the simulated and
recovered orbit for the SRP mismodelled case. The thinner bars show the results of the SRP
mismodelling cases, the slightly more transparent thicker bars in the background show the
values achieved in the systematic error-free case.

velocities, as well as in the North-South component of velocities, where the LIP ranges up to
4%. In the Cartesian coordinates, however, there is no discernible evidence to suggest that
any particular component is more affected with LIP of about 2% and below.

In regard to the ERPs, the pole coordinates are particularly susceptible to significant
influence. In the GRASP-like scenario, a reduction of approximately 40% can be observed
for both pole coordinates, followed by the E-GRASP-like scenario, for which the decrease
ranges between 25 and 30%. The E-GRASP-mod scenario performs better, exhibiting a
decrease below 20%. The most favourable outcomes are observed in the circular scenarios,
with the scenario of 30 degree inclination exhibiting slightly higher decreases of 21 % in the
X-pole and 15 % in the Y-pole. In the remaining two circular scenarios, the LIP in both pole
coordinates is approximately 10%. With regard to LOD, it is only the GRASP-like scenario
that is significantly affected, with an LIP of approximately 8%. All other scenarios are either
close to or below 2%.

ERP analysis The estimated ERPs show a significant increase in the standard deviation of
the determined pole coordinates in the GRASP-like and E-GRASP-like scenarios, reaching
6% for GRASP-like at the Y-pole and 5% for the E-GRASP-like scenario at the X-pole (see
Tab. F.16). In comparison with the systematic error-free case, no significant offsets or trends
can be detected for any of the scenarios. The spectral analysis of the ERPs shows that the
impact of the introduced SRP mismodelling is insignificant across all scenarios.

Conclusion - SRP mismodelling The orbit comparison demonstrates a considerable
degradation of the orbit due to the SRP mismodelling for all scenarios. However, the
magnitude of this increase is significantly larger for the higher orbiting circular scenarios than
for the eccentric E-GRASP-like and E-GRASP-mod scenarios, and even less for the GRASP-
like scenario. A major systematic effect on the orbital differences and their geographical
distribution was not observed for all scenarios.
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Figure 6.25: Mean orbit differences of the true simulated and recovered orbit over the full
simulation time span of 7 years for the SRP mismodelling scenario. From left to right in
radial, cross-track, and along-track direction. From the top to the bottom, GRASP-like,
E-GRASP-mod, E-GRASP-like, Circular 30°, Circular 60°, Circular 89°.
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For none of the scenarios significant systematic effects on the TRF could be detected.
The LIP in formal errors turn out to be negligible for station coordinates and velocities, and
is almost exclusively limited to the pole coordinates, and to a lesser extent, also to LOD.
The highest level of degradation is observed in the GRASP-like scenario, with a maximum
of approximately 40%. In comparison, the E-GRASP-mod, E-GRASP-like, and circular
scenario with an inclination of 30 degrees exhibit a degradation of approximately 20 to 30%.
The lowest level of degradation is observed in the higher orbiting circular scenarios with an
inclination of 60 and 90 degrees, with degradation of close to and below 10%.

Systematics in the determined pole coordinates and LOD do not show up, the influences
are limited to increased noise, which, is at the single-digit percentage level.

The results of the SRP mismodelling indicate that no scenario is inherently superior or
inferior. While orbit accuracy is more susceptible to degradation in higher orbiting scenarios,
this is not reflected in the derived TRF and ERPs. In the overall comparison in Tab. 6.14
only the GRASP-like scenario shows a minor increased deficit.

Table 6.14: Vulnerability of the satellite scenarios for DORIS for systematic SRP mismodel-
ling.

G-like E-G-mod E-G-like Circ. 30° Circ. 60° Circ. 89°

Orbit ① ② ② ③ ③ ③

Helmert ① ① ① ① ① ①

Station pos. form. err. ① ① ① ① ① ①

Station veloc. form. err. ① ① ① ① ① ①

Pole coord. form. err. ③ ② ② ② ① ①

LOD form. err. ② ① ① ① ① ①

ERPs est. ② ① ② ① ① ①

Summary 1.6 1.3 1.4 1.4 1.3 1.3

6.1.2.5 Influence of ground beacon frequency bias mismodelling

The transmitted frequency of the DORIS signal, as emitted by the beacons, may deviate
from the nominal frequency (see also Sec. 3.1.1.1). This deviation should be taken into
account during the orbit processing, as it can result in increased post-fit RMS values and
systematic effects in the determined orbit. In the DORIS simulation free from systematic
errors, it is assumed that in an ideal scenario, no frequency biases exist. Such a scenario
would be theoretically feasible if all DORIS beacons were connected to highly accurate
clocks. Although, this would be a highly costly endeavour and is also challenging to achieve,
given that some beacons are situated in extremely remote locations. Nevertheless, it is part
of the IDS strategic plan to extend the number of stations linked to highly accurate clocks
(François & Claude, 2023). In the POD process, the frequency biases of stations are typically
estimated. For the mismodelling case, the estimated frequency biases derived from the real
data evaluation (see Sec. 5.1) are employed, with an average value determined for each
station over time. The frequency bias values range between -150 and +188 Hz. Thereafter,
the respective frequency biases for each station are applied to the simulated observations.
In the recovery run, the modified observation data are used, and one frequency bias per
station per pass is estimated in addition to the other parameters, as outlined in Tab. 6.15.
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Table 6.15: Used dynamic parameterisation and estimated parameters for the frequency
bias mismodelling case.

Parameterisation for frequency bias mismodelling case

All scenarios
Arc length 7 days
Initial state parameters estimated
Atmospheric drag parameters one global scaling parameter per arc
SRP parameters one global scaling parameter per arc
Biases one frequency bias per station per pass

Orbital fit The introduced frequency biases of the beacons and their estimation do not
result in any significant differences in the orbital fits (minimum, maximum, RMS, mean,
standard deviation) in any of the scenarios when compared to the case without systematic
error. The global distribution of the residuals (see Fig. 6.26) demonstrates that, with the
exception of the GRASP-like scenario, there is a minor difference in the residuals across all
scenarios. Additionally, there is no discernible geographical distribution, with the residuals
exhibiting only noise. In the case of the GRASP-like scenario, more pronounced differences
in the residuals are observable in the equatorial region, exhibiting a slight North-South
pattern with a variation over the longitude. Furthermoe, stronger differences are evident at
the observation gaps in the Southwest and Northeast, situated at the edges of the gap.

Orbit recovery The orbit comparison demonstrates that the greatest impact on orbit
accuracy is observed for satellites orbiting at higher altitudes. This is particularly evident in
the cross-track and along-track directions, which demonstrate a more pronounced increase
in the RMS of the orbit comparison. In the circular scenario with an inclination of 30 degrees
in the along-track direction, the effect is slightly stronger. The eccentric E-GRASP-like and
E-GRASP-mod scenarios show a lower increase in the RMS, which is particularly noteable
in the along-track direction. The lower orbiting GRASP-like scenario demonstrates the most
fabourable outcomes. This scenario exhibits a relatively minor increase in the RMS values,
predominantly in the along-track direction. A bias was not found for any of the scenarios
(see Fig. 6.27).

The geographical orbit comparisons presented in Fig. 6.28 illustrate a minor North-South
variation in the radial component, particularly evident in the eccentric orbit scenarios E-
GRASP-mod and E-GRASP-like. No significant variations are discernible for the GRASP-like
and circular scenarios, with geographical variations confined to a range below 1/10 of a
millimetre. In the cross-track direction, the largest influence is observed, with systematic
North-South structures evident in the higher-orbiting circular scenarios and the E-GRASP-
mod scenario. In the case of the circular scenarios, this distribution is most pronounced
and increases with increasing inclination, reaching a maximum of approximately 5 mm. In
comparison, the E-GRASP-like scenario exhibits less pronounced variations, which are
expressed by North-South stripes of approximately one millimetre. The variations observed
in the GRASP-like scenario reflect a similar geographic distribution as the residuals, but
are approximately one order of magnitude smaller and therefore not statistically significant.
In the along-track direction, the structures demonstrate a correlated pattern with the radial
component, whereby the circular scenarios predominantly reflect the increased RMS of
the orbit comparison. The eccentric E-GRASP-like and E-GRASP-mod scenarios exhibit a
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Figure 6.26: Global distribution of the difference in the mean of the observation residuals for
the frequency bias case compared to systematic error-free.

North-South stripe structure with an amplitude of approximately 1 millimetre. In this case, an
additional estimation of once-per-revolution parameters could be helpful. In contrast, the
GRASP-like scenario shows no noticeable geographic distribution. A lower flight altitude
seems advantageous to reduce the influence on the geographic orbit differences, while
estimating ground beacon frequency offsets.

Reference frame

Helmert parameters Mismodelling and estimation of the frequency bias demonstrates
only minor impact on the determined TRF across all scenarios. The Helmert parameters are
below 0.15 mm for translation, rotation and scale. The effect on velocities is not significant
(see Tab. F.17).

Formal errors The formal errors of the station coordinates demonstrate an LIP, par-
ticularly for the low-orbiting GRASP-like scenario (see Fig. 6.29 and Tab. F.18 in App. F.1).
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Figure 6.27: Mean RMS and mean values of the orbit comparison of the simulated and
recovered orbit for the frequency bias mismodelled case. The thinner bars show the results
of the frequency bias mismodelling scenarios, the slightly more transparent thicker bars in
the background show the values achieved in the systematic error-free case.

The degradations observed in this case are approximately 20% in the X and Y directions
and 5% in the Z direction. In geographic coordinates, the observed LIP is primarily in the
West-East component. In contrast, the picture is different for all other scenarios. These show
only very minor deterioration in the Z coordinates, and in some cases even improvements
of up to around 25% in the X and Y coordinates, especially for the circular scenario with
30 and 60 degree inclination. In geographic coordinates, the deterioration is found in the
West-East component. With regard to the velocities, the low-orbiting GRASP-like scenario is
once again the most significantly affected, with an LIP of approximately 8% in the X and Y
directions, and 23% in the Z direction. The remaining scenarios exhibit comparable levels of
LIP in the X component and negligible changes in the Y component. In the Z direction, the
two eccentric E-GRASP-like and E-GRASP-mod scenarios, as well as the circular scenario
with 89 degree inclination, demonstrate an LIP between 5 and 10%. The circular scenario
with 60 degree inclination exhibits lower LIP, while the scenario with 30 degree inclination
demonstrates even an improvement of 9%. The geographic coordinates indicate that the
aforementioned losses are almost exclusively confined to the West-East component, for the
GRASP-like scenario also to the Nort-South and height component.

It was found that the improvements improvements in the formal errors of the station
coordinates were found to have been caused by the noise generator. The generator creates
a sequence of white noise for the entire 7-day observation period, which is then applied to
the observations. The zero-mean condition of the generator (see App. B) tests the entire
time series for the mean value, which should be close to zero. However, when the noise
sequence is split into sections for individual observation passes, some sections are found to
have mean values that differ from zero. When the frequency bias is now estimated per pass,
this deviation from zero is accounted for in the estimated bias. Consequently, a positive
effect is noted, as the formal error is reduced.

In the ERPs, the pole coordinates are clearly more affected. The GRASP-like scenario
demonstrates LIP of approximately 55% for both the X- and Y-pole, closely followed by
the eccentric E-GRASP-mod and E-GRASP-like scenarios with 45-50%. In the circular
scenarios, the X-pole is in general more affected than the Y-pole, and the low inclination
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Figure 6.28: Mean orbit differences of the true simulated and recovered orbit over the full
simulation time span of 7 years for the frequency bias mismodelling case. From left to right
in radial, cross-track, and along-track direction. From the top to the bootom, GRASP-like,
E-GRASP-mod, E-GRASP-like, Circular 30°, Circular 60°, Circular 89°
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scenario of 30 degrees shows even higher losses at the X-pole than the GRASP-like scenario
with about 60%. The remaining two circular scenarios (circular 60° and 89°) perform best,
exhibiting comparable results with LIP between 30 and 40% in both pole coordinates. With
regard to LOD, it is solely the GRASP-like scenario that exhibits an LIP of approximately
10%. All other scenarios are less affected, with an LIP in the low single-digit percentage
range.

ERP analysis The estimated ERPs indicate a notable increase in the standard deviation
of the pole coordinates, specifically in the GRASP-like scenario, where the value rises by
approximately 16-20%. In contrast, the E-GRASP-mod and E-GRASP-like scenarios exhibit
a relatively lower increase in the standard deviation of 6-7%. In LOD, a notable increase in
noise is observed for the GRASP-like and the circular scenario with an 89° inclination, with
values of 4% and 6%, respectively. No significant offset or trend in the pole coordinates with
respect to the a priori can be identified, considering the limits of 1/10 mm for pole coordinates
and 1/10 micrometre for LOD (see table F.19).

Spectral analysis of the ERPs reveals minimal influence on the pole coordinates and
no significant effect on LOD. In all cases, variations in the pole coordinates are below 0.1
mm. The largest variations occur in the GRASP-like scenario, in the X-pole with a period of
110–120 days and in the Y-pole with quarterly periodicity, as well as in the E-GRASP-like
scenario in the Y-pole with annual oscillation. The other scenarios remain largely unaffected.

Conclusion - Ground beacon frequency bias mismodelling The results of the frequency
bias mismodelling indicate that primarily higher orbiting satellites are affected in terms of
orbit accuracy. These satellites demonstrate considerable increases in orbit differences in
both the cross-track and along-track directions. Systematic geographical orbit differences
primarily occur in the cross-track direction, manifesting as a North-South division. In this case,
continuously higher orbiting scenarios, such as the circular scenarios, are most affected, with
this effect being intensified with increasing inclination. Conversely, systematic differences
in the radial and along-track directions are significantly weaker and only noticeable in the
eccentric scenarios.

In terms of the TRF, no evidence of a systematic effect could be identified. With respect
to the LIP in the formal errors, only the GRASP-like scenario demonstrates a discernible
impact on station positions and velocities. For the higher orbiting and also the investigated
eccentric scenarios, this is less pronounced. In these scenarios, no clear deterioration can
be observed, in fact, some components even exhibit improvements. The formal errors of the
pole coordinates are the most affected, but also here a higher orbiting circular scenario with
a medium to high inclination (here 60 and 89 degrees) is preferable. The analysis of the a
posteriori ERPs demonstrates the greatest increase in noise in the pole coordinates, with
a significantly greater impact observed in the GRASP-like scenario. However, discernible
systematic effects in the ERPs could not be identified. The spectral analysis of the ERPs
indicates the least influence for the E-GRASP-mod and the circular scenarios.

The results, which are summarised in Tab. 6.16, demonstrate, that the E-GRASP-mod,
E-GRASP-like, and the circular higher orbiting scenarios are particularly advantageous.
Although there is a notable reduction in orbit accuracy in the cross-track direction, the
frequency bias mismodelling leads to the least degradation and influence on the TRF and
the ERPs. Based on the spectral analysis, the scenario with 60 degree inclination would be
marginally preferable in the case of the circular scenarios.
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(a) Coordinates in X,Y, and Z

(b) Same as in Fig. a) but for geographic coordinates in Latitude, Longitude, Height.

Figure 6.29: Percentage loss of maximum improvement potential due to frequency bias mis-
modelling compared to the systematically error-free case. +10% means that the systematic
error-free scenario achieved a 10% higher improvement. Figure a) shows the values for X,Y
and Z, Figure b) the values for Latitude, Longitude, Height.

Table 6.16: Vulnerability of the satellite scenarios for DORIS for systematic frequency bias
mismodelling.

G-like E-G-mod E-G-like Circ. 30° Circ. 60° Circ. 89°

Orbit ① ② ② ③ ③ ③

Helmert ① ① ① ① ① ①

Station pos. form. err. ② ① ① ① ① ①

Station veloc. form. err. ② ① ① ① ① ①

Pole coord. form. err. ③ ② ② ③ ② ②

LOD form. err. ② ① ① ① ① ①

ERPs est. ③ ① ② ① ① ②

Summary 2.0 1.3 1.4 1.6 1.4 1.6
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6.1.2.6 Influence of Earth gravity field mismodelling

To investigate the influence of Earth gravity field mismodelling, the static part of the EGM
used for the simulation, the EIGEN-6C, is replaced by that of the GGM05S model. In both
cases the gravity field is set up to degree and order 60.

Fig. 6.30 illustrates the absolute difference in the accelerations of the perturbation forces
for each scenario.

In all cases, the largest discrepancies are observed in the radial direction, with the
GRASP-like and E-GRASP-like scenarios exhibiting the most pronounced influence. Moreover,
the GRASP-like scenario also shows smaller differences in the transversal and normal dir-
ections, in addition to the continuously increasing difference in the radial acceleration. The
E-GRASP-like scenario demonstrates a more exponential increase in the radial accelera-
tion difference, which accumulates rapidly over the seven-day period. In comparison, the
E-GRASP-mod scenario is considerably less affected due to the higher perigee. The higher
orbiting circular scenarios are the least affected, exhibiting only a slight difference in radial
direction for each scenario after seven days, which is less than 10 µm/s2. In order to account
for the induced orbital disturbance, the parameterisation presented in Tab. 6.17 is employed
for all scenarios. In accordance with the law of conservation of energy, empirical coefficients
are used in the transversal direction, given their correlation with the radial component.

Table 6.17: Used dynamic parameterisation and estimated parameters for the EGM mismod-
elling case.

EGM mismodelling parameterisation

All scenarios
Arc length 7 days
Initial state parameters Estimated
Atmospheric drag parameters One global scaling parameter per arc
SRP parameters One global scaling parameter per arc
Empirical accelerations Piecewise linear continuous in transversal direction

every 12h, cosine/sine every 12 h
in transversal and normal direction

Orbital fit The introduction of EGM mismodelling does not result in a discernible discrep-
ancy in the orbital fits (minimum, maximum, RMS, mean, standard deviation) in any of the
scenarios when compared to the case without systematic error. The global distribution of
residuals (see Fig. 6.31) shows by far the most significant influence in the GRASP-like
scenario. Changes in the mean residuals of up to 3 micrometres per second can be seen. A
correlation with the global observation distribution (see Sec. 6.1.2.1) could not be identified.
The influence on the residuals of the E-GRASP-like and E-GRASP-mod scenarios is sig-
nificantly reduced, with the exception of the E-GRASP-like scenario, where it is somewhat
more pronounced. A minor West-East distribution is discernible for this scenario, with the
residuals exhibiting a variation of less than 1 micrometre per second. The influence on the
higher orbiting circular scenarios is almost undetectable.

Orbit recovery The orbit comparison shows a strong increase of the RMS of the orbit
differences across all directions and scenarios (see Fig. 6.32). In the radial direction, all
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Figure 6.30: Difference in the sum of the accelerations acting on the satellite over a period
of 7 days, when the EGM is mismodelled.
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Figure 6.31: Global distribution of the difference in the mean of the observation residuals
in the EGM mismodelling case compared to systematic error-free. The colour bar of the
GRASP-like scenario is scaled 10 times higher.

scenarios demonstrate a comparable increase in the RMS values, reaching a similar level of
approximately 0.4 cm. In comparison to the other components, the radial component is still
by far the one that is best determined. In the cross-track and along-track direction, a similar
deterioration is noted for all scenarios, with the RMS increasing by a factor of approximately
four. In comparison to the values of the systematic error-free case, the three-dimensional
increase is greatest in the GRASP-like scenario and least in the higher orbiting circular
scenarios. Minor offsets are evident in the GRASP-like, E-GRASP-mod and E-GRASP-like
scenarios, reaching up to 1 mm in the cross-track direction, and exclusively in the transversal
direction for the GRASP-like scenario. Conversely, the circular scenarios demonstrate no
significant biases.

The geographical distribution of the orbit differences (see Fig. 6.33) shows a significantly
stronger influence for the GRASP-like scenario, and to a lesser extent for the E-GRASP-like
and E-GRASP-mod scenarios. The higher orbiting circular scenarios exhibit significantly
less pronounced differences. In the radial direction, the EGM mismodelling results in a
West-East pattern, with a magnitude of approximately 4-5 mm for the GRASP-like scenario
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and approximately 2 mm for the E-GRASP-like and E-GRASP-mod scenarios. The pattern
is reversed for the GRASP-like scenario, which can be explained by the prograde and
retrograde inclinations of the scenarios. Schreiner et al. (2023) identified similar structures
in DORIS real data-based POD for Sentinel satellites when compared to reduced dynamic
GPS orbits. Moreover, the estimation of low-degree harmonic coefficients proved to be
beneficial in this context as demonstrated in Schreiner et al. (2024b). In contrast, the circular
scenarios exhibit a comparable structure in the radial direction, albeit at a level that is
significantly lower. A comparable West-East pattern of differences can be observed in the
cross-track direction, although this is limited to the GRASP-like scenario. The pattern is
anticorrelated with that of the radial component and is of a similar amplitude. The remaining
scenarios demonstrate considerably smaller differences and no discernible geographical
patterns. A clear correlation can be observed between the differences in the mean of the
observation residuals and the differences in the orbit in the along-track direction. In this case,
the GRASP-like scenario is the most significantly impacted, with differences reaching 10
mm and more. The E-GRASP-like scenario is slightly less affected, with larger differences in
a West-East structure that follow the inclination of ascending arcs and are anti-correlated
with the radial difference, reaching a maximum amplitude of approximately 10 mm. The
E-GRASP-mod scenario presents a comparable pattern, albeit with diminished amplitudes
reaching 4 mm. In contrast to the impact on the residuals, the two eccentric scenarios exhibit
a considerably more pronounced influence on the orbit than could be anticipated based on
their influence on the residuals. The West-East structure is also discernible in the circular
scenarios, albeit to a markedly lesser degree.

Figure 6.32: Mean RMS and mean values of the orbit comparison of the simulated and
recovered orbit for the EGM mismodelling case. The thinner bars show the results of the
EGM mismodelling case, the slightly more transparent thicker bars in the background show
the values achieved in the systematic error-free case.

Reference frame

Helmert parameters The mismodelling of the EGM exerts the greatest influence on the
derived TRF of all mismodelling cases, particularly in the case of the low-orbiting GRASP-
like scenario. The Helmert parameters (see Fig. 6.34) demonstrate notable translations
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Figure 6.33: Mean orbit differences of the systematic error-free scenario and the recovered
orbit for the EGM mismodelling scenario over the full simulation time span of 7 years. From
left to right in radial, cross-track, and along-track direction. From the top to the bootom,
GRASP-like, E-GRASP-mod, E-GRASP-like, Circular 30°, Circular 60°, Circular 89°.
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and rotations, reaching up to 2.1 mm and 0.2 mm/a, particularly in the Y and Z axes. In
comparison, the impact on the E-GRASP-mod and E-GRASP-like scenarios is considerably
smaller. Both scenarios demonstrate translations and rotations in the Y and Z axes of up
to 0.3 mm and 0.03 mm/year, respectively. Nevertheless, both are well below the targets
set by GGOS. Furthermore, the scale demonstrates no considerable change in any of the
scenarios (compare Tab. F.20).

Figure 6.34: The upper figure shows the Helmert parameters of all stations for the EGM
mismodelling case compared to systematic error-free. The lower figure shows the values for
the velocities.

Formal errors The most significant LIP is evident in the station coordinates and
velocities for the GRASP-like scenario, with a continuous LIP of approximately 30% in the X,
Y, and Z components (see Fig. 6.35 and Tab. F.21 in App. F.1). In geographic coordinates,
it is evident that these degradations are most pronounced in the North-South direction at
around 55%, and less in the West-East and height components at around 35%. Regarding
velocities, the components are affected similarly in Cartesian coordinates, in geographic
coordinates the North-South component is less affected and shows a degradation equal
to that of the other components. The remaining scenarios have an insignificant impact on
the formal errors associated with positions and velocities, with observed changes occurring
within the very low single-digit percentage range. In the ERPs, the GRASP-like and E-
GRASP-like scenarios exhibit the most pronounced LIP, reaching approximately 50-55%
for the pole coordinates. The E-GRASP-mod and the circular scenario with an inclination
of 30 degrees are less affected, with an LIP in the range of 30-40%. The remaining two
circular scenarios, with inclinations of 60 and 89 degrees, exhibit the least impact, with
LIP of approximately 20%. With regard to LOD, the GRASP-like scenario is the only one
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demonstrating a significant LIP of 29%. All other scenarios demonstrate only minimal
deterioration in LOD, with LIP below 4%.

(a) Percentage loss of maximum improvement potential due to EGM mismodelling. Coordinates in
X,Y, and Z

(b) Same as in Fig. a) but for coordinates in Latitude, Longitude, Height.

Figure 6.35: Differences of the percentage improvements compared to the systematically
error-free case. +10% means that 10% of the maximum potential of improvement are lost in
comparison to the systematic error-free scenario. Figure a) shows the values for X,Y and Z,
Figure b) the values for Latitude, Longitude, Height.

ERP analysis In the context of the determined ERPs, a notable impact on the low-orbiting
GRASP-like scenario can be observed, whereby a considerable rise in the standard deviation
of the determined ERPs is evident, reaching up to 70% in the pole coordinates and 122% in
LOD. To a lesser extent, this can also be observed in the E-GRASP-mod and E-GRASP-like
scenarios, with increases in the range of 6 to 14% in the ERPs. In the circular scenarios,
no significant increase in the standard deviation of the ERPs is evident. However, in the
circular scenario with an inclination of 30 degrees, an increase in LOD of approximately 15%
is observed.

The GRASP-like scenario exhibits the greatest observed biases in the ERPs, with values
of approximately -0.6 mm in the X-pole, -2.2 mm in the Y-pole and 0.35 µm in LOD. In all
other scenarios, the observed offsets are significantly smaller. If they are significant, they
are on the order of up to 0.1 mm for the pole coordinates and 0.05 µm for LOD, respectively.
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A significant trend can only be observed for the GRASP-like scenario in LOD. However,
the drift is exceedingly small and negligible when considered in the context of the GGOS
goals.

Spectral analysis of the a posteriori ERPs reveals that, for all scenarios, variations in
LOD are insignificant, with variations in the micrometre range. Significant influences can
be found in the pole coordinates for the GRASP-like, E-GRASP-mod and E-GRASP-like
scenarios. The GRASP-like scenario exhibits the strongest influence, with signals occurring
in the X- and Y-pole. The largest signal has a wavelength of approximately 155 days and
an amplitude of up to 0.4 mm. The E-GRASP-mod scenario is less affected, with signals
occurring in both pole coordinates, with a period of 98 days and an amplitude of up to 0.25
mm. The E-GRASP-like scenario is the least affected, exhibiting a signal in the X-pole with a
quarterly period and an amplitude of approximately 0.16 mm. Overall, the circular scenarios
show no significant variation.

Earth gravity field co-estimation The next step involes co-estimating the Earth gravity
field to its maximum degree of development, which in this case is degree and order 60. In
order to invert the normal equations, only degrees 0 and 1 are fixed to a priori to avoid
the necessity for a NNT and NNS condition (where no mismodelling has taken place in
these degrees). Furthermore, higher degrees are also fixed to a priori if the normal equation
becomes singular. The maximum degree of development is given in Fig. 6.38. The maximum
solvable degree is identified through a binary search. Additional information on binary search
can be found, for example, in Cormen et al. (2022).

Reference frame

Helmert parameters By co-estimating the gravity field, it is almost completely possible
to compensate for all systematic effects in the Helmert parameters. The translations and
rotations decrease to values below 1/10 mm for the positions and 1/100 mm/year for the
velocities in all scenarios (see Tab. F.20 in App. F.1).

Formal errors The formal errors clearly demonstrate a benefit from the co-estimation
in the GRASP-like scenario. In this case, the LIP in the station positions can be reduced
to values in the low single digits (see Fig. 6.36 and Tab. F.22 in App. F.1). However, this
improvement is not reflected in the velocities. In fact, with the exception of the GRASP-
like scenario, there is a deterioration that leads to an increase in the formal errors of the
station velocities. One potential explanation for this could be too many estimated gravity
field coefficients. In the ERPs, only the GRASP-like scenario demonstrates a significant
improvement in LOD, with LIP dropping from 29% to approximately 9%. The pole coordinates
remain unaffected.

ERP analysis The co-estimation of the gravity field allows to significantly reduce the
increased standard deviations of the determined ERPs, as well as the larger systematic
offsets and trends observed in the GRASP-like scenario. In all scenarios, periods identified
in the spectral analysis of the ERP can be removed resulting in minimal changes in the
periodogram when compared to the systematic error-free case. Regardless of whether
co-estimated or not, the circular scenarios demonstrate no changes to the periodogram of
the ERPs, while EGM is mismodelled.
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(a) Percentage loss of maximum improvement potential due to EGM mismodelling, whereby the EGM
is co-estimated. Coordinates in X,Y, and Z

(b) Same as in Fig. a) but for coordinates in Latitude, Longitude, Height.

Figure 6.36: Differences of the percentage improvements compared to the systematically
error-free case. +10% means that 10% of the maximum potential of improvement are lost in
comparison to the systematic error-free scenario. Figure a) shows the values for X,Y and Z,
Figure b) the values for Latitude, Longitude, Height.

Potential for gravity field determination To evaluate the potential of gravity field estim-
ation, the station coordinates, station velocities and ERPs are not estimated in this step.
Instead, the full gravity field is estimated using a single satellite from the scenarios at once.
Furthermore, the resulting normal equation is not combined with the reference solution.
In the context of the simulation and recovery, the maximum degree of development of the
EGM is 60. The aforemenetioned mismodelling affects the static component of the gravity
field, spanning degrees 2 to 60. The time-variable component of the gravity field, which in
this case is represented by linear trends, remains unchanged. Subsequently, the weekly
normal equations for each scenario are accumulated solely for that scenario over the entire
simulation period. Eventually a single set of static gravity field coefficients is derived for each
scenario. These solved for coefficients should ideally match the a priori values of the original
static part of the gravity field of the simulation. For the inversion of the normal equations,
degrees 0 and 1 are fixed as in the previous case, in which the TRF and the ERPs were
also estimated. Furthermore, the SH coefficients in these two degrees are also free of
any mismodelling. Subsequently, if necessary, a binary search is performed to identify the
maximum degree up to which the normal equation is invertible and not becoming singular.
This is not necessary for the GRASP-like and circular scenario with 89 degree inclination,
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where all coefficients up to the maximum degree can be solved. For the E-GRASP-mod and
the circular scenario with 60 degree inclination, the maximum degree of inversion is 47. For
the E-GRASP-like, it is 39, and for the circular scenario with 30 degree inclination, it is 14.

Sensitivity analysis A sensitivity analysis (see Fig. 6.37) was conducted to demon-
strate the analytically calculated perturbation of the orbit resulting from a given degree and
order of the Earth gravity field spherical expansion. An increase in the perturbation of the
orbit indicates a corresponding increase in the sensitivity of the orbit scenario to the specific
SH coefficients in question. The GRASP-like scenario is found to exhibit the greatest overall
sensitivity. In this scenario, resonance effects are present around orders 13, 26, 39 and 52,
as well as high correlations in odd zonal coefficients. The E-GRASP-mod and E-GRASP-like
scenarios demonstrate reduced sensitivity, mainly confined to the lower harmonics. Both
scenarios demonstrate resonance effects at multiples of order 8, with this being markedly
more pronounced in the E-GRASP-like scenario. Neither of the two scenarios exhibits a
notable correlation in the zonal coefficients exceeding degree 6. In the circular scenarios,
sensitivity is confined to the low SH coefficients below degree 10. The circular 30 and 89
degree scenarios show substantial correlations at odd zonal coefficients and resonances at
order 6 and its multiples.

Estimated Earth gravity field analysis The differences of the estimated and simulated
values of the SH coefficients are illustrated in Fig. 6.38. The triangular plots demonstrate the
discrepancy of each estimated SH coefficient to its a priori value. This allows the evaluation
of the extent to which a scenario can be employed to determine specific coefficients in a
reasonable manner. The SH degree amplitudes and the cumulative errors given in equivalent
water height are illustrated in Fig. 6.39 and 6.40. These figures demonstrate the error of the
estimated SH coefficients on the geoid, per degree and as a cumulative error in the spatial
scale.

Comparing the scenarios with each other reveals that the GRASP-like scenario exhibits
the lowest errors in higher zonal, tesseral, and sectorial coefficients, which can be attributed
to its flight altitude. The E-GRASP-mod scenario shows lower differences in the estimated
SH coefficients especially in the sectorial coefficients and a rapid increase in the zonal
coefficients, even at low coefficients below degree 10. In comparison, the E-GRASP-like
scenario demonstrates a higher sensitivity due to its lower perigee and thus also lower
differences in higher sectorial coefficients. It is noteworthy that the formal errors in the
tesseral coefficients decrease at higher orders. This can be attributed to resonance effects,
which are also evident in the sensitivity analysis. The circular scenarios exhibit a rapid
increase in errors, which is a little less in the sectorial coefficients. The circular near polar
scenario shows a somewhat different pattern, with more uniform differences across orders,
increasing steadily with higher degrees.

The degree amplitude plots illustrate the actual error of the static part of the gravity
field, which was used for the simulation (i.e. the actual truth), in black, for the estimated
coefficients in red and the difference of the two in blue. The intersection of the difference
to the simulation shows a SNR of 1, indicating that the SH coefficients with degrees lower
than the degree at this point are reasonably determined. As a measure of quality a level
of 100 mm equivalent water height is anticipated. This marks an upper limit for modern
gravity field missions such as GRACE/GRACE-FO. This point is reached by the GRASP-like
scenario at a maximum degree of 10 (compare also in Fig. 6.39 and Fig. 6.40). For the
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Figure 6.37: Analytical Earth gravity field sensitivity analysis for the scenarios.
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other scenarios, the degree is 2-3 for E-GRASP-mod, 5 for E-GRASP-like, 2 for Circular 60
degree, 3-4 for Circular 89 degree and for the circular scenario with 30 degree inclination,
the error at degree 2 is already greater than 100 mm. Furthermore, the circular scenario with
30 degrees inclination also exhibits a resonance at odd degrees, recognizable by peaks in
the degree amplitudes. The resonance of the E-GRASP-like scenario, which was seen in the
sensitivity analysis and triangular plots, is also visible in the degree amplitudes, manifesting
as a decrease in the differences above degree 30 approximately.

The potential for determining the gravity field is therefore limited to low harmonic coef-
ficients below degree 10 for all scenarios, with the GRASP-like scenario being the most
sensitive. The E-GRASP-like scenario is the second most sensitive, exhibiting resonance
effects over degree 30. The E-GRASP-mod scenario is somewhat less sensitive and only
shows very limited resonance effects. The higher orbiting circular scenarios are clearly less
sensitive, here only the near polar scenario would be suitable for the very low SH coefficients,
specifically degrees 2 and 3.
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Figure 6.38: Triangular plots showing the difference between estimated and simulated SH
coefficient.
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Figure 6.39: SH degree amplitudes in equivalent water height.
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Figure 6.40: Cumulative error in equivalent water height
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Conclusion - EGM mismodelling and potential for gravity field determination The
assessment of the EGM mismodelling is presented in Tab. 6.18.

It can be observed that there is a notable decline in the orbit accuracy. This is clearly
demonstrated in the orbit comparison, which reveals a comparable deterioration in all
scenarios in relation to the orbit accuracy that can be attained in the systematic error-free
case. In particular, the lower orbiting scenarios, which include the GRASP-like, E-GRASP-
mod, and E-GRASP-like, demonstrate a consistent pattern of systematic differences in the
orbit, which are predominantly reflected in geographical patterns. In contrast, the higher
orbiting circular scenarios exhibit a significantly lower level of systematic influences on the
orbit.

Almost exclusively the GRASP-like scenario shows significant LIP in formal errors of
station positions and velocities. This is also indicated by the systematic impact on the TRF,
which manifests as substantial translations and rotations. In comparison, the other scenarios
are significantly less affected, only the E-GRASP-like and E-GRASP-mod scenarios show
very minor systematic effects on the TRF.

In the ERPs, the most significant LIP is observed in the GRASP-like scenario, where
the loss reaches up to 55% in the pole coordinates and 29% in LOD. The remaining
scenarios are affected less and almost exclusively in the pole coordinates. Among the
circular scenarios, those with 60 and 89 degree inclination demonstrate the least LIP, which
is at the level of about 20% in the pole coordinates.

The estimated ERPs show a significant increase in noise, as well as systematic offsets
in the pole coordinates and LOD, especially for the GRASP-like scenario. In comparison,
the remaining scenarios are considerably less affected. The spectral analysis of the ERPs
demonstrates a clear influence on the pole coordinates, primarily for the GRASP-like scenario,
and to a lesser extent for the E-GRASP-mod and E-GRASP-like scenarios. The higher
orbiting circular scenarios exhibit no significant influence.

The co-estimation of the gravity field has the potential to remove the systematic effects in
the reference frame. However, the LIP of the most affected GRASP-like scenario can only
be reduced, primarily for the station positions and LOD. In contrast, for the other scenarios,
especially the eccentric ones, the co-estimation leads to an increase of the LIP, especially for
the station velocities. The significantly larger noise in the ERPs for the GRASP-like scenario
can be effectively reduced by the co-estimation, and systematic offsets can be eliminated.
Furthermore, the apparent induced signals shown by the spectral analysis of the ERPs can
be eliminated for all scenarios.
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Table 6.18: Vulnerability of the satellite scenarios for DORIS for systematic EGM mismodel-
ling and while co-estimating the EGM.

