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Abstract

This study presents an enhancement to the Global Navigation Satellite Systems (GNSS)
by integrating low Earth orbiters (LEOs) to a joint precise orbit determination (POD)
processing. The Global Position System (GPS) operated by the United States is studied
as a representative of all GNSS. The LEOs equipped with GNSS receivers supplement the
receivers of the ground stations, especially for regions with a limited number of employed
stations, which can be caused by various reasons. Due to the altitude and high velocity
of LEOs, they not only contribute with additional observations, but also with a rapidly-
changing observation geometry. Moreover, space-based observations have additional ad-
vantages over ground-based observations, e.g., signals are received without the impact
of the troposphere. LEOs not only act as kinematic stations for GNSS satellites, but
also bring additional orbit dynamics to the integrated system. The constraints caused by
these orbit dynamics have an important impact on the determination of the orbits of the
GNSS satellites and other parameters beyond that. In this thesis, the following topics
are presented: 1) Background information and the basic principles related to the POD of
GNSS satellites and LEOs, 2) the separated POD of GNSS satellites and LEOs, 3) the
integrated POD, 4) the determination of the antenna phase center offsets (PCOs) of the
GPS satellites and other geodetic parameters in the integrated POD.

The orbit modeling and processing configuration used in this study for GNSS satellites
and LEOs are verified to be compatible with state-of-the-art studies by the separated
POD. The orbits of the GNSS satellites and LEOs reach an accuracy of a few centimeters
and are comparable with the state-of-art studies. A more efficient outlier detection
method has been developed to improve the position determined by using pseudo-range
observations. In the study about the enhancement of the GPS orbits by integrating
LEQOs, a 26-station ground network in a global and sparse distribution is supplemented
by different subsets of seven LEOs including GRACE-A /B, OSTM/Jason-2, Jason-3 and,
Swarm-A/B/C. A 34% improvement of the GPS orbit in 1D-mean RMS (from 37.5 mm
to 23.9mm) is achieved by including the seven LEOs. Both the number of space-based
observations and the LEOs’ orbital geometry affect the GPS orbits where the orbital
geometry is shown to be more important. The estimated GPS PCOs are also improved
by including LEOs. For the x- and y-components of the GPS PCOs, the formal error is
reduced significantly due to the additional observations and expanded nadir angle coverage
brought by the LEOs during the periods of large solar-elevation angle. The z-component
of the GPS PCOs (z-PCO) are strongly correlated with the scale of the terrestrial reference
frame. By introducing the orbit dynamics of the seven LEOs to the processing without
applying a no-net-scale constraint, the correlation coefficients between the GPS z-PCOs
and the scale are reduced from 0.85 to 0.30. Consequently, the GPS z-PCOs can be

estimated independently from the a-priori scale and a purely GNSS-based scale can be



determined as well. A system-specific —25.5 cm offset of the GPS z-PCOs relative to the
values offered by the International GNSS Service (IGS) is computed based on the seven-
LEO-integrated solution. Another approach based on Galileo also solves this problem.
The GPS satellites, multi-GNSS stations, and Galileo satellites with ground calibrated
PCOs are processed jointly to calibrate the GPS z-PCOs and simultaneously determine
a Galileo-based scale simultaneously. Based on the comparison and cross-check, a good
agreement is shown between the LEO-based and Galileo-based methods. There is a slight
improvement in the geocenter when including three Swarm satellites to the processing
with about 80 ground stations over a half year.

Based on the analysis in theory and the results derived from real data, an obvious
enhancement to various aspects of GNSS by the integrated processing with LEOs is shown.
More LEOs equipped with GNSS receivers and carefully calibrated PCOs are expected

for further missions or even the next generation of GNSS.
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Zusammenfassung

In dieser Arbeit wird eine Verbesserung der globalen Satellitennavigationssysteme (GNSS)
durch die Einbindung von Satelliten in niedrigen Erdumlaufbahnen (LEOs) in eine
gemeinsame prézise Bahnbestimmung (POD) vorgestellt. Das von den Vereinigten
Staaten betriebene Global Positioning System (GPS) wird stellvertretend fiir alle GNSS
untersucht. Die mit GNSS-Empféngern ausgestatteten LEOs ergénzen die Empfanger der
Bodenstationen, vor allem in Regionen, in denen aus verschiedenen Griinden nur wenige
Stationen verfiigbar sind. Aufgrund der Orbithéhe und schnellen Bewegung der LEOs
tragen diese nicht nur mit zusétzlichen Beobachtungen bei, sondern auch mit einer sich
schnell verandernden Beobachtungsgeometrie. Dartiber hinaus haben weltraumgestiitzte
Beobachtungen zusétzliche Vorteile gegentiber bodengestiitzten Beobachtungen, z. B.
werden Signale ohne den Einfluss der Troposphire empfangen. LEOs stellen nicht nur
kinematische Stationen fiir die GNSS-Satelliten dar, sondern bringen auch eine zusétzliche
Bahndynamik in das integrierte System ein. Die durch diese Bahndynamik gegebenen
Beschrankungen sind sowohl fiir die Bahnbestimmung der GNSS Satelliten als auch fiir
weitere Parameter duflerst relevant. In dieser Arbeit werden die folgenden Themen
behandelt: 1) Hintergrundinformationen und Grundprinzipien der POD von GNSS-
Satelliten und LEOs, 2) eine separate POD von GNSS-Satelliten und LEOs, 3) eine
integrierte POD, 4) die Schiatzung der Antennen-Phasenzentrumsverséitze (PCOs) der
GPS-Satelliten und anderer geodétischer Parameter in der integrierten POD.

Die separaten PODs bestatigen, dass die in dieser Studie verwendete
Bahnmodellierungs- und Prozessierungskonfiguration der GNSS-Satelliten und LEOs mit
dem aktuellen Stand der Forschung kompatibel ist. Die Bahnen der GNSS-Satelliten und
LEOs erreichen eine Genauigkeit von wenigen Zentimetern. Es wurde eine effizientere
Methode zur Erkennung von Ausreiflern entwickelt, um die mit Hilfe von Pseudo-Range-
Beobachtungen ermittelte Position zu verbessern. Ein Bodennetz mit 26 global diinn
verteilten Stationen wird verwendet, um die Verbesserung der GPS-Bahnen durch die
Integration von verschiedenen Teilgruppen der sieben LEOs GRACE-A /B, OSTM /Jason-
2, Jason-3 und Swarm-A/B/C zu untersuchen. Bei der Einbeziehung aller sieben LEOs
ergibt sich eine Verbesserung des 1D RMS Mittelwertes der GPS-Orbits von 34% (von
37,5mm auf 23,9mm). Sowohl die Anzahl der weltraumgestiitzten Beobachtungen als
auch die Geometrie der Bahnen der LEOs beeinflussen die GPS-Bahnen, wobei die
Orbitgeometrie sich als der wichtigere Faktor erweist. Die geschéitzten GPS PCOs
werden durch die Einbeziehung von LEOs ebenfalls verbessert. Der formale Fehler der
x- und y-Komponenten der GPS PCOs wird durch die zusédtzlichen Beobachtungen
und die groflere Abdeckung des Nadirwinkels, den die LEOs wéahrend Perioden eines
groffen Sonnenstandswinkels mit sich bringen, erheblich reduziert. Die z-Komponente
der GPS PCOs (z-PCO) ist mit dem Mafstabsfaktor des terrestrischen Referenzrahmens
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stark korreliert. Durch die Beriicksichtigung der Bahndynamik der sieben LEOs in
der Prozessierung werden ohne Fixierung des Mafstabes (d.h. ohne eine No-Net-
Scale Bedingung) die Korrelationskoeffizienten zwischen den GPS z-PCOs und dem
MafBstabsfaktor von 0,85 auf 0,30 reduziert. Folglich kénnen zum einen die GPS z-PCOs
unabhéngig von einem externen Mafistab geschatzt werden und zum anderen kann ein
rein GNSS-basierter Mafstabsfaktor bestimmt werden. Mit der integrierten Losung mit
sieben LEOs ergibt sich ein systemspezifischer Versatz der GPS z-PCOs von -255cm
relativ zu den vom International GNSS Service (IGS) veroffentlichten Werten. Ein
anderer Ansatz basierend auf Galileo 16st dieses Problem ebenfalls. Die GPS Satelliten,
Multi-GNSS Bodenstationen und Galileo Satelliten mit bodenkalibrierten PCOs werden
gemeinsam prozessiert, um die GPS z-PCOs zu kalibrieren und gleichzeitig einen Galileo-
basierten Mafistabsfaktor zu bestimmen. Ein Vergleich zur Uberpriifung zeigt eine hohe
Ubereinstimmung der LEO- und Galileo-basierten Methoden. Die Einbeziehung von drei
Swarm Satelliten in eine Prozessierung mit etwa 80 Bodenstationen iiber ein halbes Jahr
hinweg zeigt eine leichte Verbesserung des Geozentrums.

Auf der Grundlage der theoretischen Analyse und der aus realen Daten abgeleiteten
Ergebnisse zeigt sich eine deutliche Verbesserung verschiedener Aspekte der GNSS durch
die Integration von LEOs. Es ist zu erwarten, dass mehr LEOs, ausgestattet mit GNSS-
Empfangern und sorgfaltig kalibrierten PCOs, fiir kiinftige Missionen oder sogar die

nachste GNSS Generation eingesetzt werden.
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Introduction and Motivation

The third Newton’s laws of motion say: ‘ When one body exerts a force on a second body,
the second body simultaneously exerts a force equal in magnitude and opposite in direction
on the first body.” Besides its original meaning for physics, it can also be interpreted as
that we should keep reverse thinking, make full use of data in a round way, and achieve a
win-win for both sides. This principle applies to the two main space objects of this study:
Global Navigation Satellite System (GNSS) and low Earth orbiter (LEO). GNSS is a well-
developed technique that offers a powerful positioning function. The space segment of a
GNSS consists of artificial satellites flying in medium-altitude Earth orbits (MEO, about
20,000 km altitude) and geosynchronous orbits (GSO, 37,000 km altitude). MEO satellites
are used in the majority of the GNSS constellations as only the GNSS of China (BeiDou)
and two regional navigation satellite systems (namely QZSS and NavIC) include satellites
in GSO. LEOs are artificial satellites flying in the near-Earth space with a conventionally
defined altitude lower than 2000 km. They have a wide range of applications, for example,
scientific missions, communication, etc. According to the above-mentioned altitudes of
different satellites, a schematic diagram about GNSS MEO satellites, LEOs, and the
Earth is presented in Figure[I.I] Taking the most widely used Global Positioning System
(GPS) as an example, the bore-sight angle of a GPS satellite, i.e., the angle between the
sight direction and the nadir, to a terrestrial station at the limb of the Earth is about
14° (angle n1). For a LEO, the bore-sight angle n2 of the GPS satellite is expanded

O
GNSS - 3
ﬁlielgte’__,,——jgz’* i
T - ——-_Jaql_ =
B e =

Station

Figure 1.1: Schematic diagram of GPS visibility for LEOs and terrestrial stations; n1 and
n2 are the GPS satellite bore-sight angles with respect to LEOs and terrestrial stations



CHAPTER 1. INTRODUCTION AND MOTIVATION

Figure 1.2: Available stations of IGS ground tracking network on 1st, June, 2020.

due to the higher altitude, for example, the OTSM /Jason-2 satellite, with an altitude of
about 1,350 km, expands the bore-sight angle of GPS satellites to 17°. Both terrestrial
receivers and LEO on-board receivers remain in the main lobe of the signal transmitted
by GPS satellites (about 23° for GPS Block IIR and IIR-M). According to the signal
strength pattern offered by Marquis and Reigh| (2015]), compared to the ground receiver
at the limb of the Earth, the strength of the GPS signal received by a LEO flying at
an altitude of 1,500 km (18° bore-sight angle) is reduced only by up to 5dB. Therefore,
LEOs can access very similar GPS services as terrestrial receivers. Most of the LEOs have
GPS observations only. Due to the improved techniques and the requirements for further
applications, multi-GNSS receivers are equipped to LEOs launched in recent years. The
signal of other GNSS are additionally tracked by the LEOs with multi-GNSS receivers, for
example, the FengYun-3C satellite observing BeiDou, the COSMIC-2 satellites observing
the GNSS of Russia (GLONASS), and the Sentinel-6 satellite observing the GNSS of
Europe (Galileo). Moreover, more and more LEOs were launched in recent years and
operate in a common period. Consequently, a GNSS can be observed by more LEOs
simultaneously.

In previous studies, the GNSS orbit and clock products are usually used as a priori
information to determine the orbits of LEOs. However, LEOs can also contribute to the
GNSS by integrated processing of GNSS satellites and LEOs. The integrated processing
brings benefits in different aspects. Firstly, it improves the GNSS orbits determined
by sparse ground tracking networks. The precise orbit determination (POD) of GNSS
satellites is usually performed with ground-based observations by International GNSS
Service (IGS, Johnston et al., 2018)). The densely and globally distributed ground tracking
network of IGS stations (see Figure offers observations for a reliable and accurate
GNSS POD. By highly constraining the coordinates of datum stations, the geodetic datum

is fixed, including the origin, orientation, and unit length of the coordinate system, i.e.,
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the terrestrial scale. The GNSS orbits are determined consistent with the defined geodetic
datum. Despite the large and dense IGS tracking network in certain circumstances,
depending on constellations and frequencies, one might be confronted with large regions
without tracking stations, especially over major parts of oceans and Africa. Additionally,
IGS stations could be unavailable because of various reasons as the IGS is a voluntary
federation of over 300 self-funding agencies, universities, and research institutions in more
than 100 countried] The ground segments for controlling and monitoring the GNSS
maintained by the providers are more reliable for their operation. However, the ground
segments of all GNSS have limited stations and at least partly for political reasons have
imperfect distributions. The GPS operated by the United States and Galileo operated by
the European Union have globally but sparsely distributed ground segments including less
than 20 tracking sites. Besides in major parts of oceans and Africa, GPS and Galileo have
no control or monitor station in Russia, China, and the territory of each other. GLONASS
and BeiDou only have ground segments located within the territory of their operating
countries. Moreover, the ground segment of a GNSS may become partly unavailable for
specific reasons, for instance, the detaching of two Galileo sensor stations due to the
withdrawal of the United Kingdom from the European Union (Gutierrez, 2018). Besides
the IGS stations which are publicly available, companies offering positioning services, e.g.,
Trimble, Leica, and Hi-Target, also use their own ground tracking stations to determine
the GNSS orbits. However, they might still face the problem caused by the gaps in the
networks. It is a potential way to supplement the limited ground tracking networks by
integrating LEOs which are not restricted by geographic locations. Not only increasing the

number of observations, but LEOs also bring additional benefits than terrestrial stations:

1. LEOs brings additional geometry by moving fast, supplementing the regions lacking
terrestrial stations, and expanding the bore-sight angle of GNSS signals;

2. except for the shadowing effect on the LEOs with tilted antennas, LEOs have no

signal blocking issue which has to be avoided in the setting up of a terrestrial station;

3. due to the altitude of LEOs, there is no signal delay caused by the neutral part of
the atmosphere (mainly the troposphere with 13km height in average) for LEOs;

4. as a consequence of benefits 2 and 3 and considering the near-field multi-path effect
of LEOs, a lower elevation cut-off angle (e.g., 3°) than a terrestrial station (e.g., 7°)
can be applied to LEOs.