G-like E-G-mod E-G-like Circ. 30° Circ. 60° Circ. 89°

Orbit ③ ② ② ① ① ①

EGM not estimated
Helmert ③ ② ② ① ① ①

Station pos. form. err. ③ ① ① ① ① ①

Station veloc. form. err. ③ ① ① ① ① ①

Pole coord. form. err. ③ ② ③ ② ① ①

LOD form. err. ③ ① ① ① ① ①

ERPs est. ③ ① ② ① ① ①

EGM co-estimated
Helmert ② ② ② ① ① ①

Station pos. form. err. ① ① ① ① ① ①

Station veloc. form. err. ③ ② ② ① ① ①

Pole coord. form. err. ③ ② ③ ② ① ①

LOD form. err. ② ① ① ① ① ①

ERPs est. ② ① ① ① ① ①

Summary 2.6 1.5 1.7 1.2 1.0 1.0

The potential of the Earth gravity field determination is limited for all scenarios to low
harmonic coefficients up to a maximum degree 10 for the GRASP-like scenario and for the
other scenarios even less (compare Tab. 6.19). However, if the influence of gravity field
mismodelling is to be minimised, the higher orbiting circular scenarios, particularly those
at 60 and 89 degrees inclination, are the ones most suitable. For the scenario with an
inclination of 89 degrees, the errors in the gravity field determination up to degree 3 are also
below 100 mm, showing that these coefficients can be estimated well and that the scenarios
would be suitable candidates for combination with other missions. Given that co-estimation
of the gravity field for TRF determination is not yet a common practice in the IAG services for
ITRF determination, it might be a better option to choose a scenario where the systematic
influence and the LIP due to Earth gravity field mismodelling are observed to be low.

Table 6.19: Earth gravity sensitivity of the satellite scenarios and the respective potential for
gravity field estimation solely with DORIS.

G-like E-G-mod E-G-like Circ. 30° Circ. 60° Circ. 89°
Sensitivity ① ② ① ③ ③ ③

EGM determination ① ② ② ③ ③ ②
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6.1.3 Single-technique conclusion for DORIS
An additional satellite for TRF and ERPs determination with DORIS can provide a

geometric added value based improvement in formal errors, particularly in the case of
station coordinate positions. The greatest improvement is observed in the North South and
height components, which would also improve the precision of the scale. This is a crucial
consideration, given that the scale of the ITRF is currently exclusively realised by SLR and
VLBI. With regard to the height component, the eccentric E-GRASP-mod and E-GRASP-like
scenarios were found to offer a slight advantage.

Improvements in the ERPs are primarily evident in LOD, while those for the pole co-
ordinates are almost entirely due to additional observations. Only the GRASP-like scenario
exhibits a geometric added value improvement across all ERPs, although the maximum im-
provement is not the largest, as other scenarios can reach a higher number of observations.

Moreover, especially the E-GRASP-mod and the circular scenarios with 60° and 89° have
been shown to provide improved stability in station formal errors, particularly for stations in
regions where observation coverage is limited.

The mismodelling cases demonstrate that the low-orbiting GRASP-like scenario is partic-
ularly susceptible, with an overall vulnerability factor of 2.0 (see Tab. 6.20). The E-GRASP-
like scenario is the second most vulnerable due to its sensitivity to atmospheric drag and
Earth gravity field modelling, with an overall factor of 1.5. This is less pronounced in the
E-GRASP-mod scenario, with a factor of 1.3.

The higher orbiting circular scenarios demonstrate a notable decline in orbit accuracy due
to the introduced mismodelling. However, this is not reflected in the losses of potential for
TRF and ERPs determination. Consequently, these scenarios exhibit the lowest vulnerability,
with values of 1.2 and 1.3, respectively.

In consideration of the potential for gravity field determination, the lower orbiting GRASP-
like and E-GRASP-like scenarios are the most sensitive. The E-GRASP-mod exhibits
reduced sensitivity, but still remains more affected than the higher orbiting circular scenarios,
which demonstrate a markedly limited sensitivity confined to lower degrees. In light of the
mission objective of enhancing the TRF and ERPs and establishing a connection with the
Earth’s gravity field, the E-GRASP-mod and the circular scenario with an 89degree inclination
appear to be the best choices. They facilitate a reasonable estimation of low-degree SH
coefficients while maintaining a low to moderate impact of EGM mismodelling.

Table 6.20: Maximum potential of the satellite scenarios for TRF and ERP determination in
the case of DORIS, together with their vulnerability to mismodelling.

G-like E-G-mod E-G-like Circ. 30° Circ. 60° Circ. 89°

Maximum potential 1.4 1.5 1.7 2.2 1.7 1.7

CoM 1.5 1.4 1.4 1.1 1.1 1.1
Drag 2.3 1.0 1.4 1.0 1.0 1.0
SRP 1.6 1.3 1.4 1.4 1.3 1.3
Fq. bias 2.0 1.3 1.4 1.6 1.4 1.6
EGM mism. 2.6 1.5 1.7 1.2 1.0 1.0
Overall vulnerability 2.0 1.3 1.5 1.3 1.2 1.2
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6.2 SLR
For reference frame determination with SLR, the satellites LAGEOS-1 and LAGEOS-2,

Etalon-1 and -2, and LARES-2 are used for the operational processing at the GFZ ILRS AC.
For the simulation of the SLR reference solution here, the two LAGEOS satellites are taken
into account.

The real data evaluation is based on data from the two LAGEOS satellites, which are
processed operationally by the GFZ ILRS AC. For the subsequent simulations, these data
are reprocessed using consistent models described in Tab. 4.3 in Sec. 4.4.1. Further
information on the evaluation of the real data can be found in Sec. 5.2. The two satellites are
then simulated using the same procedure as described for DORIS in Sec. 6.1. For each of
the two satellites, weekly normal equations are generated, which are accumulated over the
entire simulation period and combined to form the reference solution for SLR. This solution
is free of systematic errors, and the combined parameters are station coordinates, velocities
and ERPs.

To evaluate the space-tie satellite scenarios observed solely with SLR, the generated
SLR single-satellite normal equation of the respective space-tie satellite scenario is combined
with the SLR reference solution. This allows the improvement of the scenario with respect
to the reference solution to be assessed. In the following, the maximum potential of each
space-tie satellite scenario is first analysed in a systematic error-free case in Sec. 6.2.2.1.
This is followed by an analysis of the influence of CoM deviations (Sec. 6.2.2.2), atmospheric
drag (Sec. 6.2.2.3), SRP (Sec. 6.2.2.4) and EGM mismodelling, and an analysis of the
potential of Earth gravity field estimation (Sec. 6.2.2.5).

6.2.1 Reference solution
The procedure of the SLR simulation is similar to that of DORIS, described in Sec. 6.1.

White noise only, according to the simulation procedure described in Sec. 4.3, is applied to
the SLR observations. Otherwise this case is free of systematic errors. In the POD run, only
the initial state elements of the orbit are estimated, reflecting the effect of only noise on the
observations on the orbit, the TRF and the ERPs.

6.2.1.1 Orbital fit

The orbital fit of the scenarios and its comparison with the real data evaluation are presented
in Sec. 5.2. The global distribution of the residuals is shown in Fig. 6.41 as the mean of
the standard deviation of the residuals. The global distribution of the observation residuals
shows a similar distribution for LAGEOS-1 and -2. Regions over North Africa and Europe as
well as over Australia show a uniform distribution of the residuals around 0.8 cm. Regions
such as over South Africa show lower values. The highest residuals are observed over China
and Eastern Russia.

6.2.1.2 Orbit recovery

The orbit determined with the simulated observations is compared with the true orbit of the
simulation. The mean values of the statistical evaluation of the orbit comparison over the
entire time period are shown in Tab. 6.21. The radial component shows up best with RMS
values of 0.3 mm. In cross-track and along-track direction the RMS values are at a similar
level with values of 1.0 to 1.3 mm. There is no bias close to the level of 0.1 mm in any of the
components.
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Figure 6.41: Global distribution of the mean standard deviation of the simulated SLR
observations for the two LAGEOS satellites of the reference solution.

The geographical distribution of the mean orbital differences are shown in Fig. 6.42.
There is no systematic geographical pattern in the orbital differences, they are homogen-
eously distributed and show no correlation with the distribution of the observation residuals.

Table 6.21: Mean orbit differences of the simulated and recovered orbit.

RMS [cm] Mean [cm] Max [cm]

LAGEOS-1
Radial +0.0301 -0.0000 +0.0507
Cross-track +0.1021 +0.0003 +0.1616
Along-track +0.1299 -0.0040 +0.2746
LAGEOS-2
Radial +0.0314 -0.0000 +0.0506
Cross-track +0.1286 +0.0002 +0.1974
Along-track +0.1335 -0.0037 +0.2764

6.2.1.3 Reference frame

EPOS-OC is used in the normal equation mode in the same way as it was done for DORIS
to solve station coordinates, velocities and ERPs for SLR (compare also Sec. 6.1). Eleven
stations were selected to introduce the geodetic datum using a NNR condition (see Fig. 6.43).
The strength of the condition is, as also used for DORIS, set to 1 mm for station position and
0.1 mm/a for station velocities, according to Altamimi (2003). The datum stations were selec-
ted on the basis of their performance in terms of number of observations and passes, longest
possible observation periods and best orbit fit (compare Fig. 5.11 in Sec. 5.2). Starting from
an initial set of datum stations, the selection was iteratively adjusted to minimise the Helmert
parameter values for the derived TRF solution compared to the a priori. The final selected
datum stations are listed in Tab. 6.22. In addition, three stations, also listed in Tab. 6.22,
were treated in a special way. These stations observed for a maximum of 17 weeks or even
less over the seven year time span of the simulation and mostly observed only one pass
per week with very few observations. This is not sufficient to determine station velocities
accurately, so these stations are reduced on normal equation level before the TRF evaluation.
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6 Technique-wise simulation analysis

Figure 6.42: Mean orbit differences of the true simulated and recovered orbit over the full
simulation time span. Top figures for LAGEOS-1 and bottom for LAGEOS-2. From left to
right in radial, cross-track, and along-track direction. A factor of four is applied to the colour
bar in the radial direction.

Table 6.22: SLR datum stations and stations which have been reduced

Station no. Name Country

Datum stations
70802419 McDonald Observatory Texas (USA)
70900513 Yarragadee Australia
71191401 Haleakala Hawaii (USA)
71240802 Tahiti French Polynesia
72371901 Changchun China
74068801 San Juan Argentina
75010602 Hartebeesthoek South Africa
78259001 Mount Stromlo Australia
78383602 Simosato Japan
78393402 Graz Austria
78403501 Herstmonceux United Kingdom

Reduced stations
73592601 Daedeok Republic of Korea
74072701 Brasilia Brazil
78208201 Kunming China
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Figure 6.43: The SLR station network of the simulation. All stations used are shown in blue,
datum stations are additionally encircled in red.

Helmert parameters The estimated station network is compared with the a priori network
with respect to systematic differences in the parameters defining the reference frame (origin,
orientation, and scale). Tab. 6.23 shows the Helmert parameters for the subnetwork of
datum stations only, as well as for all stations. Translations, rotations and scale differences
are in the sub-millimetre range. By varying the set of datum stations, slight changes in the
Helmert parameters can be seen. However, all the rotations are below the strength of the
NNR condition applied.

Table 6.23: Helmert parameters and their standard deviation to a priori for station positions
and velocities of the SLR reference solution.

Tx [mm] Ty [mm] Tz [mm] Rx [mm] Ry [mm] Rz [mm] sc [mm] s0
Tẋ [mm/a] Tẏ [mm/a] Tż [mm/a] Rẋ [mm/a] Rẏ [mm/a] Rż [mm/a] ṡc [mm/a] ṡ0

Combined reference
datum stations 0.03 ± 0.06 0.12 ± 0.06 0.06 ± 0.06 -0.36 ± 0.07 -0.57 ± 0.07 -0.81 ± 0.07 -0.06 ± 0.06 0.18

-0.01 ± 0.02 -0.02 ± 0.02 -0.04 ± 0.02 -0.03 ± 0.03 -0.01 ± 0.02 0.01 ± 0.02 -0.01 ± 0.02 0.07
all stations -0.14 ± 0.29 0.13 ± 0.30 0.24 ± 0.29 -0.52 ± 0.36 -0.44 ± 0.35 -0.94 ± 0.34 -0.23 ± 0.28 1.49

0.03 ± 0.13 0.02 ± 0.13 -0.10 ± 0.13 0.20 ± 0.16 -0.02 ± 0.16 0.02 ± 0.15 0.05 ± 0.13 0.67

Formal errors Improvements are assessed based on formal errors, which are analysed
in the same way as for DORIS (Sec. 6.2). Further information on this can also be found in
App. D. The median formal errors of the estimated station coordinates, velocities, and ERPs,
are listed in Tab. F.25. For the station positions, these are about 1 mm in X, Y and Z, for the
velocities about 1.2 mm/decade. Geographical coordinates show that the formal errors of
the height component are the best at 0.97 mm, and slightly worse in the Nort-South direction
at 1.02 mm, and the West-East direction at 1.10 mm. The same applies to the velocities,
with respective values of 1.17, 1.24, and 1.26 mm/decade. In terms of the ERPs, both pole
coordinates are slightly better at 1.9 mm than LOD with 2.6 mm.

170



6 Technique-wise simulation analysis

6.2.1.4 ERP analysis

The statistics of the differences to a priori of the determined ERPs are given in F.26. The
scatter with respect to the a priori is at a comparable level as the formal errors and is at the
level of 1.5 mm for the X-pole, 1.6 mm for the Y-pole and 2.9 mm for LOD. Significant biases
can be seen in the X-pole with 0.6 mm and Y-pole with 0.4 mm. In addition, the Y-pole also
shows a significant drift of about 0.056 mm/a. The significant biases and trends can be
attributed to the geometry of the SLR ground station network, as well as the strength of the
NNR condition used, as it is directly correlated with the rotations.

The spectral analysis of the ERPs (see Fig. 6.44) shows signals with amplitudes below
0.1 mm in all ERPs. In LOD, two prominent signals with amplitudes close to 0.1 mm and
periods of 123 and 258 days, respectively, are visible. At the X-pole, three signals with
amplitudes close to 0.1 mm can be seen, with periods of 62 and 69 days, as well as an
almost semiannual signal with a period of 174 days. At the Y-pole, only the nearly semiannual
period can be found, as well as an almost annual period.

Figure 6.44: Time series of the differences of the estimated LOD, X-pole, and Y-pole to a
priori and their spectral analysis for the combined solution of LAGEOS-1 and LAGEOS-2.

6.2.2 SLR space-tie satellite results
The individual SLR single-technique solutions for the space-tie scenarios are generated

in the same way as the reference solution.
The influence of the space-tie satellite scenarios is investigated by adding the normal

equation of one space-tie satellite scenario at a time to the simulated SLR reference solu-
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tion. The changes to the reference solution are then analysed. As for DORIS, the case
free of systematic errors represents the maximum achievable potential of each scenario.
Subsequent analyses of systematic mismodelling are used to analyse how much of the full
potential is lost and in which parameters losses occur. This also includes the analysis of
changes and systematics in the TRFs and ERPs. For further details, see also App. E.

6.2.2.1 Case free of systematic errors

In the systematic error-free case for SLR, the observations are simulated for each orbit
scenario as described in Chap. 4 and only white noise is added to the observations. These
observations therefore have no systematic error effects such as range biases. Accordingly,
only the initial state elements for the orbit are estimated in the recovery, as shown in Tab.
6.24.

Table 6.24: Estimated parameters and dynamic parameterisation used in the systematic
error-free case for SLR.

Parameterisation for the systematic error-free case

All scenarios
Arc length 7 days
Initial state parameters estimated

Orbital fit The global orbital fit values for each simulation scenario are shown in Tab.
6.25 and the variation with time is shown in Fig. G.11. The global RMS of the simulated SLR
observations is at a level of 0.87 cm for all scenarios. The number of observations varies
only slightly between scenarios, ranging from 510’000 to 576’000 over the entire simulation
period. The number of passes is approximately 50’000, for the two circular scenarios with 30
and 60 degrees inclination it is slightly lower with about 40’000. This is due to the geometry
of the orbit and the longer orbital period. The observation and pass yield factors of the
simulation are the same for all scenarios, only the bin size is used to adjust the total number
of observations and keep them at a similar level. The bin size for the circular 30° scenario is
chosen to be 120 seconds, 10 seconds less than the other circular scenarios, to keep the
total number of observations at a similar level. Over time, the scenarios show no significant
difference in orbital fit or number of observations.

Global observation coverage The global distribution of simulated SLR observations is
shown in Fig. 6.45 for each of the space-tie satellite scenarios. In particular, the GRASP-like
scenario shows a spot-like distribution of observations around the SLR stations, due to
the much lower altitude of the scenario. Most of the observations are over central Europe
and Australia. For each of the other scenarios an almost complete global observation
coverage can be achieved within the inclination band. In the eccentric E-GRASP-mod and
E-GRASP-like scenarios, as well as in the circular scenario with 60 degree inclination, there
are more observations over Europe and North Africa, and to a lesser extent over Australia.
In the 30 degree circular scenario, observations are clustered over North Africa and South
East Asia due to the low inclination. In contrast, the near-polar circular scenario shows the
most homogeneous distribution of observations, with most observations over Europe and
further North.
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Table 6.25: SLR post fit statistics, total number of observations and passes for the simulated
space-tie satellite scenarios. Full simulation time span from beginning of 2008 to end of
2014.

SLR
[cm] Number

Min. Max. RMS Mean Std. Observations Passes

GRASP-like -10.61 9.76 0.86 0.00 0.86 509’737 47’157
E-GRASP-mod -9.55 11.97 0.87 0.00 0.87 565’262 54’494
E-GRASP-like -12.26 9.43 0.87 0.00 0.87 576’424 51’072
Circular 30° -11.48 12.71 0.87 0.00 0.87 521’254 37’000
Circular 60° -12.35 10.52 0.87 0.00 0.87 535’180 41’635
Circular 89° -11.10 9.87 0.86 0.00 0.86 534’854 50’422

Figure 6.45: Global observation coverage of simulated SLR observations for the space-tie
satellite scenarios.

The global distribution of the mean standard deviation of the simulated observations
for each scenario is shown in Fig. 6.46. For the low-orbiting GRASP-like scenario, slightly
increased values can be seen over South America and China, and to the North over Eastern
Russia. The lowest values are observed over the station of Tahiti, and regions over Europe
and Australia show the lowest mean scatter. A similar picture emerges for the other scenarios.
However, due to the higher flight altitude, these effects are somewhat weaker and more
regionally distributed, as the regional visibility of the satellite for the stations increases and
the observation noise performance of the different stations mixes.

Orbit recovery The achievable orbit accuracy for each scenario is shown in Fig. G.12.
The recovered orbit is compared with the orbit of the simulation. The deviations in terms
of mean RMS values are remarkably small for all scenarios in the radial direction, less
than 1 mm. In cross-track and along-track direction the RMS is higher with values up to
1.5 mm. The low-orbiting GRASP-like scenario shows the best results. The two eccentric
E-GRASP-mod and E-GRASP-like scenarios show slightly higher mean RMS values, the
different eccentricity does not lead to differences in RMS and mean. The higher orbiting
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Figure 6.46: Global distribution of the mean standard deviation of the simulated SLR
observations.

circular scenarios show the highest differences, which are all at a similar level. The 60 degree
scenario is slightly worse in the cross-track direction, but slightly better in the along-track
direction. None of the scenarios show a systematic offset.

The geographical distribution of the mean orbit differences for each scenario in radial,
cross-track, and along-track directions is shown in Fig. 6.47. Systematic effects can be seen
for the E-GRASP-mod, E-GRASP-like, and the 60 and 89 degree circular scenarios.

The two eccentric scenarios E-GRASP-mod and E-GRASP-like show patterns in the
radial direction, which were also observed in a similar way for DORIS. Here, striped patterns
occur along the inclination with an amplitude of 0.05 mm, which are slightly more pronounced
for the E-GRASP-like scenario and therefore appear to increase with increasing orbital
eccentricity. In the cross-track and along-track direction, the patterns along the inclination
show 8 maxima. These are slightly weaker for the E-GRASP-mod scenario and show an
amplitude of approximately 0.12 mm in the cross-track and 0.15 mm in the along-track. A
similar pattern was found for DORIS, but mainly in the cross-track direction.

In the circular scenarios, a North-South pattern can be observed in the radial and cross-
track directions. However, this is very small in the radial direction, with a maximum amplitude
well below 0.1 mm. In the cross-track direction, the pattern is more pronounced, with an
amplitude of up to about 0.3 mm in the scenario with 60 and 89 degree inclination, about
twice as strong as in the scenario with 30 degree inclination. In the along-track direction,
there is no clear geographical pattern for any of the three circulation scenarios, only the
increased noise of the orbit difference.

A correlation between the geographical differences and distribution of the residuals can
not be found for any of the scenarios.

Based on the orbit differences of the orbits determined with SLR in the systematically
error-free case, each of the investigated scenarios is initially suitable, lower orbiting scenarios
show a slightly better accuracy in terms of RMS values in the orbit comparison. The eccentric
orbit scenarios show small systematic regional orbital differences in the radial and along-
track direction. For the higher orbiting circular scenarios, small North-South patterns can be
observed, however only in cross-track direction and with amplitudes on submillimetre level.
Otherwise there are no other irregularities in the orbits found.
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Figure 6.47: Mean orbit differences of the true simulated and recovered orbit over the full
simulation time span of 7 years for SLR in the systematic error-free case. From the top to
the bottom, GRASP-like, E-GRASP-mod, E-GRASP-like, Circular 30°, Circular 60°, Circular
89° scenario. From left to right in radial, cross-track, and along-track direction.
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Reference frame evaluation

Helmert parameters The Helmert parameters are shown for the entire SLR network in
Fig. 6.48 and listed in Tab. F.24 in App. F.2. Compared to the Helmert parameters of the
reference solution and a priori, there is no significant change in translation and scale for
positions and velocities in any of the scenarios. The rotations for positions and velocities
are larger, but considering the standard deviation of the estimate, they are not significantly
different from the reference solution. Furthermore, all rotations are below the level of the
strength of the NNR condition of 1 mm and 0.1 mm/year respectively.

The smallest empirical variance coefficient of the transformation can be obtained by
including the GRASP-like scenario with a maximum reduction of 23% in positions and 49%
in velocities. For positions, all the circular scenarios also show a similar reduction of about
20%, while for velocities all other scenarios are in the range of 15 to 30%.

The inclusion of each of the space-tie scenarios in the SLR reference solution does not
lead to a significant change in the parameters defining the reference frame.

Figure 6.48: The upper figure shows the Helmert parameters of all station positions for
the systematic error-free case compared to a priori. The error bars represent the standard
deviation (1 σ).

Formal errors The formal error results for each scenario are shown for coordinates in
X, Y, and Z in Fig. 6.49 and for latitude, longitude, and height in Fig. 6.50 (absolute values
for all scenarios can be found in App. F.2). The values for the ERPs are identical in both
figures and are converted to millimetre equivalents on the Earth’s surface. The expected
improvement for all scenarios is between 19 and 21 % (compare Tab. F.25 in App. F.2).

Formal errors of station coordinates The formal errors for each of the scenarios are
at a comparable level to the reference solution of about 1 millimetre for positions and about
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1 millimetre per decade for velocities. In Cartesian coordinates, the smallest formal errors
are in the height component with about 0.87 mm, in the latitude (North-South) direction with
about 0.92 mm, and in the longitude (West-East) direction with 1.02 mm. The velocities show
a similar picture, with respective values of 1.01, 1.10, and 1.13 mm/decade respectively.

The scaled improvement shows that each of the scenarios leads to an improvement of
the formal errors. The improvement is moderate for the station positions with 3 to 10% in
X, Y, and Z directions, the largest improvement being in the Z component. In geographic
coordinates, the improvement is greatest in the latitude and height component. Improvements
in the latitude component are at about 11% for the GRASP-like, E-GRASP-mod and the
E-GRASP-like scenario and 8 to 10% for the circular scenarios. In the longitude component
the improvements are between 5 and 8% for all scenarios and in the height component
between 8 and 12%. Also in the 30 degree circular scenario, the satellite is visible and
trackable for all stations.

The OSI shows that none of the scenarios can achieve a geometric added value in terms
of station positions. The GRASP-like scenario achieves the best overall OSI, while the 30
degree circular scenario appears to be the most beneficial for the height component.

Formal errors of station velocities The picture is similar for the velocities. Improve-
ments in X, Y, and Z are between 7 and 14%, with the largest improvement in the Y
component. In geographic coordinates, the picture is similar to that for positions, with a
mean improvement in the latitude and longitude component of about 11%, and about 14% in
the height component.

Again, none of the scenarios can provide a geometric added value in the OSI. However,
in geographic coordinates, the 30 degree circular scenario once again achieves the best
overall OSI in the height component.

Peak improvement analysis for station coordinates and velocities The difference
between the percentage change in mean and median is shown in Fig. 6.51. Thereby jumps
in improvement can be identified, showing whether individual stations experience superior
improvement due to the geometry of the observations.

The differences are about 15% or less for all scenarios and components. In the Z
direction and for the height component, the circular scenario with 89 degree inclination
shows slightly larger differences, the 30 degree scenario the lowest, with values close to
zero.

The results of the difference analysis indicate that no major peak improvement can be
detected.

Formal errors of ERPs The formal errors of the ERPs are at a similar level for all
scenarios, at 1.6 mm for the pole coordinates, and about 2 mm for LOD. The scaled
improvement is between 11 and 16% for the pole coordinates, and 19 and 24% for LOD.
The OSI shows that in the pole coordinates none of the scenarios shows a geometric added
value, the GRASP-like comes closest to the expected improvement. Only for LOD, a very
small geometric added value can be seen, with the largest effect found for the circular
scenario at an inclination of 30 degrees. However, the improvements across all scenarios
are very close to the expected improvement, indiating that the geometric added value is
nearly insignificant.

In contrast to DORIS, no peak improvement in the ERPs can be noted. The reason
for the peak improvement seen in DORIS is, that the satellites available in the reference
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solution vary over time. In contrast, geodetic satellites do not manoeuvre and do not
operate electronics that could be unavailable, so the satellites in the reference solution are
continuously available throughout the simulation period. This leads to constant formal error
values in the ERP, without jumping variations.

(a) Absolute values of the median of the formal errors. The green bars indicate the expected
improvement.

(b) Scaled improvement

(c) Observation scaled improvement

Figure 6.49: Fig. a) shows the absolute values of the median of the formal errors in X, Y,
and Z for the reference scenario and each of the space-tie satellite scenarios. Fig. b) shows
the scaled improvement, Fig. c) shows the observation scaled improvement.
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(a) Absolute values of the median of the formal errors. The green bars indicate the expected
improvement.

(b) Scaled improvement

(c) Observation scaled improvement

Figure 6.50: Fig. a) shows the absolute values of the median of the formal errors in latitude,
longitude, and height for the reference scenario and each of the space-tie satellite scenarios.
Fig. b) shows the scaled improvement, Fig. c) shows the observation scaled improvement.
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(a) Difference in improvement in Cartesian coordinates

(b) Difference in improvement in geographic coordinates

Figure 6.51: Fig. a) and b) show the difference in scaled improvements based on the mean
and median of the formal errors. Large negative values indicate a peak improvement for
outlier values.
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A posteriori ERP analysis Tab. F.26 shows the values of the statistical evaluation
of the corrections of the ERPs. It can be seen that the standard deviation of the pole
coordinates of 1.5-1.6 mm in the X- and Y-poles of the reference solution can be reduced
by approximately 25% to a level of 1.1-1.2 mm with each of the scenarios. The 89 degree
circular scenario shows a very minor advantage.

Based on the significant offset in the pole coordinates of the reference solution of 0.6 and
0.4 mm in X and Y respectively, none of the scenarios can significantly remove the offset.
However, they are all below the millimetre that the GGOS is aiming for. This offset can be
reduced by increasing the strength of the NNR condition.

The linear regression of the pole coordinates reveales significant drifts, mainly in the
Y-pole, but at a level below 6/100 mm/year, which is a factor of 10 smaller than the average
standard deviation of the pole corrections.

LOD shows a similar picture, the noise of the reference solution of 2.9 mm can be
reduced by about 25% to 2.1-2.3 mm with each scenario, where the circular scenario with
89 degrees inclination shows a slightly worse improvement. None of the scenarios shows a
significant offset or trend in LOD.

ERP spectral analysis The spectral analyses of the determined ERPs are shown in
Fig. G.13–G.18 in App. G.2. The strongest signals found in the ERPs of the reference
solution have maximum amplitudes close to 0.1 mm. Each space-tie scenario leads to a
reduction in these signals to a level below 0.1 mm. No amplification or introduction of new
signals were found for any of the scenarios. In LOD slightly more effective scenarios are the
GRASP-like, E-GRASP-like and 60 degree circular scenario.

Conclusion - systematic error-free The results of the systematic error-free simula-
tion show that the global observation coverage for SLR for lower orbiting satellites shows
increasingly spot-like coverage around the ground stations, which means that parts of the
orbit are unobserved. With increasing altitude, a global homogeneous observation coverage
can be achieved.

The orbit comparison shows the best results for the low-orbiting GRASP-like scenario.
Higher orbiting scenarios show slightly higher orbit differences in the mean RMS. Geograph-
ical differences were found for the eccentric E-GRASP-mod and E-GRASP-like, which show
a similar stripe-like pattern as for DORIS, the circular scenarios show a minor North-Shouth
pattern in cross-track direction, which increases with increasing inclination. However these
geographical patterns are in the low submillimetre range.

The derived TRFs show no systematic influence in the Helmert parameters by including
one of the space-tie satellite scenarios.

The possibility to improve the formal errors in the estimated station coordinates and
velocities is mainly due to the additional observations. A geometric added value could not
be found for any of the scenarios. The mean improvements for station coordinates and
velocities are at the level of 10% for most of the components.

The potential for improving the formal errors in the ERPs is at a similar level for all
scenarios and is around 14% for the pole coordinates and 20% for LOD. A geometric added
value in the ERPs could only be found for LOD, and here for all scenarios except the 89
degree circular scenario. However, this is in the low single digit percentage range.

The scatter of the estimated pole coordinates and LOD can be reduced by about 25%
with each of the scenarios. A systematic influence on the ERPs compared to the reference
solution could not be found for any of the scenarios.
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Each of the scenarios shows the potential to reduce signals in the determined ERPs
of the SLR reference solution, differences in the scenarios are rather specific and small.
For LOD, the GRASP-like, E-GRASP-like and 60 degree circular scenario are particularly
suitable. At the pole coordinates, none of the scenarios is significantly better or worse than
the others.

The ratings of the individual scenarios for improving the TRF and the ERPs are given
in Tab. 6.26. The results demonstrate a high degree of balance, with each scenario
proving to be suitable for achieving improvements of a comparable magnitude. In terms of
station coordinates, the 30 degree circular scenario was found to be particularly effective in
improving formal errors in the latitude component. In the context of the ERPs, the 60 degree
circular scenario proved to be a good compromise for reducing the signals of the reference
solution in both pole coordinates and LOD.

Table 6.26: Maximum potential of the satellite scenarios for SLR to improve the TRF and
ERPs in the case free of systematic errors. The lower the stated value, the better the rating.
The summary represents the unweighted mean value.

G-like E-G-mod E-G-like Circ. 30° Circ. 60° Circ. 89°

Obs. cov. ② ① ① ① ① ①

Orbit ① ② ② ② ② ②

Helmert ① ① ① ① ① ①

Station pos. f.e. ② ② ② ② ② ②

Station veloc. f.e. ② ② ② ② ② ②

Stat. stab. f.e. ② ② ② ② ② ②

Pole coord. f.e. ① ② ② ② ② ②

Pole coord. est. ① ① ① ① ① ①

LOD f.e. ① ① ① ① ① ①

LOD est. ① ① ① ① ① ①

ERP stab. f.e. ② ② ② ② ② ②

Summary 1.5 1.5 1.5 1.5 1.5 1.5

6.2.2.2 Influence of center-of-mass displacements

To investigate the influence of systematic eccentricity errors of the vector from the satellite’s
CoM to the SLR reference point, the same method used for DORIS in Sec. 6.1.2.2 is applied.
The CoM coordinates are shifted by 3 mm in the first case and by 6 mm in the second in the
X, Y, and Z directions of the satellite fixed reference system, corresponding respectively to 5
mm and 10 mm in three dimensions. As mentioned above, due to the chosen attitude control
of the simulated satellite, the X, Y, and Z directions of the satellite correspond directly to the
radial, cross-track and along-track components. The dynamic modelling is not modified in
this case.

Orbital fit The displacement introduced can be seen in the parameters of the orbital fit.
For a displacement of 3 and 6 mm, the RMS increases in all scenarios from about 0.86 to
0.90 and about 0.99 cm, respectively. The same applies to the mean, which increases by
about 1.7-1.9 and 3.4-3.8 mm for the GRASP-like, E-GRASP-mod and 30 degree circular
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scenarios, respectively. For the E-GRASP-like scenario the increase is slightly smaller at 1.3
and 2.6 mm. This is thought to be due to the eccentricity of the orbit, where the shift in the
satellite’s Z component is not only corresponding to the radial component. The 60 and 89
degree circular scenarios show a larger increase of 2.4 and 4.8 mm, which is close to the
introduced one dimensional displacement. Furthermore, a shift of 10 mm (3D) is found to
cause an increase in the standard deviation of up to 7%, which is slightly less for the 60 and
89 degree circular scenarios.

Orbital recovery The results of the orbit comparisons, Fig. 6.52, show that, similar to
DORIS, it is mainly the eccentric orbit scenarios that show an increase in the RMS of the
radial orbit differences. Compared to DORIS this increase is stronger and increases along
with the introduced displacement. The increase is largest for the two eccentric orbits, E-
GRASP-mod and E-GRASP-like, which show an increase by a factor of 5 and 7 respectively
for the 5 mm displacement. The second largest increase can be seen for the circular
scenarios at 60 and 89 degrees inclination with a factor of 2.7 and 3.1 repsectively, the
smallest for the GRASP-like and circular scenario at 30 degree inclination with a factor of
1.9 and 1.4 respectively.

In the cross-track direction, all scenarios show an increase in RMS, but it is significantly
stronger for the 30 degree circular scenario. For this scenario the increase is by a factor of 6
for 5 mm displacement, for all other scenarios it is approximately a factor of two to three. A
comparison of the three circular orbit scenarios shows that the effect of orbital differences
decreases with increasing inclination.

In the along-track direction, the effect is substantial, similar to that of DORIS, and is most
pronounced for the E-GRASP-like scenario with a factor of 4.7 for 5 mm displacement. The
GRASP-like and E-GRASP-mod are the second most affected with a factor of about 4. All
circular scenarios are least affected with factors below 3. Here the inclination seems to have
the opposite effect in comparison to the cross-track component, the smaller the inclination,
the smaller the increase in the along-track orbit differences.

For all scenarios, doubling the introduced displacement also shows an increase in the
RMS factors by a factor of two.

A systematic mean orbit difference can only be seen in the along-track component, which
for all scenarios reflects 100% of the introduced one dimensional displacement of 3 and 6
mm respectively.

Fig. 6.54 shows the geographical orbit differences. A North-South distribution can be
seen in the radial direction for all scenarios. This is clearly stronger for the two eccentric
scenarios, and for the E-GRASP-like scenarios seems to have a maximum of about 3 mm
at a latitude of 20° North. For the circular scenarios this pattern increases with increasing
inclination. The lowest influence is seen for the GRASP-like and circular scenario at 30
degree inclination.

In the cross-track orbit direction there is also a North-South distribution for each scenario,
which is strongest for the 30 degree circular scenario, where the differences reach an
amplitude of about 14 mm. Near polar orbits such as the GRASP-like or the 89 degree
inclined circular scenario perform best, with a maximum amplitude of about 2.3 and 3.9
mm respectively. The eccentric E-GRASP-mod and E-GRASP-like show amplitudes of
5.9 and 4.9 mm respectively. In contrast, the 60 degree circular scenario, which has a
similar inclination, shows a stronger amplitude of about 6.1 mm. Thus, in the cross-track
component, a permanent higher altitude of the orbit seems to weaken the ability to determine
the cross-track component with SLR.
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In the along-track direction, only the two eccentric scenarios show a North-South distri-
bution in addition to the offset. Here the maximum amplitude is about 4.7 and 7.5 mm for the
E-GRASP-mod and E-GRASP-like scenarios, respectively.

The geographical differences in the mean residuals in Fig. 6.53 partly reflect the North-
South distribution and appear to be anticorrelated with the radial orbital differences. This is
most obvious for the circular scenarios. For the other scenarios, the distribution of the mean
differences show an overlap of the North-South distribution of the orbital differences with the
elevation of the observation. In areas where the observations are observed at low elevations
and in peripheral areas where observations from neighbouring stations overlap, the mean
differences increase.

Figure 6.52: Mean RMS and mean values of the orbit comparison of the simulated and
recovered orbit with 5 mm and 10 mm systematic displacement, respectively. The thinner
bars show the results of the test scenarios with the systematic displacement, the thicker bars
in the background show the values achieved in the systematic error-free case.

SLR reference point estimation The estimated reference points show an accuracy of
better than 1/10 mm in the radial and normal directions for each of the scenarios (see Tab.
6.27). The differences between the scenarios are very small. The largest remaining deviation
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Figure 6.53: Global distribution of the difference in the mean of the observation residuals for
the case of systematic CoM displacement compared to systematic error-free for SLR. The
colorbar is shifted by 0.4 cm, corresponding to approximately the mean of all the scenarios
seen in the orbital fit for this case.

in the radial direction is observed for the GRASP-like scenario, while in the normal direction
it is the 60 degree circular scenario. However, these are still less than 1/10 mm.

In the transversal direction, only the two eccentric scenarios, E-GRASP-mod and E-
GRASP-like, show a residual deviation on the sub-millimetre level, for the GRASP-like
scenario an offset of about 1.7 mm remains. For the circular scenarios, it is not possible
to estimate the reference point in the transversal direction in a meaningful way. Remaining
offsets are 4 centimetres for the circular scenarios at 60 and 89 degree inclination and up to
64 centimetres for the scenario at 30 degree inclination.

Increasing the one-dimensional displacement from 3 to 6 mm per component has no
significant effect on the estimated values for all scenarios.

For SLR, it can be concluded that the estimation of the reference point in the radial and
normal direction is possible for all scenarios with an accuracy of 1/10 mm and better. In
the transversal direction, the inaccuracy of the estimated value is larger and estimation
is only reasonably possible for the GRASP-like scenario with millimetre accuracy and the
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Figure 6.54: Mean orbit differences of the systematic error-free scenario and the recovered
orbit for the 3D 10 mm CoM mismodelling scenario. From left to right in radial, cross-track,
and along-track direction. From the top to the bootom, GRASP-like, E-GRASP-mod, E-
GRASP-like, Circular 30°, Circular 60 °, Circular 89°.
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E-GRASP-mod and E-GRASP-like scenarios with sub-millimetre accuracy. However, biases
in SLR, such as range or time biases, would be correlated with the estimation of the CoM or
SLR reference point, thus preventing estimation of the affected components.

Table 6.27: Difference of estimated CoM coordinates to the simulation. Estimates and their
standard deviation in millimetres. Introduced CoM coordinate displacements of 3 and 6 mm
all three axes.

3 mm per axis introduced 6 mm per axis introduced

Radial Transversal Normal Radial Transversal Normal

GRASP-like 0.09 ± 0.02 1.69 ± 2.08 -0.00 ± 0.03 0.09 ± 0.02 1.69 ± 2.08 -0.00 ± 0.03
E-GRASP-mod 0.06 ± 0.02 -0.22 ± 0.45 -0.02 ± 0.05 0.06 ± 0.02 -0.22 ± 0.45 -0.02 ± 0.05
E-GRASP-like 0.07 ± 0.02 0.30 ± 0.28 -0.03 ± 0.06 0.07 ± 0.02 0.30 ± 0.28 -0.03 ± 0.06
Circular 30° 0.05 ± 0.02 -644.76 ± 290.10 0.02 ± 0.08 0.05 ± 0.02 -643.27 ± 289.80 0.02 ± 0.08
Circular 60° 0.07 ± 0.02 -41.68 ± 118.40 0.07 ± 0.06 0.07 ± 0.02 -41.68 ± 118.40 0.07 ± 0.06
Circular 89° 0.06 ± 0.02 -38.47 ± 98.02 0.01 ± 0.05 0.06 ± 0.02 -38.51 ± 98.05 0.01 ± 0.05

Reference frame

Helmert parameters The systematic CoM displacement for SLR, shows a systematic
influence on the TRF for all scenarios. These are primarily evident as translations in Z,
rotations around X and Y, and in the scale. The effect is mainly on station positions, but
to a lesser extent also on velocities (see Fig. 6.55 and Tab. F.27 and F.28 in App. F.2).
The influence on the Helmert parameters shows a linear correlation with the introduced
displacement, i. e. they double when the introduced displacement is doubled. The following
values are given for the case of 5 mm displacement.

The largest influence can be seen for the GRASP-like scenario, where the rotations
range up to about 7 mm for station positions and 0.4 mm/a for velocities. Other scenarios are
less affected, but only the 30 degree circular scenario shows an influence on the rotation of
less than 1 mm and 0.1 mm/a respectively. The influence on the translations is much smaller,
translations for positions above 1 mm can only be seen for the two eccentric scenarios
E-GRASP-mod and E-GRASP-like, and of exactly 1 mm for the 60 and 89 degree circular
scenarios. The effect on the scale is up to 1.3 mm, with the GRASP-like and the 60 and
89 degree circular scenarios being affected the most. A more eccentric orbit or a lower
inclination, here 30 degrees, reduces the effect.

The co-estimation of the CoM coordinates eliminates almost the entire systematic effect
on the TRF in all scenarios. Only for the GRASP-like and E-GRASP-like scenarios a
significant Y-rotation of maximum 0.14 mm remains.

Formal errors An LIP can be observed for all scenarios. This is strongest for station
coordinates, and similarly strong for station velocities and ERPs (see Fig. 6.56 and 6.57).

With a shift of 5 mm, the LIP of the station positions is in the range of 14 to 36% in X, 10
to 25% in Y and 6 to 14% in Z. In geographical coordinates, it can be seen that the losses
are strongest in the longitude direction, where they reach 8 to 20%. The 89 degree circular
scenario is affected the most here. In the latitude and height components, the losses are
smaller and are in the range of 4 to 12%.

For station velocities the LIP is smaller, ranging from 3 to 10% and at comparable levels
in all components. Again the 89 degree circular scenario is the most affected.
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(a) 5 mm 3D CoM displacement

(b) 10 mm 3D CoM displacement

Figure 6.55: Helmert parameters for all stations for 5 mm (Figure a) and 10 mm (Figure b)
CoM displacement compared to a priori. The upper figures show the values of the station
positions, the lower ones those of the velocities.
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The ERPs show the least influence, with the LIP ranging between 2 and 7% and 7 and
30% for 5 and 10 mm displacement respectively.

The E-GRASP-like is the least affected with 14% LIP in the pole coordinates and 8%
in LOD for 10 mm displacement. The GRASP-like, E-GRASP-mod and 30 degree circular
scenarios are not far off with LIP of 17 to 21% in the pole coordinates and 7 to 14% in LOD.
The 60 and 89 degree circular scenarios are most affected with LIP in the range of 24 to
30% and 14 to 18% for the pole coordinates and LOD.

The increase in LIP as the displacement increases from 5 mm to 10 mm is not linear, but
in fact overproportionate. For some parameters and scenarios it even exceeds the 100%
level.

In general, the E-GRASP-like and 30 degree circular scenario are the least affected. The
GRASP-like and E-GRASP-mod scenarios show similarly losses which are in all parameters
higher, but the largest overall LIP can be seen for the 60 and especially the 89 degree
circular scenario.

Estimating the reference points can reduce any LIP to values in the low single-digit
percentage range.

(a) Coordinates in X,Y, and Z.

(b) Same as in Fig. a) but for geographic coordinates in Latitude, Longitude, Height.

Figure 6.56: Percentage loss of maximum improvement potential due to 5 mm CoM dis-
placement compared to the systematically error-free case.

ERP analysis The introduced CoM displacement leads to a significant increase in noise
in both X and Y-pole for all scenarios (compare Tab. F.33). At 10 mm displacement, this
increase is most pronounced for the GRASP-like scenario, where it reaches 58% in X-pole
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(a) Coordinates in X,Y, and Z.

(b) Same as in Fig. a) but for geographic coordinates in Latitude, Longitude, Height.

Figure 6.57: Percentage loss of maximum improvement potential due to 10 mm CoM
displacement compared to the systematically error-free case.

and 66% in Y-pole. The E-GRASP-mod and E-GRASP-like scenarios are less affected
and show a similar increase in noise of 30-33% in the X-pole and 10-11% in the Y-pole.
The circular scenarios are the least affected with increases between 11 and 23%, with the
near-polar scenario showing the highest increases.

There is also an offset in the pole coordinates. In the GRASP-like scenario the bias
amounts to 11.5 and 16.6 mm in the X and Y-pole. The E-GRASP-mod and E-GRASP-like
scenarios show a primary bias in the X-Pol, which is approximately equal to the amount of
the introduced 3D displacement. In the circular scenarios, smaller biases are observed, also
mainly in the X-Pol. Here they reach about 50% of the introduced 3D displacement, in the
Y-pole they are below 1.5 mm. The circular scenario at 30 degree inclination is less sensitive,
since it shows a maximum deviation of 2 mm in the X-pole.

A significant trend in the pole coordinates is seen mainly for the GRASP-like scenario,
with a drift of 0.6 and 0.7 mm/a in X and Y respectively. Again, the E-GRASP-mod and
E-GRASP-like scenarios are comparatively less affected, with a maximum drift of 0.4 mm/a.
For the circular scenarios, the scenarios at 60 and 89 degree inclination show a drift of about
0.2-3 mm/a, while the scenario at 30 degrees shows a drift of less than 0.1 mm/a.

In LOD, all scenarios show a significant increase in noise. This is largest for the GRASP-
like and the two circular scenarios with 60 and 89 degrees inclination, ranging from 23 to 30%.
The increase for the E-GRASP-mod, E-GRASP-like and the 30 degree circular scenario is in
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the range of 10-15%. A significant bias can only be detected for the GRASP-like scenario,
where it reaches 0.26 mm/a. No trend in LOD can be detected for any of the scenarios.

In each scenario, estimating the reference points can reduce the increased noise and
remove the bias and drift to the values of the systematically error-free cases.

Spectral analysis of the ERPs shows that, for LOD solely the 60 degree circular scenario
shows influences to amplitudes larger than 0.1 mm. Here, a signal arises at 263 days, with
respective amplitudes of 0.1 and 0.16 mm for 5 and 10 mm CoM displacement, respectively.
In the pole coordinates, variations in the spectra are largely dominated by the occuring
biases and drifts. Coestimating the CoM coordinates can eliminate all variations seen in the
amplitude spectra of the ERPs. (Amplitude spectra of the 10 mm displacement case can be
found in App. G.2 in Fig. G.19–G.24.)

As with DORIS, it is noteworthy that the very poorly estimated CoM values of the circular
scenarios in the transversal direction are not reflected in the TRF and the ERPs. They are
most likely absorbed by the initial state elements.

Conclusion - systematic center-of-mass displacement The coordinates of the CoM
have been shifted by 3 and 6 mm in all three axes, corresponding to approximately 5 and 10
mm in three dimensions.

A systematic shift only leads to a systematic shift in the along-track direction of the
orbit, where it is reflected at 100%. The degradation of orbit accuracy for the two eccentric
scenarios, E-GRASP-mod and E-GRASP-like, is greatest in the radial component. In the
cross-track direction it is the 30 degree circular scenario. These three scenarios also appear
to be the most affected in terms of geographical patterns in the orbit comparison. Overall, an
increase in the mean RMS values of the orbit comparison in three dimensions is at the level
of a factor of 2.4 to 3.9 in the case of a 3 mm displacement. The best results are obtained
for the two circular scenarios with 60 and 89 degrees inclination, the GRASP-like scenario
shows the least geographical patterns in the orbit comparisons.

The effect on the TRF is significant for all scenarios and is smallest for the 30 degree
circular scenario. The LIP in the formal errors is strongest for the positions. The velocities
are less affected and the ERPs the least. The E-GRASP-like and the 30 degree circular
scenario show a slight advantage here.

The influence on the estimated ERPs shows a significant increase in noise for all
scenarios, most pronounced up to 66% for a 3D shift of 10 mm for the GRASP-like scenario
and up to 23% for the circular scenarios. Significant biases and drifts can be observed for all
scenarios, and are particularly evident in the pole coordinates. Again, the circular scenarios
are the least affected, but here too a systematic reference point shift is reflected with about
50% of the introduced 3D shift.

Reference point estimation is possible for all scenarios in the radial and normal directions.
In the transversal direction this is not possible for the circular scenarios. The co-estimation
of the reference points can account for almost all systematic effects on the TRF and the
ERPs, as well as increased noise in the ERPs and LIP in the formal errors.

The introduction of systematic CoM displacements shows a significant influence for all
scenarios, which should be avoided. The higher orbiting circular scenarios generally show a
smaller influence, but since up to 50% of the introduced 3D shift can be found in the pole
coordinates, the eccentricities of the satellite should be determined as accurately as possible
before launch.

The evaluation of the SLR CoM mismodelling is given in Tab. 6.28.
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Table 6.28: Vulnerability of the satellite scenarios for SLR for systematic CoM mismodelling.
Ranking of formal errors for the CoM fixed and estimated cases are summarised.

G-like E-G-mod E-G-like Circ. 30° Circ. 60° Circ. 89°

Orbit ② ③ ③ ② ② ②

CoM est. ① ① ① ② ② ②

Helmert CoM fixed ③ ③ ③ ① ② ②

Helmert CoM est. ① ① ① ① ① ①

Station pos. form. err. ② ② ② ② ③ ③

Station veloc. form. err. ② ② ① ① ② ③

Pole coord. form. err. ② ② ② ② ③ ③

LOD form. err. ② ② ① ① ③ ③

ERPs est. CoM fixed ③ ② ② ① ① ②

ERPs est. CoM est. ① ① ① ① ① ①

Summary 1.9 1.9 1.7 1.4 2.0 2.2

6.2.2.3 Influence of atmospheric drag mismodelling

The mismodelling of the atmospheric drag follows the same procedure as for DORIS. For
details of the perturbations introduced, see Sec. 6.1.2.3. To compensate for the mismodelling
introduced, the parameterisation in Tab. 6.29 is used for all satellites in the SLR processing.
Compared to DORIS, further empirical accelerations have been introduced. In particular,
the 1/rev terms are necessary to achieve a good orbital fit due to the lower density of
observations.

Table 6.29: Used dynamic parameterisation and estimated parameters for the atmospheric
drag mismodelling case.

Parameterisation for atmospheric drag mismodelling case

All scenarios
Arc length 7 days
Initial state parameters estimated
Atmospheric drag parameters one global scaling factor per arc

and scaling factors every 12h
set up as piecewise linear polygon

Empirical accelerations Piecewise linear continuous in transversal direction every
24h, cosine and sine 1/rev after 24, 48, 72, 96, 120, 144 h
in transversal direction

Orbital fit The atmospheric drag mismodelling does not lead to any difference in the orbital
fits (minimum, maximum, RMS, mean, standard deviation) compared to the systematic error-
free scenario. The global distribution of the differences in the residuals shows higher noise
in the spot-like observation regions for the GRASP-like scenario (see Fig. 6.58). For the
E-GRASP-like and 89 degree circular scenarios, the increased noise is only visible in regions
with fewer observations. Regions with more observations, such as Europe and Australia,
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show significantly less noise in the differences. For the other scenarios, the influence is
much weaker.

Figure 6.58: Global distribution of the difference in the mean of the observation residuals for
the atmospheric drag mismodelling case compared to systematic error-free.

Orbit recovery Fig. 6.59 shows the mean orbit differences. The degradation in orbit
accuracy is mainly in the radial and along-track direction. The GRASP-like and E-GRASP-
like scenarios are most affected, with an increase of about a factor of five in both components.
The other scenarios are less affected and show an increase of about a factor of three in
both components. In the cross-track direction, all scenarios are similarly affected, with the
difference increasing by approximately 30%. The radial and cross-track directions remain
the better determined ones. A systematic bias in the orbits greater than 0.1 mm cannot be
detected for any of the scenarios.

Geographical orbit differences can be found mainly for the GRASP-like and E-GRASP-
like scenarios, as was also the case for DORIS. Again, a West-East pattern can be seen
in the radial direction, with an amplitude of 0.15 and 0.2 mm (see Fig. 6.60). There is a
correlation with the along-track direction, but the amplitude is significantly larger here at
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0.67 and 0.95 mm. The other scenarios show almost no pattern in the radial direction, the
circular scenarios show a very small North-South stripe pattern. In the along-track direction,
these scenarios largely reflect the increased noise. In the cross-track direction, only the
E-GRASP-like scenario shows a clear pattern with a North-South distribution of 0.2 mm
amplitude.

Figure 6.59: Mean RMS and mean values of the orbit comparison of the simulated and
recovered orbit for the atmospheric drag mismodelled case. The thinner bars show the
results of the drag mismodelling case, the slightly more transparent thicker bars in the
background show the values achieved in the systematic error-free case.

Reference frame

Helmert parameters The influence on the TRF is mostly pronounced for the GRASP-
like and E-GRASP-like scenarios in the Helmert parameters (see Tab. F.34). In these
scenarios significant X-rotations of 1.0 and 2.8 mm can be seen, as well as a Y-rotation of
0.5 mm in both scenarios. The E-GRASP-mod and 30 degree circular scenarios are less
affected, where significant rotations are found only in X, reaching 0.26 and 0.13 mm. A
significant effect on station velocities is only found for the E-GRASP-like scenario, where
an X-rotation of 0.16 mm/a occurs. The circular scenarios at 60 and 89 degrees inclination
show no significant effect in the Helmert parameters. For all scenarios, there is no significant
influence on the translations or the scale.

Formal errors The LIP in the station positions is 6 to 26% in Cartesian coordinates
and 5 to 19% in geographic coordinates for all scenarios, with little difference between the
components (see Tab. F.35 in App. F.2). The GRASP-like and E-GRASP-like scenarios
demonstrate the greatest losses. The 30 degree circular scenario shows the second greatest
loss, which is more pronounced in the Y, and longitude components. The 89 degree circular
scenario achieves the best results.

In terms of velocities, losses range from 4 to 17% in Cartesian coordinates and from 5
to 15% in geographic coordinates. In Cartesian coordinates, the differences between the
scenarios are less pronounced, with the GRASP-like and E-GRASP-like scenarios being
most affected in the Z component. In geographic coordinates, the largest losses are found
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Figure 6.60: Mean orbit differences of the true simulated and recovered orbit over the full
simulation time span of 7 years for the atmospheric drag mismodelling case. From left to right
in radial, cross-track, and along-track direction. From the top to the bootom, GRASP-like,
E-GRASP-mod, E-GRASP-like, Circular 30°, Circular 60°, Circular 89°
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in the latitude and height components of the GRASP-like and E-GRASP-like scenarios,
reaching up to 15%. Differences in the longitude component are rather small, with LIP in the
range of 5 to 10% for all scenarios.

In the pole coordinates, again the GRASP-like and E-GRASP-like scenarios show the
largest losses with 31 to 46%, while the other scenarios show less LIP, with 19 to 27%. In
LOD, the 30 degree circular scenario is by far the most affected with 65% LIP, the E-GRASP-
mod, E-GRASP-like and 60 degree circular scenarios show similar losses ranging from 31
to 39%. The GRASP-like and 89 degree circular scenarios are much less affected with 13
and 9%, respectively, where a near polar orbit seems to be advantageous regardless of the
altitude of the orbit.

(a) Coordinates in X,Y, and Z.

(b) Same as in Fig. a) but for geographic coordinates in Latitude, Longitude, Height.

Figure 6.61: Percentage loss of maximum improvement potential due to atmospheric drag
mismodelling compared to the systematically error-free case.

ERP analysis The a posteriori ERP analysis (see Tab. F.36 in App. F.2) shows a significant
increase of the noise in the pole coordinates for all scenarios. For the GRASP-like and
E-GRASP-like scenarios this increase is between 14 and 17%, and for the other scenarios
between 5 and 10%. There is also a bias in both pole coordinates for the GRASP-like and
E-GRASP-like scenarios, which is 0.4 and 0.6 mm in the X-pole and 1 mm and 3.1 mm in
the Y-pole. Of all the other scenarios, only the E-GRASP-mod scenario shows a bias of
0.5 mm only in the Y-pole, while the other biases are below 0.1 mm. A variation of the drift
behaviour in the pole coordinates is only significant in a few cases and the variations are well
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below 0.1 mm/a. A drift beyond this can only be determined for the E-GRASP-mod scenario,
which is 0.18 mm/a.

In LOD, the influence is limited to an increase in noise. This is only significant for the
E-GRASP-mod, E-GRASP-like and the 30 and 60 degree circular scenarios and is 9, 13, 23
and 10% respectively. No significant offset or drift can be detected.

Spectral analysis of the ERPs shows only minor influences. The largest influence is for
the pole coordinates, where variation can be detected for the GRASP-like and E-GRASP-like
scenarios only. The GRASP-like scenario shows induced signals with amplitudes close to 0.1
mm at 159 and 287 days, as well as close to annual (see Fig. G.25). In the E-GRASP-like
scenario, the spectrum is largely dominated by occurring bias and drift (see Fig. G.26). In
LOD, variations are below 0.1 mm for all scenarios.

Conclusion - atmospheric drag mismodelling The strongest influence due to atmo-
spheric drag mismodelling is seen for the GRASP-like and E-GRASP-like scenarios.

The influence on orbit accuracy is mainly seen in the GRASP-like and E-GRASP-like
scenarios, where the three-dimensional RMS of the orbit differences increases by a factor
of about 4. In addition, the E-GRASP-like scenario has the largest geographical orbit
differences in all three directions.

Similar results can be seen for the influence on the TRF. Significant rotations in the
millimetre range are found for the GRASP-like and E-GRASP-like scenarios.

The formal errors of the station positions increase significantly for all scenarios, again
most strongly for the GRASP-like and E-GRASP-like scenarios with LIP values up to 26%.
LIP for velocities are significantly lower.

The pole coordinates show significant LIP for all scenarios, with the most pronounced
values in the GRASP-like and E-GRASP-like scenarios, ranging from 31 to 46%. For LOD
the 30 degree circular scenario is particularly affected.

The spectral analysis of the ERPs shows only minor influence at the pole coordinates for
the GRASP-like and E-GRASP-like scenarios.

In summary, the GRASP-like and E-GRASP-like scenarios are most affected by the drag
mismodelling. The other scenarios are much less affected, with the best results obtained by
the E-GRASP-mod and the 60 and 89 degree circular scenarios (compare Tab. 6.30).

Table 6.30: Vulnerability of the satellite scenarios for SLR for systematic atmospheric drag
mismodelling.

G-like E-G-mod E-G-like Circ. 30° Circ. 60° Circ. 89°

Orbit ② ① ③ ① ① ①

Helmert ② ① ② ① ① ①

Station pos. form. err. ③ ② ③ ② ② ②

Station veloc. form. err. ② ① ② ① ① ①

Pole coord. form. err. ③ ② ③ ② ② ②

LOD form. err. ① ② ② ③ ② ①

ERPs ② ① ② ① ① ①

Summary 2.1 1.4 2.4 1.6 1.4 1.3
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6.2.2.4 Influence of solar radiation pressure mismodelling

The mismodelling of SRP follows the same procedure as for DORIS. For details of the
perturbation introduced, see Sec. 6.1.2.4.

In order to absorb the introduced perturbations, the parameterisation of Tab. 6.31 is used
for all satellites. Compared to the parameterisation used for DORIS, global scaling factors
are estimated for SRP and albedo, and just one global scaling factor. This is necessary
because estimating too many dynamic parameters in the case of SLR makes the solution
more unstable due to the lower density of observations.

Table 6.31: Dynamic parameterisation and estimated parameters for the SRP mismodelling
case.

SRP mismodelling parameterisation

All scenarios
Arc length 7 days
Initial state parameters Estimated
SRP parameters One global scaling factor per arc
Albedo parameters One global scaling factor per arc
Atmospheric drag parameters One global scaling factor per arc
Empirical accelerations Piecewise linear continuous in transversal direction every

24h, cosine and sine 1/rev after 24, 48, 72, 96, 120, 144 h
in transversal and normal direction

Orbital fit The introduced mismodelling of the SRP leads to almost no differences in the
orbital fits (minimum, maximum, RMS, mean, standard deviation) compared to the systematic
error-free case for any of the satellite scenarios. The differences are in the sub-millimetre
range. The geographical distribution of the residuals shows no change for regions with
higher observation coverage (see Fig. 6.62). In the GRASP-like scenario, increased noise of
the residuals is observed at the edge of observation regions where stations observe at low
elevation. For the other scenarios, increased noise is only observed in regions with lower
observation density.

Orbit recovery The orbit comparison shows that for all scenarios the mean RMS of the
orbit differences in radial, cross-track and along-track directions increases by a factor of
about four (compare Fig. 6.63). No significant offsets in the orbit differences are evident in
any of the scenarios, with the mean orbital differences reaching a maximum level of 1/100
mm.

The geographical distribution of the orbit differences in Fig. 6.64, shows for the E-GRASP-
mod and 89 degree circular scenario a pattern in the radial component, where maxima
around the equator and minima at the poles are visible, which have an amplitude of 0.14
and 0.22 mm respectively. Comparable patterns in the other scenarios are much weaker.

In the cross-track direction, the GRASP-like scenario shows a slight West-East pattern
with an amplitude of about 0.3 mm. The E-GRASP-mod and E-GRASP-like scenarios largely
reflect the increased noise in the orbit differences and an amplification of the aforementioned
stripe pattern along ascending arcs (see also Sec. 6.1.2.1). Here the amplitudes of the
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Figure 6.62: Global distribution of the difference in the mean of the observation residuals for
the SRP mismodelling case compared to systematic error-free.

eight maxima are amplified to 0.45 mm in both scenarios. The two circular scenarios at 30
and 60 degrees inclination only reflect the increased noise of the orbit differences, with no
discernible geographical pattern. The situation is similar for the 89 degree circular scenario,
but here an additional pattern appears, with maxima at 90 degrees longitude intervals,
alternating at the North and South poles. The amplitude of these extrema is about 0.6 mm.

In the along-track direction, only the E-GRASP-like scenario shows a North-South pattern
with an amplitude of about 0.5 mm. The other scenarios only reflect the increased noise
of the orbit differences. There is no clear correlation between the mean geographical orbit
differences and the geographical distribution of the observation residuals.

Reference frame

Helmert parameters There is almost no systematic influence on the TRF. There are
occasional rotations, but they are small or at the 3 sigma limit of the parameter in question.
The maximum rotations are around 0.1 mm in the positions, while there are no significant
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Figure 6.63: Mean RMS and mean values of the orbit comparison of the simulated and
recovered orbit for the SRP mismodelled case. The thinner bars show the results of the SRP
mismodelling cases, the slightly more transparent thicker bars in the background show the
values achieved in the systematic error-free case.

rotations in the velocities. There is no significant influence on the translations, and the scale
(see Tab. F.37 in App. F.2).

Formal errors The analysis of the LIP (see Fig. 6.65 and Tab. F.38 in App. F.2) in the
formal errors shows that in the station coordinates, the losses in Cartesian coordinates in the
X coordinate are at a similar level for all scenarios between 11 and 18%. In the Y component,
the 30 degree circular scenario is the most affected with LIP of 24%, the other scenarios
are in the range of 6 to 13%. In the Z component, the scenarios show a comparable loss,
ranging from 9 to 15%.

In geographical coordinates, the LIP is in the range of 7 to 15% for all components and
scenarios, except for the 30 degree circular scenario in the longitude component, where an
LIP of 20% is reached. The E-GRASP-mod and the 60 and 89 degree circular scenarios
achieve slightly better results for all components.

Similar losses are observed in all velocity directions in Cartesian coordinates for all
scenarios, ranging from 6 to 14%. In geographic coordinates, losses are also uniform across
all scenarios, ranging from 7 to 13% across all components, with the longitude component
experiencing the least impact.

For the ERPs, all scenarios show similar losses, ranging from 25 to 34% for the pole
coordinates and from 70 to 82% for LOD.

ERP analysis The estimated ERPs show a significant increase in noise in the X-pole of 8
to 15% and in the Y-pole of 7 to 11% (see Tab. F.39). All scenarios show significant biases
in both pole coordinates compared to a priori, but the change compared to the respective
systematic error-free cases is no more than 0.1 mm for all scenarios. Significant trends can
be detected mainly in the Y-pole, but here the variations are below 0.01 mm/a.

In the case of LOD, the increase in noise is largest for the 30 degree circular scenario at
29%. The other scenarios show increases in the range of 18 to 23%. No significant offset or
drift can be found for any of the scenarios.
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Figure 6.64: Mean orbit differences of the true simulated and recovered orbit over the full
simulation time span of 7 years for the SRP mismodelling scenario. From left to right in
radial, cross-track, and along-track direction. From the top to the bottom, GRASP-like,
E-GRASP-mod, E-GRASP-like, Circular 30°, Circular 60°, Circular 89°.
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(a) Percentage loss of maximum improvement potential due to SRP mismodelling. Coordinates in
X,Y, and Z

(b) Same as in Fig. a) but for coordinates in Latitude, Longitude, Height.

Figure 6.65: Differences of the percentage improvements compared to the systematically
error-free case. +10% means that from the full potential of improvement of the systematic
error-free case 10% are lost. Figure a) shows the values for X,Y and Z, Figure b) the values
for Latitude, Longitude, Height.

For all scenarios, variations in the spectral analysis of the pole coordinates are well
below 0.1 mm. In LOD, the variations are stronger, but still small. The largest variations,
approaching 0.1 mm, are seen in the GRASP-like and 60degree circular scenarios. These
signals have wavelengths close to annual for the GRASP-like scenario (nodal period) and of
about 123 and 259 days for the 60degree circular scenario (half and full beta cycle).

Conclusion - SRP mismodelling The introduced SRP mismodelling leads to a compar-
able degradation of the orbit accuracy in all scenarios, with the RMS values increasing by
a factor of about 4. Geographical patterns in the orbit differences could be found in the
submillimetre range for several scenarios, and none of the scenarios is clearly advantageous.

No significant systematic effect on the TRF could be detected for any of the scenarios.
The mean LIP in the station positions is below 20% for almost all scenarios and components
and below 15% for the velocities. The losses in the pole coordinates are much larger and are
about 30%, in LOD up to about 80%. The differences between the scenarios are very small.

Systematic effects on the ERPs are almost exclusively seen as an increase in noise,
reaching up to 15% in the pole coordinates and 29% in LOD. Signal variations in the spectral
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analysis of the ERPs show isolated signal mainly for the GRASP-like and 60 degree circular
scenarios, with maximum amplitude close to 0.1 mm.

Based on the results of the SRP mismodelling, none of the scenarios is clearly advant-
ageous. There are significant impacts for all scenarios, but these are mostly moderate.
This is reflected in the average results of the vulnerability assessment, from which no clear
recommendation can be made for reducing the impact of the SRP mismodelling on the TRF
and ERPs (see Tab. 6.32).

Table 6.32: Vulnerability of the satellite scenarios for SLR for systematic SRP mismodelling.

G-like E-G-mod E-G-like Circ. 30° Circ. 60° Circ. 89°

Orbit ② ② ② ② ② ②

Helmert ① ① ① ① ① ①

Station pos. form. err. ② ② ② ② ② ②

Station veloc. form. err. ② ② ② ② ② ②

Pole coord. form. err. ② ② ② ② ② ②

LOD form. err. ③ ③ ③ ③ ③ ③

ERPs ① ① ② ① ① ①

Summary 1.9 1.9 2.0 1.9 1.9 1.9

6.2.2.5 Influence of Earth gravity field mismodelling

The investigation of the influence of EGM mismodelling follows the same approach as
for DORIS. Details of the introduced mismodelling and the quantification of the resulting
perturbation acceleration are given in Sec. 6.1.2.6.

The parameterisation used to absorb the introduced perturbations is listed in Tab. 6.33.
It is identical to the parameterisation used for the SRP mismodelling case (see Sec. 6.2.2.4).
Compared to the parameterisation used for DORIS, the empirical coefficients used have a
lower density in time, but a global albedo scaling factor is estimated here.

Table 6.33: Used dynamic parameterisation and estimated parameters for the EGM mismod-
elling case.

SRP mismodelling parameterisation

All scenarios
Arc length 7 days
Initial state parameters Estimated
SRP parameters One global scaling factor per arc
Albedo parameters One global scaling factor per arc
Atmospheric drag parameters One global scaling factor per arc
Empirical accelerations Piecewise linear continuous in transversal direction every

24h, cosine and sine 1/rev after 24, 48, 72, 96, 120, 144 h
in transversal and normal direction
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Orbital fit The mismodelling shows the strongest influence on the orbital fit of the GRASP-
like scenario. Here the RMS increases by about 28% and there is a systematic offset of
-0.7 mm in the mean. The effect on the other scenarios is much smaller, with only the
E-GRASP-mod and E-GRASP-like scenarios showing an increase in RMS of about 2%,
otherwise there is no effect on the orbital fit.

The effect on the geographical distribution of the residuals (Fig. 6.66) is by far the largest
in this case of mismodelling. The strongest influences can be seen in the GRASP-like
scenario, where the variations in the mean values reach up to 1.5 cm. The E-GRASP-mod
and E-GRASP-like scenarios are the second most affected, with variations showing a slight
West-East pattern and a maximum amplitude of about 5 mm. The circular scenarios are
much less affected. A similar pattern is most pronounced for the scenario at 60 degree
inclination, which follows a similar West-East pattern.

A correlation with the geographical distribution of the number of observations can be
found mainly for all scenarios except the GRASP-like scenario. In the GRASP-like scenario,
the magnitude of the perturbation due to the orbital altitude and the patchy coverage of the
observations probably mask the visibility of the correlation.

Orbit recovery The orbit comparison shows a similar result to the influence on the resid-
uals. The influence on the GRASP-like scenario is by far the largest (see Fig. 6.67). Here,
the mean RMS of the three-dimensional orbit comparison increases by a factor of 19. The
radial and along-track directions are most affected. The E-GRASP-mod and E-GRASP-like
scenarios are less affected. Here, the increase is by a factor of 7, with the cross-track
direction again being less affected. The circular scenarios show the least influence, with an
increase in RMS in all components by about a factor of 4. A systematic bias can primarily be
determined for the GRASP-like, E-GRASP-mod and E-GRASP-like scenarios, which are
at -0.3, 0.4 and 0.9 mm in the cross-track direction and at -1.8, -1.1 and -1.1 mm in the
along-track direction. For the circular scenarios, a systematic bias exceeding 0.1 mm is only
observed in the along-track direction and for the scenario at 60 and 89 degree inclination,
with values of -0.5 mm and -0.2 mm, respectively.

The geographical distribution of the orbit differences (Fig. 6.68) show the largest influ-
ences for the GRASP-like scenario. There is a systematic West-East pattern in the radial
and cross-track components, with amplitudes of 6 and 8 mm. In the along-track direction,
the West-East pattern is less pronounced and shows four maxima at intervals of about 90
degrees longitude. The maximum amplitude is about 10 mm. The E-GRASP-mod and
E-GRASP-like scenarios are less affected, with a West-East pattern also appearing in the
radial direction, but in the opposite direction to the GRASP-like scenario. This was also
observed for DORIS, where it was attributed to the prograde and retrograde inclination of
the orbit. The amplitude of this variation is in the range of 1.6 and 2.0 mm. In the cross-track
direction, these two scenarios show a less pronounced pattern, which correlates with the
radial component. In the along-track direction, the strongest systematic patterns occur as a
West-East pattern and an additional North-South distribution. The amplitude of this pattern
is between 5 and 7 mm.

All circular scenarios are significantly less affected. The radial component shows a similar
pattern to the E-GRASP-mod and E-GRASP-like scenarios, but here the amplitudes are 0.3,
0.6 and 0.3 mm for the 30, 60 and 89 degree scenarios. In the cross-track direction, a similar
pattern to the circular 30 and 60 degree scenario is observed for the E-GRASP-mod and
E-GRASP-like scenarios. However, the near-polar scenario shows a similar pattern to the
GRASP-like scenario. The amplitude is 1.2, 1.0 and 1.3 mm. In the along-track direction, the
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Figure 6.66: Global distribution of the difference in the mean of the observation residuals
in the EGM mismodelling case compared to systematic error-free. The colour bar of the
GRASP-like, E-GRASP-mod, and E-GRASP-like scenario are scaled 3 times higher.

30 degree circular scenario shows a Southwest to Northeast strip pattern that becomes more
similar to the patterns of the E-GRASP-mod and E-GRASP-like scenarios as the inclination
of the scenario increases to 60 degrees. The amplitude is 1.7 and 2.5 mm. The near-polar
circular scenario shows the least systematics in this component, the distribution shows a
slight West-East pattern with 4 extrema and an amplitude of 1.2 mm.

A correlation of the geographical distribution of the mean residuals can be found mainly
in the radial component in the orbit comparisons.

Reference frame

Helmert parameters The mismodelling shows a clear influence on the derived TRF
and is mainly seen in the rotations in X and Y (see Fig. 6.69). These are most pronounced
for the GRASP-like, E-GRASP-like and E-GRASP-mod scenarios with up to 10 cm in the
positions and up to 5 mm/a in the velocities. Of these, the GRASP-like scenario is the
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Figure 6.67: Mean RMS and mean values of the orbit comparison of the simulated and
recovered orbit for the EGM mismodelling case. The thinner bars show the results of the
EGM mismodelling case, the slightly more transparent thicker bars in the background show
the values achieved in the systematic error-free case.

most affected, the difference between the other two scenarios is marginal. For the circular
scenarios, the influence is much smaller, with the rotations in the 30 and 60 degree scenarios
reaching a level of up to 5 mm in the positions and up to 0.3 mm/a in the velocities. The 89
degree circular scenario is the only one where all the effects are less than 1 mm in position
and 0.1 mm/a in velocities.

For all scenarios the influence on translations is much smaller and only occasionally
significant for the positions. The largest translation occurs for the GRASP-like scenario in the
Y direction with 1.7 mm. The influence on the scale is well below 1 mm and 0.1 mm/a for all
scenarios and is less than 3 sigma of the respective parameter of the Helmert transformation.
The largest difference is again observed for the GRASP-like scenario, which is 0.5 mm in
position and 0.09 mm/a in velocity (see Tab. F.40).

Formal errors The analysis of the formal errors shows that, due to the mismodelling,
by far the largest LIPs occur in the GRASP-like scenario (see Fig. 6.70 and Tab. F.41 in
App. F.2). These exceed the 100% level in the X and Y components of the positions, which
means that the formal error of this parameter of the solution exceeds the formal error of the
reference solution. In the Z direction, the LIP is 85%. The other scenarios are less affected,
with the E-GRASP-mod and E-GRASP-like scenarios showing the second largest losses
with LIP values between 18 and 43% in the Cartesian positions. The lowest losses are
found for the circular scenarios, and in particular for the 60 and 89 degree scenario, where
the LIP values are between 9 and 17%. In geographic coordinates, it can be seen that the
component being affected the most is longitude. The GRASP-like scenario is also by far
the most affected here, reaching an LIP of 70 to 104%. The lowest losses are seen for the
circular scenarios, where LIP appears to increase in the latitude and longitude component
the lower the inclination of the scenario.

The situation is similar for the velocities. Once again, the GRASP-like scenario shows
the greatest losses, at up to 88%. The other scenarios show much lower losses, with a
maximum of 22% for all components and scenarios. Also here, the least affected scenarios
are the circular ones.
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Figure 6.68: Mean orbit differences of the systematic error-free scenario and the recovered
orbit for the EGM mismodelling scenario over the full simulation time span of 7 years. From
left to right in radial, cross-track, and along-track direction. From the top to the bootom,
GRASP-like, E-GRASP-mod, E-GRASP-like, Circular 30°, Circular 60°, Circular 89°.
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Figure 6.69: The upper figure shows the Helmert parameters of all stations for the EGM
mismodelling case compared to systematic error-free. The lower figure shows the values for
the velocities.

In the ERPs, it is also the GRASP-like scenario that shows the highest LIP of up to 80%
in the pole coordinates and above 100% in LOD. The other scenarios show smaller losses,
ranging from 24 to 36% in the pole coordinates and from 70 to 82% for LOD. Again, the
circular scenarios are less affected, and the near-polar scenario at 89 degrees inclination is
slightly the best.