Besides the improvements of GNSS orbits, the orbits of LEOs, the terrestrial reference
frame (TRF), and the Earth gravity field, are also improved by the integrated processing

Thttps://www.igs.org/about/



CHAPTER 1. INTRODUCTION AND MOTIVATION

when comparing with a two-step approach in which the orbits of GNSS satellites and
LEOs are determined sequentially (Zhu et al) 2004). Benefiting from the different
sensitivity of the ground and LEO on-board receivers to the estimates, the integrated
or one-step processing is more consistent, homogeneous, and reliable for all the estimated
parameters. Considering the overall improvement of GNSS and LEO orbits in the
integrated processing, a future GNSS system named ‘Kepler’ consists of MEO satellites
and LEOs is investigated to offer more reliable and accurate GNSS service (Giorgi
et al., |2019). With optical frequency references, clocks onboard the satellites, and inter-
satellite links, this new GNSS system requires only one station to maintain the alignment
with Earth rotation, the synchronization to Universal Time Coordinate (UTC), and the
capability of controlling the system. Considering the benefits brought by LEOs and the
fast ongoing techniques, the first goal of this study is to investigate how much the LEOs

can contribute to the GNSS satellite orbits in integrated processing.

The benefits of integrating LEOs are also reflected in the estimation of the transmitting
point of the GPS satellite transmitter antenna. Usually, the phase center of the
transmitting or receiving antenna of a satellite does not coincide with the center of
mass of the satellite. The position of the phase center relative to the center of mass
is represented by a mean offset vector (i.e., PCO) and nadir (and azimuth) dependent
phase variations (PVs). It is a very important correction that should be considered in
the orbit determination. However, the ground calibrated PCOs/PVs of the GPS satellites
before the newest satellites of block GPS III are not available. Therefore, the PCOs of
GPS satellites were estimated by constraining the ground stations (Schmid et al., 2007)).
Whether the estimation of the GPS PCOs can be improved by supplementing the ground

stations with LEOs is the second question to be answered in this study.

The third goal of this study is the extension of the second one. When the ground
stations are constrained to the a priori coordinates which contain the scale of the
TRF determined by other geodetic techniques, the estimated PCOs in the Earth radial
direction (z-PCOs) are not independent of other techniques. The influence will be
propagated to the further GNSS-based solutions or products. Instead of constraining
the scale of the network, the gravitation constraint on the LEOs brings an opportunity to
estimate the GPS z-PCO purely based on the GNSS technique. Consequently, the GNSS-
based terrestrial scale can be determined and may contribute to the realization of the
International Terrestrial Reference Frame (ITRF). With the developing techniques and
infrastructure, for example, the ‘Kepler’ system, this approach is promising to reach the
I mm scale goal of the Global Geodetic Observing System (GGOS, Plag and Pearlman,
2009). There is another approach to solve this problem. Galileo has released its ground

calibrated phase center information to the public. In joint processing of the GPS and

Galileo, the z-PCO of GPS satellites can be determined by fixing the Galileo PCOs to
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the ground calibrated values (Villiger et al., [2020). The independent z-PCOs of GPS
satellites and the corresponding GNSS-based scale are determined by both methods in
this study. The comparison and cross-check between the two methods are also performed
via different scenarios.

After this introduction, this thesis is structured as follows.

In Chapter [2, some background knowledge related to this study is introduced. Firstly,
with a focus on GNSS, some basic information about the four space geodetic techniques
are given. Secondly, regarding orbital characteristics, data availability, and applications,
various previous or active missions with LEOs are presented. Especially, the seven LEOs
used in this study are introduced in detail. Moreover, a comparison between the MEO
satellites and LEOs is given. Thirdly, the two important reference frames in space geodesy
and the transformation between them are briefly expounded. Then the basic principle
of kinematic and dynamic POD are described. The equations of GNSS observations, the
processing configuration in this study, and the estimated parameters in different cases are
given in the end.

Chapter [3] presents the results of the dynamic POD of GNSS satellites and LEOs
separately. Before the discussion about POD solutions, an improved outlier detection
method is presented. The determined orbit quality of GPS, GLONASS, Galileo, and
LEOs is validated by internal and external comparison. The orbit of LEOs is validated
by Satellite Laser Ranging (SLR) observations additionally.

In Chapter {4l the integrated POD of GNSS satellites and LEOs is investigated. Based
on theoretical analysis and case studies using real data, the improvement of GPS satellite
orbits by including LEOs is shown and discussed from different aspects.

The estimation of GPS PCOs, GNSS-based terrestrial scale, and the geocenter by
two different approaches are performed and analyzed in Chapter [f] Firstly, a more
detailed explanation about the existing limitations and strategies and related studies
in the literature are discussed. Then the two methods of GPS z-PCO determinations
are introduced. As an important issue for the study, a discussion on two different
datum definitions is given. The algorithm and the comparison between the coordinate
constraint and the free-network constraint are presented. Using real data, the GPS PCOs
improvement by including LEOs are shown, the comparison and cross-check between the
LEO-based and Galileo-based approaches are performed, the indirect geocenter results
are discussed generally as an additional outcome.

The conclusions of this study and the outlook for further investigation are addressed
in Chapter [6]
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Background of precise orbit determi-

nation

Before the discussion of investigations, some important background knowledge is in-
troduced in this section. In Section [2.I] the operational GNSS are introduced by
focusing on their space segments and potential weaknesses in their ground segments. The
other three space geodetic techniques are briefly introduced in Section [2.2] Section
contains the information of various LEO missions, including their orbital characteristics,
the availability of on-board GNSS data, and a general comparison with GNSS MEO
satellites. The seven LEOs used in this study are introduced with more details. As the
key to connecting the orbit dynamics and the geodetic observations, the terrestrial and
the celestial reference systems and the transformation between them are introduced in
Section [2.4 The principle of kinematic and dynamic POD are discussed in Section [2.5
In section [2.6] several important aspects of POD processing, including the equations of
GNSS observations, the linking between the observations and the motion equations, the

processing configuration, and estimated parameters for different cases are presented.

2.1 Global and regional satellite navigation systems

The global navigation satellite system is a space geodetic technique that uses satellite
constellation with global or regional coverage to provide autonomous positioning and
navigation service. The GNSS technique is widely used in different applications, such as
navigation and tracking, mapping and surveying, precise time reference, communication,
geodetic science, etc. The satellites provide signals from space that transmit positioning
and timing data to receivers in a way that the receiver positions can be computed simply
based on the received data. Until now, there are three GNSS in full operation (GPS,
GLONASS, and BeiDou), one GNSS scheduled to reach the full operation status soon
(Galileo), and two regional navigation satellite systems (QZSS and NavIC) in operation.
The GNSS satellites mainly transmit signals in L1 and L2 frequency bands. With the
modernization of GPS and GLONASS and the newer systems, more signals in different

frequencies are used. Different aspects including space and ground segment which are
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Figure 2.1: Master control stations and monitor stations of the GPS. (left)The monitor
stations include Air Force Monitor Stations and National Geospatial-Intelligence Agency
(NGA) Monitoring Stations. Ground tracks of the GPS satellites on day 37 of year 2021
(right)

relevant for the later POD investigations are discussed in the following.

GPS, officially Navstar GPS, is operated by the United States. It was declared to
be the first fully operational GNSS in 1995. The nominal GPS constellation consists of
24 satellites in six MEQO. In recent years, the constellation includes additional satellites
(eight currently) in operation. Some of them are placed in the expanded slots of the
nominal constellation. The others are placed close to the satellites that will be replaced
soon. The ground track of the 32 operating satellites for day 180 of 2020 is plotted on
the right panel of Figure The approximate distribution of the master stations and
monitor stations of GPS is shown on the left panel of Figure [2.1| based on the information
offered by (2012)). Although nearly all of the IGS stations can obtain the signals
from GPS satellites, the globally distributed monitoring network for the operation of the
GPS is very sparse. Not only in the major parts of the oceans and Africa but also in

China, Russia, and Europe, there is no available station for the GPS.

GLONASS is the second fully operational and global navigation satellite system. It
was deployed by Russia to full operational capability with 24 MEO satellites in 1995.
Although the number of active GLONASS satellites decreased to seven in 2001 due to
insufficient replenishment, it achieved 24 satellites again in 2011 and keeps full operation
onward. Compared to GPS, GLONASS satellites are distributed evenly within three orbit
planes. The ground track of the whole constellation on day 180 of the year 2020 is shown
on the right panel of Figure 2.2l The ground segment of GLONASS includes the system
control center and the central clocks, the telemetry, tracking and command stations, and
the up-link stations, one-way monitoring stations, and SLR stations. The whole ground
segment is located within the Russian territory. The control center, monitor stations
(13), and SLR stations (nine) are shown on the left panel of Figure 2.2l The locations
of the stations are roughly offered by Menshikov and Solovyev; (2006)). To modernize and

enhance GLONASS, a system for different correction and monitoring (SDCM) is under
development. As reported by (2012)) the SDCM will include 40 reference stations
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Figure 2.2: Ground control center, satellite laser ranging stations, and monitor stations
of GLONASS. (left). Ground tracks of the GLONASS satellites on day 37 of year 2021
(right)
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Figure 2.3: Ground control centers and ground sensor stations of Galileo. (left). Ground
tracks of the Galileo satellites on day 180 of year 2020. (right)

within the Russian territory and 23 external stations to achieve global distribution. The
signal frequency of GLONASS satellites is more special compared to the frequency of other
GNSS. GLONASS has been transmitting frequency division multiply access (FDMA)
signals on L1 and L2 since the first launch and introduced additional code division multiple
access (CDMA) modulation signals on L3 to the replenishment satellites from 2011. The
FDMA signals use a set of different channels for different signals which have about 0.5 MHz
difference between neighboring channels while the other GNSS have a unique frequency in
each band. The inherent inter-frequency biases do not allow the usually used ambiguity
fixing for the phase observations. However, this problem will be solved by applying CDMA
to L1, L2, and L3 signals for the future GLONASS-K2 satellites.

Galileo is the European GNSS which currently has a close to complete constellation.
It has a normal constellation of 24 MEO satellites in three orbital planes and up to six
spare satellites. The current constellation includes 24 satellites in operation. On the right
panel of Figure 2.3} the ground tracks of the 24 operational satellites are plotted. Based on
the available information E|, the distribution of the monitoring part of its ground segment
is shown on the left panel of Figure 2.3 Similar to the GPS, the monitoring network

of Galileo in a global and sparse distribution which has no stations in North America,

Thttps://www.esa.int/Applications/Navigation/Galileo_s_ground_ control segment_ contracted_for
__upgrade
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Figure 2.4: Ground tracks of the constellations of BeiDou and QZSS on day 37 of year
2021

China, Russia, and Southern Africa.

The Chinese BeiDou system is a GNSS with a history of three generations. The
three generations of BeiDou have different goals. The first generation (BeiDou-1) was an
experimental regional system consists of four geosynchronous equatorial orbital (GEO)
satellites (three in operation and one as backup) and very limited positioning functions
within the territory of China. It was decommissioned in 2012. The second generation of
BeiDou (BeiDou-2, formerly called COMPASS) was aimed to offer better positioning and
navigation service over the Asia-Pacific region than BeiDou-1. Its constellation includes
four MEO satellites, six GEO satellites, and six inclined geosynchronous orbital (IGSO)
satellites. The first BeiDou-2 satellites were launched in 2007 and most of the BeiDou-
2 satellites are still in operation together with the third generation (BeiDou-3). The
constellation of BeiDou-3 was completed with reaching a global coverage in 2020. The
geostationary satellites are on purpose to enhance the performance of BeiDou in the
Asia-Pacific region. It includes 24 MEO satellites, three GEO satellites, and three IGSO
satellites. The ground track of the BeiDou satellites (BeiDou-2 and BeiDou-3) is shown
in Figure The ‘dot” and ‘8’ pattern trajectories of the GEO and IGSO satellites are
obviously visible. Although the space segment of BeiDou is well developed, the ground
segment of BeiDou is all located within Chinese territory (see Figure 10.22 in [Teunissen
and Montenbruck, 2017).

The two regional navigation systems have much fewer satellites in their constellations.
The full name of NavIC is Navigation with Indian Constellation. The constellation of
NavIC consists of three GEO satellites and four IGSO satellites. It is an independent
system providing navigation service for India and surrounding regions with a transmitted
signal in L5 and S frequency bands. Another regional navigation satellite system is the
Japanese Quasi-Zenith Satellite System (QZSS). The name is a good explanation for
its constellation which currently includes three satellites orbiting in highly inclined and

slightly elliptical geosynchronous orbits (three more in the future) and one GEO satellite.
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The ground track of the four operating satellites is shown in Figure 2.4b] To ensure
the visibility of the satellites within the territory of Japan, the IGSO satellites have
smaller inclination angles (43°+4°) than those of BeiDou (55°). This design leads to
the asymmetrical ‘8" pattern of their ground track. Unlike the stand-alone NavIC, being
compatible with GPS, QZSS provides highly precise and stable positioning services in the
Asia-Oceania region.

The constellations of the four GNSS now have global coverage. However, the accuracy
and reliability of their orbits and clocks are of central importance for positioning and
navigation applications. Only based on their own ground segments, the orbit quality can
only archive a limited level due to the limited observations and geometry. Although the
ground segments are sufficient for the broadcast, much higher accuracy is required for the
orbits by many applications. Including more and well-located ground stations (e.g., IGS
stations) is the common way to improve the orbits. The integrated processing with LEOs
is another solution that will be carefully discussed in Chapter [l The characteristics of
the LEOs are introduced in the next section.