ERP analysis The influence on the ERPs is strongest for the GRASP-like scenario. Here
an increase in noise is mainly observed in the X-pole, which increases significantly to about
10 mm, and to a much lesser extent in the Y-pole, with an increase of about 2.9 mm. In the
E-GRASP-mod and E-GRASP-like scenarios, the X-pole is also mainly affected, with an
increase in noise to about 3 mm, and the Y-pole by 37 and 39%. The circular scenarios are
the least affected, with noise increases of 6 to 15%.

There is also a significant bias and trend in both pole coordinates for all scenarios. This
is strongly correlated with the determined rotation parameters of the Helmert transformation
and reflects the Y-rotation in the X-pole and the X-rotation in the Y-pole. The reason for
this rotation is the loose constraint network, which causes the station network to rotate in
the opposite direction of the pole. A stronger NNR condition can counteract this. The only
scenario where the significant offsets and drifts are close to or below 1 mm and 0.1 mm/a
respectively is the circular scenario with an inclination of 89 degrees.

The spectral analysis of the ERPs shows that the GRASP-like, E-GRASP-mod and
E-GRASP-like scenarios, in particular, are affected, primarily in the pole coordinates.

Variations in individual signals are superimposed by the extreme offsets and drifts,
leading to a rapid increase in amplitude as the wavelength increases.
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(a) Percentage loss of maximum improvement potential due to EGM mismodelling. Coordinates in
X,Y, and Z

(b) Same as in Fig. a) but for coordinates in Latitude, Longitude, Height.

Figure 6.70: Differences of the percentage improvements compared to the systematically
error-free case. +10% means that 10% of the maximum potential of improvement are lost in
comparison to the systematic error-free scenario. Figure a) shows the values for X,Y and Z,
Figure b) the values for Latitude, Longitude, Height.

This increase in the amplitudes accumulates the longer the wavelength, and reaches at
a yearly period a maximum amplitude of 1.5 mm for the GRASP-like scenario and about 0.5
mm for the E-GRASP-mod and E-GRASP-like scenarios. The circular scenarios are less
affected, with maximum amplitudes close to or below 0.1 mm. The circular scenario with 89
degrees inclination shows no variation in the spectrum of the pole coordinates at all.

The influence on LOD is largest for the GRASP-like scenario, with signals larger than 0.1
mm at periods of 123, 152, 225 and 254 days. For the other scenarios, variations are well
below 0.1 mm.

Earth gravity field co-estimation In the next step, the Earth gravity field is co-estimated
using the same procedure as for DORIS (see Sec. 6.1.2.6).

Reference frame

Helmert parameters By estimating the SHs of the Earth’s gravity field, the systematic
effect on the TRF can be reduced to less than 0.5 mm in positions and 0.11 mm/a in velocities
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6.2 SLR

in all scenarios. In the circular scenario with 30 and 89 degrees inclination no remaining
significant translation, rotation or effect on the scale remains (see Tab. F.40 in App. F.2).

Formal errors The LIP in the formal errors can be reduced mainly for the GRASP-
like scenario. It reaches a level only slightly higher than that of the E-GRASP-mod and
E-GRASP-like scenarios. For the other scenarios there is almost exclusively a slight increase
in formal errors of up to 5%, in some cases up to 10%. Compare Fig. 6.71 and Tab. F.42 in
App. F.2.

(a) Percentage loss of maximum improvement potential due to EGM mismodelling, whereby the EGM
is co-estimated. Coordinates in X,Y, and Z

(b) Same as in Fig. a) but for coordinates in Latitude, Longitude, Height.

Figure 6.71: Differences of the percentage improvements compared to the systematically
error-free case. +10% means that 10% of the maximum potential of improvement are lost in
comparison to the systematic error-free scenario. Figure a) shows the values for X,Y and Z,
Figure b) the values for Latitude, Longitude, Height.

ERP analysis The increase in noise can be reduced mainly for the GRASP-like, E-GRASP-
mod and E-GRASP-like scenarios. Remaining noise increase are in the range of 7 to 13%
for the estimated pole coordinates for all scenarios except the GRASP-like, where they are
20 and 15% for the X and Y-pole.

In LOD the remaining noise increase is between 17 and 29%. The improvements are
greatest for the GRASP-like and E-GRASP-like scenarios.

Remaining offsets and trends can only be detected in the pole coordinates, where the
biases correspond to the remaining rotations in the Helmert parameters mentioned. These
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are at most about 0.5 mm compared to the respective systematic error-free solution. No
significant offset or trend can be detected for LOD in any of the scenarios.

The spectral analysis shows significant improvements for all scenarios, with the amplitude
of all signals being reduced to below 0.1 mm. However, only for the GRASP-lile scenario,
a signal with a semiannual period remains at the X-pole. The 89 degree circular scenario
shows the least overall influence in the spectral analysis of the ERPs, regardless of whether
the EGM is co-estimated.

Potential for gravity field determination To assess the potential of SLR to estimate the
SHs of the Earth’s gravity field with the different scenarios, the same procedure is followed
as for DORIS. For the sensitivity analysis of the scenarios see Sec. 6.1.2.6. The maximum
degree to which the SH of the gravity field can be estimated is 37 for the GRASP-like
and E-GRASP-mod scenario, 26 for the E-GRASP-like and 20, 45, and 60 for the circular
scenario with inclinations of 30, 60, and 89 degrees respectively.

Estimated Earth gravity field analysis Compared to DORIS, the maximum degree of
the SH expansion that is solved for is lower for SLR in all scenarios except the 30 degree
circular scenario. The triangular plots in Fig. 6.72 show a similar behaviour for SLR in the
differences of the SHs as for DORIS, but they increase significantly faster with increasing
degree. This is most evident in the GRASP-like scenario, where the deviations in the zonal
and tesseral coefficients become very large already below degree 10. At higher degrees and
lower orders the resonance effects lead to smaller errors. However, here only the beginning
of the resonance effect can be captured up to the maximum degree of the solution. In the
E-GRASP-mod scenario, SLR shows slightly smaller differences in the zonal and tesseral
coefficients up to about degree 15, after which the deviations also increase rapidly. The
E-GRASP-like scenario shows fairly homogeneous differences over the orders of a degree
and larger differences the higher the degree. A larger increase in the zonal and tesseral
coefficients, as seen for DORIS, is not reflected here, as the deviations are already too large
at lower degrees. Again, slightly smaller differences are seen at higher levels and orders
due to resonance effects, which are limited by the maximum degree of development. For
the circular scenarios, all scenarios show a very identical result to DORIS, but here the
deviations are mainly larger in the scenario with 30 degree inclination.

The degree amplitudes in Fig. 6.73 and the cumulative error in Fig. 6.74 show, that the
GRASP-like scenario with SLR achieves significantly poorer results than with DORIS. Here
the degree amplitudes increase much faster and reach a SNR of 1 at degree 14 instead
of 33. The level of 100 mm equivalent water height, used as a quality measure, is already
reached at degree 4 for SLR, in contrast to DORIS where it is reached at degree 10.

Very similar results to DORIS can be obtained with the E-GRASP-like and the two circular
scenarios at 30 and 60 degrees inclination. Here, for both techniques, the 100 mm limit is
reached at degree 5 for the E-GRASP-like scenario. For the circular scenarios at 30 and
60 degrees inclination, the degree amplitudes for degree 2 are already above the 100 mm
limit for SLR. For DORIS they were only close to the 100 mm level for degree 2 and only for
the 60 degree scenario. The E-GRASP-mod and the 89 degree circular scenario are the
only two scenarios where the degree amplitudes show a slightly better solution with SLR
than with DORIS. For the E-GRASP-mod scenario the 100 mm limit is reached at degree
5 instead of 3 and the SNR of 1 at degree 13 instead of 11. For the 89 degree circular
scenario the advantages are limited to degrees 2 and 3 and the 100 mm limit is reached
above degree 4.
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In summary, the potential to determine the gravity field using SLR with one of the space-
tie satellite scenarios is limited to the very low SHs even more than with DORIS. The 30
and 60 degree circular scenarios are less suitable, showing very large differences in the
triangular plots and degree amplitudes already at degree 2.

Figure 6.72: Triangular plots showing the difference between estimated and simulated SH
coefficient.
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Figure 6.73: SH degree amplitudes in equivalent water height.
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Figure 6.74: Cumulative error in equivalent water height
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Conclusion - EGM mismodelling and potential for gravity field determination The
evaluation of the EGM mismodelling for SLR is given in Tab. 6.34.

The EGM mismodelling shows a significant influence on the orbit, especially for the
GRASP-like, E-GRASP-mod and E-GRASP-like scenarios, where significant degradations
in orbit accuracy can be seen, as well as systematic patterns in the orbit differences. The
higher orbiting circular scenarios are significantly less affected and only show geographical
patterns in the orbit comparison with amplitudes in the low millimetre range.

A systematic influence on the TRF can be seen for all scenarios. This is largest for
the GRASP-like, E-GRASP-mod and E-GRASP-like scenarios, where the rotations reache
several centimetres in position and mm/a for the velocities. The 89 degree circular scenario
is the only one where the effect on the TRF in terms of the Helmert parameter is less than 1
mm in position and 0.1 mm/a in velocities. LIP in the formal errors for positions and velocities
occur mainly for the GRASP-like scenario, where the LIP reaches up to 100% and beyond
(total loss of improvement with respect to the reference solution). If the reference solution
is not highly sensitive to EGM mismodelling, a combination with a GRASP-like scenario
would be counterproductive at this point. The other scenarios are less affected, where the
E-GRASP-mod and E-GRASP-like scenarios are generally more affected than the circular
scenarios.

In the pole coordinates, the LIP values for the GRASP-like scenario are above 50%,
while for the others they are at a similar level at 25%. For LOD, all scenarios show significant
losses, with the GRASP-like scenario leading the way with 80-90%, but the others are also
greatly affected.

The impact on the ERPs is most evident in the GRASP-like, E-GRASP-mod and E-
GRASP-like scenarios. Here there occure offsets and drifts in the pole coordinates, which
can reach several centimetres and mm/a, as well as significant increases in noise. The
circular scenarios are less affected, but also show significant effects. The 89 degree scenario
is the least affected.

The spectral analyses of the scenarios show clear influences, mainly in the pole coordin-
ates, which are strongest for the GRASP-like, E-GRASP-mod and E-GRASP-like scenarios.
Again, the circular scenario with an inclination of 89 degrees shows the least interference.

By estimating the gravity field, the systematic effect on the TRF can be reduced to less
than 0.47 and 0.11 mm/a in the Helmert parameters of the positions and velocities. In
particular, the GRASP-like scenario shows a significant reduction of the LIP values in the
formal errors of the station positions and velocities and ERPs. The other scenarios show
no improvement in the formal errors. Systematic effects on the ERPs can be significantly
reduced by co-estimating the Earth’s gravity field, with remaining biases of less than 0.5 mm
and 0.1 mm/a, respectively. Furthermore, for the GRASP-like, E-GRASP-mod and E-GRASP-
like scenarios, the increase in noise of the ERPs can be reduced to the level of the circular
scenarios (up to 21% increase in noise compared to the systematic error-free case). The
same applies to the spectral analysis of the ERPs, where the co-estimation can significantly
reduce amplified signals. Only the GRASP-like scenario exhibits a residual signal at the
X-pole with a semiannual period. The circular scenarios show the least remaining variation
compared to the systematic error-free case.
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Table 6.34: Vulnerability of the satellite scenarios for SLR for systematic EGM mismodelling
and while co-estimating the EGM.

G-like E-G-mod E-G-like Circ. 30° Circ. 60° Circ. 89°

Orbit ③ ③ ③ ① ① ①

EGM not estimated
Helmert ③ ③ ③ ② ② ①

Station pos. form. err. ③ ③ ③ ③ ② ②

Station veloc. form. err. ② ① ① ① ① ①

Pole coord. form. err. ③ ② ② ② ② ②

LOD form. err. ③ ③ ③ ③ ③ ③

ERPs est. ③ ③ ③ ② ② ①

EGM co-estimated
Helmert ② ② ② ① ② ①

Station pos. form. err. ① ① ① ① ① ①

Station veloc. form. err. ③ ② ② ① ① ①

Pole coord. form. err. ③ ③ ③ ③ ② ②

LOD form. err. ① ① ① ① ① ①

ERPs est. ② ② ② ① ② ①

Summary 2.5 2.3 2.3 1.8 1.8 1.4

The potential for estimating the Earth’s gravity field for the scenarios with SLR is limited
to the very low SHs up to a maximum degree 5 and for the GRASP-like, E-GRASP-mod,
E-GRASP-like and 89 degree circular scenarios. For the other scenarios, the deviations of
the estimated SHs compared to the reference of the simulation are significantly larger and
exceed the used limit of 100 mm equivalent water height in degree amplitudes starting from
degree 2.

The 89 degree circular scenario shows the best overall results for minimising the influence
of the introduced EGM mismodelling. Despite the lower sensitivity to the Earth’s gravity field,
this scenario also shows a good suitability for estimating low SHs (see Tab. 6.35).

Table 6.35: Potential for Earth gravity field estimation solely with SLR with the satellite
scenarios.

G-like E-G-mod E-G-like Circ. 30° Circ. 60° Circ. 89°

EGM determination ② ② ② ③ ③ ②
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6.2.3 Single-technique conclusion for SLR
The inclusion of one of the simulated space-tie satellite scenarios for the TRF and

ERPs determination using only SLR shows that the potential for improvement is largely
due to additional observations. Geometric added value cannot be found or is very small.
Improvements that would indicate enhanced geometry for stations in the reference solution
that have non-optimal observation characteristics cannot be found either. The advantages
and disadvantages of the different scenarios are well balanced in the absence of systematic
errors. Accordingly, each of the scenarios shows a rating of 1.5 for the maximum achievable
potential (see Tab. 6.36).

The investigated mismodelling cases show that in particular the GRASP-like, E-GRASP-
mod and E-GRASP-like scenarios have a higher risk of not achieving the maximum potential
due to systematic error influences, with overall vulnerability values of 2.1, 1.9 and 2.1,
respectively. The circular scenarios show a lower overall risk with values of 1.7 to 1.8.

For the circular scenarios, the systematic CoM shift and the SRP mismodelling are the
two strongest effects that can be positively influenced by measurements before the satellite
is launched. In this context, the satellite eccentricities should be determined as accurately
as possible prior to launch, as the results show that even in these scenarios about 50% of
the introduced 3D displacement can be found in the pole coordinates.

For the determination of the Earth’s gravity field, only the GRASP-like, E-GRASP-mod,
E-GRASP-like and the 89 degree circular scenario are suitable. The deviations found for the
other scenarios are already above the limit used from degree 2 onwards. For the remaining
scenarios, the determination is limited to low-degree SH coefficients up to a maximum of
degree 5.

Table 6.36: Maximum potential of the satellite scenarios for TRF and ERP determination in
the case of SLR, together with their vulnerability to mismodelling.

G-like E-G-mod E-G-like Circ. 30° Circ. 60° Circ. 89°

Maximum potential 1.5 1.5 1.5 1.5 1.5 1.5

CoM 1.9 1.9 1.7 1.4 2.0 2.2
Drag 2.1 1.4 2.4 1.6 1.4 1.3
SRP 1.9 1.9 2.0 1.9 1.9 1.9
EGM mism. 2.5 2.3 2.3 1.8 1.8 1.4
Overall vulnerability 2.1 1.9 2.1 1.7 1.8 1.7
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6.3 GPS
For its contribution to ITRF2020, the IGS used observations from the GPS satellite

navigation system starting from 1994, the GLONASS system from 2002, and the Galileo
system from 2013 (Altamimi et al., 2023).

As GPS can be considered representative of GNSS and to limit the number of scenarios,
the simulated reference solution used here consists of GPS only. EPOS-OC offers the
possibility of processing LEOs in an integrated approach together with the GPS constellation,
which is the only way to consistently solve for coordinates and achieve a gravity field solution.
Further information on the GPS real data evaluation used for the subsequent simulation can
be found in Chap. 4 and Sec. 5.3. The result is a simulated GPS constellation over the
entire simulation period that is free of systematic errors.

Subsequently, this simulated GPS constellation is used to simulate GPS SST observa-
tions free of systematic errors for the space-tie satellites. After that, the potential of the
space-tie satellite scenarios for GPS is investigated using the integrated approach. In this
approach, one space-tie satellite at a time is integrated into the network adjustment of the
GPS constellation. Detailed information on this approach can be found in Sec. 5.3. The
solutions generated in this way are compared with the GPS reference solution and changes
are analysed.

As the GPS processing and combination methods differ from those used for DORIS
and SLR, different mismodelling scenarios are investigated. First, the maximum potential
in a systematic error-free simulation is investigated (Sec. 6.3.2.1). Subsequently, Sec.
6.3.2.2 considers SRP mismodelling of the GPS transmitter satellites, as described in Sec.
4.6.3. Finally, in Sec. 6.3.2.3, mismodelling of the EGM, as done for DORIS and SLR, is
investigated and the potential to estimate the Earth’s gravity field is analysed.

6.3.1 Reference solution
The procedure for simulating GPS observations of transmitter satellites to ground stations

is described in Sec. 4.3. White noise is added to the observations and ambiguities are
simulated. Otherwise, the observations are free of systematic errors. The parameterisation
for the GPS processing was outlined in Tab. 4.4. More specifically, the parameters estimated
in the network adjustment for GPS are given in Tab. 6.37. For the orbits, in addition to
the initial state parameters, five reduced ECOM parameters and empirical accelerations in
the transversal direction are estimated, following the setup of Steigenberger et al. (2020),
from which the box-wing model used for the simulation was also adapted. Satellite clock
biases are estimated for every epoch. Similar to the processing procedure for real data, a
NNR, NNS, and NNT condition with a strength of 0.1 mm is used in the POD to constrain
the network as closely as possible to the a priori network while retaining the freedom of a
network adjustment. These conditions are not used in the subsequent step of the normal
equation gerenation. For each arc, the clock of one ground station is fixed as the reference
clock. Ambiguities are estimated and subsequently fixed using Double Differences (DD) (see
also Sec. 4.5.2).

6.3.1.1 Orbital fit

The a posteriori RMS of the orbital fit of the simulated GPS constellation and its comparison
with real data are described in Sec. 5.3. Fig. 6.75 shows the global distribution of the
number of code observations, the median of the residuals and the standard deviation of the
residuals for all satellites over a period of one year.
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Table 6.37: Estimated parameters and dynamic parameterisation for the reference solutions
used in the systematic error-free case for the GPS constellation and the ground stations.

Parameterisation for systematic error-free case only GPS constellation

General
Arc length 24 hours
GPS satellites
Initial state parameters Estimated
SRP parameters 5 reduced ECOM
Empirical accelerations Constant and 1/rev cosine and sine

in transversal direction once per arc
Clocks Estimated per epoch
Ground stations
Station positions Estimated

For the POD constrained with NNR, NNS, and NNT 0.1 mm to a priori
Troposphere Piecewise linear scaling 10 per arc around each station
Ambiguities Estimated and fixed using DD
Clocks Estimated per epoch

One reference clock fixed per arc

The observations demonstrate almost complete global coverage. More observations are
possible in the northern hemisphere, particularly over Europe and North America. Gaps only
appear in areas over which the GPS satellites did not pass in the evaluated time interval due
to their repeat cycle.

The geographical distribution of the standard deviation of the code and phase residuals
reflects the clusters of receivers for which increased observation noise was simulated. This
is particularly evident in the southern hemisphere and over Eastern China. The median
residuals show an identical geographical distribution for code and phase observations and
only deviate from zero in regions with a lower number of observations near the equator in
North-South direction.

6.3.1.2 Orbit recovery

The accuracy of the orbits of the GPS constellation is assessed using the mean of the
RMS and mean differences of the orbit comparison. Further values used for statistical
quantification include the global RMS values of the Signal-in-Space Range Error (SISRE) of
the orbit (denoted as SISREorb), the SISRE also taking into account the clocks of the GPS
satellites (denoted as SISREp/m), and the RMS of the satellite and ground station clocks.
The SISRE is calculated according to Equation 45 from Montenbruck et al. (2018), and the
RMS is calculated over all epochs and satellites for geographical averaging of the SISRE.
The constellation-specific weight factors used in the calculation of the SISRE are typical
GPS values of 0.98 and 1/49, as detailed in, for example, Liu et al. (2022). To account for
the anticorrelating effect of the radial component and the satellite clock on the pseudorange
observations, the clock error is added to the radial component in the calculation of the
SISRE, giving SISREp. This provides an indication of the total error experienced by a ground
station, which is important for ground station positioning and determining a TRF. To evaluate
the cumulative error of the constellation additionally, the clock error is subtracted from the
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Figure 6.75: Global distribution of the number of simulated GPS code observations for all
GPS PRNs of the reference solution (top left), the median of the code observations (top
right), and the standard deviation of the simulated code (bottom left) and phase observations
(bottom right).

radial component to give SISREm. The values for the reference solution in the systematic
error-free case are given in Tab. 6.38.

The mean RMS is approximately 1 millimetre in all components and is highest in the radial
component. No mean deviation in the orbits can be detected. The RMS of the estimated
clocks is at a similar level to the noise in the phase observations, at 5 mm for the satellite
clocks and 6 mm for the ground stations. SISREp and SISREm are close to 5 mm, indicating
no significant systematic anticorrelation of the radial orbit component with the estimated
satellite clocks. No temporal variation of the SISRE can be detected.

Table 6.38: Statistics of the recovered orbit and clocks in the systematic error-free case for
the GPS constellation. Values computed over the whole time span in radial (R), transversal
(T), and normal (N) direction. SV stands for GPS satellite vehicle, Sta. for ground station.
SISRE in the version SISREorb represents the orbital accuracy without taking into account
the clock estimate, while SISREp takes into account the clock estimate and the correlation
with the radial component, and SISREm takes into account the clock estimate but not the
correlation with the radial component. All values are given in centimetres.

RMS Clock RMS Mean

R T N SISREorb SISREp SISREm SV Sta. R T N

Systematic error-free case
GPS const. 0.12 0.07 0.08 0.12 0.49 0.54 0.50 0.61 -0.00 0.00 0.00
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Fig. 6.76 shows the mean orbital differences for all GPS satellites in the radial, cross-
track and along-track directions. In the radial component, a minor East-West pattern with
an amplitude of 0.4 mm can be observed, showing maxima at locations differing by approx-
imately 90 degrees along the equator. Additionally, a correlation with the median of the
residuals and with the number of GPS observations (see Fig. 6.75 top left) is evident. No
clear geographical patterns are apparent in the cross-track and along-track directions.

Figure 6.76: Median orbit differences of the true simulated and recovered orbit over a
time span of one year for the GPS constellation in the case of no systematic errors. The
differences are shown from left to right in the radial, cross-track, and along-track directions.

The accuracy of GPS satellites’ orbits and clocks depends to a large extent on modelling
the SRP. Therefore, the accuracy of satellite clock estimates can be analysed in terms of
the angle between the orbital plane and the Sun (the beta angle) and the angle between the
Sun, the centre of the Earth, and the satellite (the Sun elongation angle). This is illustrated
for PRN 4 in Fig. 6.77. In the absence of systematic errors, the estimated clock offsets are
uniformly distributed across the beta angle and Sun elongation angle.

Figure 6.77: Clock difference for PRN 4 in cm as a function of the Sun elongation angle ϵ.
Different β angles according to colour bar.

6.3.1.3 Reference frame

The GPS reference frame is generated in a similar way to that for DORIS and SLR.
EPOS-OC is used in normal equation mode to set up daily normal equations, in which
the parameters of the POD run, station velocities and ERPs are estimated, in addition to
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the usual parameters. For details of the normal equation mode with regard to GPS ambi-
guities, please refer to Sec. 4.5.2 and App. A. Subsequently, these normal equations are
accumulated and the initial values of the parameters, which have already been estimated
in the POD run, are mapped onto the a priori values of the simulation. A NNR condition is
then applied to the station positions and velocities for a subnetwork of datum stations (see
Tab. 6.39), with respective strengths of 1 mm and 0.1 mm/a. As observations for the ground
stations are densely distributed over time with a similar noise level, the datum stations are
selected to ensure a homogeneous global distribution (see Fig. 6.78).

Table 6.39: GPS datum stations

Country Station code

Antartica CAS1, DAV1, OHI2, SYOG
Argentina LPGS
Australia ALIC, CEDU, DARW, HOB2, MAC1, YAR1
Brazil BRAZ
Canada DRAO, STJO, WHIT
Chile ISPA
China KUNM
Colombia BOGT
Cuba SCUB
French Southern Territories KERG
French Polynesia THTI
Gabon NKLG
Greenland QAQ1
Guam GUAM
Israel RAMO
Kyrgyzstan POL2
Russian Federation ARTU, IRKT, NRIL, TIXI
Spain YEBE
South Africa RBAY
New Zealand AUCK
USA KOKB, MDO1, MKEA, NLIB
Virgin Islands CRO1

Helmert parameters The Helmert parameters for the comparison of the estimated TRF to
the a priori reference (see. Tab 6.40) for the subnetwork of datum stations, as well as for
all stations, show an X-rotation in the positions of 0.13 and 0.14 mm, respectively. These
rotations are smaller than the rotations seen in the SLR reference solution and are below
the strength of the applied NNR condition. Significant translations show up to a maximum of
0.02 mm, a difference in the scale cannot be seen.

Due to the much larger and more homogeneously distributed GPS ground station network,
and the very small formal error in the rotation parameters, the observed rotation appears
more suspicious than with the other techniques. The reason for this lies in the strength
of the NNR condition. To this end, a test scenario was created that is completely free of
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Figure 6.78: The GPS station network of the simulation. All stations used are shown in blue,
datum stations are additionally encircled in red.

errors, and the estimated ERPs were tested for significant changes compared to the a
priori values, using linear regression hypothesis tests. The strength of the NNR condition
was then gradually increased until no significant offset or trend was found, based on a 5%
significance level. For the Helmert transformation to the a priori station network, a three
sigma threshold was used as a criterion for the Helmert parameters. The necessary strength
of the NNR condition to achieve statistical insignificance with respect to the a priori found
here is 1/10’000 mm for positions and for the velocities smaller by a factor of 10. However,
to be consistent with the other techniques, the recommendation of Altamimi (2003) is also
followed here, using a strength of 1 mm or 0.1 mm/a.

Table 6.40: Helmert parameters and their standard deviations for the station positions and
velocities of the GPS reference solution compared to the a priori reference frame.

Tx [mm] Ty [mm] Tz [mm] Rx [mm] Ry [mm] Rz [mm] sc [mm] s0
Tẋ [mm/a] Tẏ [mm/a] Tż [mm/a] Rẋ [mm/a] Rẏ [mm/a] Rż [mm/a] ṡc [mm/a] ṡ0

Combined reference
datum stations -0.00 ± 0.00 -0.01 ± 0.00 -0.02 ± 0.00 0.14 ± 0.00 0.00 ± 0.00 0.01 ± 0.00 0.00 ± 0.00 0.02

0.00 ± 0.00 -0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 -0.00 ± 0.00 0.01
all stations -0.00 ± 0.00 -0.01 ± 0.00 -0.02 ± 0.00 0.13 ± 0.00 0.00 ± 0.00 0.01 ± 0.00 0.00 ± 0.00 0.01

0.00 ± 0.00 -0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 -0.00 ± 0.00 0.01

Formal errors The improvements in the formal errors of the station coordinates, velocities
and ERPs are evaluated in the same way as for DORIS and SLR. The median formal errors
of the reference solution for GPS are listed in Tab. F.45 in App. F.3. The formal errors of the
station coordinates are in the range of 0.23 to 0.27 mm in Cartesian coordinates and 0.21 to
0.28 mm in geographic coordinates. The velocity errors range from 0.25 to 0.27 mm/a in
Cartesian coordinates and from 0.23 to 0.29 mm/a in geographic coordinates. For the ERPs,
the formal errors of both pole coordinates are approximately 0.33 mm and 0.46 mm in LOD .
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6.3.1.4 ERP analysis

The statistical evaluation of the ERPs is listed in Tab. F.46. The estimated ERPs noise
compared to the a priori values is 0.06 mm for both pole coordinates. A significant offset can
be seen in both pole coordinates, but only in the Y-pole it is above the 0.1 mm level at -0.145
mm. This reflects the previously mentioned X-rotation of the Helmert parameters, which was
found to be due to the strength of the NNR condition used. A significant trend can only be
determined in the Y-pole, but this is within the range of micrometres/a. The noise in LOD, at
0.48 mm, is approximately ten times larger than that in the pole coordinates, however, no
significant offset or trend can be determined here.

Spectral analysis of the ERPs shows no significant signals. Amplitudes are below the
micrometre level.

6.3.2 GPS space-tie satellite results
The potential of the space-tie satellite scenarios in the case of GPS is investigated in a

different way from that in the case of DORIS and SLR. To evaluate the potential of a satellite
with a SST GPS receiver for TRF estimation, the integrated approach is necessary. Starting
from the systematic error-free case in Sec. 6.3.2.1, one of the satellites is added to the
constellation and the integrated calculation is performed. This allows the influence on the
GPS constellation and network to be examined and the maximum potential improvement to
be determined.

For SRP mismodelling of the GPS satellites (Sec. 6.3.2.2), the influence is first analysed
for the case of the GPS constellation alone. Then, the systematic error-free space-tie
satellites are integrated into this case, and the extent to which the scenarios can reduce the
effects of the introduced SRP mismodelling is examined.

The same procedure is carried out for the EGM mismodelling (Sec. 6.3.2.3), whereby the
space-tie satellites are also affected by the mismodelling. Finally, the potential to estimate
the SHs of the Earth’s gravity field using the individual scenarios in the integrated approach
is analysed.

6.3.2.1 Case free of systematic errors

The GPS SST observations are simulated in a systemic error-free case, as described in
Sec. 4.3. These observations contain only white noise, ambiguities, and cycle slips, which
are fixed in the integrated POD run together with those of the GPS constellation using DDs.
The dynamic parameterisation of the LEO orbit differs from that used in DORIS and SLR,
employing a more reduced-dynamic parameterisation (see Tab. 6.41). The parameterisation
of the constellation and the ground stations is identical to that of the reference solution in
Tab. 6.37.

Orbital fit The orbital fit values are listed for all scenarios in Tab. 6.42 and are shown for
the space-tie satellites over the full time span in Fig. 6.79. The global RMS of the space-tie
satellites is approximately 38 cm in code and 2.7 mm in phase, with no visible temporal
variation. The GRASP-like scenario has the highest number of possible observations and
is most stable over time. The E-GRASP-mod and E-GRASP-like scenarios show 13% and
16% fewer observations, respectively, while the circular scenarios show about 26% fewer.
As the GPS receivers used in the simulation are configured identically for all scenarios,
this difference is solely of a geometric nature, due to the higher altitude and reduced GPS
satellite visibility. To counteract this, a different orientation or an additional GPS antenna
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Table 6.41: Estimated parameters and dynamic parameterisation used for the space-tie
satellites in the systematic error-free case for GPS.

Parameterisation for space-tie satellite in the systematic error-free case for GPS

All scenarios
General
Arc length 24 hours
LEO satellites
Initial state parameters Estimated
Atmosphere parameters Piecewise linear every 6h
Empirical accelerations 1/rev cosine and sine in transversal and normal

direction every 75 min with linear amplitude modelling
Clocks Estimated per epoch
Ambiguities Estimated and fixed using DD

with a different orientation could be considered, as proposed for the Genesis mission
(Montenbruck et al., 2023).

The orbital fit values of the GPS constellation are approximately 51 cm in code and 4.8
mm in phase, showing no temporal variation. Adding space-tie satellites, results in a minor
increase in the RMS in phase for all scenarios. This is strongest for the GRASP-like scenario
and weakest for the circular scenarios, however, all variations are below 0.1%.

Table 6.42: GPS orbit fit statistics and total number of observations for the simulated space-
tie satellite scenarios and the GPS satellites. The number of observations refers to the
ionosphere-free linear combination of code and phase observations, which is the same for
both. Full simulation time span from beginning of 2008 to the end of 2014. For the GPS
constellation, the change when adding the space-tie satellite is given in percentages.

Code [cm] Phase [mm] Number of

RMS Mean Std. RMS Mean Std. observations

LEO satellites
GRASP-like 37.95 0.00 37.95 2.73 0.00 2.73 57’364’193
E-GRASP-mod 37.94 0.00 37.94 2.70 0.00 2.70 49’731’838
E-GRASP-like 37.95 0.00 37.95 2.60 0.00 2.69 48’147’810
Circular 30° 37.97 0.00 37.97 2.65 0.00 2.65 42’300’660
Circular 60° 38.01 0.00 38.01 2.65 0.00 2.65 41’411’860
Circular 89° 38.00 0.00 38.00 2.65 0.00 2.65 42’297’554

GPS satellites
Reference 51.09 0.00 51.09 4.82 0.00 4.82 6’096’564’540
+ GRASP-like +0.00% 0.00 +0.00% +0.06% 0.00 +0.06% idem
+ E-GRASP-mod +0.00% 0.00 +0.00% +0.05% 0.00 +0.06% idem
+ E-GRASP-like +0.00% 0.00 +0.00% +0.05% 0.00 +0.06% idem
+ Circular 30° +0.00% 0.00 +0.00% +0.04% 0.00 +0.04% idem
+ Circular 60° +0.00% 0.00 +0.00% +0.04% 0.00 +0.04% idem
+ Circular 89° +0.00% 0.00 +0.00% +0.04% 0.00 +0.04% idem
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Figure 6.79: Orbital fits for the GPS phase observations of the simulation scenarios in the
systematic error-free case.
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Global observation coverage The GPS receiver on the space-tie satellite is mounted at
the top of the satellite and aligned with the zenith. Due to the different orbit scenarios, the
visibility of GPS satellites varies. In the simulation, all SST GPS observations are simulated
first, and then these are edited to replicate the 8-channel receiver of Sentinel-3A. Fig. 6.80
shows the number of PRNs visible and observed in parallel after editing the receiver channels,
with the former shown in blue and the latter in orange. For the GRASP-like scenario in
particular, it can be seen that significantly more satellites could be observed in parallel if
the receiver had more channels. This effect is smaller for the eccentric E-GRASP-mod and
E-GRASP-like scenarios, where peaks of up to 15 PRNs occur every 12 hours, which is
related to the altitude of the eccentric scenarios. In the circular scenarios, the number of
PRNs visible in parallel is almost always a maximum of eight, and often falls below the critical
value of four PRNs, which should be avoided for continuous tracking.

Figure 6.80: Number of PRNs visible per epoch in blue and tracked per epoch in orange.
The number of channels of the receiver for the tracking is limited to eight.

The evaluation of the GPS observations over the elevation is shown in Fig. 6.81. Due
to the orientation of the GPS antenna on the space-tie satellite, 90 degrees of elevation
points towards the zenith. The histogram for the GRASP-like scenario reflects a typical
distribution of observations seen with conventional LEO satellites with GPS receivers. Most
observations are possible at lower elevations, increasing rapidly below 50 degrees.

By contrast, all other scenarios show fewer observations, except for the E-GRASP-mod
and E-GRASP-like scenarios, which show an increased possibility for observation starting
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from an elevation of about 60 degrees. The same applies, albeit to a much lesser extent, to
the 60 degree circular scenario.

One possible reason for this is the inclination of the scenarios, which is close to that
of the GPS satellites (55 degrees). Thus, from the perspective of the LEO antenna at a
constant azimuth, the line of sight of the GPS satellites starts at 0 degrees in the flight
direction, passes through the entire elevation range, and finally sinks below the horizon
at an azimuth of 180 degrees. Consequently, these scenarios exhibit a higher number of
observations at high elevation angles.

Figure 6.81: Number of observations over the elevation angle for the zenith-pointing GPS
antenna of the space-tie satellite scenarios.

Sky plots of the GPS observations for one day are shown in Fig. 6.82. The most
homogeneous distribution of observations can be seen here for the GRASP-like scenario.

For the E-GRASP-mod, E-GRASP-like, and 60 degree circular scenarios, the aforemen-
tioned concentration of observations along the 0 and 180-degree azimuths is evident. The
30 and 89 degree circular scenarios do not exhibit this pattern, reflecting the significantly
lower number of possible observations.

As shown in Fig. 6.83, the global distribution of observations indicates that, for all
scenarios, the majority of observations are possible at the northern and southern boundaries
defined by the inclination. The geographic distribution of observations is most homogeneous
for the GRASP-like scenario, for which no regional patterns can be identified. The E-GRASP-
mod and E-GRASP-like scenarios both show similar distribution patterns, similar to those
observed in DORIS. Here, eight maxima occur around the equator, following the inclination
to the North and South. The circular scenarios show a lower number of observations around
the equator. With increasing inclination, four maximal regions around the equator arise which
correlate with the ground tracks of the GPS satellites.

No regional structure can be found in the standard deviation, mean or median of the
residuals for any of the scenarios.
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Figure 6.82: Skyplot of the tracked GPS observations for the space-tie satellite scenarios. T
= transversal, N= normal
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Figure 6.83: Global observation coverage of simulated GPS observations, analysed over a
one-year period.

Orbit recovery

LEO satellite The recovered orbit of the space-tie satellites, determined alongside
the constellation, is compared with the simulated orbit. The orbit differences in the form
of the mean RMS are below 0.1 mm for all scenarios and components, with the radial
component being the most accurately determined (see Fig. 6.84). The GRASP-like scenario
shows the best results, while the circular scenarios show the worst. In the two eccentric
scenarios, the E-GRASP-like scenario performs slightly worse than the E-GRASP-mod
scenario, particularly with regard to the radial component. It can be concluded that, for
LEO POD with GPS in the case free of systematic errors, a low orbit and a non-highly
eccentric orbit seems advantageous. Nevertheless, 3D orbit accuracy is clearly superior to
that of DORIS and SLR in all scenarios. No systematic bias can be identified in any of the
scenarios.

Fig. 6.85 shows the geographical distribution of median orbit differences for all scenarios.
The radial component exhibits the least variation across all scenarios. In the cross-track and
along-track directions, increased noise in the differences is evident in all scenarios except
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Figure 6.84: Mean RMS value of the orbit comparison in the radial, cross-track, along track
and 3D directions, as well as the mean orbit deviation. The true orbit of the simulation is
compared to the orbit recovered in the systematic error-free case.

the GRASP-like one. A systematic pattern is evident only for the 89 degree circular scenario
and for the cross-track and along-track components. Here, an amplitude of approximately
0.2 mm can be seen, which correlates with the geographical distribution of the observations.
This is due to the significantly lower number of observations in the affected regions in this
scenario.

Orbit comparisons of the recovered and simulated orbits, show that the GRASP-like
scenario achieves the greatest orbital accuracy. The other scenarios achieve slightly worse
results in terms of RMS of the orbit comparison and higher noise in the geographical orbit
comparison. However, systematic geographical patterns in the orbit can only be found in
the 89 degree circular scenario and are correlated with the lower number of observations in
affected regions.

GPS satellites In the integrated processing, space-tie satellites also affect the orbit
and clock estimation of the GPS constellation. The statistical evaluation of the orbit and
clock comparison of the GPS constellation is shown in Tab. 6.43. Adding a space-tie satellite
improves the orbit and clock accuracy of the GPS constellation in each scenario. Notably,
the improvement in estimated clocks is rather small for all scenarios, at less than 1% for the
GPS satellite clocks and less than 0.1% for ground station clocks. The greatest improvement
in the orbits is seen in the radial component, with circular scenarios being about twice as
effective as the GRASP-like scenario, resulting in a reduction of up to 11% in RMS. However,
the SISREp value improves by less than 1% in all scenarios, reflecting the low potential for
improved positioning with a GPS receiver due to the improved orbits and clocks of the GPS
constellation. The constellation integrity (SISREm) shows improvements of between 1 and
3%, with the greatest improvement again being achieved with the circular scenarios.

The geographic changes in the GPS constellation’s orbit differences compared to the
simulated orbit, when the space-tie satellite scenarios are added, are shown in Fig. G.27 in
App. G.3. The figures show the absolute difference: negative values indicate a reduction
(improvement), while positive values indicate an increase in the median orbit difference. None
of the space-tie scenarios results in obvious regional changes to the GPS constellation’s
orbital differences. Changes are mostly limited to the radial component and regions where
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Figure 6.85: Median orbit differences of the LEO satellites between the true simulated and
recovered orbit over a one-year time span for GPS in the systematic error-free case. From
the top to the bottom: GRASP-like; E-GRASP-mod; E-GRASP-like; Circular 30°; Circular
60°; Circular 89° scenario. From left to right in radial, cross-track, and along-track direction.
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Table 6.43: Statistics of the recovered orbit and clocks of the GPS constellation in the
systematic error-free case, with one of the space-tie satellite scenarios added respectively.
Values are computed over the entire time span in radial (R), transversal (T), and normal (N)
direction. SV stands for GPS satellite vehicle, Sta. for ground station. Values are given in
percentages and centimetres.

RMS Clock RMS Mean

R T N SISREorb SISREp SISREm SV Sta. R T N

Systematic error-free case
GPS constellation 0.12 0.07 0.08 0.12 0.49 0.54 0.50 0.61 -0.00 0.00 0.00

+ GRASP-like -4.76% -4.88% -5.03% -4.82% -0.36% -1.24% -0.61% -0.06% -0.00 +0.00 +0.00
+ E-GRASP-mod -7.62% -5.77% -5.95% -7.79% -0.29% -1.75% -0.71% -0.05% -0.00 +0.00 -0.00
+ E-GRASP-like -7.63% -5.51% -5.81% -7.86% -0.28% -1.77% -0.71% -0.05% -0.00 +0.00 +0.00
+ Circular 30° -9.97% -5.29% -6.57% -10.34% -0.25% -2.21% -0.82% -0.04% -0.00 +0.00 +0.00
+ Circular 60° -10.05% -5.63% -6.20% -10.37% -0.23% -2.20% -0.80% -0.03% -0.00 +0.00 -0.00
+ Circular 89° -11.80% -6.46% -7.50% -12.12% -0.26% -2.55% -0.93% -0.04% -0.00 +0.00 +0.00

increased deviations in the median of the residuals were observed. However, these changes
are in the low submillimetre range.

As mentioned above, the inclusion of the space-tie scenarios leads to a reduction in the
Satellite Vehicle (SV) clock RMS of less than 1% for all scenarios, with the highest reduction
achieved by the circular scenarios. However, the SISREp does not reflect these findings,
as the largest improvements are seen in the GRASP-like scenario and the smallest in the
circular scenarios. This suggests that the anticorrelation of the radial position with the SV
clock cannot be improved to the same extent as the improvements seen in the orbit and SV
clock. This can be seen in the analysis of clock differences relative to the simulated clock
along the Sun elongation and beta angles (see Fig. 6.86). For the circular scenarios, and
to a lesser extent for the E-GRASP-mod and E-GRASP-like scenarios, an increased clock
difference is evident for elongation angles between 70 and 110 degrees, at both low and high
beta angles. This difference can be as large as 2 mm. Furthermore, positive and negative
differences are evident for eclipse phases at low and high elevation angles. The GRASP-like
scenario exhibits the most homogeneous influence across Sun elongation and beta angles.

Reference frame evaluation

Helmert parameters The Helmert parameters for each scenario are shown in Fig.
6.87 and Tab. F.44. Significant X-rotations remain in each scenario, as in the reference
solution. Differences from the reference solution are below 0.03 mm for positions and are
primarily in Z-translation, as well as in X- and Y-rotations. For velocities, differences from
the reference solution are below 5 micrometres/a and are primarily in Z-translation. This
is because the Z-translation generally shows high correlations with GPS SRP modelling
(Glaser et al., 2020). Adding a LEO satellite can improve this by decorrelation. The inclusion
of the space-tie satellite scenarios does not significantly alter the TRF of any of the scenarios,
given the strength of the applied NNR condition.

Formal errors Formal errors of the station coordinates and velocities are evaluated in
the X, Y and Z directions (see Fig. 6.88) and in latitude, longitude and height (see Fig. 6.89).
The absolute values for all scenarios can be found in App. F.3. The ERPs are converted
to millimetre equivalents on the Earth’s surface. The expected improvement is greatest
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Figure 6.86: Clock difference of absolute clock offset in comparison to GPS constellation
alone in the systematic error-free case. Positive values indicate an increase in clock differ-
ences, negative values a reduction.
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Figure 6.87: The upper figure shows the Helmert parameters for all station positions in the
systematic error-free case compared to a priori. The line around the bar shows the standard
deviation according to one σ.

for the GRASP-like scenario at 0.47%, the E-GRASP-mod and E-GRASP-like scenarios
being similar at 0.40 and 0.39%, respectively, and lowest for all circular scenarios at 0.34%
(see Tab. F.45). This is due to the smaller number of possible observations in the higher
orbiting circular scenarios. Compared to the other techniques, the expected potential for
improvement is significantly lower. This is because the influence of one additional receiver
on a satellite is statistically very low, compared to the large number of ground stations (up to
121).

Formal errors of station coordinates The formal errors of the station coordinates are
at a similar level for all the examined scenarios, compared with the reference solution (see
Tab. F.45).

The scaled improvement shows that the greatest percentage improvement can be
achieved in the Z component at around 2-3% (see Fig. 6.88). In geographic coordinates,
the strongest improvements of up to 3% are seen in the latitude and height components
(see Fig. 6.89). The GRASP-like scenario achieves the highest improvements, while the 30
degree circular scenario achieves the lowest.

The OSI is only slightly lower than the percentage improvements, as the expected
improvements are below 1% for all scenarios. A geometric added value can be found for
all scenarios, even if it is in the single-digit percentage range. This is most prominent in
the Z coordinate and, respectively, in the latitude and height components. The GRASP-like
scenario achieves the best results, whereas the 30degree circular scenario achieves the
least. However, the differences between the scenarios are very small.
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Formal errors of station velocities A similar picture emerges for the station velocities.
The strongest scaled improvements are in the Z component, at up to 6%, with improvements
in the X and Y components below 1%. In the geographic coordinates of the velocities, the
largest improvements of up to 4% can be seen in the latitude and height components. As
with the coordinates, the GRASP-like scenario shows the greatest improvement, while the
30degree circular scenario shows the least.

A geometric added value can be seen for each scenario, the conclusions are identical to
those based on scaled improvements.

Peak improvement analysis for station coordinates and velocities Peak improve-
ment analysis of the mean and median indicates no significant improvement. The differences
are smaller than 1%. Therefore, there is no ground station for which the inclusion of one
of the space-tie satellite scenarios results in a sudden change in formal errors in station
positions or velocities.

Formal errors of ERPs The scaled improvement of the pole coordinates is below 1%
for all scenarios. A geometric added value can also be seen, but it is almost insignificant. In
LOD, improvements in formal errors of up to 3% can be seen, with each scenario resulting
in a geometric added value. Comparing the scenarios shows that those LEOs continuously
flying at higher altitudes, as well as in near-polar orbits, are more advantageous. In the
ERPs, no sudden improvement can be detected either.

A posteriori ERP analysis The statistical evaluation of the estimated ERPs is listed in
Tab. F.46. Although a reduction in noise in the pole coordinates of up to 4% can be achieved,
the changes are not statistically significant for any of the scenarios.

The change in the determined offsets in the pole coordinates compared to the reference
solution is less than 0.1 mm for all scenarios. A significant bias of up to 0.01 mm in the X-pole
and 0.12–0.16 mm in the Y-pole remains for all scenarios, except for the E-GRASP-like
scenario and the 60degree circular scenario in the X-pole. However, the changes here are
extremely small.

The linear regression shows a significant trend in the Y-pole for all scenarios, but this is
below 1/100 mm/a.

A similar picture emerges in LOD, where a reduction in noise of up to 4% can be achieved,
although this is not statistically significant for any of the scenarios. None of the scenarios
show significant offsets or drifts.

ERP spectral analysis No signals can be detected in the spectral analysis of the
reference solution. The inclusion of the space-tie scenarios has no detectable effect on the
spectral analysis of the pole coordinates or LOD for either scenario, variations are well below
the micrometre level.

Conclusion - systematic error-free The results of the error-free GPS simulation show
that the global observation coverage is homogeneous for each scenario, with slight hotspot
regions in the higher-altitude near-polar orbit scenarios. Additionally, the number of pos-
sible observations decreases by up to 28% with increasing flight altitude, compared to the
GRASP-like scenario, in which the number of observations increases for elevation angles
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(a) Absolute values of the median of the formal errors. The green bars indicate the expected
improvement.

(b) Scaled improvement

(c) Observation scaled improvement

Figure 6.88: Fig. a) shows the absolute values of the median formal error in X, Y and Z
directions for the reference scenario and each space-tie satellite scenario. Fig. b) shows the
scaled improvement, Fig. c) shows the observation scaled improvement.
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(a) Absolute values of the median of the formal errors. The green bars indicate the expected
improvement.

(b) Scaled improvement

(c) Observation scaled improvement

Figure 6.89: Fig. a) shows the absolute values of the median formal error in latitude,
longitude, and height for the reference scenario and each space-tie satellite scenario. Fig. b)
shows the scaled improvement, Fig. c) shows the observation scaled improvement.
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below 50 degrees.

The GRASP-like scenario achieves the highest orbit accuracy, but the other scenarios
are not far behind. The average RMS of 3D orbit comparison against the simulation is below
0.1 mm for all scenarios. Geographical distributions in orbit analysis can only be found below
this level, and are correlated with the observation distributions.

The geographical influence on the orbits of the specific GPS constellation is primarily
limited to the radial component and regions where fewer observations are possible by the
ground network. As the flight altitude of the space-tie satellite scenario increases, the orbits
of the GPS constellations can be improved in the radial component by up to 12% in the mean
RMS for the 89 degree circular scenario, as also evident in SISREorb. However, the potential
to improve SISREp, and thus to achieve enhanced positioning capabilities for ground stations,
is less than 1% for all scenarios.

The inclusion of any of the space-tie satellite scenarios has not revealed significant
changes in the Helmert parameters.

For each scenario, a geometric added value can be determined in the formal errors of
the estimated station positions and velocities. This is most evident in the Z component,
amounting to up to 3% for positions and 6% for velocities. In geographical coordinates,
the greatest added value is evident in the latitude and height components, amounting to
up to 3% for positions and up to 4% for velocities. The GRASP-like scenario proves to be
the most advantageous here, while the 30 degree circular scenario is the least advantageous.

The potential for improving the formal errors of the pole coordinates is less than 1% for all
scenarios, and up to 3% for LOD. The estimated ERPs are not significantly altered. Spectral
analysis of the estimated ERPs also shows no significant influence.

Tab. 6.44 shows the evaluation of the individual scenarios for improving the TRF and
ERPs with GPS. The potential of each scenario is at a similar level, ranging from 2.1 to
2.5. The potential for improvement is limited to station positions and velocities, with the
GRASP-like scenario proving to be favourable and the 30 degree circular scenario proving
to be the least effective.
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Table 6.44: Maximum potential of the satellite scenarios for GPS to improve the TRF and
ERPs in the case free of systematic errors. The lower the stated value, the better the rating.
The summary represents the unweighted mean value.

G-like E-G-mod E-G-like Circ. 30° Circ. 60° Circ. 89°

Obs. cov. ① ① ① ② ② ②

Orbit ① ① ① ① ① ①

Helmert ① ① ① ① ① ①

Station pos. f.e. ① ② ② ③ ② ②

Station veloc. f.e. ① ② ② ③ ② ②

Stat. stab. f.e. ③ ③ ③ ③ ③ ③

Pole coord. f.e. ③ ③ ③ ③ ③ ③

Pole coord. est. ③ ③ ③ ③ ③ ③

LOD f.e. ③ ③ ③ ③ ③ ③

LOD est. ③ ③ ③ ③ ③ ③

ERP stab. f.e. ③ ③ ③ ③ ③ ③

Summary 2.1 2.3 2.3 2.5 2.4 2.4

6.3.2.2 Influence of solar radiation pressure mismodelling

For SRP mismodelling for GPS, the macro-model of all GPS satellites was modified, as
described in Sec. 4.6.3. Fig. 6.90 shows the influence of this mismodelling on PRN 1 over
one day at a beta angle of 32.6 degrees. The most significant effect is a radial acceleration,
reaching an amplitude of approximately 0.1 mm/s2 after one day. The influence in the
transversal and normal directions is significantly smaller.

In this case, the space-tie satellite remains unaffected and is still considered free of
systematic errors. The parameterisation of the GPS constellation and the space-tie satellite
remains unchanged.

Figure 6.90: Difference in the sum of the accelerations acting on a GPS satellite over a
period of 1 day, in the case of SRP mismodelling.
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Orbital fit

LEO satellite The influence of the introduced SRP mismodelling to the GPS constella-
tion on the orbital fit of the space-tie satellite is limited to the phase residuals, which increase
by up to 0.3%. This effect is most pronounced in the circular scenario (0.3%), less so in
the E-GRASP-mod and E-GRASP-like scenarios (both 0.2%), and least in the GRASP-like
scenario (0.1%). The code residuals show no discernible influence. No geographical pattern
can be identified in the code and phase residuals.

GPS satellites The orbital fit of the GPS constellation shows that the residuals are not
significantly affected by the mismodelling. Variations are well below 0.1%, and no temporal
variation can be detected. Integrating the space-tie satellites has the same effect as in the
systematic error-free scenario.

Orbit recovery

LEO satellite The mismodelling of the constellation leads to an increase in the mean
RMS of the orbit comparison by up to 34% in 3D for the space-tie satellites (see Fig. 6.91).
The GRASP-like scenario is the least affected, with an increase of 7%. The E-GRASP-mod
and E-GRASP-like scenarios show an increase of 23-25%, and the circular scenarios as
large as 34%. Comparing the scenarios shows that the radial component is most affected,
by increasing flight altitude. The lower the altitude, the more prominent the differences in
the cross-track component become. The most noticeable systematic mean orbit difference
occurs exclusively in the radial and cross-track components of the circular scenarios, and is
less than 0.1 mm.

Figure 6.91: Mean RMS values of the LEO orbit comparison in radial, cross-track, along
track and 3D directions, as well as the mean orbit deviation. The thinner bars show the
results of the SRP mismodelling cases, the slightly more transparent thicker bars in the
background show the values achieved in the systematic error-free case.

Geographical analysis of the orbital differences shown in Fig. G.28 reveals that, in
the stronger affected scenarios, the orbital differences increase in the radial component,
particularly in regions around the equator and, for the 89 degree circular scenario, also at
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the North Pole. The amplitude is strongest for the 89 degree circular scenario at 0.13 mm,
for the other scenarios, it is below 0.1 mm .

In the cross-track component, an increase in orbit differences is primarily observed
in the direction of the polar regions, with amplitudes in the range of 0.1-0.2 mm. The
circular scenario exhibits the most pronounced differences, as well as a correlation with the
observation coverage.

In the along-track direction, no clear regional distribution can be observed, only the
E-GRASP-like scenario exhibits a regional pattern, with an amplitude of approximately 0.2
mm near 30 degrees north latitude.

GPS satellites In the GPS constellation, the introduced mismodelling leads to an
increase in the mean RMS of the orbit comparison by a factor of 5 in the radial component,
and by a factor of approximately 2 in the cross-track and along-track directions (see Tab.
6.45). Additionally, a mean orbit difference of 0.5 cm is observed in the radial component.
This is reflected in SISREorb, which increases by a factor of 5 to a level similar to that of the
radial component. However, there is almost no increase in SISREp, despite an increase in
SISREm by a factor of 2 and an increase in the SV clock RMS by about 50%. This reflects
the anticorrelation of the now larger SV clock differences with the radial orbit position. The
increase in the clock RMS of the ground stations is less than 1%.

The inclusion of one of the space-tie satellite scenarios leads to a significantly lower
improvement compared to the systematic error-free case. Improvements in the mean
RMS are at most 1.4% in the radial component and 3.7% in the cross-track and along-
track directions. None of the scenarios can improve the observed radial orbit bias. The
SISREorb, the general constellation integrity (SISREm) and the SV clock RMS can be
improved most with the circular scenarios. However, the largest improvements in SISREp are
seen in the GRASP-like scenario and the smallest in the circular scenarios. This indicates
that improvements in constellation integrity for the circular scenarios do not lead to an
improvement of the anticorrelation between the SV clock estimates and the radial orbit
position. Changes in the ground station clock estimates are negligible.

Table 6.45: Statistics of the recovered orbit and clocks of the GPS constellation in the SRP
mismodelling case, with one of the space-tie satellite scenarios added respectively. Values
are computed over the entire time span in radial (R), transversal (T), and normal (N) direction.
SV stands for GPS satellite vehicle, Sta. for ground station. Values are given in centimetres
unless otherwise stated.

RMS Clock RMS Mean

R T N SISREorb SISREp SISREm SV Sta. R T N

Systematic error-free case
GPS cons. SRP mism. 0.58 0.15 0.14 0.57 0.49 1.24 0.75 0.61 0.50 0.00 0.01

+ GRASP-like -0.33% -2.61% -3.73% -0.34% -0.37% -0.63% -0.75% -0.05% 0.50 0.00 0.01
+ E-GRASP-mod -0.76% -2.21% -2.89% -0.77% -0.26% -0.73% -0.60% -0.03% 0.50 0.00 0.01
+ E-GRASP-like -0.78% -1.50% -2.11% -0.79% -0.27% -0.72% -0.58% -0.04% 0.50 0.00 0.01
+ Circular 30° -1.27% -1.40% -3.23% -1.28% -0.23% -1.23% -0.99% -0.03% 0.50 0.00 0.01
+ Circular 60° -1.23% -1.65% -2.94% -1.25% -0.23% -1.10% -0.83% -0.04% 0.50 0.00 0.01
+ Circular 89° -1.41% -1.85% -2.88% -1.43% -0.24% -1.26% -0.95% -0.03% 0.50 0.00 0.01

The geographical distribution of the orbital differences shown in Fig. 6.92 reveals a 5
mm bias in the radial component, as well as smaller differences around the equator and
larger differences towards the poles. In the cross-track component, a slight pattern towards
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the poles can be seen, with an amplitude of approximately 1.2 mm. Additionally, two larger
differences that follow the North South direction can be observed at longitudes of 60° West
and 120° East. These differences are correlated with the observation coverage and occur in
regions with fewer observations. No pattern can be found in the along-track component.

The inclusion of space-tie satellite scenarios has only a very minor influence on the
orbits of the GPS constellation in the SRP mismodelling case (see Fig. G.29). In the radial
component, a slight North-South structure with amplitudes between 0.2 and 0.4 mm is
evident for all scenarios, with improvements in the northern hemisphere and deteriorations
in the southern hemisphere. In the cross-track component, improvements are evident in the
two regions detected at 60° West and 120° East longitude, particularly for the E-GRASP-like
scenario. This is less or not the case for the other scenarios. No influence is seen in the
along-track component.

Figure 6.92: Median orbit differences of the GPS constellation in the SRP mismodelling case
in comparison to the systematic error-free case over a time span of one year. From left to
right in radial, cross-track, and along-track direction.

Analysis of the estimated SV clocks along the Sun elongation and beta angles shows
that, at low and high elongation angles, the clock differences increase (see Fig. 6.93). This
is slightly more pronounced during eclipse phases. The reason for this is that, in these
positions, the satellite lies on the same axis as the Sun and Earth. Therefore, SRP force
and the attraction of the Earth are on the same axis. This leads to high correlation with the
radial position estimate and thus the estimated satellite clock.

As observed in the systematic error-free case, the inclusion of the space-tie scenarios
reduces the SV clock RMS, which is highest for the circular scenarios. However, the
improvement in SISREp is lowest for these scenarios. This phenomenon has been found
to be caused by smaller anticorrelations of the radial position with the SV clock estimates.
In the case of SRP mismodelling, the observed patterns in the clock corrections along the
Sun elongation angle are amplified further and reach up to 5 mm (see Fig. G.30). Increased
clock differences can also be observed for beta angles of the eclipse phases. These reflect
not only reductions, but also increases in the SV clock differences. This effect is least
pronounced for the GRASP-like scenario, which mostly reflects noise homogeneously across
the Sun elongation and beta angle.

Reference frame

Helmert parameters Significant systematic effects on the TRF can be observed (see
Fig. 6.94). In the case of the GPS constellation alone, the strongest translations arise in the
Z direction, reaching 0.13 mm in position and 0.04 mm/a in velocity. These are known to
be caused by strong correlations of the ECOM parameters of the SRP modelling and the
station position Z component. Additionally, significant rotations in X and Y are observed,
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Figure 6.93: Clock difference for PRN 4 in cm over the Sun elongation angle ϵ in the SRP
mismodelling case. Different β angles according to colorbar.

reaching up to 0.67 mm in position and 0.04 mm/a in velocity. An effect on the scale is only
observed in position, at -0.40 mm.

The integration of a space-tie satellite scenario improves the translations observed in all
scenarios, with the greatest improvement seen in the GRASP-like scenario for the X and
Z components. Furthermore, none of the space-tie satellite scenarios leads to an obvious
improvement in the established systematics in the rotations nor in the scale. Changes in
rotation of the positions are below 0.05 mm, which is negligible in view of the remaining
systematic error. The influence on the scale is at the level of 0.01 mm or less (see Tab. F.47
in App. F.3).

Formal errors Due to the mismodelling, the formal errors of the GPS constellation
without space-tie satellites increase by about 20% in station positions, velocities and ERPs
(see Tab. F.48 in App. F.3).

The OSI in station positions due to the integration of the space-tie scenarios is limited
to maximum 3% and can be achieved primarily in the Z component (see Fig. 6.95). In
geographic coordinates it is about 2% and primarily in the latitude and height components.
Differences between the scenarios are very small.

For station velocities, the greatest OSI can also be seen in the Z component, at between 3
and 6%, and in geographic coordinates in the latitude and height components, at a maximum
of 4%. The difference between the scenarios is somewhat stronger for the velocities, with the
GRASP-like scenario being slightly more advantageous and the 30 degree circular scenario
being the least advantageous. However, these differences are small in the context of the
overall level of OSI.

For the pole coordinates, the OSI for all scenarios is below 1%. In LOD, the GRASP-like
scenario shows the smallest values, at around 1%, while the 89 degree circular scenario
shows the largest values, at around 3%.

ERP analysis The introduced mismodelling significantly affects the ERPs of the GPS
constellation without an integrated space-tie satellite. The noise in the pole coordinates
increases by 120% in the X-pole and 29% in the Y-pole. Systematic biases also occur,
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Figure 6.94: The upper figure shows the Helmert parameters for all stations in the SRP
mismodelling case compared to a priori. The lower figure shows the values for the velocities.

correlating with the rotations seen in the Helmert parameters, and reaching up to 0.76 mm.
Furthermore, a significant drift is observed in both pole coordinates, reaching up to 0.04
mm/a in the X-pole. In LOD, the noise increases by a factor of about 5, and a significant
offset of approximately 7 mm occurs. Additionally, a significant drift of 0.06 mm/a can be
noted.

Spectral analysis of the ERPs (see. Fig. 6.96) shows an annual signal in the X-pole with
an amplitude of 0.1 mm and a semiannual signal of up to 4 mm in LOD. This semiannual
signal is also present in the corrections to the node of the GPS satellite’s orbital elements.
These signals can be traced back to one half cycle of the beta angle period of the satellite’s
orbital plane.

By the integration of the space-tie scenarios, the noise in the pole coordinates can
only be significantly reduced in the X-pole by 4-7%. In the Y-pole, only the GRASP-like
scenario shows a significant change in the standard deviation, which increases by around
4%. Changes in the offset and drift of the pole coordinates are less than 0.1 mm and 0.01
mm/a, respectively. In LOD, no significant change in noise can be detected in any of the
scenarios. Variation in the offset in LOD are at a maximum of 0.1 mm, with a trend below
0.01 mm/a.

An effect on the spectral analysis of the ERPs cannot be found for any of the scenarios.

Conclusion - SRP mismodelling Introducing SRP mismodelling to the GPS constellation
results in a deterioration in the 3D orbit accuracy of the space-tie satellites by up to 34%,
with the GRASP-like scenario experiencing significantly less impact at around 7%. The
accuracy of the orbits and clocks of the GPS constellation decreases significantly due to the
mismodelling. The positive effect of all space-tie satellites on the orbit and clock accuracy of
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(a) Observation scaled improvement

(b) Observation scaled improvement

Figure 6.95: Fig. a) shows the OSI of the median formal error in X, Y and Z for the space-tie
satellite scenarios, compared to the GPS constellation with SRP mismodelling, Fig. b) shows
the values for geographical coordinates.

the GPS satellites is limited to less than 1% in SISREp.

The mismodelling of the GPS constellation leads to systematic translations, rotations,
and scale effects. The systematic effect on the scale is 0.5 mm. Integrating a space-tie
satellite has a positive effect on translations, but systematic rotations and scale differences
cannot be significantly mitigated.

The formal errors in station coordinates and velocities increase by about 20%. Each
space-tie satellite scenario exhibits an OSI primarily in the Z coordinate or the latitude and
altitude components, with values in the low single-digit percentage range for positions and
velocities for all scenarios.

The formal errors of the ERPs also show an increase of around 20%, while the space-tie
satellite scenarios show an OSI of less than 3%.

The estimated ERPs show significant increases in noise of up to 120% in the pole co-
ordinates and a factor of five in LOD. Additionally, there are systematic offsets of up to 0.76
mm and drifts of 0.04 mm/a in the pole coordinates, as well as a significant drift of 0.06 mm/a
in LOD. Spectral analysis reveals clear signals at the X-pole and in LOD. The strongest
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Figure 6.96: Time series of estimated differences of LOD, X-Pole, and Y-Pole and their
spectral analysis for the GPS constellation in the systematic error-free case in black and in
the SRP mismodelled case in red.

signal is in LOD, with an amplitude of 4 mm and a semi-annual period corresponding to a
half beta angle cycle.

Integrating the space-tie satellites has only a very small influence on the determined
ERPs. Differences in noise are in the low single-digit percentage range. A significant
influence on offsets and drifts can only be observed for the pole coordinates at below 0.1
mm and 0.01 mm/a, respectively. No influence on the spectral analysis of the ERPs can be
observed.

Based on the results of the SRP mismodelling of the GPS constellation, none of the
scenarios is clearly advantageous (see Tab. 6.46). The positive influences are in the low
single-digit percentage range in all areas and for all scenarios. None of the scenarios can
lead to a significant improvement in the systematic signals in the ERPs .
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Table 6.46: Vulnerability of the satellite scenarios in the systematic SRP mismodelling case
for GPS.

G-like E-G-mod E-G-like Circ. 30° Circ. 60° Circ. 89°

Orbit ① ② ② ③ ③ ③

Helmert ① ① ① ② ② ②

Station pos. form. err. ② ② ② ② ② ②

Station veloc. form. err. ② ② ② ② ② ②

Pole coord. form. err. ③ ③ ③ ③ ③ ③

LOD form. err. ② ② ② ② ② ②

ERPs ③ ② ② ② ② ②

Summary 2.0 2.0 2.0 2.3 2.3 2.3

6.3.2.3 Influence of Earth gravity field mismodelling

The EGM mismodelling follows the same approach as for DORIS and SLR. Different from
the case of SRP mismodelling above, the satellites of the GPS constellation and the space-
tie satellites are exposed to the mismodelling. The absolute difference in the perturbation
acceleration introduced by the mismodelling is for a GPS satellite as an example shown
for the satellite PRN 1 over a seven-day period in Fig.6.97. The influence in all directions
is significantly lower than for the space-tie satellites, as presented in Sec. 6.1.2.6. Only
in the radial direction the disturbance accumulates, reaching a maximum amplitude of
approximately 0.2 µm/s2 after seven days.

Figure 6.97: Difference in the sum of the accelerations acting on a GPS satellite over a
period of 7 days, in the case of EGM mismodelling.
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Orbital fit

LEO satellite The introduced EGM mismodelling primarily affects the orbital fit of
scenarios that involve low-altitude passages. This is most evident for the GRASP-like
scenario, resulting in an increase of 0.7% in phase residuals. All other scenarios are
significantly less affected. This influence is also evident in the geographical distribution of
the median phase residuals. For the GRASP-like scenario, the strongest influence is evident
in an East-West pattern. The other scenarios exhibit weaker influences, though regional
patterns can still be identified here (see Fig. 6.98). No correlation can be found with the
geographical distribution of observations.

Figure 6.98: Global distribution of the difference in the median of the phase observation
residuals in the EGM mismodelling case compared to systematic error-free. The colour bar of
the GRASP-like scenario is scaled 5 times higher, for the E-GRASP-mod and E-GRASP-like
scenario 2 times higher.

GPS satellites The orbital fit of the GPS constellation shows no change due to the
mismodelling introduced. As also observed in the systematic error-free case, integrating the
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space-tie satellites results in a slight increase in phase residuals. No geographical influence
on the residuals could be identified.

Orbit recovery

LEO satellite The mismodelling primarily leads to a decrease in the accuracy of the
determined orbit for the GRASP-like scenario (see. Fig. 6.99). This manifests itself as an
increase in the mean RMS of the orbit comparison by a factor of approximately 3.5 in the
radial and cross-track components, and by a factor of 2 in the along-track direction. The other
scenarios primarily demonstrate a degradation in the radial component, which is 43-49% for
the E-GRASP-mod and E-GRASP-like scenarios, and between 10 and 13% for the circular
scenarios in terms of mean RMS. A systematic offset greater than 0.1 mm is only evident in
the cross-track direction for the GRASP-like scenario, at 0.3 mm.

Figure 6.99: Mean RMS value of the orbit comparison in radial, cross-track, along track and
3D directions, as well as the mean orbit deviation. The thinner bars show the results of the
EGM mismodelling cases, the slightly more transparent thicker bars in the background show
the values achieved in the systematic error-free case.

The geographical orbit differences shown in Fig. 6.100 reveal clear regional patterns in all
components, especially in the GRASP-like scenario, where maximum amplitudes of between
0.6 and 1 mm are observed in all components. Similar regional patterns are evident in the
E-GRASP-mod and E-GRASP-like scenarios, which are strongest in the radial component.
Here, the maximum amplitude is approximately 0.3 mm, which is about five times stronger
than in the cross-track and along-track components. The same is the case for the circular
scenarios, although the maximum amplitude in the radial component is weaker at 0.2 mm.
For all scenarios, the radial orbital differences correlate with the geographical distribution of
the median phase residuals.

GPS satellites The mismodelling only leads to a very minor deterioration in the mean
RMS of the orbit comparison for the GPS constellation, with an impact of less than 1%. The
SV and ground station clock estimates, as well as the SISREp show no influence at all (see
Tab. 6.47).
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Figure 6.100: Median orbit difference of the LEO satellites compared to the systematic
error-free case over a one-year period for GPS in the EGM mismodelling case. From top to
bottom: GRASP-like; E-GRASP-mod; E-GRASP-like; Circular 30°; Circular 60°; Circular 89°.
From left to right in the radial, cross-track and along-track directions.
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The inclusion of the space-tie satellite scenarios shows similar effects as in the systematic
error-free case for all scenarios except the GRASP-like scenario. In this case, there is a
slight improvement in the orbit, while the SV clock RMS increases by 0.88%, resulting in a
1.29% deterioration in the SISREp. Additionally, a 0.68% increase in the ground station clock
RMS can be observed. This underlines that integrating a satellite with a GPS receiver that
is subject to greater disturbances due to modelling errors, in this case due to the Earth’s
gravity field, can result in a deterioration of the GPS constellation when using the integrated
approach.

Table 6.47: Statistics of the recovered orbit and clocks of the GPS constellation in the EGM
mismodelling case, with one of the space-tie satellite scenarios added, respectively. Values
computed over the whole time span in radial (R), transversal (T), and normal (N) direction.
SV stands for GPS satellite vehicle, Sta. for ground station. Values are given in percentages
and centimetres.

RMS Clock RMS Mean

R T N SISREorb SISREp SISREm SV Sta. R T N

EGM mismodelling case
GPS constellation 0.12 0.08 0.08 0.12 0.49 0.54 0.50 0.61 -0.00 0.00 0.00

+ GRASP-like -2.39% -2.81% -2.05% -2.43% +1.29% +0.22% +0.88% +0.68% -0.00 -0.00 -0.00
+ E-GRASP-mod -7.46% -5.68% -5.85% -7.64% -0.29% -1.74% -0.71% -0.05% -0.00 +0.00 +0.00
+ E-GRASP-like -7.39% -5.37% -5.69% -7.62% -0.28% -1.74% -0.70% -0.04% -0.00 +0.00 +0.00
+ Circular 30° -9.83% -5.18% -6.43% -10.20% -0.25% -2.21% -0.82% -0.04% -0.00 +0.00 +0.00
+ Circular 60° -9.89% -5.57% -6.13% -10.21% -0.23% -2.20% -0.80% -0.03% -0.00 +0.00 +0.00
+ Circular 89° -11.64% -6.34% -7.38% -11.95% -0.26% -2.55% -0.93% -0.04% -0.00 +0.00 -0.00

The geographical distribution of orbital differences for the GPS satellites, as shown in
Fig. 6.101, differs from the systematic error-free case at a submillimetre level. The regional
patterns are similar to those of the 60 degree circular scenario due to the similar inclination.
The largest amplitude of 0.2 mm is found in the radial component, the cross-track and
along-track components are significantly larger for the GPS constellation than for the 60
degree circular scenario, and are only slightly smaller than the radial component.

The inclusion of space-tie satellite scenarios shows that, for the GRASP-like scenario,
the geographical orbit differences are transferred to the orbits of the GPS constellation
(see Fig. G.31). The orbit differences increase in all components, reaching a maximum
amplitude of 0.25 mm in the radial component. In the other scenarios, there is almost no
geographical influence. However, in the circular scenarios, a minor improvement in the radial
orbit component can be observed in regions around the equator.

Figure 6.101: Median orbit differences of the GPS constellation in the EGM mismodelling
case in comparison to the systematic error-free case over a time span of one year. From left
to right in radial, cross-track, and along-track direction.
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The influence on the estimated clock differences of the GPS constellation shows no
dependence on solar elongations or beta angles greater than 1 mm (see Fig. 6.102).

Integrating the space-tie scenarios has a similar effect on the estimated clock differences
of the GPS satellites to that seen in the SRP mismodelling case, albeit slightly weaker. This
is true for all scenarios except the GRASP-like scenario, in which a uniform increase in clock
differences of approximately 1–2 mm is observed, regardless of Sun elongation and beta
angle (see Fig. G.32).

Figure 6.102: Difference in clock estimate for PRN 4 in cm over the Sun elongation angle ϵ
in the EGM mismodelling case in comparison to the systematic error-free case. Different β
angles according to colorbar.

Reference frame

Helmert parameters A significant influence on the TRF can be observed for the GPS
constellation (see Fig. 6.103). This primarily affects the positions, manifesting as rotations
of up to 1.2 mm around the X and Y axes, as well as translations of up to 0.07 mm in all
directions. In terms of velocities, only a significant Y-rotation of 0.06 mm/a is apparent. There
is no apparent impact on the scale (see Tab. F.40). At this point, it is difficult to determine
whether the rotations are caused by the relatively weak NNR constraints or whether there
are strong systematic effects. This once again emphasises that the strength of the datum
constraint is not a trivial issue.

None of the space-tie scenarios can improve these systematics to such an extent that the
Helmert parameters become insignificant. Depending on the flight altitude of the scenario, the
inclusion leads to an increase in rotation of approximately 0.1 mm for the circular scenarios
and up to 0.7 mm for the GRASP-like scenario. For nearly all scenarios, the influence
on translations is in the range of hundredths of a millimetre, except for the GRASP-like
scenario, where an increase of up to 1 mm can be observed, particularly in the Y and Z
components. The influence on velocities is significantly lower for all scenarios, being in the
range of hundredths of a millimetre per year.

Formal errors The EGM mismodelling does not show any significant change in the
formal errors of the station coordinates, velocities and ERPs. For each of the space-tie
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Figure 6.103: The upper figure shows the Helmert parameters of all stations for the EGM
mismodelling case compared to systematic error-free. The lower figure shows the values for
the velocities.

satellite scenarios, an OSI in formal errors can be noted, which is on the level of the
systematic error-free case.