The IGS is a voluntary federation of worldwide agencies dealing with the maintenance
of ground stations, the collecting and processing of data, and the generating of products
of all the GNSS. In general, the IGS is the highest-precision international civilian GNSS
community. It has more than ten analysis centers (ACs) contributing to the products
of orbits, clocks, ionosphere, station coordinates, etc. Due to the changes in the
parameterization, orbit modeling, and observation modeling led by the development in
methodology and techniques, the reprocessing starting at the observation level of the
historical data has been done three times by the IGS ACs. The third IGS reprocessing
campaign (repro3) is finished recently on February 10, 2021. The conventions and

modeling for repro3d are mentioned in various places in this study.

2.2 Other space geodetic techniques

To study the shape, gravity, and rotation of the earth as well as their evolution in time
of the earth, four space geodetic techniques are available. They are GNSS, SLR, Very
Long Baseline Interferometry (VLBI), and Doppler Orbitography and Radiopositioning
Integrated by Satellite (DORIS). They are all organized within the space geodetic services
of the International Association of Geodesy (IAG) and entities within GGOS. They are all
applied in various topics of the study about the solid Earth and its ocean and atmospheric
systems. Some detailed information on the GNSS is given in the previous section. The
other three techniques and the co-location of the different techniques are briefly introduced
in the following.

SLR is a technique using short-pulse lasers, optical receivers, and timing electronics
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to measure the two-way time of flight (distance consequently) from ground stations to
retro-reflector arrays on Earth-orbiting satellites. Laser ranging activities are organized
under the International Laser Ranging Service (ILRS) which provides global satellite
and lunar laser ranging data and their derived products (Pearlman et al.l [2002). VLBI
technique measures the time difference between the arrival of a radio wavefront emitted
by a distant quasar at two Earth-based antennas. As the time difference measurements
are the precision level of a few picoseconds, the determined relative positions of the
antennas achieve a precision of a few millimeters. The International VLBI Service
(IVS) is the international collaboration of organizations that operate and support VLBI
components (Schluter and Behrend, 2007). Only SLR and VLBI contribute to the
realization of the scale of ITRF until now. DORIS is a dual-frequency Doppler system
that has been included as a host experiment on various space missions with LEOs, e.g.,
HY-2A and Jason-2. It is in the opposite configuration of a GNSS. The microwave
signals based on the Doppler principle are transmitted by the ground-based radio beacons
and received by the space-based receivers. The organization in charge of DORIS is the
International DORISE Service (IVS, [Willis et al., 2010). It has to be mentioned that
GNSS, SLR, and DORIS as satellite techniques all can be used for the orbit determination
if the corresponding sensors are installed on the spacecraft. VLBI is used for deep-space
navigation. If suited equipment was installed on a satellite, VLBI can also contribute to
its orbit determination.

In this study, SLR is mainly used for the orbit validation of LEOs and the scales of the
TRF derived by VLBI and SLR are used to validate the GNSS-based solution. Therefore,
the discussion about the four techniques is not going deeper. More detail introduction,
comparison, and co-location of the four geodetic techniques are given by |[Coulot et al.
(2007)); |Plag and Pearlman (2009)); Mannel| (2016); Kodet et al.| (2018).

2.3 Satellite missions in low Earth orbits

A LEO is an object orbiting the Earth in a low orbit which has a conventionally defined
altitude lower than 2,000 km. Most of the artificial spacecraft are LEOs. Unlike the
GNSS satellites which focus on offering the positioning service, LEOs are launched for
many different purposes. Regarding the different purposes and usages, the LEOs fly in
orbits with different altitudes (usually 250 to 1300 km) and inclinations (from equatorial
to polar). The comparison between LEOs and MEO (limited to GNSS orbits) satellites
is presented in Table 2.1l The period and velocity differences between the two orbiters
are caused by their altitude difference which is larger than one order of magnitude. The
daily ground track of a GPS satellite and a LEO is shown in Figure 2.5 The advantage
of the LEOs are:
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Table 2.1: Characteristics of LEOs and GNSS MEOQO satellites

LEOs MEO satellites (GNSS)
altitude <2000 km 19,130~23,222 km
orbit period <128 minutes 11~14 hours
velocity 6.90~7.73 km/s? 3.67~3.95km/s
inclination 0° ~180° 5H° ~65°
ground coverage small large
signal received by ground® strong weak
orbit stability unstable stable
cost low high

a. altitude-dependent
b. assuming the same transmission pow
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Figure 2.5: One-day ground track of GRACE-A and one GPS satellite (G01)

the short period and low attitude of LEOs are suitable for the observing of the Earth

in high resolution, e.g., the realization of the gravity field and geomagnetic field;

the rapid movement of LEOs makes the observing geometry more diverse;

with same transmission power, the signal from a LEO is much stronger than that

of a MEO satellite to a ground receiver (Ramsey and Ziebart|, |2020);

LEOs have higher observing resolutions to the ground;

the launch of a LEO is much easier and cheaper than that of a MEO satellite.

The disadvantages also exist due to the low altitude:

o the rapid movement of a LEO may introduce some problems to the data down-link
when it flies over the receiving station in a few minutes, consequently more receiving

stations are needed;
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Figure 2.6: Ground tracks of the seven LEOs used in this study

o LEOs are visible to a very limited region on the ground, therefore more LEOs are

required to achieve a global-coverage constellation;

o the much stronger atmosphere drag in low altitude leads to more complicated orbit

modeling and more fuel usage for more maneuvers;

« related to the previous disadvantage the service life of a LEO is usually shorter than
that of a MEO satellite.

In this study, the LEOs equipped with GNSS receivers, i.e., obtaining space-based
GNSS observations, are focused. Seven of the LEOs are selected for these studies based
on real data in Chapters [3, [l and [} They are selected due to their good availability
of GPS observations, attitude data, precise orbit products, and antenna phase center
corrections. Moreover, they are simultaneously available in the year 2016 and 2017, and
this is very important for the studies about integrated processing. The seven used LEOs
are introduced below and their daily ground tracks are presented in Figure [2.6, There
are more LEOs fulfill the conditions mentioned above, for example, the satellites of the
sentinel missions. However, they are not implemented into the software during my study.
Moreover, there are other LEOs with available metadata and high quality data available
in earlier and recent years, for example, CHAMP, COSMIC, GRACE-FO, etc. They will
be included in future studies with long term processing.

The Gravity Recovery and Climate Experiment (GRACE) was a geodetic mission

with the overall objective to obtain long-term data for global (high-resolution) models of
the mean and the time-variable components of the Earth’s gravity field (Tapley et al.,
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2004). By mission definition, the two satellites were operating in the same orbital plane
by one leading another with an along-track distance of about 170km to 270 km. Their
orbital plane was a nearly polar orbit with an 89° inclination and its initial altitude was
about 500km. As the two satellites were equipped with BlackJack GPS receivers, they
obtained space-based GPS observations. The inter-satellite K-band observations between
the two satellites contributed to the Earth gravity field determination. They were also
equipped with a laser retro-reflector array and an accelerometer instrument. The twin
satellites ended their service life in October 2017. In May 2019, another twin satellites
were launched for the follow-on mission of GRACE (GRACE-FO, Kornfeld et al., [2019)).
The data of the twin satellites of the GRACE mission in 2016 are used in this study.

The Ocean Surface Topography Mission Jason-2 (OSTM/Jason-2) program con-
tributed to the studies in oceanography, marine meteorology, seasonal prediction, and
climate monitoring. Especially, the OSTM/Jason satellite made observations of ocean
topography for investigations into sea-level change and the relationship between ocean
circulation and climate change (Lambin et al., [2010)). It was the third satellite in a series
started in 1992 by the TOPEX/Poseidon mission (Fu et al., 1994) and continued by
the Jason-1 mission (Ménard et al., 2003)) launched in 2001. OSTM/Jason-2 flew in an
inclined orbit plane (66°) with an altitude of about 1330 km which is higher than the
other LEOs equipped with GNSS receivers. Besides the Turbo Rogue Space Receiver
for obtaining GPS observations, OSTM/Jason-2 was also equipped with an altimeter,
microwave radiometer, receiver for DORIS, and laser retro-reflector array. OSTM /Jason-
2 ended its service life in October 2019. Its follow-on satellite Jason-3(Vaze et al., |2010))
was launched in January 2016. Jason-3 flew about one minute behind OSTM/Jason-2 as a
tandem mission in the first few months after launching, thus double coverage of the global
ocean and improved data resolution were achieved. Due to the aging of OSTM/Jason-
2, the decommissioned spacecraft was then moved from the shared orbit to a 27 km-
lower orbit. The move is designed to safeguard the orbit for Jason-3 and its successor
Sentinel-6 Michael Freilich (formerly Jason-CS A) which was launched in November 2020
and obtaining GPS and Galileo observations. The data of OSTM/Jason-2 and Jason-3,
especially when they were sharing the orbit in 2016, is used in this study.

Swarm is a mission designed for the study of geomagnetic field ([Friis-Christensen et al.,
2006). The constellation consists of three satellites (Swarm-A/B/C) equipped with a
vector field magnetometer, an absolute scalar magnetometer, an electric field instrument,
an accelerometer, a laser range reflector, and a dual-frequency GPS receiver. Swarm-A
and Swarm-C fly side-by-side (20 to 200 km cross-track separation) as a pair at an initial
altitude of 470 km and 87.35° inclination angle. Swarm-B flies in a higher orbit (510 km
initial altitude) with 87.75° inclination. Therefore, the orbital plan of Swarm-B drifts
relative to that of the Swarm-A/C by about 25° per year (Sieg and Diekmannl, 2016;
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Table 2.2: Orbit information of LEOs with GNSS observations. SP3c codes are maintained
by the International Association for Geodesy to identify the spacecraft.

LEO altitude inclination launch mass objective SP3c
km] o kg
TOPEX/Poseidon 1350 66 2400 oceanography  LO1
GPS/MET 715 70 74 remote sensing  L02
GFO 784 108 416 oceanography  L03
Drsted 630-850 96 61 geomagnetic L04
CHAMP 300-500 87 500 geoscience L06
Jason-1 1336 66 500 oceanography  LOS8
GRACE 483-508 89 487 gravity field L09
ICESat 586-594 94 970 remote sensing L11
SAC-C 705 98 485 geoscience LO7
COSMIC 500 72 70 meteorology L21-1.26
MetOP 817 99 4093 meteorology L14
TerraSAR-X 514 97 1230 radar imaging  L13
OSTM/Jason-2 1336 66 510 oceanography  L27
GOCE 255 97 1077 gravity field L15
C/NOFS 405-800 13 384 ionospheric n/a
Swarm-A /C 460 87 468 geomagnetic L47
Swarm-B 530 88 468 geomagnetic L48
Sentinel-1 693 98 2300 radar imaging ~ L70/71
KOMPSAT-5 550 98 1400 remote sensing n/a
Sentinel-2 786 99 1140 optical imaging 1.72/73
Sentinel-3 814 99 1150 optical imaging L74/75
Jason-3 1336 66 553 oceanography  L39
TanDEM-X 515 97 1340 radar imaging  L20
Sentinel-5P 834 99 900 atmospheric n/a
PAZ 508 97 1341 radar imaging  L66
GRACE-FO 482-506 89 600 gravity field L64
COSMIC-2 520-550 72 300 meteorology L76-1L87
Sentinel-6A 1320 66 1362 oceanography  n/a

Montenbruck et al. 2018). The space-based GPS data of Swarm-A/B/C in 2016 and
2019 is used in this study.

Besides the seven LEOs introduced above, many other LEOs were or are obtaining

space-based GNSS observations.

In Table some orbit information and the main

objective of 26 previous or active missions are listed. These LEO missions are designed

for various purposes, for example, the studies on oceanography, geomagnetic, gravity field

of the Earth, radar imaging, etc. Their altitudes, orbital inclination, and launch mass
vary from 255km to 1336 km, 13°to 108 °, and 61 kg to 4093 kg, respectively. The SP3c

code is listed in the spacecraft ID correspondence table for orbit exchange files maintained
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Figure 2.7: Long-term status of the space-based data of the LEOs.

by IAGE| The letter ‘L stands for non-GNSS spacecraft. The SP3c codes of all GNSS
satellites are identical to the codes used in the RINEX data and navigation message files.
New missions can submit code requests to the IAG and then be approved by IGS, ILRS,
and IDS. According to my study experience, the SP3c code is not commonly used, for
example, missing from the header of their observation file or scientific orbit file. However,
in the consideration for processing, the SP3c code is useful to identify the different LEOs
in joint processing. Therefore I implemented the SP3c code in the software used for this

study and highly recommend it.

The space-based GNSS observations mainly contribute to the precise orbit determi-
nation of the LEOs. The LEOs can also contribute to the GNSS as a rapid-moving
station, especially considering the continuity and simultaneous availability of the space-
based GNSS data shown in figure[2.7] In recent years, more and more LEOs are equipped
with GNSS receivers and operating simultaneously. It makes the joint processing of the
GPS and multi-LEOs based on real data come true in this study.

https://cddis.gsfc.nasa.gov/Techniques /sp3c_ satlist.html
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CHAPTER 2. BACKGROUND OF PRECISE ORBIT DETERMINATION

2.4 Reference systems and frames

There are two types of reference systems commonly used in the study of astronomy,
geodesy, physical geodesy, etc. They are International Celestial Reference System (ICRS)
and International Terrestrial Reference System (ITRS). Both systems are defined based on
the purpose that the geodetic observations can be represented as functions of parameters.
These reference systems are realized by a set of coordinates of markers, i.e., reference

frames. The above-mentioned reference systems and frames are introduced in this chapter.