ERP analysis The introduced mismodelling increases the noise in the X-pole and Y-pole
coordinates of the reference solution by 135% and 7%, respectively. Additionally, a significant
bias of up to 1.3 mm and a trend of up to 0.06 mm/a can be observed in both pole coordinates,
reflecting the rotations evident in the Helmert parameters. In LOD, however, the increase in
noise is not significant and only a bias of 0.4 mm is evident.

The integration of the space-tie satellites increases the influence of the mismodelling,
the more sensitive the scenario is to the Earth gravity field. This effect is most pronounced
in the GRASP-like scenario, where an increase in noise of up to 29% can be observed in
the pole coordinates, as well as an offset increase of up to 0.7 mm. The circular scenarios
demonstrate the least deterioration, with noise increases below 10% and biases of no more
than 0.15 mm. In LOD, a slight reduction in noise can be observed for all scenarios, though
this is not significant.

Spectral analysis of the ERPs shows no variation compared to the systematic error-free
case, for either the GPS constellation with or without space-tie satellites. The variations are
in the micrometre range.

Earth gravity field co-estimation The Earth’s gravity field is subsequently co-estimated in
the same way as for DORIS and SLR, except that, the GPS constellation is also part of the
integrated processing for gravity field estimation. Information on how the maximum degree
of solution is obtained can be found in Sec. 6.1.2.6.
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Reference frame

Helmert parameters By co-estimating the Earth gravity field, the translations and
rotations of the GPS constellation can be reduced to less than 0.1 mm and 0.01mm/a relative
to the a priori. Only a Z-component translation of 0.08 mm remains, and the X-component
rotation shows a deviation of 0.07 mm compared to the rotation of the systematically error-
free case (see Fig. 6.104). Integrating the space-tie scenarios further improves the Z
translation in the positions. But in the velocities the GRASP-like scenario leads to an
increase in translations in X and Z up to 0.02 mm/a. In terms of rotations, the GRASP-like
and E-GRASP-like scenarios show slight increases in rotational differences relative to the
systematically error-free case, but these are less than 0.1 mm. The E-GRASP-mod and
89 degree circular scenarios demonstrate the smallest rotation deviations relative to the
systematically error-free case. No influence on velocities and scale can be found (see Tab.
F.50 in App. F.3).

Figure 6.104: The upper figure shows the Helmert parameters of all stations for the EGM
mismodelling case compared to systematic error-free with SHs co-estimated. The lower
figure shows the values for the velocities.

Formal errors The additional estimation of the gravity field results in an increase
in formal errors for the GPS constellation, compared to the case of EGM mismodelling
without co-estimation of the gravity field. This suggests correlations between the estimated
parameters, or that too many SHs are being estimated. This increase is up to 1% for
all station coordinates and velocities, except for the Z component of positions, where the
increase is 4%. In the pole coordinates, the increase is as high as 3-4%, and in LOD it is as
high as 20% (see Tab. F.52 in App. F.3).
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Integrating each of the space-tie scenarios, achieves improvements such that the formal
errors are reduced to the level of the systematic error-free case. Any remaining differences
are no larger than 1%.

ERP analysis Significant improvements can be achieved by estimating the SH of the
Earth’s gravity field in the case of only the GPS constellation. The estimated ERPs do
not show any significant difference in noise compared to the systematic error-free solution.
Offset differences compared to the systematic error-free case are below 0.1 mm for trends
below 0.01 mm/a. An offset increase of -0.2 mm is only noted in LOD.

Integrating the space-tie satellite leads to a slight improvement in noise in all ERPs, by
up to 4%. The influence on offsets in the pole coordinates is below 0.1 mm for all scenarios.
For the GRASP-like scenario only, an increase in X and Y-pole offsets compared to the
systematically error-free case can be observed. In LOD, an offset of between 0.1 and
0.3 mm remains for the E-GRASP-mod, E-GRASP-like, and 60 degree circular scenarios.
Overall, the 89 degree circular scenario most closely resembles the ERP solution of the
systematically error-free case.

Spectral analysis of the ERPs shows nearly perfect coincidence with the systematic
error-free case. Integration of the space-tie satellites shows no further influence.

Potential for gravity field determination Assessing the potential to estimate the SHs
of the Earth’s gravitational field using GPS differs from the DORIS and SLR methods. Due
to integrated processing, the GPS constellation is used in the estimation. The sensitivity
analysis of one GPS satellite is shown in Fig. 6.105 top left, for the space-tie scenarios it
can be found in Sec. 6.1.2.6. The sensitivity of a GPS satellite is limited to very low SHs,
primarily to C20. Using the reference solution (i.e. all GPS satellites), the gravity field can
be solved up to degree 20. The differences between the estimated SHs and the simulation
are shown as a triangle plot in Fig. 6.105 top right. As can be seen, the estimated degree 2
and 3 coefficients show very good agreement with the simulation due to the large number of
GPS satellites in the constellation, even though, one satellite alone was not found to be that
sensitive. The degree amplitudes demonstrate that the 100 mm equivalent water height level
used prior for DORIS and SLR is exceeded above degree 3, corresponding to a cumulative
error of approximately 4’000 km.

In the case of the space-tie scenarios the Earth’s gravity field is thus solved together
with the GPS constellation. The maximum degree to which the gravity field can be solved is
60 for the GRASP-like scenario, 48 for the E-GRASP-mod, 42 for the E-GRASP-like, and
32, 35 and 60 for the circular scenarios with 30, 60 and 89 degrees inclination, respectively.
Therefore, for most scenarios, it is possible to solve the SH expansion to a higher degree
with GPS than with DORIS and SLR, except for the 60 degree circular scenario. In this
scenario, the maximum degree is 35 for GPS, 47 for DORIS and 45 for SLR. One possible
reason for this could be the inclination of the scenario, which is close to that of the GPS
constellation. In this case, special observation distributions were found in Sec. 6.3.2.1.

Estimated Earth gravity field analysis The triangular plots of the SH differences in
Fig. 6.106 show a picture very similar to that of DORIS for all scenarios. In the GRASP-like
scenario, the differences are smallest and increase steadily with slightly lower deviations in
sectoral coefficients. For all other scenarios, the progression of deviations is almost identical
to DORIS, albeit generally lower. At very low SHs, the GPS constellation appears to make a
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Figure 6.105: Sensitivity analysis of one GPS satellite (top left), triangular plot showing the
difference between estimated and simulated SH coefficient (top right). SH degree amplitudes
and cumulative error in equivalent water height in the bottom left and right.

positive contribution. Thus, the differences in zonal and tesseral SH at degrees below 10
are significantly lower compared to DORIS and SLR.

The degree amplitudes (Fig. 6.107) and cumulative error (Fig. 6.108) demonstrate
that the GRASP-like scenario achieves the lowest overall deviation of all techniques and
scenarios. A SNR of 1 is only achieved above degree 47 here, and a deviation equivalent to
a water height of 100 mm is only achieved from degree 20 onwards. By comparison, this
level is achieved above degree 6 for the E-GRASP-mod scenario, above degree 5 for the
E-GRASP-like scenario, and above degrees 4, 5, and 7 for the circular scenarios with 30,
60 and 89 degree inclination, respectively. Compared to the degree amplitudes of the GPS
constellation (see Fig. 6.105), the E-GRASP-mod and E-GRASP-like scenarios offer no
further improvement at degree 2, as the degree amplitudes are almost identical to those of
the GPS constellation. Improvements can be observed in all circular scenarios up to degree
3, and in the 89 degree scenario up to degree 4, with errors close to and below 1 mm of
equivalent water height. Compared to DORIS and SLR, the circular scenarios in particular
show significantly lower deviations below approximately degree 5, and no spike pattern due
to resonance occurs in the 30 degree scenario.

It can thus be concluded that the potential for deriving Earth gravity field SHs using
GPS is strongest, albeit with a focus on low degrees, in all scenarios except the GRASP-
like scenario, for which higher degrees can also be reasonablly be estimated. Clearly, in
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low coefficients up to degree 3, the GPS constellation can make a valuable contribution.
Compared with DORIS and SLR, and due to the contribution of the GPS constellation, all
scenarios demonstrate minimal errors in low SHs up to approximately degree 4. The E-
GRASP-mod and E-GRASP-like scenarios exhibit slightly diminished performance in degree
2, and the 30 and 60 degree circular scenarios demonstrate slightly lower efficiency up to
degree 4.

Figure 6.106: Triangular plots showing the difference between estimated and simulated SH
coefficient.
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Figure 6.107: SH degree amplitudes in equivalent water height.
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Figure 6.108: Cumulative error in equivalent water height
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Conclusion - EGM mismodelling and potential for gravity field determination The
EGM mismodelling has a significant impact on the orbit accuracy of the space-tie satellites,
particularly in the GRASP-like scenario. The influence of the mismodelling on the orbit and
clock accuracy of the GPS constellation is however negligible. Integration of the space-tie
satellites improves the SISREp for all scenarios by less than 1%, except for the GRASP-like
scenario, for which it increases by slightly more than 1%. Furthermore, it was found that
the geographical patterns induced by mismodelling in the space-tie satellite orbits were
transferred to the orbits of the GPS constellation. The strongest amplitude in case of the
GRASP-like scenario was 0.25 mm.

The impact on the TRF is primarily reflected in rotations. None of the space-tie scenarios
can help to improve the Helmert parameters, as the EGM mismodelling is transferred. This
is most evident in the GRASP-like scenario, where translations of up to 1 mm occur.

Formal errors in the station coordinates, velocities and ERPs of the GPS constellation
do not change significantly as a result of EGM mismodelling. The improvements achieved
through the space-tie scenarios are comparable to those in the systematically error-free case.

For the GPS constellation, the mismodelling leads to an increase in noise of the pole
coordinates of up to 135%, as well as offsets and trends of up to 1.3 mm and 0.06 mm/a,
respectively. In LOD, an offset of 0.4 mm is primarily introduced. For every space-tie satellite
scenario, a deterioration in the pole coordinates can be observed, which is more pronounced
the more lower-altitude passages the scenario has. This leads to stronger mismodelling
influences. Consequently, noise in the X-pole increases by up to 29% and an increased bias
of up to 0.7 mm is introduced. The circular scenarios demonstrate the least interference,
as their altitude minimises the influence of the mismodelling. Spectral analysis of the ERPs
shows no significant amplitudes for either the GPS constellation alone or when the space-tie
scenario is integrated.

Co-estimating the gravity field, improves the systematics in the TRF to less than 0.1 mm
or 0.01 mm/a. However, the GRASP-like scenario in particular results in an increase in
velocity translations.

The formal errors increase due to mismodelling by up to 4% for station coordinates, velo-
cities and pole coordinates, and by up to 20% in LOD. Integrating the space-tie satellites can
reduce formal errors to the level of the systematic error-free case. The same applies to the
estimated ERPs, which can be traced back almost entirely to the values of the systematically
error-free case. In the case of the GPS constellation, only a 0.2 mm LOD bias remains. As
with the TRF, integrating the space-tie scenarios results in isolated minor improvements, but
increases in offsets can also be observed. The 89 degree circular scenario achieves the
best results. No influence on the spectral analysis of the ERPs was observed in any of the
cases.

The potential for estimating the gravitational field with GPS is limited to low SHs up to
approximately degree 4 for the GPS constellation. Compared to DORIS and SLR, with the
space-tie scenarios integration the lowest deviations in the degree amplitudes up to degree
3 can be seen for all scenarios, for the GRASP-like and 89 degree circular scenario also up
to degree 4. The GRASP-like scenario demonstrates the greatest potential for determining
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the Earth’s gravity field. An error of 100 mm in equivalent water height is reached only above
degree 20 (see Tab. 6.48).

Table 6.48: Potential for Earth gravity field estimation solely with GPS with the satellite
scenarios.

G-like E-G-mod E-G-like Circ. 30° Circ. 60° Circ. 89°

EGM determination ① ② ② ② ② ②

The 89 degree circular scenario achieves the best overall results in minimising the
influence of introduced EGM mismodelling. Despite being less sensitive to the Earth’s gravity
field, this scenario is also suitable for estimating low SHs (see Tab. 6.49).

Table 6.49: Vulnerability of the satellite scenarios for GPS for systematic EGM mismodelling
and while co-estimating the EGM.

G-like E-G-mod E-G-like Circ. 30° Circ. 60° Circ. 89°

Orbit ② ② ② ① ① ①

EGM not estimated
Helmert ③ ② ② ② ② ②

Station pos. form. err. ① ② ② ③ ② ②

Station veloc. form. err. ① ② ② ③ ② ②

Pole coord. form. err. ③ ③ ③ ③ ③ ③

LOD form. err. ③ ③ ③ ③ ③ ③

ERPs est. ③ ③ ③ ② ② ②

EGM co-estimated
Helmert ③ ② ② ② ② ②

Station pos. form. err. ① ① ① ② ① ①

Station veloc. form. err. ① ① ① ② ① ①

Pole coord. form. err. ① ① ① ② ① ①

LOD form. err. ① ① ① ② ② ①

ERPs est. ② ② ② ① ② ①

Summary 1.9 1.9 1.9 2.1 1.8 1.7
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6.3.3 Single-technique conclusion for GPS
The integration of the space-tie satellite scenarios into the GPS constellation improves

the determination of orbits and clocks. However, the improvement in SISREp is less than
1% for all scenarios. Improvements in TRF and ERPs are primarily evident in a reduction
in formal errors of up to 6% in the Z component. A reduction in noise of up to 4% can be
observed in the estimated ERPs. As the observation characteristics of the circular scenarios
are less favourable, these scenarios receive a slightly worse rating of between 2.4 and 2.5.
Nevertheless, the overall potential of all scenarios in the systematic error-free simulation is
moderate.

The mismodelling scenarios examined showed that, in the case of SRP mismodelling,
orbital accuracy decreases most significantly in the circular scenarios, and slight translations
remain in the Z component of station velocities in the TRF. However, none of the scenarios
could significantly reduce the larger systematic errors in the ERPs. Analysis of EGM mis-
modelling revealed that scenarios affected by strong mismodelling transfer errors to the GPS
constellation. This was observed for the orbits and clocks of the GPS constellation, as well
as for the TRF and the determined ERPs.

The overall vulnerability is balanced at a value of 2.0 for the scenarios. The circular
scenarios with 60 and 30 degrees of inclination show slightly worse results, at 2.1 and 2.2,
respectively.

In the case of GPS, gravity field determination shows significantly lower degree amplitude
errors for all scenarios compared to DORIS and SLR. This is partly due to the GPS
constellation’s contribution. The 100 mm equivalent water height limit is reached at the
earliest above degree 5 in all scenarios, with the GRASP-like and 89degree circular scenarios
proving most advantageous at low harmonics up to degree 4.

Table 6.50: Maximum potential of the satellite scenarios for TRF and ERP determination in
the case of GPS, together with their vulnerability to mismodelling.

G-like E-G-mod E-G-like Circ. 30° Circ. 60° Circ. 89°

Maximum potential 2.1 2.3 2.3 2.5 2.4 2.4

SRP 2.0 2.0 2.0 2.3 2.3 2.3
EGM mism. 1.9 1.9 1.9 2.1 1.8 1.7
Overall vulnerability 2.0 2.0 2.0 2.2 2.1 2.0
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analysis
This chapter investigates the potential of co-location in space using the space-tie satellite
scenarios. For this purpose, the individual systematic error-free single-technique solutions
of DORIS (Sec. 6.1), SLR (Sec. 6.2) and GPS (Sec. 6.3) are combined. To determine
the potential of the ST in the combination, a combination is first carried out without the
ST, using only GTs. At this stage, the GTs are the pole coordinates and LOD. For this
purpose, all satellite-specific parameters are reduced at the normal equation level prior to
the combination. Secondly, the combination with the ST is carried out by combining the
weekly initial state orbital elements of the respective space-tie satellite scenario at normal
equation level. For GPS, these are available daily, but can only be combined weekly. On
the other days of the week, the GPS arcs are free. In both cases, the TRF solution is
obtained by applying the datum as a NNR condition to GPS only, using the same procedure
as for the GPS single-technique solution described in Sec. 6.3.1.3. Next, the accuracy with
which the datum can be transferred from GPS to DORIS and SLR using only GTs and in
combination with the ST is investigated. Furthermore, the formal errors and the estimated
ERPs are examined for changes between the combination with and without the ST and the
single-technique solutions.

To this end, the results of the single-technique analysis for the space-tie satellite scenarios
are summarised first with respect to the orbit in Sec. 7.1, the TRF in Sec. 7.2, the ERPs in
Sec. 7.3 and gravity field estimation in Sec. 7.4. Subsequently, in Sec. 7.5, the combination
is carried out, and the potential for the TRF (Sec. 7.5.1), ERPs (Sec. 7.5.2) and EGM
estimation (Sec. 7.5.3) is examined. Sec. 7.6 summarises the results of the combination.

7.1 Inter-technique orbit comparison
In the systematic error-free case, the achievable orbit accuracy is highest with GPS in all

components and scenarios. When comparing DORIS and SLR, it can be seen that DORIS
performs particularly well in the radial component and in low-orbiting scenarios, such as the
GRASP-like scenario. For the cross-track and along-track components, both techniques
demonstrate substantially higher RMS values in the orbit comparison than GPS, while this
effect is less pronounced for SLR. The largest decrease in orbit accuracy occurs in the
circular scenarios for all techniques. The achievable orbit accuracy for the two eccentric
scenarios (E-GRASP-mod and E-GRASP-like) lies between the other scenarios. Generally,
the relationship between the orbit accuracy of the individual space-tie satellite scenarios
is similar for all techniques. The best accuracy is achieved in the low-orbiting GRASP-like
scenario, followed by the E-GRASP-mod and E-GRASP-like scenarios. All circular scenarios
achieve the lowest accuracy.

Systematic geographical differences in the orbits are primarily evident for DORIS and
SLR. This is most evident in the two eccentric scenarios, E-GRASP-mod and E-GRASP-like,
in the form of stripe patterns that follow the inclination in all components. In the circular
scenarios, regional patterns exhibit a North-South distribution, which increases primarily for
SLR in the cross-track direction, the larger the inclination of the scenario. The GRASP-like
scenario shows the least geographical influence. For GPS, geographical orbit differences
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are significantly lower for all scenarios and only show isolated correlations with observation
coverage, primarily for higher-orbiting circular scenarios, especially the near-polar one.

The orbit of the space-tie satellite resulting from the multi-technique combination with
GT and ST cannot be analysed after the combination and solution of the normal equation.
This would be possible if the parameters of the normal equation solution were reintroduced
into consistent orbit integration. However, due to the integrated processing of GPS and
the associated reduction in parameters required for this, this would only be possible if the
parameters were substituted back after solving the normal equation. Currently, this is not
possible with EPOS-CS.

7.2 Inter-technique TRF comparison
Helmert parameters Comparing the individual single-technique TRF solutions with

a priori values shows insignificant variation for DORIS, at below 0.2 mm or 0.03 mm/a.
For SLR, only significant rotations were found, with maximum values of 1.1 mm and 0.20
mm/a, respectively. While it was demonstrated that rotations are influenced by the choice of
datum stations, the remaining rotations do not significantly exceed the strength of the NNR
condition applied when using this network. In the case of GPS, a significant X-rotation was
primarily observed, reaching up to 0.15 mm in the coordinates and below 0.01 mm/a in the
velocities. Additionally, the strongest translations were observed in the Z direction, reaching
a maximum of 0.02 mm, which remains significantly below 0.01 mm/a. The strength of the
NNR condition was identified as the reason for the significance of the deviation (see also
Sec. 6.3.1.3). In the systematic error-free case of the simulation, taking into account the
standard deviation of the estimated Helmert parameters, no significant deviations greater
than the GGOS goals of 1 mm or 0.1 mm/a could be found in the TRF generated for any of
the techniques. The influence of integrating the space-tie satellite scenario was found to be
either insignificant or below 0.1 mm or 0.01 mm/a.

Formal errors The formal errors in the coordinates were particularly small for DORIS,
with values below 0.1 mm in all components. SLR and GPS both achieved comparable error
levels in all components, which are approximately 1 mm for SLR and 0.2 mm for GPS.

Similar values were found for DORIS and GPS in the station velocities, at approximately
0.2 mm/decade. Further improvements to below 0.2 mm/decade could only be achieved
through the integration of a space-tie satellite scenario in the case of DORIS. For GPS,
the improvements were significantly less pronounced. In the case of SLR, the errors are
at a level of about 1 mm/decade. No component of the velocities could be identified as
significantly better-determined for each technique.

In the ERPs, the formal errors of the pole coordinates for DORIS and SLR are less than
2 mm, while GPS shows significantly better results at less than 0.4 mm. However, in LOD,
extremely small formal errors were achieved with DORIS, in the low micrometre range. With
GPS, these are below 0.5 mm and with SLR, with an integrated space-tie satellite, they are
at approximately 2 mm.

7.3 Inter-technique ERP comparison
The a posteriori ERPs of the individual single-technique solutions reflect the results of

the formal error and Helmert parameter analysis. For DORIS and SLR, the noise in the pole
coordinates is at a level of 1–2 mm, whereas for GPS it is around 0.06 mm. Systematic
offsets and trends in the pole coordinates are evident for each technique and align with the
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rotations determined by the Helmert transformation. However, all offsets are smaller than
0.7 mm and all trends are below 0.06 mm/a. In LOD, the noise level is lowest with DORIS at
below 1 micrometre, with SLR at below 3 mm and with GPS at below 0.5 mm. Statistically
significant offsets and trends were only observed with DORIS, but these were well below the
micrometre level. Therefore, all offset and trend patterns observed in the ERPs are below
the GGOS goals.

Spectral analysis of the individual single-technique solutions revealed no signals with
amplitudes exceeding 0.1 mm in any of the respective reference solutions. Furthermore, no
signals were found to be introduced by integrating the space-tie satellite scenarios.

7.4 Inter-technique comparison of estimated Earth gravity
field

In Sec. 6.1, 6.2 and 6.3, the Earth’s gravity field was estimated separately for each of the
observation techniques for the different space-tie satellite scenarios. In the case of GPS, the
GPS constellation is also involved, in addition to the space-tie satellite, due to the integrated
processing.

The GRASP-like scenario was found to be by far the most sensitive to the Earth’s gravity
field due to its lower flight altitude. The lowest errors in the estimated SHs were achieved
using GPS. An increase in degree amplitudes with increasing degrees was observed, similar
to that seen with DORIS, but generally larger. With SLR, errors below 100 mm Equivalent
Water Height (EWH) could only be achieved for low degrees, with a maximum of degree 6.
For higher degrees, the deviations increase rapidly.

The sensitivity was found to be significantly lower for the E-GRASP-mod and E-GRASP-
like scenarios. The E-GRASP-like orbit is more sensitive than the E-GRASP-mod orbit due to
its lower perigee. Strong resonances were found for multiples of order 8 in the E-GRASP-like
scenario, which are significantly larger than those in the E-GRASP-mod scenario. In these
scenarios, the lowest deviations in the estimated SHs were achieved using GPS. As in the
GRASP-like scenario, DORIS showed a similar increase in the differences, albeit slightly
larger. However, a strong increase in zonal and tesseral SHs differences was observed for
DORIS and GPS beyond about degree 10. By contrast, differences in sectorial SHs for SLR
were generally found to be significantly larger for both scenarios. As before, errors in the
degree amplitudes are below 100 mm EWH in coefficients below about degree 6. These
errors are at a similar level for DORIS and SLR, and are only lower with GPS. Here, the
GPS constellation was found to provide a positive contribution.

The three circular scenarios revealed the lowest sensitivity, limited to SHs up to about
degree 3. For the scenarios with 30 and 89 degrees inclination, resonances were found at
odd zonal coefficients. The degree amplitudes of these scenarios were found to be very
similar for DORIS and SLR. For the scenarios with 30 and 60 degrees inclination, the errors
are already above 100 mm EWH for degree 2. For the 89 degree scenario, the errors in
degree 2 are below this level, at about 10 mm EWH for both DORIS and SLR. For all these
scenarios, errors in the degree amplitudes achieved with GPS were also found to be lower,
at around 1 mm EWH at degree 2, and the GPS constellation was again found to be the
main contributor.
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7.5 Combination with co-location in space
7.5.1 Reference frame evaluation
7.5.1.1 Helmert parameters

The station networks of the individual techniques for the two combinations, GTs only and
GTs with ST, are compared using the Helmert transformation to a priori. This makes it
possible to validate whether the geodetic datum applied to GPS can be transferred to the
other techniques and with what level of accuracy, and to assess the potential of the ST in
this regard. The Helmert parameters for the combinations with GTs in comparison to GTs
and ST are shown for each technique in Fig. 7.1. Absolute values can be found in Tab. F.54,
F.55, and F.56.

When combined with only the GTs, it can be seen that the datum can be transferred from
GPS to DORIS with an accuracy of better than 1 mm or 0.1 mm/a. The ERPs, which are
well-determined by the multi-technique contribution, appear to be sufficient for transferring
the datum information. Deviations from a priori in the Helmert parameters are a maximum of
0.17 mm for translations and below 0.12 mm for rotations and scale. The velocities show
no significant deviation. In the GPS network, to which the datum was applied, significant X-
and Y-rotations of up to 0.12 mm in the coordinates can be found. Otherwise, there are no
significant differences in agreement with the a priori network. For SLR, it is found that the
datum cannot be transferred sufficiently. Significant Z-rotations in the positions and velocities
are found in all space-tie satellite scenarios, except the E-GRASP-like scenario, which are
in the centimetre to decimetre range and up to 9 mm/a, respectively. The E-GRASP-like
scenario exhibits the lowest Z-rotation of 3.2 mm for positions and 4.5 mm/a for velocities.
For the positions at least, the datum can be transferred with this scenario to an accuracy of
a few millimetres. This is consistent with the findings of Glaser et al. (2017), who concluded
that LTs and GTs did not allow Z-rotation to be transferred from VLBI to SLR.

Adding the ST to the combination has a very minor influence on the DORIS network.
Most of the information for datum transfer clearly originates from the ERPs. Furthermore,
both the E-GRASP-mod and the E-GRASP-like scenario demonstrate an increase in Z-
translation of up to 0.46 mm, with velocities remaining below 0.1 mm/a. This appears to be
more pronounced in the E-GRASP-like scenario. In the other scenarios, the additional ST
shows no significant difference compared to the combination with GTs alone.

For GPS, the combination with the ST compared to GTs alone shows that the ST induces
significant Z-rotations. This is true for every scenario and amounts to up to 2.4 mm or 0.23
mm/a. Only for the circular scenarios are all Helmert parameters in agreement with the
GGOS goals and the respective strength of the applied NNR condition (i.e. 1 mm and 0.1
mm/a, respectively).

For SLR, the ST leads to a significant improvement in Z-rotation and enables the datum
to be transferred. The maximum remaining rotations are 2.1 mm and 0.2 mm/a, respectively.
The best results are achieved in all circular scenarios, where values below 1 mm and 0.1
mm/a are achieved for all Helmert parameters. Unlike previous investigations by Thaller
et al. (2011) and Bruni et al. (2017), which used GNSS satellites for the ST co-location, the
space-tie satellite scenarios investigated here allow the full datum to be transferred from
GPS to SLR.

Combining with the ST thus significantly improves datum transfer, particularly for SLR,
where GTs could not transfer the datum sufficiently. For GPS, ST-induced Z-rotations are
observed, which also appear in the SLR network and show a strong correlation. One possible
reason for this is the global distribution of the SLR network, with many observations around
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Figure 7.1: Helmert parameters to a priori for the DORIS, GPS and SLR network in the case
of a combination using only global ties on the left and also space-ties on the right. The upper
figures show the values for positions, the lower for velocities.
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the equator, as demonstrated in the SLR single-technique analyses (see Sec. 6.2.2.1). The
SLR network therefore adheres to the Z-rotation transferred by the ST, and distorts it by up
to a few millimetres. Since GPS is sensitive to this rotation, it can also be found in the GPS
network, whereas DORIS does not appear to be sensitive to it.

To confirm this, the strength of the NNR condition for the GPS datum stations was
gradually increased. Saturation occurs at a factor of 1’000 (strength of the NNR condition
of 1/1’000 mm and 1/10’000 mm/a). The Helmert parameters of the GPS network thereby
become insignificant. In the SLR network, only significant Z-rotations remain for the GRASP-
like scenario, at 0.85 mm and 0.2 mm/a, respectively, for position and velocity. This is also
the only scenario with very few SLR observations around the equator.

The transfer of the datum between the techniques is also evident in the LTs. Tab. 7.1
shows the RMS values of the LTs for distances up to 30 km (Altamimi, 2008) between the
techniques in comparison to the simulation. This is shown for the combination with GTs only
and for the combination with GTs and ST.

As can be seen, the RMS of the LTs between DORIS and GPS (D-G), when combined
with only the GTs, achieves a level of less than 1 mm for all scenarios. This value increases
to a maximum of 1.33 mm when the ST is introduced. This is due to the Z-rotation, which is
also present in the Helmert parameters and relates to the influence of SLR and the strength
of the NNR condition applied. The effect is least pronounced in the circular scenarios, where
the LT RMS in the combination with the ST is below half a millimetre.

The LTs between DORIS and SLR (D-S), as well as SLR and GPS (S-G), are only at
the millimetre level in the GT combination for the E-GRASP-like scenario. For all other
scenarios, the LT RMS in the GT combination is at the centimetre to decimetre level. As the
E-GRASP-mod and E-GRASP-like scenarios only differ in their eccentricity, it seems that a
highly eccentric orbit has a positive effect. In these inter-technique comparisons, introducing
the ST in the combination substantially improves the LT RMS. Between DORIS and SLR, a
LT RMS of about 0.3–1.2 millimetres is achieved. Between SLR and GPS it is about 1–2
millimetres. Variations in the overall RMS between the scenarios for combinations involving
GTs and ST are in the submillimetre range. Considering the systematic discrepancies
between the techniques in reality and the difficulty of measuring inaccessible reference
points (e.g. at ground stations), this is a promising result, as it would allow the LTs to be
validated at the millimetre level using a space-tie satellite.

Table 7.1: RMS of LTs using GTs alone or GTs and ST. All values are given in millimetres. D
stands for DORIS, G for GPS and S for SLR. The threshold for the LTs is 30 kilometres. The
overall RMS values are calculated as unweighted RMS.

with GTs with GTs and ST

D-S S-G G-D RMS D-S S-G G-D RMS

GRASP-like 34.83 33.20 0.22 27.78 1.23 1.15 1.33 1.24
E-GRASP-mod 22.92 22.34 0.18 18.48 0.78 1.22 0.84 0.97
E-GRASP-like 1.88 1.95 0.14 1.57 0.86 1.20 0.84 0.98
Circular 30° 289.66 278.18 0.20 231.87 0.39 1.63 0.32 0.98
Circular 60° 467.70 450.92 0.16 375.09 0.48 1.02 0.43 0.70
Circular 89° 349.43 336.19 0.19 279.95 0.32 1.36 0.25 0.82
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7.5.1.2 Formal errors

The influence of the multi-technique combination is examined in two steps. First, the influence
of the combination is analysed in comparison to the respective single-technique solution. In
this analysis, only the formal errors of the station network for each technique are considered
in the combined solution. The OSI is also used at this point, as the combination significantly
alters the DoF, particularly for DORIS and SLR. Secondly, the multi-technique combination
using both GTs and ST is compared with the combination using GTs alone, and changes are
discussed. If significant changes are identified in this combination, the combined solution is
compared again with the respective single-technique solution.

Combination with global ties Combining the techniques using GTs results in a reduction
of formal errors in station positions and velocities of approximately 70% in all components for
DORIS (see Fig. G.33). An improvement of approximately 95% can be noted in both pole
coordinates for all scenarios, and between 70 and 75% in LOD. The differences between
the scenarios are in the low single-digit percentage range and are only noticeable in LOD.
The expected improvement for DORIS is around 92%. A geometric added value of between
5 and 10% can only be seen in the pole coordinates. In the station coordinates, velocities
and LOD, the improvement is about 10–20% below expectations. The GRASP-like scenario
is slightly less advantageous in this respect.

For GPS, the improvement is approximately 35–40% in the X and Y components for sta-
tion positions and velocities in Cartesian coordinates. For the Z component, the improvement
is approximately 70% and 60%, respectively. In geographical coordinates, improvements are
mainly evident in the latitude and height components. In the ERPs, the combination leads
to a reduction of about 80% in the pole coordinates and over 95% in LOD. The expected
improvement due to the change in the DoF is approximately 1% for all scenarios. Therefore,
a geometric added value can be determined for all parameters in all scenarios.

For SLR, only the Z component of the Cartesian coordinate system shows an improve-
ment of around 80% in station positions and velocities. As mentioned above, it is not possible
to transfer the geodetic datum adequately from GPS to SLR using GTs alone. Consequently,
a significant increase in formal errors of up to 700% is observed in the X and Y components.
This is also evident in all components in geographical coordinates. In the ERPs, however, a
reduction of over 95% is evident for all scenarios. The expected improvement due to the
change in the DoF is around 99% for all scenarios. A geometric added value can only be
noted in LOD, in the pole coordinates, the improvement is close to expectations.

Combination with global ties and spacetie Combining the techniques with both the
GTs and ST leads to a further reduction in formal errors. For DORIS, this reduction is
exclusively seen in the Z component of station velocities, compared to combining with GTs
alone. However, this reduction is in the low single-digit percentage range, with the strongest
reduction occurring in the GRASP-like scenario.

For GPS, the ST combination significantly reduces formal errors in the X and Y compon-
ents of the station positions and velocities by approximately 50% and 30%, respectively (see
Fig. 7.2). In geographical coordinates, this improvement is most evident in the longitude
component. Reductions in the Z component are less than 3% for all scenarios and less than
1% for the ERPs. Compared to the GPS single-technique solution, combining with the ST
thus achieves a similar level of improvement in all station position components at around
70% and 60% for velocities. In geographical coordinates, the latitude component shows
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slightly stronger improvements of around 70% in positions and 65% in velocities than the
longitude and height components, where the improvements are around 65% and 50% for
positions and velocities, respectively. The same applies to the OSI due to the low change in
the DoF (see Fig. G.34).

With SLR, combining with the ST has a similar effect to that observed for GPS (see Fig.
7.3). As can be seen from the Helmert parameters, the geodetic datum can be transferred
adequately from GPS to SLR if the ST is used for the combination. Compared to combining
with GTs alone, this substantially improves the formal errors in the X and Y components
of positions and velocities. Changes in the Z component are at most 2%, and in the ERPs
less than 1%. Therefore, compared to the single-technique solution of SLR, combining with
the ST achieves an improvement in formal errors of about 80% in positions and 75–80% in
velocities. Differences between the satellite scenarios and between the components are in
the low single-digit percentage range. No geometric added value can be achieved in the
positions and velocities with any of the scenarios. The improvements are 15–25% below
expectations (see Fig. G.35). The formal errors of the ERPs do not change when combined
with the ST.

(a) Difference in formal errors when using GTs and ST compared to GTs alone. Coordinates in X,Y,
and Z

(b) Same as in Fig. a) but for coordinates in Latitude, Longitude, Height.

Figure 7.2: Percent differences in formal errors for GPS when using GTs and ST for the
combination compared to using GTs alone. Negative values indicate a reduction in formal
errors due to the ST. Figure a) shows the values for X,Y and Z, Figure b) the values for
Latitude, Longitude, Height.
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(a) Difference in formal errors when using GTs and ST compared to GTs alone. Coordinates in X,Y,
and Z

(b) Same as in Fig. a) but for coordinates in Latitude, Longitude, Height.

Figure 7.3: Percent differences in formal errors for SLR when using GTs and ST for the
combination compared to using GTs alone. Negative values indicate a reduction in formal
errors due to the ST. Figure a) shows the values for X,Y and Z, Figure b) the values for
Latitude, Longitude, Height.

7.5.2 ERP analysis
The multi-technique combination with GTs can combine the strengths of the individual

techniques with regard to determining the ERPs. In the single-technique solutions, the lowest
noise in the pole coordinates was achieved using GPS, and DORIS for LOD. Compared
to the DORIS single-technique solution, the combined solution reduces the noise in the
pole coordinates by over 95% to below 0.1 mm (see Tab. F.63). The influence on the
noise level of LOD is less pronounced, with a reduction in noise of 3–16% being achieved
for all scenarios except the 60 degree circular scenario, which shows an increase of 12%.
Compared to the GPS single-technique solutions, the combination leads to a slight increase
in noise in the pole coordinates of between 18 and 37%. However, noise in LOD can be
reduced by around 95% to below 1 µm for all scenarios. The strongest improvement can be
seen for SLR. Compared to the single-technique solution, noise in the pole coordinates is
reduced by around 95%, and in LOD by over 99% (a reduction from the millimetre level to
below the micrometre). Statistically significant remaining biases and trends can be observed
in the combined solution for all scenarios, but these are below 0.12 mm and 0.01 mm/a,
respectively. Spectral analysis revealed no signals with an amplitude greater than 0.01 mm
for any scenario (see also Figs. G.36 to G.41 in App. G.4).
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The additional combination with the ST shows only a very minor influence on the de-
termined ERPs. Significant changes in noise compared to the solution with GTs alone can
only be sporadically detected in the pole coordinates, with differences in the range of a few
micrometres. The same applies to offsets and trends, where differences are in the range
of a few micrometres and micrometres/a, respectively. The largest difference is seen in
the Y-pole for the E-GRASP-like scenario, at 51 micrometres. No influence on the spectral
analysis of the ERPs can be detected for any of the scenarios.