To valid Newton’s laws of motion, the motion of objects should be described in an
inertial reference system. To describe the motion of the Earth, planets, and artificial
spacecraft, an inertial reference system can be realized by observing radio sources outside
the Milky Way galaxy, i.e., extragalactic objects. Due to the distance of the extragalactic
radio sources, they are apparently stationary based on our current technology. Therefore,
the inertial system is space-fixed. The barycentric celestial reference system (BCRS) is a
typical inertial system with the center of mass of the solar system used as its origin. The
ICRS (Feissel and Mignard}, [1998) is the conventional version of the BCRS. The axes of
the ICRS are defined by the directions of the extragalactic radio sources. ICRS is mainly
used for objects outside the gravitational vicinity of Earth. More details are given by
the IERS 2010 Conventions (Petit and Luzum| 2010). The ICRS is represented by the
International Celestial Reference Frame (ICRF) which is realized by VLBI estimates of
equatorial coordinates of a set of extragalactic compact radio sources (Ma et al., [1998).
The latest update is the third realization (ICRF3, |Charlot et al., 2020). The Geocentric
Celestial Reference System (GCRS) is used to describe the position and motion of near-
earth objects, e.g., artificial spacecraft, which are orbiting around the Earth (Nothnagel
et al., |2010)). The origin of GCRS is shifted from the Barycenter to Earth’s center which
is the center of mass of Earth including the mass of the solid Earth, the cryosphere, the
ocean, the continental hydrosphere, and the Earth’s atmosphere. The orientation of the
GCRS coincides with that of the BCRS. However, due to the gravitational attractions
of the Sun, the Moon, and the planets the GCRS is not absolute inertial. The effect of
Earth’s revolution and the geodetic precession and nutation should be taken into account
when describing the motion of objects in GCRS. The dynamic equations of motion of
GNSS satellites and LEOs are generated under the ICRF.

A Terrestrial Reference System (TRS) is a spatial reference system co-rotating with
the Earth. The positions of points attached to the solid surface of the Earth only
have small variations with time. The variations are caused by geophysical effects, for
example, tectonic or tidal deformations. This reference system is obviously accelerated,
i.e., not inertial. According to the characteristics of the TRS, it is a well-defined system

to describe positions or small movements of objects on the Earth’s surface. The ITRS
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is the conventional version of the TRS. According to the IERS conventions (Petit and
Luzum)| 2010), the ITRS is defined as below. It is a geocentric system with the origin in
the center of mass of the Earth. The unit of length of the I'TRS is meter. The time of the
ITRS consistent with the geocentric coordinate time (TCG). The orientation of the ITRS
is constrained by applying a no-net-rotation condition to the horizontal Earth surface.
The ITRF is the most important realization of the ITRS. It includes the coordinates and
velocities of a set of selected stations which are computed by combining the solutions of
four space geodetic techniques, including VLBI, SLR, GNSS and, DORIS. The latest
update is ITRF2014 (Altamimi et al., 2016). There are another two TRF, namely
DTRF2014 (Seitz et al., 2016) and JTRF2014 (Abbondanza et al., |2017)), released by
the German Geodetic Research Institute in Technical University of Munich (DFGI-TUM)
and the Jet Propulsion Laboratory (JPL), respectively.

The coordinates in the two systems are normally connected by geodetic observations,
for example, the inertial orbits of GNSS satellites and the coordinates of ground stations
are linked by the ground-based GNSS observations. Therefore, a transformation between
the TRS and CRS is important for the processing including the coordinates in terrestrial
and inertial systems. The transformation from the TRS to the CRS and its reverse
processing can be applied in two approach. The first one is the so-called equinox method
which uses the Greenwich apparent sidereal time (GAST) for the angle of Earth’s rotation

and the traditional precession and nutation series, given by

TTRS — WTRg(GAST)NPBTCRS (21)
rcrs = B'P'NTR, (CGAST)Wrogg (2.2)

where rrrg and rcrg are the vector of coordinates in TRS and CRS, W is the polar motion
matrix,Rj3 is the elementary rotation matrix about the z-axis, N and P are transformation
matrices of nutation and precession, and B is a small rotation to account for the bias of
the frame. Based on Celestial Intermediate Origin (CIO), IAG resolved another approach
by defining the origin for right ascension in the intermediate celestial system by the non-
rotating origin. The nutation and precession transformations are combined with the Earth

rotation in the CIO-based approach, given by

rrrs = W' R3(ERA)Q regs (2.3)
TCRs — QR;—(ERA)WT'TRS (24)

where ERA means Earth rotation angle, Q is the combined rotation matrix and defined
by IERS Conventions 2003 as the rotation from the system of the instantaneous pole and

origin to the reference system. More details about the transformations can be found in
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CHAPTER 2. BACKGROUND OF PRECISE ORBIT DETERMINATION

many literatures. The CIO-based approach is applied to the processing in this study.

2.5 Precise orbit determination technique

Precisely determined orbits are the prerequisites for further applications of the satellites,
especially for the applications in geodesy and other earth science. Based on the ground-
and space-based observations of geodetic observing techniques, there are two main POD
approaches. The first one is kinematic POD which is based only on the geometry
information of observations. Another approach is called dynamic POD as the forces acting
on the satellites and the physical properties of the satellites are modeled to describe the
motion of the satellites. An enhanced approach of the dynamic POD is achieved by
introducing empirical parameters or stochastic pulses to reduce the impact of deficiencies
modeling on the orbits. This enhanced approach is called reduced dynamic POD and is
mainly applied to LEOs due to the larger and more variable perturbations.

The POD technique has been deeply studied during the past decades. The detailed
introduction of POD can be found in previous studies (Montenbruck and Gill, [2000; Bock,
2003; Jaggi et al.. 2007). The kinematic POD and (reduced) dynamic POD are briefly
introduced in Sections [2.5.1] and 2.5.2] Although the observations of GNSS, SLR, and
DORIS are used in POD (Luthcke et al., 2003; Bury et al., [2020)), only GNSS observations

are used for POD in this study, and SLR observations will be used for external validation.

2.5.1 Kinematic POD

If a station, a vehicle, or a spacecraft is equipped with a GNSS receiver, its epoch-wise
position can be computed based on the obtained GNSS code and phase observations.
The kinematic positioning of artificial satellites is also called kinematic POD. It is mainly
applied to LEOs. It can also be applied to GNSS satellites by fixing the coordinates
of ground stations, but the positioning quality is much worse than that of LEOs and
ground stations (Svehla and Rothacher, 2005a) caused by the correlation between radial
position and clock due to the small nadir angles of the observations. In kinematic POD,
additional information about the forces acting on the object is not needed. Therefore, the
precision of the solution is only based on the precision of the observations, their geometry,
and the GNSS orbit and clock products used. The processing is done in an Earth-fixed
frame. As there are three coordinates and one receiver clock unknowns in each epoch,
the observations for at least four GNSS satellites are required to derive a solution. As the
kinematic orbit is discrete due to the epoch-wise solution, the position of the object at
a non-observation moment needs to be interpolated. The processing includes three steps

in general. Firstly, by using Bancroft method (Bancroft, [1985) or code-observation-based
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2.5. PRECISE ORBIT DETERMINATION TECHNIQUE

positioning, i.e., single point positioning (SPP), or both, the initial positions (accuracy
in meters) of the satellite is computed without any a priori information. Secondly, after
the outliers detection and editing of the observations based on the initial positions, the
orbit is updated by another round of SPP. This step is performed repeatedly to clean the
observations and update the results. In the last step, the code and phase observations
are used together. The time-difference phase observations are generated to solve the
phase ambiguities. The final orbit is determined by combining the positions derived by
code observations and the position differences (accuracy in mm to cm) derived by phase
observations. The detailed introduction of the above-mentioned approach is given by
Bock! (2003)); [Chen| (2007). As the focus of this study is on the dynamic POD that will
be introduced below, more detailed information and discussion about kinematic POD
are not given. Svehla and Rothacher| (2003) compared the kinematic and dynamic POD
performance on LEOs in detail. Moreover, the kinematic POD of LEOs are also applied to
determine the gravity field of the Earth which is another hot topic (Svehla and Rothacher,
2005b; [Jaggi et al., [2016; Ren and Schon, 2018]).

2.5.2 Dynamic POD

The dynamic POD is the common approach for LEOs and GNSS satellites. Besides
making full use of the GNSS observations, the motion of the satellites which is led by
different dynamic forces is modeled as accurately as possible. The motion of a satellite
consists of the Keplerian motion due to the gravitational force originating from a central
body (two-body problem) and the perturbing accelerations due to different reasons.

Accordingly, the equation of the motion in the inertial reference system is given by

GMr
R3

r=— —|—a(7°,7",t,p1,p2,...,pi) (25)

where 7, 7, and 7 are the vectors of the position, the velocity, and the total acceleration
of the satellite at time ¢, R is the distance between the satellite and the central body
(the Earth), G is the universal constant of gravity and M is the mass of the Earth, a
denotes the perturbing accelerations which is a function about the satellite state (r and
7,), the time, and the modeling parameters (pi,ps,...,p;). The perturbations include
gravitational and non-gravitational ones. The gravitational perturbations are caused by
gravity field issues including the oblateness of the Earth, the attraction of Sun, Moon,
and planets (i.e., N-body perturbation), the tides of solid Earth, ocean, and pole, and
relativity issue. The non-gravitational perturbations are caused by the atmosphere drag,
the solar radiation pressure, the Earth radiation pressure, etc. The above-mentioned

perturbations are modeled based on nature physics. The modeling equations are given

by many previous studies (Rothacher, 1992; Bockl, [2003; |Chen, 2007, [Ménnel, 2016). A
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Table 2.3: Orbit modeling for GNSS satellites and LEOs in this study

Perturbations

Models applied in this study

Gravitational
Earth gravity field

N-body perturbation
Relativity

Solid Earth, pole tide
Ocean tide
Non-gravitational
Atmospheric drag
Solar radiation pres-
sure

EIGEN-GRACEO02S (Reigber et al., 2005); 12 x 12 for
GNSS satellites; 120 x 120 for LEOs

JPL DE405 (Standish) |1998)

IERS conventions 2010 (Petit and Luzum), 2010)

IERS conventions 2010

FES2004 (Lyard et al., 2006])

DTM94 (Berger et al., [1998); only applied to LEOs
reduced ECOM (Springer et al., [1999) for GPS
and GLONASS; a priori box-wing model + reduced

ECOM (Montenbruck et al., 2015)) for Galileo; box-wing
macro models (Marshall et all 1992) for LEOs
Earth albedo radia- analytical, box-wing model; only applied to GNSS

tion

general introduction of the perturbations and the dynamic models applied in this study
(listed in Table is given below.

The gravity field of the Earth is usually represented by spherical harmonic functions.
The modeled gravity field consists of a set of the estimated coefficients of the function.
There are 176 available static gravity field models from 1966 to nowE]. The models are
estimated based on different data sources including altimetry data, satellite-based data,
ground-based data, and topography. They also have different maximum degrees and
orders and time varying components. EIGEN-GRACEO02S as the default model in PANDA
software is applied for the POD in this study. It is up to degree and order 150. Although
it is not the newest model, it is based on the data of the GRACE mission, thus it is
sufficient for the POD of GNSS satellites and LEOs. Depending on the attitude of the
satellites, different gravity field coefficients have to be considered. [Bock! (2003]) concludes
that the Earth gravity field has to be up to degree and order 8 x 8 for GNSS satellites
and up to degree and order 120 x 120 for LEOs. Therefore, degree and order 12 x 12
are applied for GNSS satellites, and 120 x 120 is applied for LEOs. The perturbation
caused by the attracting of the sun, moon, and planets is computed based on the JPL
planetary and lunar ephemerides. The tidal perturbations are modeled by following the
current IERS conventions. The global ocean tide model FES2004 generated by [Lyard
et al.| (2006)) is applied to the processing.

The non-gravitational perturbations require a joint consideration for the characteris-

tics of the forces and the mass, geometry, surface optical properties, and attitude of the

3http:/ /icgem.gfz-potsdam.de/tom_ longtime
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satellites. Therefore, they are more complicated to be modeled than the gravitational ones.
In this study, three main non-gravitation perturbations are applied for the POD. The first
one is the perturbation due to atmospheric drag. It depends on the atmospheric density
along the orbit, the cross-sectional area of the satellite in the relevant direction for the
air drag, the mass of the satellite, and the velocity of the satellite. The drag temperature
model described by Berger et al.| (1998) is used to estimate one drag coefficient parameter
per interval. This perturbation is mainly applied to LEOs, especially for the LEOs
that fly lower than 1000km, due to the dense atmosphere at a lower altitude. The
second one is the solar radiation pressure (SRP) acting on the satellite area which is
illuminated by the sunlight. The SRP is the largest non-gravitational perturbation acting
on GNSS satellites. The shape (geometry of different components) and attitude of the
satellite decide the size of the illuminated area and the force direction. The reflection
characteristics of the satellite surface impact the pressure. The SPR models for GNSS
satellites and LEOs are listed in Table 2.3] By introducing the coefficients of the SRP
in three directions of a Sun-oriented reference frame as parameters, the empirical CODE
(Center for Orbit Determination in Europe) orbit model (ECOM) is developed for GNSS
satellites (Beutler et al., [1994). The reduced ECOM (Springer et all |1999) and the
enhanced ECOM (Arnold et al., 2015) are developed to cope with different deficiencies of
classical ECOM. Using a similar approach, empirical GPS solar pressure models (GSPM,
Bar-Sever and Russ, [1997) were developed at JPL. The ECOM models are popularly
used within the IGS. The reduced ECOM with five parameters is used for all GNSS
in this study. To model the atmosphere drag and SRP one LEOs, a box-wing macro-
model (Marshall et al.| [1992) is applied to the LEOs. The macro-models of different LEOs
are taken from different sources (Bettadpur, [2012; Cerri and Ferrage, 2015, Montenbruck
et al. 2018). Additionally, an enhanced ECOM model (Montenbruck et al., 2015) by
introducing a box-wing a priori model is applied to Galileo to improve the solution. The
Earth radiation is the third one. It contains the solar radiation reflected by the Earth’s
surface and clouds and the re-emitted radiation due to the absorbed solar radiation.
This perturbation acting on a box-wing satellite is computed by using the functions
programmed (Rodriguez-Solano, 2009). It is also used by the IGS third reprocessing
campaign ﬂ The analytical approach (Rodriguez-Solano, 2009)by using a constant Earth
Albedo(0.3) is applied to GNSS satellites in this study. The perturbation caused by the
Earth radiation is not implemented to LEOs yet. Although the acceleration of LEOs
due to the Earth Albedo is normally smaller than the other perturbations (Bockl [2003;
Mannel, [2016), it should be considered to determine the orbits more precisely. According
to previous studies in literature, the average accelerations of GNSS satellites and LEOs

caused by the above-mentioned three perturbations are summarized in Table 2.4 No

4http:/ /www.acc.igs.org/repro3/repro3.html
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Table 2.4: Average accelerations [m/s?] caused by non-gravitational perturbations

Sat. Altitude [km] Atmosphere SRP Earth radiation
GOCE* 255 1.6 x 107 2.7 x 1078 7.0 x 1078
GRACE-A? 490 1.5x107% 5.1x1078 1.6 x 1078
OSTM/Jason-2¢ 1330 2.2x 10719 1.5x 1077 1.8 x 1078
GPSs? 20,200 - 1.0x 1077 9.8 x 10710
Galileo? 23,200 - 1.0 x 1077 1.4 x 107°
IGSO® 37,000 - 1.0x 107" 7.0 x 10719

a. taken from Mannel (2016);
b. taken from |Teunissen and Montenbruck| (2017);

pseudo-Stochastic pulse (Jaggi et al., 2007) is applied in this study.

2.6 Observation equations, processing configuration,

and parameters

The observation equations between GNSS satellites s and ground- or space-based receivers

r (Teunissen and Montenbruck, [2017)) are written as:

pi = pi(rt ) + oldt, — di*) + T) 4+ IF + ¢,
o1 = pi(r" ) + eldty — dE*) + T7 — IF 4+ AM; + €, (2.6)

where p? and ] are the pseudo-range and carrier-phase observations, p; is the geometric
range between the transmitter (position 7°) and the receiver(position 7,.), ¢ is the speed
of light, dt, and dt° are the receiver and satellite clock offsets, 7Y and I are the
tropospheric and ionospheric propagation delays, e; and € are the unmodeled errors
of the observations. To eliminate the error of the first-order ionospheric delay, the
ionosphere-free linear combination Lz = ﬁ (fiL, — f2L,) is performed. Depending
the processing purpose, different terms in the equations are treated as estimates or a
priori information. The configuration and parameterization for separate and integrated
POD of GNSS satellites and LEOs are introduce in Table2.5l The stochastic model for the
ground-based GPS observations is the elevation-dependent weighting model. The space-
based observations are equally weighted as the ground-based observations with 90-degree
elevation angles. The pseudo-observations defining the constrains are weighted based on
the a priori uncertainties. The Position and Navigation Data Analysis (PANDA, [Liu
and Ge|, 2003) software is used for the processing in this study. The PANDA software
is a well developed software for orbit determination and positioning in real-time and
post-processing. Besides the general information shown in Table [2.5] more details about
integer ambiguity fixing strategy and the empirical parameters of LEO POD should be
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given. An integer fixing of the ambiguities is performed on the double-difference level
and requires data over a longer time interval. Therefore, ambiguity fixing can only be
applied for baselines between ground stations or between LEOs in formation flying. As
the double-difference ambiguity fixing has very slight impact on the dynamic orbits of
LEOs (Guo et al.| 2020)), it is only applied with the ground stations. The parameters of
empirical accelerations are estimated once per revolution in three directions (along-track,
cross-track, and radial). In different topics, the parameterization has some difference. In
the POD studies, the accelerations in three components are estimated. In the studies
about the antenna phase center offsets and the scale, only parameters in along- and cross-
track directions are estimated. The LEO orbits are more dynamic than the ones derived
by the former configuration. Therefore, the gravitational constraint from the LEOs can
be introduced to the studies in Chapter || effectively.

The solutions based on the observation equations only can be called kinematic. In the
dynamic POD, the observation equations are combined with the motion equations. The
initial state of satellite xq, i.e., satellite position ry and velocity 7y at the initial epoch
time ¢y, and the n force modeling parameters p; _, are the unknowns. The satellite state
x; at any time t; can be derived by the numerical integration from the initial state. The
state equation (Montenbruck and Gill, |2000) reads

x;, =T (t;,to)xo + S(ti, to)P1,..n (2.7)

where T'(t;,to) and S(t;,to) are transition matrices and sensitivity matrices formed by
truncated Taylor series of Equation [2.5] The estimation is performed by inserting
Equation to linearized Equation The accurate initial epoch states and force

modeling parameters are estimated in a least-squares adjustment.

Table 2.5: Configurations and parameterization for different topics in this study

Common configurations

Software PANDA software (Liu and Gel 2003))

Arc length 24 hours (30 hours for overlapping comparison)

Cut-off elevation 7° for ground stations and 3° for LEOs

Observations zero-difference ionosphere-free phase and code measurements

Weighting ground-based observations: elevation-dependent weighting model;
space-based observations: equally weighted as ground observations
with 90° elevation

LEOs attitude antenna position and star camera based spacecraft attitude (quater-
nions data provided by operators)

LEOs PVs not applied

GNSS PV IGS.atz (Schmid et al., |2016])
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Station PCOs/PVs  IGS.atx
Ambiguity fixing double-difference; only within ground stations
GNSS POD
Sampling rate 5 minutes
GPS PCO known; igs14 2086.atx
GNSS orbit estimated; initial epoch state vector and five solar radiation

Earth Orientation

Tropospheric delay

Station coordinate

Clock offset

pressure parameters; initial orbital elements are generated from
broadcast ephemeris

estimated; TERS EOP as a priori; 24h interval; piece-wise linear
modeling

estimated; for each ground station; piece-wise constant zenith
delays for 1h intervals; piece-wise constant horizontal gradients for
4h intervals

estimated; constrained by a priori uncertainties; datum defined by
tightly constrained core stations

estimated; satellites and receivers; epoch-wise; pre-eliminated

Sampling rate
GNSS PCO

LEO PCO

GPS orbits/clocks
LEO orbits

Clock offset

LEO POD
30 seconds
known; igs08_1930.atz or igsl4_2086.atz (depending on year)
fixed to known values
known; IGS final products as known information and datum
estimated; initial epoch state vector; piece-wise empirical accelera-
tions and atmosphere drag parameters; initial orbital elements are
generated from official orbit products

estimated; on-board receivers; epoch-wise; pre-eliminated

Sampling rate
GNSS PCO

LEO PCO

GPS orbit

LEO orbit

Earth Orientation
Tropospheric delay
Clock offset

Station coordinate

Integrated processing
5 minutes for GPS and LEOs
fixed to 4gs08_1930.atx for the study of integrated POD, fixed to
19s08__1930.atx or igsR3 2057 or freely estimated for the studies
about PCO and scale
fixed to known values or estimated
estimated; same as GNSS POD
estimated; same as LEO POD
estimated; same as GNSS POD
estimated; same as GNSS POD
estimated; GNSS, LEOs,and stations; epoch-wise; pre-eliminated
estimated; same as GNSS POD for integrated POD study; no-net-
rotation to a priori for PCO study)
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Dynamic POD of GNSS satellites and
LEOs

In Chapter [2| some background knowledge and the theory of POD are introduced. The
results of dynamic POD for GNSS satellites and LEOs are presented in this Chapter.
The processing strategy and some experiment solutions for the dynamic POD of GPS,
GLONASS, and Galileo are discussed in Section [3.I] An improved outlier detection
method for pseudo-range observations is presented in Section [3.2 By using this method,
the initial orbits of LEOs or the SPP solution of a ground-based receiver are improved
due to the healthier data used. The POD of seven LEOs are discussed in Section [3.3]

3.1 Precise orbit determination of GNSS satellites

The POD of GNSS satellites is mainly performed with ground-based observations by a
dynamic approach (e.g., Montenbruck and Gill, 2000; Hackel et all 2015; Zhao et al.
2018). The weighted RMS of individual GPS orbit products provided by the IGS ACs
with respect to the combined solution is 6.3 mm to 11 mm (Choi, 2014)). In this section,
the dynamic orbits of GNSS satellites are determined based on the modeling introduced
in Section and the parameterization introduced in Section 2.6 The processing

including seven steps:

1. data preparing for broadcast ephemerides, for ground observations, for correc-

tions(e.g., antenna phase center corrections), data related to modeling, etc.;
2. data cleaning for observations based on TurboEdit (Blewitt], 1990));

3. generating the initial orbits by applying orbit integration to the broadcast

ephemerides;
4. iterative least-squares (LSQ) estimation;

5. data cleaning based on the residuals of observations and orbit updating based on

the estimate after each iteration;
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(a) GPS and GLONASS (b) Galileo
Figure 3.1: Selected IGS stations for GNSS POD

Table 3.1: 1D RMS [mm]| of GNSS orbits averaged over satellites and 30 days

System Without Transformation With Transformation
along Cross radial |along Cross radial
GPS 41 39 18 20 15 14
Galileo 47 42 22 24 17 19
GLONASS 58 81 35 52 50 19

6. integer ambiguity fixing between ground stations;
7. one more iteration of LSQ estimation and orbit updating.

The processing period is the first 30 days of 2020. BeiDou is excluded due to the
ongoing implementation of BeiDou-3 satellites into PANDA software. To compared the
orbits between different GNSS, two nearly identical ground station networks are selected.
They are presented in Figure[3.1} The left one is used for GPS and GLONASS and includes
100 IGS stations. The right one is used for Galileo and includes 101 IGS stations. The
selected stations have precise a priori coordinates provided by the IGS final products
in Solution Independent Exchange (SINEX) format, therefore all the stations contribute
to the datum due to the strong constraints. The stations of the networks are selected as
evenly distributed as possible by using a self-developed script. The script has three steps of
selection. First, using the information about observations file offered by Operational Data
Centre (ODC) of GFZ AC in JavaScript Object Notation (JASON) format, the multi-
GNSS stations obtaining GPS, Galileo, and GLONASS observations are selected for each
day. Second, the stations which are always available during the 180 days are selected.
At last, based on the coordinates and the selected stations, the stations which are closest
to the centers of the geodetic blocks divided by intervals of longitude and latitude are
selected. The density of the network can be adjusted by change the intervals of longitude
and latitude. Although this is not an optimized algorithm due to the different sizes of the
blocks, it is sufficient for the POD according to the experience. The selected two networks
have 91 common stations. Therefore, the datum, the number of observations, and the

distribution of the two networks are very similar. The determined orbits of the GPS and
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Figure 3.2: Orbit comparison with external products. Helmert transformation is applied
in (b). Orbits of GPS and GLONASS are compared with IGS final products. The orbits
of Galileo satellites are compared with MGEX products from GFZ
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GLONASS satellites are compared with IGS final products (International GNSS Service,
2020). The orbits of Galileo are compared with the MGEX products of the GFZ AC (Deng
et al.,2016]). The orbit comparison is done in two ways. One is a direct computation of the
position differences. In the other one, the seven Helmert transformation parameters are
computed simultaneously with the orbit differences in each daily arc. Figure presents
the root mean square (RMS) of the orbit differences compared to external orbit products
in along-track, cross-track, and radial directions. Each curve denotes the time series of
one satellite. Table shows the 1D RMS averaged over satellites and 30 days.

No matter whether the Helmert transformation is applied, the RMS of GPS and
Galileo are smaller than that of GLONASS in three directions. This is mainly caused by
the ambiguity fixing issue due to the FDMA signal of GLONASS (see Section and
by modeling uncertainties of the GLONASS satellites (e.g., PCOs, Dach et al., |2019).

In the comparison without applying Helmert transformation, all satellite orbits have
the smallest RMS (two to three centimeters) in the radial direction. Galileo has a slightly
larger RMS (three to six millimeters) than GPS in three directions. However, the different
sources of the reference orbits have been mentioned above. The GLONASS orbits have
17mm, 42mm, and 17mm larger averaged 1D RMS than the GPS orbits in along-track,
cross-track, and radial directions, respectively. Unlike GPS and Galileo having the largest
RMS in the along-track direction, GLONASS has the largest RMS in the cross-track
direction (81 mm). Moreover, the variation between different satellites of GLONASS is
much larger than that of GPS and Galileo. It is also related to the ambiguity fixing issue
and modeling uncertainties of GLONASS. Same peaks appear in the time series of RMS
in along-track and cross-track directions for GPS and Galileo (also visible in GLONASS).

It is caused by the different datum definition between this study and external products.

When the seven Helmert transformation parameters are estimated, the systematic
differences caused by the datum definition and the Earth rotation parameters (ERP)
are removed. The orbits of all satellites have smaller RMS in three directions than the
comparison without applying Helmert transformation. GPS and Galileo have similar
reductions with about 20 mm, 25 mm, and 5 mm in the along-track, cross-track, and radial
directions, respectively. Consequently, for GPS and Galileo, the orbits of all satellites
have similar accuracy in cross-track and radial directions which is higher than the along-
direction. It can be explained by the orbit dynamic constraints on the cross-track and
radial directions. The reductions of GLONASS orbit RMS are small in along-direction
(6mm in average) but significant in cross-track(31 mm) and radial (26 mm) directions.
The variation between different satellites of GLONASS is reduced as well. As a result of

removing the impact of datum differences, the peaks in the times series are all gone.

There is an outlier GPS satellite with space vehicle number (SVN) G062 on day

seven with obviously larger RMS in along-track and radial-track directions than the other
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Figure 3.3: Day boundary epoch differences of GNSS orbits

satellites. It is also visible in the day boundary epoch comparison results shown in
Figure The residuals of its phase observations are three millimeters (average over
stations) larger than the other satellites. However, no outlier station is visible. A deeper
investigation is needed to find out the reason. Without applying Helmert transformation,
eight Galileo satellites have larger RMS in the radial direction than the other satellites
in the first six days. Moreover, the RMS in the radial direction of the eight satellites
decreased by time and reached the same level as other satellites on the 7th day. Applying
Helmert transformation can not remove this issue, therefore it is not a systematic issue.
It has been found out that the eight Galileo satellites flew in the same orbital plane (A)
with a very small solar elevation angle during the first six days. The orbital solar elevation
angle increased from 8° on the first day to 13° on the seventh day. The larger RMS in
the radial direction for the eight satellites can be explained by the modeling of the SRP

during the eclipse season.