7.5.3 Earth gravity field determination in combination
The estimated Earth gravity field of the multi-technique solution combined with GTs

shows a strong dominance of GPS. (The triangular plots, degree amplitudes and cumulative
error can be found in App. G.4 in Fig. G.42, G.44, and G.46). The maximum degree of
development to which the gravity field can be resolved is almost identical to that of the GPS
single-technique solution in most scenarios and is therefore the highest of all techniques.
For the 60 degree circular scenario only, it is equivalent to the single-technique solution of
GPS (degree 35), which is, however, lower than the maximum degree of the DORIS solution
at degree 47 and the SLR solution at degree 45. The 100 mm EWH level is reached above
degrees 16, 6, 7, 5, 6, 7 for the GRASP-like, E-GRASP-mod, E-GRASP-like and the 30, 60
and 89 degree circular scenario, respectively. For all scenarios, this corresponds almost
exactly to the values achieved in the GPS single-technique solution. For the GRASP-like
scenario only, this level is reached at a lower degree in the multi-technique solution (degree
16) than with GPS alone (degree 20). The same applies to the degree to which a SNR of
1 is achieved. For all scenarios except the GRASP-like scenario, this is almost identical to
the GPS single-technique solution. In this scenario, it is achieved at degree 43 in the multi-
technique solution compared to degree 47 in the GPS single-technique solution. Other than
that, combining with GTs shows an improvement in the degree amplitudes in each scenario,
primarily in degrees 2 and 3. For degree 2, values below 1 mm EWH can be achieved in all
scenarios. They are largest for the E-GRASP-mod and E-GRASP-like scenarios. This is also
reflected in the degree amplitudes, which generally show an improvement, especially in low-
degree SHs. However, in the GRASP-like scenario, the combination leads to a deterioration
in degree amplitudes above degree 10.

The additional combination with the ST results only in very minor changes in the degree
amplitudes in any of the scenarios. (Compare also in App. G.4 the triangular plots in Fig.
G.43, degree amplitudes in Fig. G.45 and cumulative error in Fig. G.47). The percentage
change in the absolute difference per coefficient is shown in Fig. 7.4. Here, a negative
value indicates that the difference between the estimated coefficient in the solution with both
GTs and ST comes closer to the simulation, thus representing an improvement. Conversely,
a positive value indicates that the deviation from the simulation increases, suggesting a
deterioration. In the GRASP-like scenario, the primary influence of the ST is evident in
low-degree SHs and higher sectorial coefficients. However, no uniform improvement can be
observed, as the differences exhibit significant variability. In the E-GRASP-mod, E-GRASP-
like and circular scenarios with 30 and 60 degrees inclination, combining with the ST leads
to both improvements and deteriorations, primarily for zonal and tesseral coefficients of low
order. Changes are mostly evident for resonance coefficients and uniform for degrees of a
certain order. The 89 degree circular scenario shows almost no change. Nevertheless, the
median changes are below 1% in all scenarios. Therefore, it is not possible to determine an
obvious improvement or deterioration through the additional combination of techniques with
the ST.
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7 Co-location in space combination and analysis

Figure 7.4: Triangular plots showing the differences between the estimated SH coefficients
for the combination using GTs alone and the combination using GTs and the ST with respect
to the simulation. Negative values indicate improvement, while positive values indicate
degradation.
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7.6 Conclusion - Co-location in space
The potential of co-location of the techniques DORIS, GPS and SLR in space was

investigated. To this end, a combination using only GTs was first carried out and compared
with the respective individual single-technique solutions. Then, the ST was used in addition
to the GTs for the combination. For this purpose, the geodetic datum was applied solely to
GPS in the same way as for the single-technique solution and it was investigated whether it
is possible to transfer the datum to the other techniques and whether this would improve the
TRF, ERPs and, subsequently, the estimated gravity field.

The results show that it is possible to transfer the geodetic datum from GPS to DORIS
using GTs alone. For SLR, this is not possible in all scenarios. It is only possible for
station positions in the E-GRASP-like scenario. In all scenarios, the SLR network undergoes
significant Z-rotation. Using the ST in addition to the GTs for the combination enables the
datum to be transferred to SLR as well. However, the station network determined in this
way exhibited residual Z-rotations for SLR in the low millimetre and submillimetre range.
These were found to be induced into the GPS network by combining it with the ST. By
increasing the strength of the applied NNR condition, these rotations are reduced to an
insignificant level. For the SLR network, only the GRASP-like scenario exhibits a Z-rotation of
approximately 0.85 mm and 0.2 mm/a. For GPS, insignificance was achieved in all rotations
for all scenarios. Given the goals set forth by GGOS, the required level of accuracy can be
achieved.

This was further validated in the LTs, computed as RMS for inter-technique distances in
comparison to the simulation. By combining the techniques using the ST, an improvement in
the LT RMS from up to several decimetres down to the millimetre level could be achieved
for all scenarios and between all techniques. This offers the novel possibility to validate LTs
measured by local surveys between the techniques with millimetre accuracy through ST
co-location.

In terms of formal errors in station coordinates and velocities, it was found that for DORIS
the maximum potential for improvement is already achieved through the combination with
GTs. Since the DoF varies greatly compared to the DORIS single-technique solution due
to the large number of GPS observations, no geometric added value could be found for
DORIS for any of the scenarios. Improvements are approximately 20% below expectation.
For GPS, the ST combination significantly improves the formal errors of station coordinates
and velocities in the X and Y components, the improvement in the Z component can also
be provided by GTs. Compared to the GPS single-technique solutions, the percentage
improvements are thus around 70% for positions and 60% for velocities. A geometric added
value can be found for each scenario, which is approximately the same for all scenarios.
The same applies to SLR, where the potential for improvement in formal errors in the X
and Y components can only be achieved through the combination with the ST. The OSI is
approximately 15% below expectation for positions and approximately 20% below expectation
for velocities. However, as the expected improvement is around 99%, the combination still
provides a substantial improvement compared to the single-technique solution.

In terms of formal errors in ERPs, the combination with GTs provides almost the complete
improvement. Compared to the single-technique solutions, a geometric added value in the
pole coordinates of approximately 10% for DORIS and 80% for GPS is achieved. For SLR, it
is slightly below expectation. For LOD, the improvement for DORIS is about 12–20% below
expectations, for GPS about 80% above, and for SLR at the expected level.

The same applies to the a posteriori ERPs, where the combination with GTs provides
the main influence. The noise in the ERPs can be reduced to approximately the level
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of the best contributing technique for all scenarios. For the pole coordinates, the best
contributing technique is GPS, representing an improvement of around 95% compared to
the single-technique solutions of DORIS and SLR. For LOD, the best contributing technique
is DORIS, which corresponds to an improvement of over 95% compared to GPS and SLR
single-technique solutions. Any remaining statistically significant offsets and trends are
found to be below 0.12 mm and 0.01 mm/a, respectively. Spectral analysis shows no signals
with amplitudes above 0.1 mm remaining for any of the scenarios. There is no significant
influence from the additional combination with ST.

Evaluating the space-tie satellite scenarios shows that, when combined with GTs, only
the E-GRASP-like scenario proves to offer the possibility of transferring the datum of station
positions. However, the accuracy of the resulting station velocities cannot reach the GGOS
goals. Variations in the summarised rating between all other scenarios are small. Combining
with the ST substantially improves the transfer of the datum and the determination of inter-
technique LT distances. Furthermore, it also leads to greater improvements in the formal
errors of station positions and velocities for GPS and SLR (compare Tab. 7.2).

Table 7.2: Maximum potential of the satellite scenarios for multi-technique co-location with
GTs and the additional potential through the combination with the ST.

G-like E-G-mod E-G-like Circ. 30° Circ. 60° Circ. 89°

Combination with GTs
Helmert ② ② ① ② ② ②

LTs ② ② ① ③ ③ ③

Station pos. form. err. ② ② ② ② ② ②

Station veloc. form. err. ② ② ② ② ② ②

Pole coord. form. err. ① ① ① ① ① ①

LOD form. err. ① ① ① ① ① ①

ERPs ① ① ① ① ① ①

Summary GTs 1.6 1.6 1.3 1.7 1.7 1.7

Combination with GTs and ST
Helmert ② ② ② ① ① ①

LTs ① ① ① ① ① ①

Station pos. form. err. ① ① ① ① ① ①

Station veloc. form. err. ① ① ① ① ① ①

Pole coord. form. err. ⊙ ⊙ ⊙ ⊙ ⊙ ⊙
LOD form. err. ⊙ ⊙ ⊙ ⊙ ⊙ ⊙
ERPs ⊙ ⊙ ⊙ ⊙ ⊙ ⊙

Summary GTs+ST 1.3 1.3 1.3 1.0 1.0 1.0

The combination of techniques for the determination of the Earth gravity field shows
that the combined solution is largely dominated by GPS, as well as by the combination
using GTs. Thus, the rating for the potential to determine the Earth gravity field in Tab.
7.3 is equivalent to that of the GPS single-technique solution. Compared to the individual
single-technique solutions, improvements are primarily limited to SHs of degrees 2 and
3. No distinct improvements were identified through the additional combination with the
ST.Changes in the differences between the estimated SHs and the simulation are not uniform
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and become apparent only at higher zonal and tesseral degrees, despite the fact that the
errors in these coefficients are still very large. Furthermore, the degree amplitudes in the ST
combination are in general smaller, but differences are close to insignificant.

Table 7.3: Potential for EGM estimation in the multi-technique combination with GTs and
GTs with ST.

G-like E-G-mod E-G-like Circ. 30° Circ. 60° Circ. 89°

EGM determination GTs ① ② ② ② ② ②

EGM determination GTs+ST ① ② ② ② ② ②

The greatest potential of the ST combination is found to lie in the transfer of the geodetic
datum between techniques and in determining LT distances between co-location sites with
millimetre accuracy. Additionally, substantial improvements can be achieved in the formal
errors of station coordinates and velocities. Improvements in the formal errors of ERPs, the
determined ERPs, and in the determination of the Earth gravity field are almost exclusively
attributable to the combination with GTs.
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8 Conclusion and outlook
This dissertation investigates the influence and potential of six different space-tie satellite
scenarios on improving TRF and Earth gravity field determination.

To this end, a simulation environment was implemented, as described in Chap. 4.
Used in conjunction with the EPOS-OC software, this environment can realistically simulate
observations of the space geodetic techniques DORIS, GPS and SLR. The real data
evaluation performed to obtain information on real observation characteristics is described in
Chap. 5, where the characteristics of real observation data and their use as the basis for the
simulation are described. Based on these evaluations, reference solutions for an existing
space and ground segment were simulated for each technique.

Using the characteristics of the real data, highly realistic observations were simulated
for the space geodetic techniques DORIS in Sec. 6.1, SLR in Sec. 6.2 and GPS in Sec.
6.3 for six different space-tie satellite scenarios for a mission time span of seven years.
Subsequently, the potential of the various techniques for orbit determination in the scenarios,
as well as for TRF and gravity field determination, was analysed. In each case, this was
done in a systematic error-free manner in order to assess the maximum potential that each
scenario could provide individually. Next, the influence of selected mismodelling effects
was investigated to assess the robustness of the scenarios with regard to achieving this
level of improvement. Based on the systematic error-free single-technique solutions, the
combination of the techniques was carried out in Chap. 7. This was done with GTs, and
then with both GTs and the ST provided by the space-tie satellite, in order to isolate the
potential of the ST combination.

This concluding chapter summarises the results of the single-technique analysis and
multi-technique combinations, highlighting the benefits of combining the techniques with a
ST. Sec. 8.1 discusses this with regard to the potential for TRF determination, while Sec.
8.2 discusses this with regard to Earth gravity field determination. These results are placed
in the context of the scientific questions set out in Chap. 1, which are answered here. Based
on the results, Sec. 8.3 provides an outlook on what can be expected from co-location
in space and makes recommendations for future space-tie missions. It also outlines the
limitations of the analysis performed and recommends future analyses to bring us closer to
achieving the GGOS goals.

8.1 Potential for reference frame determination
The potential of a single-technique solution using space-tie satellite scenarios to improve

the respective technique-specific TRF and estimated ERPs was assessed in each case using
summarising benchmark factors for the potential and vulnerability, which are summarised in
Tab. 8.1. The research questions Q1, Q2 and Q3 set forth in the introduction can therefore
be answered as follows:
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Q1 To what extent can a possible space-tie satellite contribute to TRF solutions —
technique-specific and in combination?

Technique-specific contribution – Of the space-tie satellites examined, the greatest indi-
vidual technique-specific potential for improvement was found for DORIS and SLR, although
this is largely due to the additional observations. For DORIS, the greatest improvements
were seen in station coordinates, particularly in the North-South and height components,
while improvements for the ERPs were primarily in LOD. SLR showed fewer specific im-
provements. All scenarios were found to provide very similar improvements, which were also
mostly due to the additional observations. The potential for GPS was found to be lowest. The
proportion of additional observations provided by the space-tie satellite, and the contribution
that one satellite can make to a large number of GPS ground stations and an entire GPS
satellite constellation, proved to be very limited. Improvements were in the low single-digit
percentage range for all scenarios. The greatest improvements were found in formal errors
in the Z component. The circular scenarios performed slightly worse due to the observation
geometry caused by the high altitude.

Comparing the scenarios shows that for DORIS the highest potential for improvement
is provided by the low-orbiting GRASP-like scenario. The E-GRASP-mod, E-GRASP-like,
and circular scenarios with inclinations of 60 and 89 degrees demonstrate slightly lower
potential, with factors ranging from 1.5 to 1.7. The 30-degree circular scenario shows the
lowest potential for improvement for DORIS, with a factor of 2.2.

For SLR, the potential is similar for all scenarios, with all scenarios being rated by a factor
of 1.5.

GPS generally shows the lowest potential for improvement in the single-technique ana-
lysis across all techniques. The highest potential is achieved by the low-orbiting GRASP-like
scenario, with a factor of 2.1, and the lowest by the 30degree circular scenario, with a
factor of 2.5. The E-GRASP-mod and E-GRASP-like scenarios demonstrate slightly higher
potential than the circular scenarios at inclinations of 60 and 89 degrees, but the differences
are minimal.

Contribution in combination – When combined with GTs, it was shown that the geodetic
datum could be transferred from GPS to DORIS with millimetre accuracy in all scenarios.
Only the E-GRASP-like scenario demonstrated the possibility of transferring the datum
information for station positions to SLR, but not for velocities. With GTs, the full improvement
can already be achieved in the ERPs for all techniques, as well as for DORIS in all compon-
ents of station coordinates and velocities. For GPS and SLR, the full improvement can only
be achieved for the Z component.

The additional combination using the ST primarily made it possible to transfer the geodetic
datum from GPS to DORIS and SLR with millimetre accuracy in all scenarios. In comparison
to the combination with GTs only, further substantial improvements were also achieved in
the formal errors of station coordinates and velocities for GPS and SLR, as well as a clear
geometric added value in the case of GPS. Furthermore, combining the techniques with the
ST made it possible to determine inter-technique LT distances with millimetre accuracy in
every satellite scenario. Given systematic differences between the techniques in reality and
the difficulty of measuring inaccessible reference points (e.g. at ground stations), this is a
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promising result, as it would enable the validation of LTs with millimetre accuracy using a
space-tie satellite.

The circular scenarios achieved the best overall rating in the ST combination, primarily
due to the very good determination of inter-technique LTs. However, the other scenarios are
not far behind.

Q2 To what extent does mismodelling of the space-tie satellite affect the single-
technique TRF determination?

The largest variability in vulnerability ratings due to mismodelling was found for DORIS
and SLR. When the scenarios are averaged across all techniques, the highest potential
for improvement is seen for the GRASP-like scenario with a factor of 1.6, but it is also the
scenario most affected by mismodelling, resulting in the highest vulnerability rating of 2.0.
The E-GRASP-like scenario is the second most affected. Due to its highly eccentric orbit
with low perigee, this scenario is particularly susceptible to the effects of atmospheric drag,
SRP, and the Earth’s gravity field. The E-GRASP-mod scenarios and all circular scenarios
demonstrate the lowest vulnerability overall. The 89degree circular scenario is the best by a
narrow margin.

Q3 Which orbit scenarios are most beneficial for contributing to the GGOS goals?

The summarised evaluations of the space-tie satellite scenarios examined for the indi-
vidual techniques, in combination with GTs and in combination with both GTs and ST, are
listed in Tab. 8.1. The overall rating, calculated as the sum of the ratings for the individual
techniques, the combinations, and the summarised vulnerability rating shows the circular
scenario with an inclination of 89 degrees and a final rating of 6.2 as the best overall choice.
Second place goes to the E-GRASP-like and 60degree circular scenarios, and third place to
the GRASP-like, E-GRASP-mod and 30degree circular scenarios.

Table 8.1: Multi-technique potential of the space-tie satellite scenarios for TRF and ERP
determination. The summarised single-technique potential and vulnerability (abbreviated
as v) is calculated as the unweighted mean of the individual values. The overall rating is
calculated as the sum of the potential of the single-technique and the combinations, as well
as the summarised vulnerability rating.

G-like E-G-mod E-G-like Circ. 30° Circ. 60° Circ. 89°

DORIS 1.4 v: 2.0 1.5 v: 1.3 1.7 v: 1.5 2.2 v: 1.3 1.7 v: 1.2 1.7 v: 1.2
SLR 1.5 v: 2.1 1.5 v: 1.9 1.5 v: 2.1 1.5 v: 1.7 1.5 v: 1.8 1.5 v: 1.7
GPS 2.1 v: 2.0 2.3 v: 2.0 2.3 v: 2.0 2.5 v: 2.2 2.4 v: 2.1 2.4 v: 2.0

Single-technique 1.6 v: 2.0 1.8 v: 1.7 1.8 v: 1.9 2.1 v: 1.7 1.9 v: 1.7 1.9 v: 1.6

Combination GTs 1.6 1.6 1.3 1.7 1.7 1.7
Combination GTs+ST 1.3 1.3 1.3 1.0 1.0 1.0

Overall rating 6.5 6.4 6.3 6.5 6.3 6.2
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8.2 Potential for gravity field determination
The potential for gravity field determination was investigated, since the gravity field forms

one of the three pillars of geodesy and is closely linked to the realisation of geodetic reference
frames. The research question in this regard was:

Q4 To what extent can a possible space-tie mission contribute to gravity field
recovery, and what is the effect of the spacetie?

An analytical sensitivity analysis was used to investigate the sensitivity of the space-tie
satellite scenarios. The GRASP-like scenario showed by far the greatest sensitivity. The
E-GRASP-like scenario is less sensitive, especially in zonal and tesseral coefficients due
to the high numerical eccentricity of the orbit. The E-GRASP-mod scenario exhibited a
sensitivity range similar to that of the E-GRASP-like scenario, albeit generally lower due to
its higher perigee. The circular scenarios are the least sensitive, particularly at 30 degrees
inclination.

Based on the results, determining the Earth’s gravity field using only the individual space-
tie satellite scenarios with the individual space geodetic techniques is limited to low-degree
SHs. For most scenarios, this is up to a maximum of degree 7, based on an error in the
degree amplitudes of up to 100 mm EWH. The estimation with the individual techniques
shows the best results for the GRASP-like scenario with all techniques, and the worst for
the circular scenarios at 30 and 60 degrees of inclination. In these two circular scenarios
in particular, the GPS constellation showed a positive contribution through the integrated
processing at the degree 2 and 3 SHs.

When combined with GTs, it was found that the resulting gravity field is almost com-
pletely dominated by the GPS solution. Improvements through the combination are limited
to degrees 2 and 3.

The additional combination with the ST showed no consistent advantage. In some cases,
the degree amplitudes are slightly lower, but the improvement achieved by the ST is marginal,
especially with regard to degrees 2 and 3.

The results of the gravity field estimation show that a meaningful estimation of SHs is
limited to low-degree SHs. From this perspective, it would be better to choose a scenario
with lower sensitivity to the Earth’s gravity field for a space-tie satellite mission to reduce the
influence of gravity field mismodelling and reduce the overall vulnerability. The connection
between the three pillars of geodesy via low SHs would persist.

Table 8.2: Summary of the sensitivity and potential for EGM determination for the space-tie
satellite scenarios in the single-technique solutions and in combination.

G-like E-G-mod E-G-like Circ. 30° Circ. 60° Circ. 89°

Sensitivity ① ② ① ③ ③ ③

DORIS ① ② ② ③ ③ ②

SLR ② ② ② ③ ③ ②

GPS ① ② ② ② ② ②

Combination GTs ① ② ② ② ② ②

Combination GTs+ST ① ② ② ② ② ②
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8.3 Outlook
The results show that what can expect from co-location in space using a space-tie satellite

is primarily the ability to transfer the geodetic datum between space geodetic techniques with
millimetre accuracy. This makes it possible to determine inter-technique LTs with millimetre
accuracy, thus allowing values measured by local surveys to be validated with high accuracy.
This will allow discrepancies between the techniques that lead to systematic differences
to be identified. Consequently, the consistency between the techniques can be improved,
which helps to make the determined TRF more accurate. Furthermore, it was shown that
the combination with the ST provides significant geometric added value and reduces formal
errors of station coordinates, velocities and ERPs.

The findings can serve as a basis for the selection of optimal orbit scenarios for future
space-tie satellite missions. The Genesis satellite mission, approved by ESA in 2022 as part
of the FutureNAV programme, will be a pioneering mission combining the four techniques
on a single satellite for the first time. The currently planned orbit is a circular orbit, with an
altitude of 6’000 km and an inclination of 95 degrees. This orbit is the closest match to the
circular scenario investigated with an inclination of 89 degrees and an altitude of 7’000 km,
which was identified as the optimal choice in the overall rating.

Based on the results, the following recommendations can be made for a future space-tie
satellite mission: With the focus on TRF determination, the potential influence of mismod-
elling should be minimised as much as possible, as this poses a risk of preventing the full
potential for improvement from being achieved or of inducing unwanted signals in the ERPs.
Systematic geographic orbit differences could also be identified for eccentric orbits. Although
no correlating effect on the TRF could be found in the mismodelling cases investigated for
these scenarios, this risk should be avoided in reality, where multiple sources of mismodel-
ling may occur and potentially lead to amplified effects. Additionally, for scenarios that are
more susceptible to gravity field mismodelling, it was found that orbit errors of the space-tie
satellite are transferred to the GPS constellation orbits in the integrated GPS processing,
which should be avoided.

In addition, it was found that there is a very large margin for incorrectly determined
reference points on the satellite in the individual single-technique solutions, particularly for
higher-orbiting satellites such as the investigated circular scenarios. This issue should be
investigated further in future work with respect to its effect in the ST combination.

Further investigations into the combined effects of multiple mismodelling influences in
parallelhould also be conducted. In this analysis, the influences were examined individually
for each disturbance force to determine their direct impact on the TRF and the ERPs. Com-
bining several mismodelling effects could provide valuable insights into whether systematic
errors, such as deviations in station coordinates or PCOs, can be estimated simultaneously.
Therefore, it should be analysed whether the ST can decouple possible correlations. Another
factor which should be investigated in future studies is that the initial state elements of the
GPS space-tie satellite solutions could only be combined with the other techniques on a
weekly basis. Using suitable long-arc solutions, the influence of the highly precise GPS arcs
could be increased.

On a final note, extensive simulations provide valuable insights into the origins of many
issues encountered in real data analysis, helping us to understand possibilities and limitations
involved. For this purpose, some satellites, such as the Sentinel satellites, are already
equipped with multiple space geodetic techniques, although not with VLBI, offering an
opportunity to complement the findings of this thesis using real data. This could be used to
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verify whether the possibilities identified for co-location in space can be reproduced, even
before the launch of Genesis.

Many of these issues will be addressed within the GENESIS-D project, which is funded
by the German Space Agency at the German Aerospace Center (DLR) and is being carried
out by GFZ in collaboration with the Federal Agency for Cartography and Geodesy (BKG)
and the Deutsches Geodätisches Forschungsinstitut at Technical University of Munich (DGFI-
TUM). To this end, further analyses of real data and combinations will be carried out, as well
as simulations, particularly for Genesis orbit scenarios. The combined effects of systematic
mismodelling will be investigated, as will the potential of combining all four space geodetic
techniques (including VLBI) with the ST and strategies for optimal orbit combination at the
normal equation level between ACs. This will provide an optimal basis for future space-tie
missions and ultimately help to achieve the accuracy goals for future TRFs, as set forth by
GGOS.
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A GPS ambiguity handling at normal
equation level with EPOS
The current version of EPOS-OC does not permit the storage of the final number of am-
biguities found through the iterations of the POD, nor their status, i.e. whether they are
fixed values or float values. Consequently, all ambiguities existing in the final convergence
state are written to the observation file with their current value. However, if a further cal-
culation from this point on is started, as it is the case for the normal equation mode, the
information if the ambiguity is fixed or not cannot be ascertained. This is due to the manner
in which ambiguities are handled in EPOS-OC. During the iterations, new ambiguities are
continuously searched for and added to the parameter list. Consequently, if the subsequent
processing utilises the generated observation file, the resulting ambiguity parameter list
does not necessarily correspond to the one used for the generation of the ambiguity-fixed
observation file.

It is therefore possible to transfer all identified ambiguities, along with their final values, to
the subsequent step. However, the status of the ambiguities is lost in this process. Therefore,
three cases are possible: In the first case, the ambiguities are read from the observation file
and estimated as float values. In the second case, the ambiguities are also read from the
observation file and estimated as float values, but it is assumed that a fixing rate of 100% has
been achieved. Thus, there is no need to distinguish between fixed and non-fixed ambiguities,
as they are effectively fixed. Accordingly, all ambiguity parameters in the normal equation
are fixed to their a priori values. The ambiguity estimation of EPOS-OC is deactivated in
the next step in the third case, and all ambiguity values are read from the observation file.
A comparison of the three methods was conducted, showing that the differences between
scenario 1 and the other two scenarios are insignificant and that no difference can be found
between scenarios 2 and 3. Therefore, method 3 was chosen for the GPS simulations.
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B Zero mean condition for random noise
sequences
Zero mean conditions are used for the generation of random noise sequences which are
applied to the simulated DORIS and SLR observations. This is done because the mean of a
generated random noise sequence is itself Gaussian. This implies that the actual empirical
mean of the sequence varies by σmean = σnoise/

√
Nobs where σnoise is the noise to be

added and Nobs is the sample size. Consequently, the mean of the sequence can be as
large as 3 · σmean, in accordance with three sigma of a normal distribution, which is close to
the value of the actual noise.

For example, in the case of SLR with a global mean standard deviation of the SLR
observations of approximately 0.9 cm, a station with very few observations in an arc, e.g. 10,
may have a mean of up to 0.85 cm.

Therefore, to ensure that the simulation scenario accurately reflects a situation free of
any systematics, the zero mean condition for SLR has been set to 0.5 mm, for example. It
should be noted that the application of this condition results in the individual random numbers
no longer being strictly Gaussian and uncorrelated. This effect becomes more pronounced
the closer the mean constraint is with respect to σnoise/

√
Nobs. In this case it has been

decided that this is acceptable, as spreading e.g. 10 observations over a seven day arc and
investigating systematic sources of error could lead to more unwanted effects.
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C Influence of EPOS-OC time granularity
on DORIS simulations
In the DORIS simulation, an along-track bias of approximately 2 millimetres was identified.
Further investigations revealed that this was caused by a quantisation problem with the time
epochs for the simulated DORIS observations in EPOS-OC. When a DORIS observation is
simulated, EPOS-OC calculates the epoch of the observation and stores it internally in a
binary file. The output of the simulated observations is written in an EPOS-OC input format
for DORIS observations, which is based on the DORIS Data Exchange Format. In this
format, the fractions of seconds of the epochs are given in microseconds in Fortran I6 format.
This means that epochs can only be written and read with an accuracy of one microsecond.
However, further investigation revealed that a quantisation error occurs at this stage, as
epoch information smaller than one microsecond is rounded to the nearest integer. Fig. C.1a
illustrates this effect, showing the difference between the epochs written to the output file
and the epochs stored in the internal binary. This causes the epochs written to the output
file to deviate slightly from the epoch of the simulated observation. This is also evident in the
residuals of the observations after the first iteration of the POD with simulated data (see Fig.
C.1b), where a perfect correlation is apparent.

(a) (b)

Figure C.1: Figure (a) on the left shows the quantisation error as the difference between the
epoch held internally during the simulation and the epoch written to the output. Figure (b) on
the right demonstrates the effect on simulated DORIS residuals.

The issue could be resolved in an experimental version of EPOS-OC by increasing the
granularity of output epochs to the Fortran I12 format. Thus, fractions of epochs down to one
picosecond can be written and read. However, this solution cannot be transferred directly
to the official version of EPOS-OC, since modifying the fixed-format Doppler input would
be necessary. This would mean that real data, including that used for this thesis, could no
longer be processed. Such a modification would necessitate adjusting the pre-processing
chain for all real data currently in use, as well as for any new real data observations provided
in Doppler RINEX format. However, as it has not yet been confirmed that the same effect
occurs with real data, this modification has been disregarded for the time being.
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D Statistical evaluation of changes in
formal errors
A suitable statistical method is required to investigate whether the different analyses lead to
improvements or deteriorations in terms of formal errors. As an example, the formal errors
of the station velocities in Y of a scenario 1, are defined as variable X1, and the respective
formal errors for scenario 2, defined as variable X2. Since the number of stations in the
two scenarios is identical, this is an analysis of paired variables. If the distribution of X1
and X2 follows a normal distribution, the mean of the distribution of X1 and X2 can be
used, which is also equivalent to the median, and a t-test (Student, 1908) can be used to
test the hypothesis of a significant change in the mean of the two variables. However, the
formal errors of the station coordinates do not follow a normal distribution. Reasons are,
for example, differences in the observation noise, their position on the Earth or the length
of the observation period. A suitable distribution function for the variables of the scenarios
(compare left figures in Fig. D.1) is the log normal distribution.

Figure D.1: The figure on the left shows the histogram for the variables X1 and X2. The
mean is shown in cyan, assuming a normal distribution, and in red, assuming a log normal
distribution. The median is shown in yellow. The figure on the right shows the histogram of
the respective logarithmic transformation (Y 1 and Y 2), with the mean assuming a normal
distribution in cyan and the median in yellow.

A robust means of assessing changes in a set of values, where some values might be
outliers and the distribution might be non-normal in addition, is the median of the variable.
However, this poses some difficulties, as a hypothesis test for the significance of a change
in the median is typically a non-parametric test, such as the Wilcoxon signed rank test
(Wilcoxon, 1945), which face less test strength compared to parametric test like the t-test.
An alternative method is to make use of the underlying distribution of the measurement
series, which in this case is a log-normal distribution. Whether the values of X1 and X2
follow a specific distribution can be tested by using the respective transformation of the
distribution to be tested. The variable X1 and X2 are transformed, in this case by means
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of the logarithm (Y 1 = log(X1)). If appropriate, the logarithmic transformation Y 1 and Y 2
should approximately follow a normal distribution, which can be assessed using a Lilliefors
test (Lilliefors, 1967), for example (compare right figures in Fig. D.1). The median or mean
value is again suitable for the assessment of changes in the totality of variables X1 and X2.
However, the two are not identical for a log-normal distribution as the mean is calculated
as mean = e(µ+

σ2

2
) and the median as median = eµ with µ and σ being the parameters

of the log-normal distribution. In order to allow a general statement for the variables X1
and X2, the median is more suitable, as it is less susceptible to outliers. However, this
again raises the same problem for hypothesis testing of the change in the median as in the
case of the normal distribution. Therefore, the transformation of the variables can be used
again. Assuming that the transformation of X corresponds to an ideal normal distribution, its
median is equal to its mean, as follows:

median(X) = emedian(logX) (D.1)
(D.2)

and, under the assumption that log(X) follows a normal distribution:

median(X) = emean(logX) (D.3)

This results in the elegant possibility that the variables X1 and X2 of two scenarios, can
be tested for significance with regard to their change in the median by applying a parametric
test with high test strength, such as a paired-sample t-test, to the logarithmic transformation
Y 1 and Y 2 (Box & Cox, 1964; Conover, 1980; Montgomery & Runger, 2003). However,
since large outliers in X come closer to the totality of the values in Y through the logarithm
transformation, they can still have a considerable influence on the difference between the
mean and median, which leads to a non-normal distribution in Y . To cover this case as well,
the parametric approach is applied only if the hypothesis test for the normal distribution of Y
does not reject the null hypothesis at the 5% significance level. Otherwise, instead of the
paired sample t-test, the non-parametric Wilcoxon signed rank test is used because it makes
less stringent assumptions about the normal distribution of the variables. To distinguish
between these two cases, the p-values in the tables of formal errors are given a positive sign
if they come from a parametric test and a negative sign if they come from a non-parametric
test.
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E Evaluation of formal errors
For the evaluation of the formal errors, the following formulas are introduced. The expected
improvement can be calculated by the change in the DoF. Since the number of estimated
parameters changes only slightly in contrast to the number of observations, this value roughly
describes the expected value of the improvement due to the additional observations.

expected improvement =

(︄√︃
DOFold

DOFnew

− 1

)︄
· 100 (E.1)

Comparing two values of the median formal errors and scaling them in percentage, we
get the scaled improvement factor. We define an improvement as a negative percentage
that results in a reduction in the formal error.

scaled improvement =

(︃
σ̃NEQnew

σ̃NEQold

− 1

)︃
· 100 (E.2)

By combining these two quantities, we can remove from the scaled improvement the
expected improvement due to the change in DoF, which is mostly caused by the additional
observations. We thus subtract the expected value from the calculated improvement and get
a value which we define as the observation scaled improvement. This value indicates the
difference by which the reduction in formal errors is greater than the expected improvement.
If this value is negative, the reduction in formal errors is greater than expected, thereby
indicating a geometric added value. These scenarios are particularly suitable for a space
geodetic technique because they lead to higher improvements due to the geometry of the
observations in space. Positive values, on the other hand, indicate an improvement below
expectation.

observation scaled improvement =

(︃
σ̃NEQnew

σ̃NEQold

− 1

)︃
· 100−

(︄√︃
DOFold

DOFnew

− 1

)︄
· 100 (E.3)
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F Compilation of assessment statistics
The following tables present the statistics of the TRF assessment, i.e. the Helmert paramet-
ers and the formal errors, and ERP analyses for all scenarios and cases.

The Helmert parameters are presented alongside their standard deviation and the inner
variance coefficient of the transformation. For the case free of systematic errors, the are
calculated in relation to a priori, in the case of mismodelling in relation to the respective
systematically error-free solution of the respective scenario.

The formal errors associated with the station coordinates, velocities, and ERPs are each
assigned a p-value. As outlined in App. D, this value signifies whether the distribution of the
parameter in question exhibits a notable deviation from the distribution of the comparison
solution. In the systematic error-free case, the comparison solution for the calculation of the
p-values is represented by the reference solution. Conversely, in instances of mismodelling,
it is the systematic error-free solution of the respective scenario.

The statistical evaluation of the ERPs includes the calculation of the standard deviation
of the difference between the adjusted ERPs and the a priori values. A p-value is provided
for this, which should be interpreted in the same way as that for formal errors, i.e. against
the reference solution in the systematic error-free case and against the systematic error-free
case in the case of mismodelling. Additionally, estimated mean and trend value are given,
along with the respective standard deviation of the parameter, derived from the estimation of
the linear regression. The p-values for the mean and trend estimates are also provided, but
are related to a priori, as the aim is to have no bias and no trend.
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F Compilation of assessment statistics
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F Compilation of assessment statistics

F.1.2 Influence of systematic center-of-mass displacement
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F.1 DORIS

F.1.3 Atmospheric drag mismodelling
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ż
[m

m
/a]

ṡc
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F Compilation of assessment statistics
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F Compilation of assessment statistics

F.1.4 Solar radiation pressure mismodelling
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F.1.5 Ground beacon frequency bias mismodelling
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F.1 DORIS

Table
F.23:

S
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R
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∆
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∆
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∆
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p-value
trend

±
std.

[m
m

/a]
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F Compilation of assessment statistics

F.2 SLR
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F.2 SLR

Table
F.25:

Form
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F Compilation of assessment statistics
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F.2.2 Influence of systematic center-of-mass displacement
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F Compilation of assessment statistics
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ż

&
p-

va
lu

e
σ
x
p

&
p-

va
lu

e
σ
y
p

&
p-

va
lu

e
σ
L
O
D

&
p-

va
lu

e
ex

p.
im

p.

[m
m

]
[m

m
/d

ec
]

[c
m

]
[µ

m
]

[%
]

G
R

A
S

P
-li

ke
1.

03
3

-0
.0

00
1.

02
7

-0
.0

00
0.

95
7

-0
.0

00
1.

19
0

-0
.0

00
1.

11
4

-0
.0

00
1.

12
9

-0
.0

00
1.

61
5

0.
00

0
1.

64
5

0.
00

0
2.

11
5

0.
00

0
-1

8.
88

E
-G

R
A

S
P

-m
od

1.
03

5
-0

.0
00

1.
03

1
-0

.0
00

0.
96

2
-0

.0
00

1.
18

2
-0

.0
00

1.
11

0
-0

.0
00

1.
12

3
-0

.0
00

1.
64

5
-0

.0
00

1.
65

7
-0

.0
00

2.
10

4
-0

.0
00

-2
0.

36
E

-G
R

A
S

P
-li

ke
1.

02
0

-0
.0

00
1.

01
9

-0
.0

00
0.

95
4

-0
.0

00
1.

16
3

-0
.0

00
1.

09
5

-0
.0

00
1.

11
6

-0
.0

00
1.

62
4

-0
.0

00
1.

64
3

-0
.0

00
2.

06
8

-0
.0

00
-2

0.
65

C
irc

ul
ar

30
°

1.
02

8
-0

.0
00

1.
02

7
-0

.0
00

1.
00

2
-0

.0
00

1.
16

3
-0

.0
00

1.
09

0
-0

.0
00

1.
17

0
-0

.0
00

1.
67

2
-0

.0
00

1.
70

3
-0

.0
00

2.
02

7
-0

.0
00

-1
9.

19
C

irc
ul

ar
60

°
1.

04
6

-0
.0

00
1.

04
7

-0
.0

00
0.

98
7

-0
.0

00
1.

19
4

-0
.0

00
1.

12
6

-0
.0

00
1.

13
7

-0
.0

00
1.

70
5

-0
.0

00
1.

71
5

-0
.0

00
2.

13
6

-0
.0

00
-1

9.
57

C
irc

ul
ar

89
°

1.
05

2
-0

.0
00

1.
05

5
-0

.0
01

0.
99

1
-0

.0
00

1.
21

4
-0

.0
00

1.
12

8
-0

.0
00

1.
13

4
-0

.0
00

1.
64

9
-0

.0
00

1.
71

2
-0

.0
00

2.
20

3
-0

.0
00

-1
9.

56

σ
L
a
t.

&
p-

va
lu

e
σ
L
o
n
.
&

p-
va

lu
e

σ
H
ei
g
h
t

σ
̇

L
a
t.

&
p-

va
lu

e
σ

̇
L
o
n
.
&

p-
va

lu
e

σ
̇

H
ei
g
h
t

&
p-

va
lu

e

[m
m

]
[m

m
/d

ec
]

G
R

A
S

P
-li

ke
0.

93
4

-0
.0

00
1.

05
2

-0
.0

00
0.

90
2

-0
.0

00
1.

13
9

-0
.0

00
1.

16
7

-0
.0

00
1.

06
0

-0
.0

00
E

-G
R

A
S

P
-m

od
0.

93
8

-0
.0

00
1.

05
7

-0
.0

00
0.

89
9

-0
.0

00
1.

13
4

-0
.0

00
1.

16
0

-0
.0

00
1.

04
8

-0
.0

00
E

-G
R

A
S

P
-li

ke
0.

92
8

-0
.0

00
1.

04
3

-0
.0

00
0.

88
7

-0
.0

00
1.

12
4

-0
.0

00
1.

14
5

-0
.0

00
1.

01
8

-0
.0

00
C

irc
ul

ar
30

°
0.

96
0

-0
.0

00
1.

04
2

-0
.0

00
0.

87
0

-0
.0

00
1.

14
7

-0
.0

00
1.

15
2

-0
.0

00
0.

99
1

-0
.0

00
C

irc
ul

ar
60

°
0.

95
8

-0
.0

00
1.

07
3

-0
.0

01
0.

91
8

-0
.0

00
1.

14
5

-0
.0

00
1.

17
5

-0
.0

00
1.

05
6

-0
.0

00
C

irc
ul

ar
89

°
0.

96
0

-0
.0

00
1.

08
3

-0
.0

03
0.

92
4

-0
.0

00
1.

14
9

-0
.0

00
1.

19
1

-0
.0

00
1.

06
7

-0
.0

00

337



F.2 SLR

Table
F.31:

Form
alerrors

forthe
5

m
m

C
oM

case
forS

LR
,coordinates

are
estim

ated.

σ
x

&
p-value

σ
y

&
p-v alue

σ
z

&
p-value

σ
ẋ
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F Compilation of assessment statistics

F.2.3 Atmospheric drag mismodelling
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F.2 SLR

F.2.4 Solar radiation pressure mismodelling
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ẏ

[m
m

/a
]

T
ż
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ẏ

&
p-

va
lu

e
σ
ż
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ẏ

[m
m

/a
]

T
ż
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ẏ

[m
m

/a
]

R
ż
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F.3.2 Solar radiation pressure mismodelling
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ż

[m
m

/a]
R

ẋ
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ż

&
p-

va
lu

e
σ
x
p

&
p-

va
lu

e
σ
y
p

&
p-

va
lu

e
σ
L
O
D

&
p-

va
lu

e
ex

p.
im

p.

[m
m

]
[m

m
/d

ec
]

[m
m

]
[m

m
]

[%
]

R
ef

er
en

ce
0.

31
1

—
0.

31
9

—
0.

28
1

—
0.

32
0

—
0.

32
7

—
0.

30
5

—
0.

40
0

—
0.

39
9

—
0.

56
0

—
—

G
R

A
S

P
-li

ke
0.

30
9

-0
.0

00
0.

31
6

-0
.0

00
0.

27
0

-0
.0

00
0.

31
7

-0
.0

00
0.

32
4

-0
.0

00
0.

28
6

-0
.0

00
0.

39
7

0.
00

0
0.

39
6

0.
00

0
0.

55
1

0.
00

0
-0

.4
7

E
-G

R
A

S
P

-m
od

0.
30

9
-0

.0
00

0.
31

7
-0

.0
00

0.
27

2
-0

.0
00

0.
31

8
-0

.0
00

0.
32

5
-0

.0
00

0.
28

9
-0

.0
00

0.
39

8
-0

.0
00

0.
39

6
-0

.0
00

0.
54

7
-0

.0
00

-0
.4

0
E

-G
R

A
S

P
-li

ke
0.

30
9

-0
.0

00
0.

31
7

-0
.0

00
0.

27
2

-0
.0

00
0.

31
8

-0
.0

00
0.

32
5

-0
.0

00
0.

28
8

-0
.0

00
0.

39
7

-0
.0

00
0.

39
5

-0
.0

00
0.

54
8

-0
.0

00
-0

.3
9

C
irc

ul
ar

30
°

0.
30

9
-0

.0
00

0.
31

7
-0

.0
00

0.
27

5
-0

.0
00

0.
31

8
-0

.0
00

0.
32

5
-0

.0
00

0.
29

6
-0

.0
00

0.
39

7
-0

.0
00

0.
39

5
-0

.0
00

0.
54

6
-0

.0
00

-0
.3

4
C

irc
ul

ar
60

°
0.

30
9

-0
.0

00
0.

31
7

-0
.0

00
0.

27
3

-0
.0

00
0.

31
8

-0
.0

00
0.

32
5

-0
.0

00
0.

29
2

-0
.0

00
0.

39
7

-0
.0

00
0.

39
5

-0
.0

00
0.

54
6

-0
.0

00
-0

.3
4

C
irc

ul
ar

89
°

0.
30

9
-0

.0
00

0.
31

7
-0

.0
00

0.
27

3
-0

.0
00

0.
31

8
-0

.0
00

0.
32

5
-0

.0
00

0.
29

2
-0

.0
00

0.
39

6
-0

.0
00

0.
39

5
-0

.0
00

0.
54

3
-0

.0
00

-0
.3

4

σ
L
a
t.

&
p-

va
lu

e
σ
L
o
n
.
&

p-
va

lu
e

σ
H
ei
g
h
t

σ
̇

L
a
t.

&
p-

va
lu

e
σ

̇
L
o
n
.
&

p-
va

lu
e

σ
̇

H
ei
g
h
t

&
p-

va
lu

e

[m
m

]
[m

m
/d

ec
]

R
ef

er
en

ce
0.

29
2

—
0.

33
4

—
0.

25
5

—
0.

31
2

—
0.

34
3

—
0.

27
4

—
G

R
A

S
P

-li
ke

0.
28

5
-0

.0
00

0.
33

2
-0

.0
00

0.
24

9
-0

.0
00

0.
29

8
-0

.0
00

0.
34

0
-0

.0
00

0.
26

3
-0

.0
00

E
-G

R
A

S
P

-m
od

0.
28

6
-0

.0
00

0.
33

3
-0

.0
00

0.
25

0
-0

.0
00

0.
30

1
-0

.0
00

0.
34

1
-0

.0
00

0.
26

6
-0

.0
00

E
-G

R
A

S
P

-li
ke

0.
28

6
-0

.0
00

0.
33

2
-0

.0
00

0.
25

0
-0

.0
00

0.
30

0
-0

.0
00

0.
34

1
-0

.0
00

0.
26

5
-0

.0
00

C
irc

ul
ar

30
°

0.
28

8
-0

.0
00

0.
33

2
-0

.0
00

0.
25

2
-0

.0
00

0.
30

5
-0

.0
00

0.
34

1
-0

.0
00

0.
26

9
-0

.0
00

C
irc

ul
ar

60
°

0.
28

7
-0

.0
00

0.
33

2
-0

.0
00

0.
25

1
-0

.0
00

0.
30

2
-0

.0
00

0.
34

1
-0

.0
00

0.
26

6
-0

.0
00

C
irc

ul
ar

89
°

0.
28

6
-0

.0
00

0.
33

2
-0

.0
00

0.
25

1
-0

.0
00

0.
30

2
-0

.0
00

0.
34

0
-0

.0
00

0.
26

6
-0

.0
00

355



F.3 GPS

Table
F.49:

S
tatistics

ofestim
ated

E
R

P
s

forthe
G

P
S

S
R

P
m

ism
odelling

case.

∆
X

−
P
ole

∆
Y

−
P
ole

∆
L
O
D

std.
[m

m
]

p-value
m

ean
±

std.
[m

m
]

p-value
trend

±
std.

[m
m

/a]
p-value

std.
[m

m
]

p-value
m

ean
±

std.
[m

m
]

p-value
trend

±
std.

[m
m

/a]
p-value

std.
[m

m
]

p-value
m

ean
±

std.
[m

m
]

p-value
trend

±
std.

[m
m

/a]
p-value

G
P

S
constellation

-S
R

P
0.124

0.000
0.755

±
0.002

0.000
0.043

±
0.001

0.000
0.075

0.000
0.612

±
0.001

0.000
0.024

±
0.001

0.000
3.039

0.000
-7.186

±
0.060

0.000
0.059

±
0.030

0.048
+

G
R

A
S

P
like

-S
R

P
0.119

0.031
0.739

±
0.002

0.000
0.040

±
0.001

0.000
0.078

0.026
0.660

±
0.001

0.000
0.027

±
0.001

0.000
3.022

0.742
-7.167

±
0.060

0.000
0.060

±
0.030

0.043
+

E
-G

R
A

S
P

-m
od

-S
R

P
0.117

0.002
0.714

±
0.002

0.000
0.038

±
0.001

0.000
0.075

0.569
0.632

±
0.001

0.000
0.025

±
0.001

0.000
3.005

0.512
-7.128

±
0.059

0.000
0.060

±
0.029

0.043
+

E
-G

R
A

S
P

-like
-S

R
P

0.115
0.000

0.700
±

0.002
0.000

0.037
±

0.001
0.000

0.077
0.105

0.646
±

0.001
0.000

0.026
±

0.001
0.000

2.997
0.472

-7.118
±

0.059
0.000

0.060
±

0.029
0.041

+
C

ircular
30°

-S
R

P
0.119

0.077
0.726

±
0.002

0.000
0.041

±
0.001

0.000
0.074

0.724
0.611

±
0.001

0.000
0.024

±
0.001

0.000
3.004

0.517
-7.139

±
0.059

0.000
0.061

±
0.029

0.038
+

C
ircular

60°
-S

R
P

0.116
0.001

0.692
±

0.002
0.000

0.038
±

0.001
0.000

0.074
0.754

0.616
±

0.001
0.000

0.024
±

0.001
0.000

2.988
0.355

-7.087
±

0.059
0.000

0.063
±

0.029
0.032

+
C

ircular
89°

-S
R

P
0.119

0.031
0.708

±
0.002

0.000
0.040

±
0.001

0.000
0.074

0.672
0.621

±
0.001

0.000
0.024

±
0.001

0.000
2.993

0.367
-7.016

±
0.059

0.000
0.064

±
0.029

0.029

356



F Compilation of assessment statistics

F.3.3 Earth gravity field mismodelling
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ẏ

[m
m

/a
]

T
ż
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ṡc
[m

m
/a

]
s 0

R
ef

er
en

ce
-E

G
M

m
is

m
.

0.
06

±
0.

00
-0

.0
7
±

0.
00

-0
.0

4
±

0.
00

0.
27

±
0.

00
-1

.2
3
±

0.
00

0.
02

±
0.

00
-0

.0
0
±

0.
00

0.
02

0.
00

±
0.

00
-0

.0
0
±

0.
00

0.
00

±
0.

00
0.

01
±

0.
00

-0
.0

6
±

0.
00

0.
00

±
0.

00
-0

.0
0
±

0.
00

0.
01

-E
G

M
m

is
m

.
an

d
co

-e
st

.
0.

01
±

0.
00

-0
.0

0
±

0.
00

-0
.0

8
±

0.
00

0.
06

±
0.

00
0.

01
±

0.
00

0.
01

±
0.

00
-0

.0
0
±

0.
00

0.
01

0.
00

±
0.

00
-0

.0
0
±

0.
00

0.
00

±
0.

00
0.

00
±

0.
00

0.
00

±
0.

00
0.

00
±

0.
00

-0
.0

0
±

0.
00

0.
01

+
G

R
A

S
P

-li
ke

-E
G

M
m

is
m

.
-0

.1
0
±

0.
01

0.
74

±
0.

01
-1

.0
2
±

0.
01

0.
04

±
0.

01
-1

.9
5
±

0.
01

-0
.1

1
±

0.
01

0.
00

±
0.

01
0.

07
0.

02
±

0.
00

0.
01

±
0.

00
0.

03
±

0.
00

0.
00

±
0.

00
-0

.0
8
±

0.
00

-0
.0

0
±

0.
00

-0
.0

0
±

0.
00

0.
01

-E
G

M
m

is
m

.
an

d
co

-e
st

.
0.

02
±

0.
00

0.
04

±
0.

00
-0

.0
3
±

0.
00

0.
00

±
0.

00
0.

07
±

0.
00

0.
00

±
0.

00
-0

.0
0
±

0.
00

0.
01

0.
01

±
0.

00
0.

00
±

0.
00

0.
02

±
0.

00
-0

.0
0
±

0.
00

0.
01

±
0.

00
-0

.0
0
±

0.
00

-0
.0

0
±

0.
00

0.
01

+
E

-G
R

A
S

P
-m

od
-E

G
M

m
is

m
.

0.
04

±
0.

00
-0

.0
6
±

0.
00

-0
.0

1
±

0.
00

0.
33

±
0.

00
-1

.4
7
±

0.
00

0.
01

±
0.

00
-0

.0
0
±

0.
00

0.
02

0.
00

±
0.

00
-0

.0
0
±

0.
00

0.
00

±
0.

00
0.

02
±

0.
00

-0
.0

7
±

0.
00

0.
00

±
0.

00
-0

.0
0
±

0.
00

0.
01

-E
G

M
m

is
m

.
an

d
co

-e
st

.
-0

.0
1
±

0.
00

0.
01

±
0.

00
-0

.0
4
±

0.
00

0.
13

±
0.

00
-0

.0
1
±

0.
00

0.
00

±
0.

00
-0

.0
0
±

0.
00

0.
01

0.
00

±
0.

00
-0

.0
0
±

0.
00

0.
00

±
0.

00
0.

01
±

0.
00

0.
00

±
0.

00
0.

00
±

0.
00

-0
.0

0
±

0.
00

0.
01

+
E

-G
R

A
S

P
-li

ke
-E

G
M

m
is

m
.

0.
04

±
0.

00
-0

.0
6
±

0.
00

-0
.0

1
±

0.
00

0.
32

±
0.

00
-1

.5
2
±

0.
00

0.
01

±
0.

00
-0

.0
0
±

0.
00

0.
02

0.
00

±
0.

00
-0

.0
0
±

0.
00

-0
.0

0
±

0.
00

0.
02

±
0.

00
-0

.0
7
±

0.
00

0.
00

±
0.

00
-0

.0
0
±

0.
00

0.
01

-E
G

M
m

is
m

.
an

d
co

-e
st

.
-0

.0
1
±

0.
00

0.
03

±
0.

00
0.

02
±

0.
00

0.
05

±
0.

00
-0

.0
1
±

0.
00

0.
00

±
0.

00
-0

.0
0
±

0.
00

0.
01

0.
00

±
0.

00
-0

.0
0
±

0.
00

0.
00

±
0.

00
0.

00
±

0.
00

0.
00

±
0.

00
0.

00
±

0.
00

-0
.0

0
±

0.
00

0.
01

+
C

ir
cu

la
r

30
°

-E
G

M
m

is
m

.
0.

06
±

0.
00

-0
.0

7
±

0.
00

0.
01

±
0.

00
0.

31
±

0.
00

-1
.3

2
±

0.
00

0.
02

±
0.

00
-0

.0
0
±

0.
00

0.
02

0.
00

±
0.

00
-0

.0
0
±

0.
00

-0
.0

0
±

0.
00

0.
01

±
0.

00
-0

.0
6
±

0.
00

0.
00

±
0.

00
-0

.0
0
±

0.
00

0.
01

-E
G

M
m

is
m

.
an

d
co

-e
st

.
-0

.0
0
±

0.
00

-0
.0

0
±

0.
00

-0
.0

5
±

0.
00

0.
09

±
0.

00
0.

01
±

0.
00

0.
01

±
0.

00
0.

00
±

0.
00

0.
01

0.
00

±
0.

00
-0

.0
0
±

0.
00

0.
00

±
0.

00
0.

00
±

0.
00

0.
00

±
0.

00
0.

00
±

0.
00

-0
.0

0
±

0.
00

0.
01

+
C

ir
cu

la
r

60
°

-E
G

M
m

is
m

.
0.

06
±

0.
00

-0
.0

6
±

0.
00

-0
.0

0
±

0.
00

0.
32

±
0.

00
-1

.3
6
±

0.
00

0.
01

±
0.

00
-0

.0
0
±

0.
00

0.
02

0.
00

±
0.

00
-0

.0
0
±

0.
00

0.
00

±
0.

00
0.

02
±

0.
00

-0
.0

6
±

0.
00

0.
00

±
0.

00
-0

.0
0
±

0.
00

0.
01

-E
G

M
m

is
m

.
an

d
co

-e
st

.
-0

.0
0
±

0.
00

-0
.0

0
±

0.
00

-0
.0

3
±

0.
00

0.
07

±
0.

00
0.

00
±

0.
00

0.
01

±
0.

00
0.

00
±

0.
00

0.
01

0.
00

±
0.

00
-0

.0
0
±

0.
00

0.
00

±
0.

00
0.

00
±

0.
00

0.
00

±
0.

00
0.

00
±

0.
00

-0
.0

0
±

0.
00

0.
01

+
C

ir
cu

la
r

89
°

-E
G

M
m

is
m

.
0.

06
±

0.
00

-0
.0

7
±

0.
00

-0
.0

7
±

0.
00

0.
29

±
0.

00
-1

.3
1
±

0.
00

0.
02

±
0.

00
-0

.0
0
±

0.
00

0.
02

0.
00

±
0.

00
-0

.0
0
±

0.
00

0.
00

±
0.

00
0.

01
±

0.
00

-0
.0

6
±

0.
00

0.
00

±
0.

00
-0

.0
0
±

0.
00

0.
01

-E
G

M
m

is
m

.
an

d
co

-e
st

.
0.

00
±

0.
00

-0
.0

1
±

0.
00

-0
.0

2
±

0.
00

0.
12

±
0.

00
0.

01
±

0.
00

0.
01

±
0.

00
0.

00
±

0.
00

0.
01

0.
00

±
0.

00
-0

.0
0
±

0.
00

0.
00

±
0.

00
0.

01
±

0.
00

0.
00

±
0.

00
0.

00
±

0.
00

-0
.0

0
±

0.
00

0.
01

357



F.3 GPS

Table
F.51:

Form
alerrors

forthe
G

P
S

E
G

M
m

ism
odelling

case.

σ
x

&
p-value

σ
y

&
p-value

σ
z

&
p-value

σ
ẋ

&
p-value

σ
ẏ

&
p-value

σ
ż

&
p-value

σ
x
p

&
p-value

σ
y
p

&
p-value

σ
L
O
D

&
p-value

exp.
im

p.

[m
m

]
[m

m
/dec]

[m
m

]
[m

m
]

[%
]

R
eference

0.259
—

0.266
—

0.234
—

0.266
—

0.272
—

0.254
—

0.333
—

0.332
—

0.466
—

—
G

R
A

S
P

-like
0.257

-0.000
0.264

-0.000
0.225

-0.000
0.264

-0.000
0.270

-0.000
0.238

-0.000
0.331

0.000
0.330

0.000
0.459

0.000
-0.47

E
-G

R
A

S
P

-m
od

0.258
-0.000

0.264
-0.000

0.227
-0.000

0.265
-0.000

0.271
-0.000

0.241
-0.000

0.331
-0.000

0.330
-0.000

0.456
-0.000

-0.40
E

-G
R

A
S

P
-like

0.257
-0.000

0.264
-0.000

0.226
-0.000

0.265
-0.000

0.271
-0.000

0.240
-0.000

0.331
-0.000

0.329
-0.000

0.456
-0.000

-0.39
C

ircular30°
0.257

-0.000
0.264

-0.000
0.229

-0.000
0.265

-0.000
0.271

-0.000
0.246

-0.000
0.331

-0.000
0.330

-0.000
0.455

-0.000
-0.34

C
ircular60°

0.257
-0.000

0.264
-0.000

0.228
-0.000

0.265
-0.000

0.271
-0.000

0.243
-0.000

0.331
-0.000

0.330
-0.000

0.455
-0.000

-0.34
C

ircular89°
0.257

-0.000
0.264

-0.000
0.228

-0.000
0.265

-0.000
0.271

-0.000
0.243

-0.000
0.331

-0.000
0.329

-0.000
0.453

-0.000
-0.34

σ
L
a
t. &

p-value
σ
L
o
n
. &

p-value
σ
H
eig

h
t

σ
̇

L
a
t. &

p-value
σ

̇
L
o
n
. &

p-value
σ

̇
H
eig

h
t &

p-value

[m
m

]
[m

m
/dec]

R
eference

0.243
—

0.278
—

0.213
—

0.259
—

0.285
—

0.228
—

G
R

A
S

P
-like

0.237
-0.000

0.277
-0.000

0.207
-0.000

0.248
-0.000

0.283
-0.000

0.219
-0.000

E
-G

R
A

S
P

-m
od

0.238
-0.000

0.277
-0.000

0.209
-0.000

0.250
-0.000

0.284
-0.000

0.221
-0.000

E
-G

R
A

S
P

-like
0.238

-0.000
0.277

-0.000
0.208

-0.000
0.250

-0.000
0.284

-0.000
0.221

-0.000
C

ircular30°
0.240

-0.000
0.277

-0.000
0.210

-0.000
0.254

-0.000
0.284
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0.224

-0.000
C

ircular60°
0.239

-0.000
0.277

-0.000
0.209
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0.252
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0.222
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C

ircular89°
0.239

-0.000
0.277

-0.000
0.209

-0.000
0.252

-0.000
0.284

-0.000
0.222

-0.000
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F Compilation of assessment statistics

Ta
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e
F.

52
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G

P
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G

M
m
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m
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va
lu

e
σ
z

&
p-
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F.3 GPS

Table
F.53:

S
tatistics

ofestim
ated

E
R

P
s

forthe
G

P
S

E
G

M
m

ism
odelling

case.
The

p-values
ofthe

standard
deviation

are
forthe

reference
solution

(G
P

S
constellation)in

com
parison

to
the

system
atically

error-free
reference

solution.
The

p-values
ofthe

standard
deviation

ofthe
space-tie

satellite
scenarios

are
forthe

case
ofE

G
M

m
ism

odelling
in

com
parison

to
the

reference
solution

w
ith

E
G

M
m

ism
odelling

and
in

the
case

w
here

the
E

G
M

is
co-estim

ated
in

com
parison

to
the

reference
solution

w
here

the
E

G
M

is
co-estim

ated.
Forthe

com
putation

ofoffset
and

trend
the

p-values
are

in
allcases

com
puted

in
relation

to
a

priori.

∆
X

−
P
ole

∆
Y

−
P
ole

∆
L
O
D

std.
[m

m
]

p-value
m

ean
±

std.
[m

m
]

p-value
trend

±
std.

[m
m

/a]
p-value

std.
[m

m
]

p-value
m

ean
±

std.
[m

m
]

p-value
trend

±
std.

[m
m

/a]
p-value

std.
[m

m
]

p-value
m

ean
±

std.
[m

m
]

p-value
trend

±
std.

[m
m

/a]
p-value

R
ef erence

-E
G

M
m

ism
.

0.133
0.000

1.308
±

0.001
0.000

0.060
±

0.001
0.000

0.062
0.001

-0.289
±

0.001
0.000

-0.013
±

0.001
0.000

0.477
0.923

-0.374
±

0.009
0.000

-0.003
±

0.005
0.583

-E
G

M
m

ism
.

and
co-est.

0.056
0.995

-0.008
±

0.001
0.000

-0.000
±

0.001
0.553

0.056
0.289

-0.071
±

0.001
0.000

-0.004
±

0.001
0.000

0.477
0.964

-0.214
±

0.009
0.000

-0.003
±

0.005
0.513

+
G

R
A

S
P

-like
-E

G
M

m
ism

.
0.172

0.000
2.064

±
0.001

0.000
0.080

±
0.001

0.000
0.055

0.000
0.004

±
0.001

0.000
-0.003

±
0.001

0.000
0.474

0.769
-0.339

±
0.009

0.000
-0.007

±
0.005

0.108
-E

G
M

m
ism

.
and

co-est.
0.057

0.544
-0.083

±
0.001

0.000
-0.008

±
0.001

0.000
0.055

0.201
0.001

±
0.001

0.486
0.000

±
0.001

0.437
0.467

0.352
-0.003

±
0.009

0.721
-0.004

±
0.005

0.403
+

E
-G

R
A

S
P

-m
od

-E
G

M
m

ism
.

0.153
0.000

1.566
±

0.001
0.000

0.071
±

0.001
0.000

0.063
0.293

-0.344
±

0.001
0.000

-0.015
±

0.001
0.000

0.463
0.202

-0.371
±

0.009
0.000

-0.004
±

0.005
0.420

-E
G

M
m

ism
.

and
co-est.

0.055
0.312

0.009
±

0.001
0.000

-0.000
±

0.001
0.818

0.056
0.999

-0.139
±

0.001
0.000

-0.007
±
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0.188
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±

0.009
0.000

-0.005
±

0.005
0.281

+
E

-G
R

A
S

P
-like

-E
G

M
m

ism
.

0.159
0.000

1.623
±

0.001
0.000

0.074
±

0.001
0.000

0.062
0.655

-0.340
±

0.001
0.000

-0.015
±

0.001
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0.464
0.222

-0.370
±

0.009
0.000

-0.003
±

0.005
0.575

-E
G

M
m

ism
.

and
co-est.

0.055
0.154

0.016
±

0.001
0.000

0.001
±

0.001
0.152

0.055
0.147
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±

0.001
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F.4 DORIS, GPS, SLR combination
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F.4 DORIS, GPS, SLR combination
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F Compilation of assessment statistics
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F.4 DORIS, GPS, SLR combination
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ẋ

&
p-value

σ
ẏ
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F.4 DORIS, GPS, SLR combination
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F.4 DORIS, GPS, SLR combination
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G Supplementary illustrations of the
analysis
G.1 DORIS
G.1.1 Reference solution

Figure G.1: Time series of the differences of the estimated LOD, X-pole, and Y-pole to
a priori and their spectral analysis for the combined solution of ENVISAT, Jason-1, and
Jason-2.

371



G.1 DORIS

G.1.2 Systematic error-free

Figure G.2: Estimated differences of LOD, X-pole, and Y-pole over time and their spectral
analysis for the combined solution in comparison to adding a GRASP-like scenario

Figure G.3: Estimated differences of LOD, X-pole, and Y-pole over time and their spectral
analysis for the combined solution in comparison to adding a E-GRASP-mod scenario
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G Supplementary illustrations of the analysis

Figure G.4: Estimated differences of LOD, X-pole, and Y-pole over time and their spectral
analysis for the combined solution in comparison to adding a E-GRASP-like scenario

Figure G.5: Estimated differences of LOD, X-pole, and Y-pole over time and their spectral
analysis for the combined solution in comparison to adding a Circular 30° scenario
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G.1 DORIS

Figure G.6: Estimated differences of LOD, X-pole, and Y-pole over time and their spectral
analysis for the combined solution in comparison to adding a Circular 60° scenario

Figure G.7: Estimated differences of LOD, X-pole, and Y-pole over time and their spectral
analysis for the combined solution in comparison to adding a Circular 89° scenario
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G Supplementary illustrations of the analysis

G.1.3 Atmospheric drag mismodelling

Figure G.8: Estimated differences of LOD, X-pole, and Y-pole over time and their spectral
analysis for the reference combined with the GRASP-like scenario in the systematic error-
free case in black, and combined with the drag mismodelled GRASP-like case in red.
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G.1 DORIS

Figure G.9: Estimated differences of LOD, X-pole, and Y-pole over time and their spectral
analysis for the reference combined with the E-GRASP-like scenario in the systematic
error-free case in black, and combined with the drag mismodelled E-GRASP-like case in red.
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G Supplementary illustrations of the analysis

G.1.4 Solar radiation pressure mismodelling

(a) Percentage loss of maximum improvement potential due to SRP mismodelling. Coordinates in
X,Y, and Z

(b) Same as in Fig. a) but for coordinates in Latitude, Longitude, Height.

Figure G.10: Differences of the percentage improvements compared to the systematically
error-free case. +10% means that from the full potential of improvement of the systematic
error-free case 10% are lost. Figure a) shows the values for X,Y and Z, Figure b) the values
for Latitude, Longitude, Height.
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G.2 SLR

G.2 SLR
G.2.1 Systematic error-free

Figure G.11: Orbital fits for the SLR simulation scenarios in the systematic error-free case.
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G Supplementary illustrations of the analysis

Figure G.12: Mean RMS value of the orbit comparison in radial, cross-track, along track and
3D directions, as well as the mean orbit deviation. True orbit of the simulation compared to
the orbit recovered in the systematic error-free case.

Figure G.13: Estimated differences of LOD, X-pole, and Y-pole over time and their spectral
analysis for the combined solution in comparison to adding a GRASP-like scenario
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G.2 SLR

Figure G.14: Estimated differences of LOD, X-pole, and Y-pole over time and their spectral
analysis for the combined solution in comparison to adding a E-GRASP-mod scenario

Figure G.15: Estimated differences of LOD, X-pole, and Y-pole over time and their spectral
analysis for the combined solution in comparison to adding a E-GRASP-like scenario
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G Supplementary illustrations of the analysis

Figure G.16: Estimated differences of LOD, X-pole, and Y-pole over time and their spectral
analysis for the combined solution in comparison to adding a Circular 30°scenario

Figure G.17: Estimated differences of LOD, X-pole, and Y-pole over time and their spectral
analysis for the combined solution in comparison to adding a Circular 60°scenario
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G.2 SLR

Figure G.18: Estimated differences of LOD, X-pole, and Y-pole over time and their spectral
analysis for the combined solution in comparison to adding a Circular 89°scenario
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G Supplementary illustrations of the analysis

G.2.2 Influence of systematic center-of-mass displacement

Figure G.19: Estimated differences of LOD, X-pole, and Y-pole over time and their spectral
analysis for the GRASP-like combined solution. The systematic error-free case in black, the
case with 10 mm CoM displacement for the GRASP-like satellite in red.
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G.2 SLR

Figure G.20: Estimated differences of LOD, X-pole, and Y-pole over time and their spectral
analysis for the E-GRASP-mod combined solution. The systematic error-free case in black,
the case with 10 mm CoM displacement for the E-GRASP-mod satellite in red.

Figure G.21: Estimated differences of LOD, X-pole, and Y-pole over time and their spectral
analysis for the E-GRASP-like combined solution. The systematic error-free case in black,
the case with 10 mm CoM displacement for the E-GRASP-like satellite in red.
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G Supplementary illustrations of the analysis

Figure G.22: Estimated differences of LOD, X-pole, and Y-pole over time and their spectral
analysis for the Circular 30°combined solution. The systematic error-free case in black, the
case with 10 mm CoM displacement for the Circular 30°satellite in red.

Figure G.23: Estimated differences of LOD, X-pole, and Y-pole over time and their spectral
analysis for the Circular 60°combined solution. The systematic error-free case in black, the
case with 10 mm CoM displacement for the Circular 60°satellite in red.
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G.2 SLR

Figure G.24: Estimated differences of LOD, X-pole, and Y-pole over time and their spectral
analysis for the Circular 89°combined solution. The systematic error-free case in black, the
case with 10 mm CoM displacement for the Circular 89°satellite in red.
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G Supplementary illustrations of the analysis

G.2.3 Atmospheric drag mismodelling

Figure G.25: Estimated differences of LOD, X-pole, and Y-pole over time and their spectral
analysis for the reference combined with the GRASP-like scenario in the systematic error-
free case in black, and combined with the drag mismodelled GRASP-like case in red.
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G.2 SLR

Figure G.26: Estimated differences of LOD, X-pole, and Y-pole over time and their spectral
analysis for the reference combined with the E-GRASP-like scenario in the systematic
error-free case in black, and combined with the drag mismodelled E-GRASP-like case in red.
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G Supplementary illustrations of the analysis

G.3 GPS
G.3.1 Systematic error-free

Figure G.27: Change in median orbit difference of the GPS constellation compared to the
systematic error-free reference solution over a 1-year period. From top to bottom including
the space-tie satellite: GRASP-like; E-GRASP-mod; E-GRASP-like; Circular 30°; Circular
60°; Circular 89°. From left to right in the radial, cross-track and along-track directions.
Increases in orbital difference are shown in red, while reductions in orbit differences are
shown in blue.
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G.3 GPS

G.3.2 Solar radiation pressure mismodelling

Figure G.28: Change in median orbit difference of the LEO satellites compared to the
systematic error-free case over a 1-year period for GPS in the SRP mismodelling case.
From top to bottom: GRASP-like; E-GRASP-mod; E-GRASP-like; Circular 30°; Circular 60°;
Circular 89°. From left to right in the radial, cross-track and along-track directions. Increases
in orbital difference are shown in red, while reductions in orbit differences are shown in blue.
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G Supplementary illustrations of the analysis

Figure G.29: Change in median orbit difference of the GPS constellation compared to the
systematic error-free case over a 1-year period in the SRP mismodelling case. From top
to bottom including the space-tie satellite: GRASP-like; E-GRASP-mod; E-GRASP-like;
Circular 30°; Circular 60°; Circular 89°. From left to right in the radial, cross-track and
along-track directions. Increases in orbital difference are shown in red, while reductions in
orbit differences are shown in blue.
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G.3 GPS

Figure G.30: Clock difference of absolute clock offset in comparison to GPS constellation
alone in the SRP mismodelling case. Positive values indicate an increase in clock differences,
negative values a reduction.
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G Supplementary illustrations of the analysis

G.3.3 Earth gravity field mismodelling

Figure G.31: Change in median orbit differences of the GPS constellation while including
one of the space-tie satellite scenarios in the EGM mismodelling case over a time span one
year. From the top to the bottom, GRASP-like, E-GRASP-mod, E-GRASP-like, Circular 30°,
Circular 60°, Circular 89° scenario. From left to right in radial, cross-track, and along-track
direction.
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G.3 GPS

Figure G.32: Clock difference of absolute clock offset in comparison to GPS constellation
alone in the EGM mismodelling case. Positive values indicate an increase in clock differences,
negative values a reduction.
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G Supplementary illustrations of the analysis

G.4 DORIS, GPS, SLR combination

(a) DoF adjusted change in formal errors in comparison to single-technique solution. Coordinates in
X,Y, and Z

(b) Same as in Fig. a) but for coordinates in Latitude, Longitude, Height.

Figure G.33: DoF adjusted change in formal errors for the multi-technique combined solution
using GTs in comparison to the systematic error-free single-technique case for DORIS.
Figure a) shows the values for X,Y and Z, Figure b) the values for Latitude, Longitude,
Height.
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G.4 DORIS, GPS, SLR combination

(a) DoF adjusted change in formal errors in comparison to single-technique solution. Coordinates in
X,Y, and Z. Coordinates in X,Y, and Z

(b) Same as in Fig. a) but for coordinates in Latitude, Longitude, Height.

Figure G.34: DoF adjusted change in formal errors for the multi-technique combined solution
using GTs and ST in comparison to the systematic error-free single-technique case for
GPS. Figure a) shows the values for X,Y and Z, Figure b) the values for Latitude, Longitude,
Height.
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G Supplementary illustrations of the analysis

(a) DoF adjusted change in formal errors in comparison to single-technique solution. Coordinates in
X,Y, and Z. Coordinates in X,Y, and Z

(b) Same as in Fig. a) but for coordinates in Latitude, Longitude, Height.

Figure G.35: DoF adjusted change in formal errors for the multi-technique combined solution
using GTs and ST in comparison to the systematic error-free single-technique case for
SLR. Figure a) shows the values for X,Y and Z, Figure b) the values for Latitude, Longitude,
Height.
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G.4 DORIS, GPS, SLR combination

Figure G.36: Estimated differences of LOD, X-pole, and Y-pole over time and their spectral
analysis for for the GRASP-like scenario in the systematic error-free multi-technique combin-
ation using GTs and GTs with STs.

Figure G.37: Estimated differences of LOD, X-pole, and Y-pole over time and their spectral
analysis for for the E-GRASP-mod scenario in the systematic error-free multi-technique
combination using GTs and GTs with STs.
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G Supplementary illustrations of the analysis

Figure G.38: Estimated differences of LOD, X-pole, and Y-pole over time and their spectral
analysis for for the E-GRASP-like scenario in the systematic error-free multi-technique
combination using GTs and GTs with STs.

Figure G.39: Estimated differences of LOD, X-pole, and Y-pole over time and their spectral
analysis for the Circular 30° scenario in the systematic error-free multi-technique combination
using GTs and GTs with STs.
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G.4 DORIS, GPS, SLR combination

Figure G.40: Estimated differences of LOD, X-pole, and Y-pole over time and their spectral
analysis for the Circular 60° scenario in the systematic error-free multi-technique combination
using GTs and GTs with STs.

Figure G.41: Estimated differences of LOD, X-pole, and Y-pole over time and their spectral
analysis for the Circular 89° scenario in the systematic error-free multi-technique combination
using GTs and GTs with STs.
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G Supplementary illustrations of the analysis

Figure G.42: Triangular plots showing the difference between estimated and simulated SH
coefficient for the combination with GTs.
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G.4 DORIS, GPS, SLR combination

Figure G.43: Triangular plots showing the difference between estimated and simulated SH
coefficient for the combination with GTs and ST.
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G Supplementary illustrations of the analysis

Figure G.44: SH degree amplitudes in equivalent water height for the combination with GTs.
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G.4 DORIS, GPS, SLR combination

Figure G.45: SH degree amplitudes in equivalent water height for the combination with GTs
and ST.
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G Supplementary illustrations of the analysis

Figure G.46: Cumulative error in equivalent water height for the combination with GTs.
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G.4 DORIS, GPS, SLR combination

Figure G.47: Cumulative error in equivalent water height for the combination with GTs and
ST.
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