Besides the external comparison, an internal comparison based on the overlapping
differences at the day boundary epoch is performed. All the 24-hour orbits are extended
by one epoch with orbit integration. The satellite position differences at the overlapping
epoch of the two adjacent arcs are computed in three directions. The results are shown
in Figure [3.3] Again the position difference RMS of the along-track component is larger
than the other components and GLONASS has a large variation between satellites and
worse solution than the other system. The external and internal comparisons agree with
each other. The POD quality for GNSS satellites in our study is comparable with official

products.
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3.2 Outlier detection for pseudo-range observations

The GNSS data quality is a very important issue for processing. In the PANDA software
and some other GNSS processing software packages, the data quality control is mainly
based on TurboEdit in the pre-processing and the iterative data cleaning based on the
residuals of carrier phase observations (Blewitt, 1990). However, as any technical issue
can hardly be solved perfectly, the outlier may not be detected in special situations.
For example, in the integrated orbit determination study discussed in Section [£.3] the
outliers in the pseudo-range observations of a ground station are not successfully detected
for three days, thus the determined GPS orbits have a much worse accuracy compared
with the other days. It may also happen to the data cleaning for the positioning of
moving receivers. Therefore, an improved outlier detection method is developed for the
pseudo-range observations to make the whole processing more robust. This method can
be applied to static and kinematic ground stations and LEOs to improve the accuracy of
their positions or initial orbits in the SPP solution. The flowchart of this method is shown
in Figure [3.4] In general, it is an algorithm removing only the bad observations based
on traversal calculation of epoch-wise position by employing different four-observation
subsets and inverse checking of the other observations. The detailed steps are as follows.
In the first step, the epoch-wise SPP of a ground station or a LEO is performed by using
pseudo-range observations. In the SPP processing, the broadcast ephemerides of GNSS
satellites are used as a priori information. The coordinates in three components and
the clock correction of the receiver are the four parameters estimated. Meanwhile, the
residuals of the pseudo-range observations are computed. This method can be applied
when at least five observations are available. To save the computation time, the detection
should be applied only to the epochs that potentially have outliers. Whether the maximum
residual of all observations is larger than 30 m is the criterion for an epoch with outliers.
The next step is to get all four-observation subsets of all the observations (n) in the current
epoch. Using the four observations of each subset, SPP is processed again to compute the
position and clock correction of the receiver. With a forward step, the distances between
all observed GNSS satellites and the derived receiver position are computed. Then the
differences in absolute values (d; ) between the distances derived in the previous step
and the corresponding pseudo-range observations are computed. The mean of d;__, (d) is
used to set up the thresholds based on experience. All differences d; ., are compared to
the empirical thresholds 2d and 4d. If there is only one d; larger than 4d and the remaining
dy . n—1 values are smaller than 2d, the observation with the largest d; is the outlier.
Otherwise, the outlier is not detected in the current subset, then start the processing

with the next four-observation subset in the current epoch until the outlier is detected.

This method is on purpose to detect unique but extreme outlier in one epoch. When
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Figure 3.4: Flowchart of improved outlier detection for pseudo-range observations
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z) and the position differences (AS). 257 epochs are detected to have potential outliers.
The dashed vertical lines highlight the examples of three cases with different performance
of the three methods

the four observations in the processing subset are all healthy and in good geometry, the
computed position and clock correction of the receiver is convinced. If there is only one
outlier existing, the outlier is reflected in its correction computed by using the solution
mentioned above. However, when there are more than one large outliers in the same
epoch, this method will probably fail. The thresholds 2d and 4d are designed based on
practical experience.

By comparing the SPP results of the GRACE-A satellite in three different schemes,
the improvement of this outlier detection method is presented below. Based on the 30 m
criterion for the maximum residual of pseudo-range observations in one epoch, there are
257 epochs with potential outliers detected on September 16, 2016, for the GRACE-A
satellite. In SPP scheme A, no outlier detection procedure is performed. In scheme B,
the usually used method (usual detection) by excluding the pseudo-range observation
with the largest residual is performed. Scheme C includes the outlier detection method of
this study(improved detection). The SPP solutions are compared with the official orbit
product of GRACE-A. The position differences and their components in three directions
of the Earth-fixed system of the 114 outlier-epochs are shown in Figure In general,

the improved outlier detection derived the best solution except for a few epochs. Three
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Table 3.2: Statistics of the SPP solutions using three outlier detection schemes

A B C
no detection  usual detection  improved detection
|Az| mean/STD [m]  76.2/66.2 60.9/76.1 19.0/18.9
|Ay| mean/STD [m] 69.0/59.0 71.3/72.7 23.3/15.8
|Az| mean/STD [m] 37.6/30.9 13.5/23.9 5.4/11.2
AS mean/STD [m]  121.4/59.4 99.7/92.7 34.0/12.9
correction rate [%] - 56.7 97.4
error rate [%] - 49.3 1.8
failure rate [%)] - - 0.8

epochs are highlighted as example cases to discuss the three different situations. For epoch
25 (highlighted as case 1), the solutions derived by the usual and improved detection are
identical and better than that of no detection applied, because both detection methods
exclude the outlier successfully. For epoch 175 which is marked as case 2, the expected
solution is presented. By applying the usual detection, instead of the real outlier, another
observation with the largest residual is excluded. Since the outlier remains and healthy
observations are reduced, the usual detection leads to an even worse solution than that
of no detection applied. The improved detection excludes the outlier successfully and
improved the solution significantly in case 2. Epoch 74 (marked as case 3) presents the
worse result derived by scheme C than by schemes A and B. It is caused by the threshold
selection which is difficult to be chosen perfectly. However, there are only two epochs in
this case. Additionally, the improved detection method failed for one epoch, thus it is not
visible in the plot. The statistic of the three solutions is presented in Table [3.2] Without
outlier detection, the solution differs from the precise orbit products significantly (about
120 m in averaged position differences) with a large standard deviation(STD) to the mean
(about 60m). By applying the usual detection implemented in TurboEdit, the solution
has smaller averaged position differences (about 100m), but the absolute differences in
the y-direction are (2m) larger than that of scheme A. Moreover, the STD in x- and
y-directions and position differences are 10m, 13 m, and 33 m larger than those of scheme
A. These phenomenons are caused by the above-discussed case 2 which leads to an error
rate of 49.3%. The solution derived by the improved detection scheme has significant
and overall improvements. It is obviously seen from the mean differences and STD in
all components. Consequently, the improved detection scheme has a 97.4% correction
rate (37% higher than the usual detection) and merely 1.8% and 0.8% rates for error and

failure epochs.

The improved detection is more efficient and reliable than the usual method. Although
a larger computation is required by the algorithm, it is not a critical issue for powerful

computation processors nowadays. The algorithm improves not only the quality control of
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observations but also the initial orbits of LEOs. It is meaningful to the recently launched
and future LEOs equipped with multi-GNSS receivers, e.g., FengYun-3C (GPS+BeiDou)
and Sentinel-6 (GPS+Galileo). As mentioned before, the selected thresholds impact a
lot on the performance of this method. The current thresholds are selected base on the

experience from limited experiments. It is an open question about the optimization of

the thresholds.

Another outlier detection method based on majority voting is introduced by |Bock
(2003). By fixing the position of the receiver to the a priori coordinate, only clock
corrections are the unknowns in the observation equation. The satellite-specific receiver
clock corrections (cry,. ) are computed. The STD of the difference between two cr
parameters is defined by propagation from the STD of the observations. Using three
times of the STD as a criterion, all the clock corrections are assigned to different groups
via a comparison between each other. The mean value of the group with the most elements
is used as a second criterion to re-check all the receiver clock corrections with another
manually selected threshold. Comparing with the method in this study, the method
from |Bock] (2003)) is more efficient for the epoch with multiple outliers. However, it needs
more consideration. Its first criterion related to the STD of the observations depends on
the quality of the date. The rejection thresholds should be selected carefully depending on
the situation. What is more, the accuracy of the a priori coordinate of the receiver is the
key factor limiting the performance, while the method of this study is not affected by this
issue. In summary, as solutions to make the processing more robust, both methods have
their own advantage, weakness, and specific goals. The combination of both methods to

improve the cleaning of data is worth to be studied.

3.3 Precise orbit determination of LEOs

Based on the LEOs on-board observations and a reduced dynamic strategy (Wu et al.|
1991), the orbit of the LEO can be determined by precise orbit determination (POD)
technique reaching an accuracy level of 1 to 3cm (e.g., [Haines et all [2004; | Jaggi et al.,
2007; |[Montenbruck et all [2018). The precise determination of the orbits of LEOs
guarantees the success of the missions, for instance, Earth gravity field monitoring, sea-
level monitoring, geomagnetic field monitoring, etc. The implementation of new LEOs
into PANDA software and dynamic POD experiments of different LEOs are introduced

in this section.
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3.3.1 Implementation of new LEOs in PANDA software

As the purpose of the study is on the enhancement of GNSS orbits and geodetic
parameters by integrating LEOs, the implementation of as many as LEOs in our software
is a pre-requirement. This is mostly a technical issue that is very important and
requires a lot of experience, implementation work, and testing. Until now, besides the
already implemented GRACE-A/B and CHAMP satellites, other LEOs, e.g., Jason-
1, OSTM/Jason-2, Jason-3, and Swarm-A/B/C satellites, have been added into the
PANDA software. More LEOs will be implemented soon in the project entitled
‘Integrated GNSS Processing for Earth System Monitoring’ (InGE) funded by Deutsche
Forschungsgemeinschaft(DFG)} and all LEOs with available data will be added in the

future. The key points of implementing new LEOs are:

1. data formatting of observations, quaternions data for attitudes, and precise orbit
products as the Level-1b data offered by mission operators are normally not in the
IGS standard formats, especially for attitude information and precise orbits (to sp3

format);

2. correcting or adding satellite information, e.g., receiver type, satellite name, sp3c
code, etc., in the header of the observation files and orbit files; adding the

corresponding information to the software;

3. searching and adding available and reliable antenna phase center corrections of the

on-board receiver antenna to the software;
4. adding the available macro-model for the LEOs;

5. checking the identification of different LEOs based on satellite names and SP3c

codes;
6. testing the performance of the POD with at least one-month data;
7. validating the determined orbits with different methods:

(a) checking the residuals of observations;

(b) comparing with external solutions, e.g., the precise products offered by mission

operators;
(¢) internal comparison for the overlapping orbits or the day boundary epochs;

(d) validation based on the residuals of SLR observations.

Thttps://gepris.dfg.de/gepris/projekt /446282290
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Besides the common key procedures for all LEOs, the same LEOs might have special
issues that should be considered. For example, the quaternion data describing the attitude
of Swarm satellites are relative to the TRS while that of other LEOs is relative to the CRS.
This is found out in the validation for the first implementing. For the orbit validation,

some experiments with real data are discussed in the next section.

3.3.2 Experiments and results

Based on the modeling presented in Table 2.3] and the configurations in Table 2.5 the
dynamic POD of the seven LEOs are performed exemplary for one hundred days in 2016
(day 115 to 214). The combined GPS orbit and clock products provided by the IGS are
used as a priori. Figure presents the RMS of orbit differences compared with official
precise orbit products (Case et al., 2002; Dumont et al., 2009, 2016; Olsen, 2019) in
along-track, cross-track, and radial directions. Each dot denotes the RMS over all epochs
during a whole day. The averaged value over the days and the empirical STD to the mean
are also shown in each subplot. For all LEOs, the orbits in cross-track direction have the
best accuracy. The satellites of the GRACE and Swarm missions have RMS values of
less than 20 mm and STD of less than 10 mm in the cross-direction while OSTM/Jason-2
and Jason-3 are large in this direction with 2247 mm and 50£13 mm. In the along-track
direction, expect the Jason-3 with obviously larger RMS (50 mm), the orbits of the other
six satellites have similar RMS (34 to 40 mm). The orbit accuracy in the radial direction
is similar for the seven satellites with 30 to 36 mm RMS. The two GRACE satellites
have larger STD in along- and cross-track directions than the other satellites and slightly
different accuracy between themselves. This is probably caused by the decreased data
quality due to the aging of the spacecraft as the processing period is at the end of their
service life. Further investigation is needed to find out the real reason. To identify the
reason for the less accurate orbits of OSTM/Jason-2 and Jason-3 satellites, the residuals
of the observations are checked. The residuals are larger for the two Jason satellites than
the other satellites. There might be some modeling issues, e.g., the un-implemented Earth
radiation (see Table and biased PCOs (different values given by available sources).
The epoch-wise orbit differences relative to the precise product for day 141 of 2016 are
plotted in Figure [3.7] The larger variation of the epoch-wise orbits of the Jason satellites
is also obvious, especially in the cross-track direction. Table [3.3| presents the 3D RMS
of LEO orbits in this study and previous studies in the literature. The solutions in this
study have slightly lower accuracy than the others. It is mainly caused by the missing
modeling for the Earth radiation and stochastic pulses.

Many LEOs are equipped with laser retroreflector arrays, therefore ILRS stations can
obtain SLR observations for the LEOs which are independent of GNSS. Moreover, the

optical distance measurements of SLR have a mm-to-cm level precision. Therefore, the
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Figure 3.6: RMS of daily orbit differences of LEOs compared to precise orbit products;
the satellites fly in the same or similar orbital planes are shown in the same color but
different symbols(dots and bins)

Table 3.3: Orbit accuracy of LEOs compared with previous studys. The listed results are
3D RMS [mm] with respect to external orbit products

GRACE-A/B OSTM/Jason-2 Jason-3 Swarm-A/B/C

This study
Other studies

53,50
48°

52
44P

7

53/54/52
33¢ d

a. Montenbruck et al. (2005) GRACE-B; reduced-dynamic
b. Mannel and Rothacher| (2017) compared with the products of ESOC.
c. Liu et al| (2019); estimated PCO/PV; ECOM2 for solar radiation pressure

model
d. no

study founded
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SLR residual, i.e., differences between the range measured by SLR and the range computed
from GNSS-based LEO orbits, can be used as an independent and reliable measure for the
validation of the determined orbits. The SLR validation for the orbits of the seven LEOs is
performed by using all the passes tracked by the Yarragadee station in Australia in the 100
days. Yarragadee is one high-quality SLR station producing usually the highest number
of normal points within the ILRS network. The results are presented in Figure [3.8 The
number of epochs, the residuals averaged over epochs (mean, i.e., systematic offset), and
the STD with respect to the mean are listed in the subplots. Again, Jason-3 satellite has
the largest offset (—13.6 mm) and STD (31.3mm). The three Swarm satellites have the
smallest mean value (smaller than 3.5 mm) and most stable residuals (about 20 mm STD).
The solutions agree to the external orbit comparison discussed above. The SLR validation
for the LEOs in this study is compared with previous studies in Table[3.4. GRACE-A and
three Swarm satellites are at a similar level with other studies. GRACE-B has a slightly
larger systematic offset (10.0mm). The OSTM/Jason-2 and Jason-3 satellites have worse
solutions compared with the state-of-art. Although the orbits of Jason satellites could be
improved, the current orbit accuracy of the seven LEOs is sufficient for the quantitative
studies in Chapters [4] and
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Figure 3.8: SLR observation residuals [mm]| for the seven LEOs for all passes tracked by
the Yarragadee station in Australia. The gaps are caused by missing SLR observations

Table 3.4: SLR residuals(mean and STD [mm]) of LEO orbits compared with other studies

LEOs this study other studies
GRACE-A 6.31+26.3 —5.1+£15.2¢ 0424.4¢
GRACE-B 10.04+25.6 —3.3+18.8¢ 3.8424.7°¢
OSTM/Jason-2 9.1428.3 4.846.8° —
Jason-3 13.6£31.3 3.3£20.1¢ —
Swarm-A 3.51+20.3 1.247.94 —0.6+24.37
Swarm-B 2.5+21.4 —0.6+7.4¢ —0.6+21.17
Swarm-C 0.3+19.3 0.5+8.1¢ 1.2+23.8/

a. Mao et al|(2019); 30 days in 2015; Yarragadee station only.

b. Bertiger et al. (2010); JPL GPS only solution; July 2008 to May 2009; 4

ILR

S stations.

c. Liu et al.| (2019); 270 days in 2016.
d. Montenbruck et al.| (2018); November 2013 to the end of 2017; 14 ILRS
stations.
e. Jaggi et al.| (2007); 335 days in 2003; 19 ILRS stations.
f. van den IJssel et al.| (2015]); November 2013 to the end of 2014; 18 ILRS

stations.
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GPS orbit improvement by integrat-
ing LEOs

In chapter |3 the POD of GNSS satellites and LEOs were introduced and discussed
separately. The integrated processing of ground and space-based GNSS observations for
the jointly POD of GNSS satellites and LEOs is presented in this Chapter. Due to the
limitation in space-based observations of other GNSS, only GPS is currently suitable for
this study. The main goal of this chapter is to present the improvement of GPS orbits
by integrating LEOs, especially for the solutions with sparse and small ground networks.
In section [I.1], the concept and method of the integrated POD are introduced. Some
theoretical analysis regarding additional observations and geometry from LEOs is given
in section [£.2] A study based on real observations is presented in section [£.3] to show the
GPS orbit improvement by including LEOs in practice. This study has been published in
the Journal of Geodesy (Huang et al., 2020). Section gives a summary of the study
and some discussion about the technical feasibility of some trending topics, for example,
the GNSS augmented by large LEO constellations and the LEO enhanced GNSS-based

positioning.

4.1 Introduction of integrated POD

Several studies integrated the LEOs with GNSS in a joint POD processing. [Zhu et al.
(2004) and Konig et al.| (2005) compared two POD approaches for GPS, the GRACE and
the CHAMP satellites. In the first approach named ‘one-step’, the orbits of the above-
mentioned satellites are estimated simultaneously. In the other approach with two steps,
the orbits of the GPS satellites and the LEOs are determined sequentially. The authors
concluded that the orbits of GPS satellites and LEOs, the geocenter, and the gravity field
have a better solution in the ‘one-step’ approach. Especially, the GPS orbits derived by
the ‘one-step’ approach 27 mm smaller RMS than that of the "two-step’” approach. |Geng
et al. (2008)) shown that the GPS satellite orbits derived by supplementing a 21-station
network with GRACE and CHAMP satellites are more accurate than the solution based
on a 43-station network (53 mm versus 80 mm in 3D RMS). |Otten et al.| (2012) combined
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various GNSS satellites and LEOs at the observation level including GNSS, DORIS, and
SLR. |Zoulida et al. (2016 and [Zhao et al.| (2017) performed an integrated POD for
OSTM/Jason-2 and FengYun-3C with GPS and BeiDou, respectively. Since Zoulida
et al.| (2016 used 121 IGS stations, the improvement of GPS orbits by including only
OSTM/Jason-2 satellites is not significant (0.2 mm on average). These studies reported
the benefits of integrating LEOs into the POD in different aspects. However, only one or
two LEO missions that have GNSS data were considered in the above-mentioned studies.
As introduced in Section this study integrates seven LEOs to the joint POD with
GPS satellites, including GRACE-A/B, Jason-2/3, and Swarm-A/B/C. Based on the
integrated processing of different subsets of the ground stations and the LEOs, the impact
of integrating LEOs on the GPS orbit improvement is discussed.

The method of the integrated POD applied in this study is known as the one-
step method (Montenbruck and Gill, 2000). Figure presents the flowchart of the
whole processing. The approximate initial epoch status of GPS satellites and LEOs are
computed from broadcast ephemerides and by SPP, respectively. Before the one-step
estimation, all the observations are cleaned based on the TurboEdit. Several iterations
of estimation are performed to improve the solution. After each estimation, the orbits of
GPS satellites and LEOs are updated by orbit integration based on the new solution of
initial epoch states and force model parameters. Meanwhile, the data are cleaned based
on the residuals of observations. After completing the data cleaning, the ambiguities
of the ground station observations are fixed to improve the solution. After one more
iteration of estimation and orbit updating, the final orbits of GPS satellites and LEOs
are determined.

Most of the above-mentioned studies and this study use the approach of processing
zero-differenced GNSS observations in one least-squares adjustment to combine the LEOs
and ground network. Some other approaches are necessary to be mentioned. Kang et al.
(2006)) and |Jaggi et al.| (2007) formed double-differenced observations between LEOs and
ground stations. Jaggi et al.| (2009) added zero-differenced LEO normal equations to zero-
or double-difference ground network normal equations. This is an alternative way for the

one-step approach.

4.2 Theoretical analysis based on observations status

Before the studies based on real data, some theoretical analysis based on the number and
the geometry of the observations can be done. Some statistics about the visible LEOs for
GPS satellites are performed on DOY 115 of 2016. According to orbital characteristics
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Figure 4.1: Flowchart of the integrated POD
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of the seven LEOs introduced in Section 2.3] GRACE-A and GRACE-B flew in the same
orbital plane, OSTM/Jason-2 and Jason-3 were sharing the same orbit, and Swarm-A
and Swarm-C are twin satellites flying close to each other. Therefore, considering the
observation geometry with respect to GPS satellites, the seven LEOs were flying in four

orbital planes. The study in the next section takes the same consideration for the analysis.

A 30-second sample rate (2880 epochs per day) is used for the space-based observations
of the seven LEOs. Taking one GPS satellite as an example (G12 here), the number of
visible LEOs, LEO-visible epochs, and ionosphere-free combined observations (one per
measurement) in one day are presented in Figure [£.2] The subplots show the results
of cases including different subsets (on the top of each plot) of the seven LEOs. The
different colors denote the number of orbital planes occupied by the current LEO subsets.
For example, the subplots in black include one LEO or two LEOs in the same orbital plane.
The total visible epochs and observations are also listed in each subplot. In subsets 1 to
4, due to the different trajectories of the four LEOs in different orbital planes with respect
to that of G12, the visible observations (equal to epochs) vary from 595 of OSTM/Jason-2
to 1098 of GRACE-A. After adding one LEO in the same orbital plane, i.e., comparing
subsets 5 to 1 (GRACE-A/B versus GRACE-A), 6 to 2 (Jason-2/3 versus Jason-2), and
7 to 3 (Swarm-A/C versus Swarm-A), the number of observations increase to double or
even more while the visible epochs increase only slightly. However, if the added LEO
flies in another orbital plan, for example, comparing subsets 2 and 8 (Jason-2 versus
Jason-2+Swarm-A), the increase of the visible epochs are more significant (708 when 889
observations are added). It means that if the additional LEO flies in another orbital plan,
the majority of the additional observations contribute to the additional visible epochs.
Comparing between subsets 12 (three LEOs in three orbital planes) and 13 (four LEOs
in two orbital planes) or between subsets 15 (four LEOs in three orbital planes) and 16
(five LEOs in three orbital planes), the subsets with more observations of one more LEO
have even fewer visible epochs. It is also caused by the different orbital planes. For
subsets 15, 17, 18, and 19, with significantly increasing observations (3613 to 6280), the
visible epochs increase very slightly (2338 to 2410). The reason is that the four subsets
all include satellites in four different orbital plans, thus the enhancement to the visible
epochs is close to saturated (2880 epochs maximum). A further enhancement should be

considered as adding more LEOs in different orbital planes.

Figure is the histogram of visible LEOs from all GPS satellites during the same
day. Seven LEOs are all included. GPS satellite with PRN G04 is not included in any
observation files offered by the mission operators. This is probably related to the unstable
data quality of G04 in 2016 that will be discussed in Section [£.3.1] Although there are
some differences between the GPS satellites, the number of visible epochs and observations

are proportional. Thanks to the rapid movement of LEOs, the seven LEOs are offering a
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stable enhancement to the GPS constellation. With more LEOs included, the differences

between different GPS satellites can be removed.

4.3 Integrated POD based on real data

A study based on real data is presented in this section. The orbit modeling for LEOs
and GNSS satellites is given in Table [2.3] The configuration for the processing and the
estimated parameters has been introduced in Table As a pre-processing, the selection
of ground stations and the data status of ground- and space-based data are introduced
in the first part. Then the results of 26 different scenarios integrating different subsets
of LEOs are discussed via external and internal comparison and geolocated visualization.
Additionally, the improvement by supplementing a regional distributed ground network
by LEOs is presented. At last, to give a reference, the sparse network+LEQOs solution is

compared with a solution derived by a 62-station ground network.

4.3.1 Data status and ground station selection

Since the processing includes seven LEOs of four missions, the availability of the LEOs’
data is a major limitation when defining the processing period. After checking the data
availability of the seven LEOs, I choose the day of the year (DOY) 115 to 260 in 2016 as
our processing period. In this period, all seven LEOs were in operation. GRACE satellites
were at the end of their operating life, while Jason-3 was launched on 17 January 2016 and
its quaternion data started to be available from DOY 115 in 2016. To check the LEOs’ data
quality, a daily POD of each LEO is processed with a 300-second data sampling rate. The
IGS final orbit and clock products are introduced as a priori information. Missing data
(onboard GPS observation or attitude) for some days is noticed. Some additional days
were excluded for maneuvering or low data quality caused by spacecraft problems. Please
note that I excluded these days completely also in the following integrated processing.
In the integrated processing, I also excluded maneuvering GPS satellites based on the
information provided in the GPS NANU Messages. Based on the information offered
by the sensor meta information system (semisyﬂ) of GFZ, the G04 signals were not
available in the first two months of 2016 and changed three times among reserve satellites
with SVN G036 (Block ITA), G038 (Block ITA), and G049 (Block IIRM). Therefore, G04
was excluded completely due to the unstable data quality. Finally, 112 days are selected
for the integrated processing and are indicated by green dots in Figure [4.4]

There are 319 IGS stations available during the selected 112 processing days. I selected

a sparse and homogeneously distributed subset from the 319 available IGS stations to

Thttps://semisys.gfz-potsdam.de/semisys/
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Figure 4.2: Histogram of visible LEOs from one GPS satellite during a day when different
subsets of LEOs are included. The included LEOs are shown on the top of each subplot.
The numbers of LEO-visible epochs and ionosphere-free combined observations, i.e. one

observation per measurement, are listed in each subplot
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Figure 4.3: Histogram of visible LEOs from all GPS satellites during a day. Seven LEOs
are included. The numbers of LEO-visible epochs and the ionosphere-free combined
observations, i.e. one observation per measurement, are listed in each subplot
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Figure 4.5: A subset of the available IGS stations including 33 homogeneously and sparsely
distributed stations (orange triangles). The number of stations in sight of a potential GPS
satellite position (Depth of Coverage) is presented as a colored bin (2° x 2° resolution,
20,200 km altitude)

study the sparse-network-based POD. This network contains 33 stations which are plotted
as orange triangles in Figure The color of the bins in Figures and [4.6] presents
the number of stations in sight of a potential GPS satellite position with an altitude of
20,200 km and an inclination of 57° (i.e., depth of coverage, DoC). In general, more than
five stations are visible, and this is also what I expected based on the selection criteria.
Despite the large and dense IGS tracking network in certain circumstances, depending
on constellations and frequencies, one might be confronted with large regions without
tracking stations, especially over the oceans and Africa. Although IGS stations are
globally available, there are regions with only a few tracking stations. Moreover, 1GS
stations could be unavailable for various reasons, and it might happen to the ground
segment of GNSS as well, for instance, caused by the withdrawal of the United Kingdom
from the European Union (Gutierrez, 2018). To investigate how the LEOs could
contribute to the GPS POD, I selected a sparser station network (see Figure 4.6) by

excluding seven (red triangles) of the 33 stations mentioned above. Consequently, gaps
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Figure 4.6: A subset of the available IGS stations including 26 non-homogeneously and
sparsely distributed stations (orange triangles). The red hollow triangles are the seven
excluded stations. The number of stations in sight of a potential GPS satellite position
(Depth of Coverage) is presented as a colored big ( 2 resolution, 20,200 km altitude)

in some regions of the Paci ¢ Ocean, the Indian Ocean, and Africa are visible. There are
large areas where a ctitious GPS satellite could be tracked by only two to four (yellow

bins) stations. Although two simultaneous observations can support the estimation of
satellite clock corrections and orbit parameters in a dynamic solution, fewer observations
still lead to a reduced contribution.

4.3.2 Results and analysis of 26 scenarios

To investigate the impact of the number of integrated LEOs and their orbital planes on
the determined GPS satellite orbits, a total of 26 di erent scenarios are applied for the
POD processing. All the scenarios are summarized in Table 4.1. The rst two are the
GPS-only POD (i.e., without LEOS) by applying the two sparse station networks which
are described above. The other 24 scenarios are the integrated POD of GPS satellites
and LEOs, and all of them supplement the sparser network with 26 stations by including
di erent subsets of the seven LEOs. The estimated GPS satellite orbits of all scenarios are
compared to the IGS nal products to show the orbit quality and the di erences between
the scenarios. Due to a large number of satellites and scenarios, statistical measures of the
orbit comparisons are computed to quantify the result of each scenario. The statistical
computation is shown in Figure??. For each daily orbit comparison, the RMS of orbit

di erences in three orbital directions (along-track, cross-track, and radial) and the 1D-
mean RMS are computed. The RMS in three orbital directions is computed over epochs
and satellites. The 1D-mean RMS is computed over epochs, satellites, and the three
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Table 4.1: Statistical results of the GPS satellite orbit di erences w.r.t. the IGS nal
products from 26 scenarios. The rst two scenarios are ground-based only solutions. In
the other 24 scenarios, the 26-station network is supplemented by di erent subsets of
LEOs. The colored symbols present the di erent orbital planes. The mean and STD
(relative to the mean) of the orbit RMS (direction-speci ¢ and 1D-mean) time series are
listed in four columns. The last column is the 1D-mean improvement w.r.t. scenario 1

Sce. Sites G-A G-B J-2 J-3 S-A S-C S-B orbital Mean/STD of orbit RMS [mm] Impro.
planes Along Cross Radial 1D-mean [%)]

1 26 0 50.9/22 31.6/5 22.0/3 37.5/13 -
2 33 0 34.5/6 24.2/]3 16.5/12 26.7/4 27
3 26 1 41.3/14 27.0/3 19.4/3 31.2/8 16
4 26 1 42.7/15 27.7/4 19.7/3 31.7/9 15
5 26 e 1 41.9/13 27.9/3 19.9/2 31.7/8 14
6 26 e 1 39.7/14 27.4/3 19.5/2 30.6/8 17
7 26 a 1 41.0/10 27.8/4 19.6/2 31.3/6 14
8 26 a 1 40.9/8 27.7/3 19.6/2 31.4/4 14
9 26 a 1 40.8/8 28.4/3 19.5/2 31.2/5 14
10 26 1 39.1/11 26.3/3 18.9/3 29.9/6 19
11 26 e e 1 39.2/12 27.2/3 19.6/2 30.4/7 17
12 26 a a 1 39.8/7 27.7/3 19.5/2 30.7/4 16
13 26 a a 2 36.2/4 26.8/3 18.3/2 28.6/3 21
14 26 e a 2 34.9/6 25.3/3 18.1/2 27.5/4 24
15 26 a 2 36.0/5 25.5/3 18.2/2 28.1/3 23
16 26 a a a 2 35.6/4 26.9/3 18.2/2 28.3/3 22
17 26 e a a 2 34.3/5 25.2/2 17.9/2 27.2/3 25
18 26 e a a 3 32.1/3 24.9/13 17.2/12 26.0/2 28
19 26 e a 3 31.1/4 23.6/2 17.0/2 25.1/2 31
20 26 e e aa 2 34.0/4 25.1/2 18.0/2 27.0/3 25
21 26 e a a a 3 31.7/3 24.9/2 17.1/2 25.8/2 29
22 26 e a a 4 29.8/3 23.7/3 16.5/2 24.4/2 32
23 26 e e a a 3 30.6/3 23.5/2 17.0/12 24.9/2 31
24 26 e a a a 4  29.6/3 23.7/2 16.5/2 24.4/2 32
25 26 ee aa a 4 29.5/3 23.6/3 16.5/2 24.3/2 33
26 26 eeaaa 4  28.9/3 23.2/3 16.4/2 23.9/2 34
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Figure 4.7: Flowchart of the statistical computation. The green and orange outputs are
the values used in the analysis of this study.

orbital directions. Based on the 112-day solutions, the mean and STD (relative to the
mean) of the time series of the above-mentioned RMS values are computed. The statistical
measures mentioned above are highlighted in green in Figu?@, and the analysis below

iIs mainly based on these measures.

Besides the mean and STD of the time series of orbit RMS listed in Table 4.1, the
time series of scenarios 1, 2, 7, 14, 19, and 26 are shown in Figure 4.8. Correspondingly,
the time series of the 1D-mean orbit improvements of scenarios 2, 7, 14, 19, and 26
compared to scenario 1 is shown in Figure 4.9. Generally, reduced orbit RMS and STD
are achieved when increasing the number of ground stations or increasing the number of
integrated LEOs. The GPS satellite orbit accuracy improves most when all the seven
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Figure 4.8: Statistical results of the GPS satellite orbit di erences compared to the IGS
nal products of scenarios 1, 2, 7, 14, 19, and 26. The RMS of orbit di erences in
the along-track, the cross-track, and the radial directions are computed over epochs and
satellites in each day. The 1D-mean RMS is computed over epochs, satellites, and the
three orbital directions

LEOs are integrated into the POD (34%). In all scenarios, the orbit accuracy of the three
directions is ranked as along-track cross-track< radial, while the orbit improvements in

the three directions are ranked in the reverse order (along-tragkcross-track> radial).

With only three LEOs integrated, the determined GPS satellite orbits of scenario 19
(28%improvement) are slightly better than those of scenario 22(7/%improvement) which
includes seven additional and well-selected ground stations, with a stronger improvement
mainly in the along-track direction. There are two peaks in all the plots. One is on DOY
196, and the other one is on DOY 209 and 210. These three days are presented as orange
dots in Figure 4.4. After checking the residuals, we realized that the large RMS is caused
by large errors in code measurements of a ground station (GODN). Since our data editing
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Figure 4.9: Improvements of the GPS satellite orbits derived by scenarios 2, 7, 14, 19, and
26 compared to scenario 1. The improvements are derived from 1D-mean RMS. Vertical
lines indicate the averaged values

Figure 4.10: Statistical results of the GPS satellite orbit di erences compared to the IGS
nal products of the one-LEO scenarios in time series. The RMS of orbit di erence is
computed over epochs, satellites, and three orbital directions (along-track, cross-track,
and radial)

strategy is based on the residuals of the phase measurements, the station GODN with
large residuals in its code measurements was not excluded. The GPS orbit improvements
for these three days are more signi cant (abous0%to 82%in di erent scenarios) than for

the other days (about10%to 35%), and with only one LEO included, the improvement

Is close to the scenario including seven additional stations.

With only one LEO integrated (scenarios 3 to 9), the solutions are similar, for example,
the 1D-mean RMS values vary slightly from 30.6 mm to 31.7 mm. Thus, compared to the
26-station only solution, the orbit improvements vary from14%to 17% However, the
STD of the GPS orbit RMS of these one-LEO scenarios have larger di erences (up to
4mm in 1D-mean). As seen from Figure 4.10, there is no systematic di erence between
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Figure 4.11: GPS satellite orbit improvements compared to scenario 1. The improvements
are sorted with respect to the number of integrated LEOs (left) and the number of LEO
orbital planes (right)

these one-LEO scenarios. The impact of di erent LEOs on the derived GPS satellite
orbits is not visible.

Comparing the values given in Table 4.1 by considering the di erent LEO subsets, we
nd some phenomenons. In scenarios 10 to 15, two LEOs are included in the estimation.
If the additional LEO is in the same orbital plane as the rst one, the GPS orbit accuracy
improves only by aboutlmm compared to the one-LEO scenarios (see scenarios 3 and
4 versus 10; 5 and 6 versus 11; 7 and 8 versus 12). Thus, the GPS orbit improvements
compared to scenario 1 remain belo20% (16%to 19%. However, if the LEOs are ying
in two di erent orbital planes, the orbit improvements compared to scenario 1 increase up
to 24% and the 1D-mean RMS values of the GPS orbits decrease to aroud8mm. By
increasing the number of the integrated LEOSs, the impact of the space-based observations
and the LEO orbital planes on the derived GPS satellite orbits is getting more obvious.
Figure 4.11 shows the orbit improvements sorted with respect to the numbers of LEOs
(left) and the numbers of orbital planes (right). The number of integrated LEOs is marked
with yellow dots, and the number of di erent orbital planes is represented by colored bars.
As seen from the left plot, GPS satellite orbits improve generally by integrating more
LEOs. However, the improvement does not correspond strictly to the increasing number
of LEOs. For example, scenario 20 (with four LEOs in two orbital planes) includes one
more LEO than scenario 19 (with three LEOs in three orbital planes), but the GPS orbit
improvement of it is smaller 5% against 31%). This phenomenon happens also to the
comparison between scenario 22 (with four LEOs in four orbital planes) and scenario 23
(with four LEOs in three orbital planes). When we sort the results by the number of LEO
orbital planes, a clear trend is visible. One can see the increasing GPS orbit improvement
related to the increasing number of LEO orbital planes from the right plot of Figure 4.11.
In summary, the LEO orbital geometry is more important for the improvement of the
GPS satellite orbits than the number of space-based observations. This summary also
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Figure 4.12: RMS of the di erences between the 6-hour overlapping GPS satellite orbits
computed over satellites and three orbital directions. The horizontal lines are the mean
values of the time series

agrees with the discussion about Figure 4.2 based on observations only.

The positive e ect of di erent LEO orbit geometries on the geocenter estimation is
also given by some other studies, for example, the simulation study of the LEOs+GPS
combined processing for geocenter estimation by Kuang et al. (2015) and the real data
study on the geocenter variations derived from combined processing of the ground and
space-based GPS observations by Mannel and Rothacher (2017).

4.3.3 Internal comparison of GPS satellite orbits of three typical
scenarios

Besides the external orbit comparison, internal comparisons are performed in two di erent
ways. The typical three scenarios 1 (26 stations), 2 (33 stations), and 26 (26 stations
and seven LEOs) are compared in this section. The rst comparison is about the orbit
overlaps. We expand the POD arc length of the three scenarios from 24 hours to 30
hours (three hours to both the previous and the next day). Consequently, a pair of 6-hour
overlapping orbit arcs derived by real data processing is generated between two adjacent
days. The 1D-mean RMS of the orbit di erences of the 6-hour overlap is computed.
Another comparison is about the satellite position di erences at the day-boundary epoch
of two adjacent 24-hour orbits at midnight. We extrapolate one more epoch from a 24-
hour orbit by orbit integration, then the GPS satellite positions at the extrapolated epoch
are compared with the estimated satellite positions in the rst epoch of the next 24-hour
orbit. The RMS of the satellite position di erences is computed over the satellites and
the three orbital directions at the day-boundary epochs. The main di erence between the
two approaches is whether common data is used for the two arcs.
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Figure 4.13: RMS of the GPS satellite position di erences computed over satellites
and three orbital directions at the day-boundary epoch between two 24-hour arcs. The
horizontal lines are the mean values of the time series

Due to the excluded days mentioned above and the overlapping processing strategy,
only 65 pairs of overlapping orbits with a 6-hour arc length are available for comparison.
Figure 4.12 shows the 1D-mean RMS of the di erences between the overlapping orbits.
Seen from the time series of the three scenarios, the di erences of the overlapping orbits
are ranked as scenario > 2 > 26, and the mean and STD of the overlapping orbit
di erences computed over 65 days are 527 mm, 44 19 mm and 38 10 mm.

There are 92 day-boundary epochs between the processed 112 days. The GPS satellite
position di erences in these day-boundary epochs are plotted in Figure 4.13. The mean
and STD of the results computed over the 92 epochs are 786 mm, 55 12mm, and
50 8 mm in scenarios 1, 2, and 26, respectively. This plot agrees with the comparison of
the overlapping orbits in Figure 4.12 and the external orbit comparison in Figure 4.8. The
outliers in Figures 4.12 and 4.13 are caused by the observation errors of station GODN
which have been mentioned in the previous section.

4.3.4 Geolocated visualization of orbit comparison

Based on a geolocated comparison of epoch-wise satellite orbit di erences (orange box
in Figure ??) between scenarios 1, 2, and 19, we will discuss the dierent e ects of
supplementing a sparse station network with additional stations and LEOs below. Thanks
to the orbit dynamics, continuous observations for each satellite are not needed. In the
introduction of the selected ground networks, we explained that the seven additional
stations in scenario 2 were selected in the regions with few stations in scenario 1. For the
analysis regarding station distributions, the GPS satellite orbit improvements of scenarios
2 and 19 compared to scenario 1 are projected to the surface of the Earth. Based on the
epoch-wise orbit di erence of each GPS satellite compared to the IGS nal products, we
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Figure 4.14: GPS satellite orbit improvements of scenarios 2(upper) and 19(lower) w.r.t.
scenario 1. IGS nal products are reference. The color of each bin presents the average
value of the epoch-wise solutions located in the bin. The unit of the color bar is [mm]

computed the improvements of the GPS satellite orbits of scenarios 2 and 19 compared to
scenario 1 with a 900-second sampling rate for all GPS satellites in 112 days (approximate
344,064 epoch-wise solutions). The results are presented in Figures 4.14. In these two
gures, the potential GPS satellite position area is divided into geographica2 2
bins (10,260 in total). We computed the average of all the epoch-wise solutions located
in the same bin. These geolocated statistical results are presented as the color of the
corresponding bins. Green means the satellite orbits are closer to the IGS nal products
(improvement), and red means that di erences get larger (degradation). Additionally, the
ground tracks of GPS satellites are also visible in the plots.

In general, with seven well-selected additional stations (scenario 2) or three LEOs
(scenario 19), the GPS satellite orbits improve globally (as indicated by the green bins).
The improvements are more clearly presented in Figure 4.15. The density distributions of
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Figure 4.15: Density distributions of all the epoch-wise solutions of satellite orbit
improvements from scenario 1 to scenario 2 (red) and 19 (green). Positive means getting
closer to the IGS nal products

all the epoch-wise solutions from both comparisons are mainly positive. However, there
are still regions without signi cant improvement (as indicated by the yellow bins), and
there are only a few bins in red with degradation caused by the additional observations.
Comparing the two plots in Figure 4.14, there are more dark-green bins and fewer red
bins in the plot of scenario 19. Correspondingly, the density distribution of the epoch-
wise solutions of scenario 19 is located on the right of that of scenario 2 in Figure 4.15.
Therefore, compared to scenario 1, the GPS satellite orbits derived in scenario 19 improve
more than those of scenario 2. Especially in some regions of the Paci ¢ Ocean, the Indian
Ocean, and Africa, seen from the color of the bins, the improvement of scenario 19 is more
signi cant than that of scenario 2. In summary, to a sparsely and non-homogeneously
distributed network of ground stations, the derived GPS satellite orbits are improved
more by supplementing the network with three LEOs in di erent orbital planes than
with seven well-located additional stations, especially for the orbit arcs above the regions
lacking stations.

4.3.5 Results about regional station network

An additional experiment is discussed below to show the GPS satellite orbit improvement
by supplementing a small and mainly regionally distributed station network with seven
LEOs. Figure 4.16 represents the network with ve stations in China and another ve
stations in other regions. The gure shows that about two-thirds of potential GPS satellite
positions 2 2 resolution, 20,200 km altitude) can be observed by only two or even
fewer stations. The GPS-only and seven-LEO-integrated POD were performed with this
network. The 1D-mean RMS of the GPS satellite orbit di erences compared to the IGS
nal products are presented in Figure 4.17. Enhanced by seven LEOs, the 1D-mean RMS
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Figure 4.16: A subset of the available IGS stations including ve stations in China and
ve stations in other regions. The station visibility from a potential GPS satellite position
(Depth of Coverage) is presented as a colored bi ( 2 resolution, 20,200 km altitude)

decreases signi cantly from about 25cm to 4cm. Also, the variations of the time series
are reduced signi cantly from about 4.3cm to 0.7cm. The GPS orbit improvement by
integrating LEOs to a regional ground network was also demonstrated by Wang et al.
(2016) with seven stations within China and three LEOs (GRACE-A/B and FengYun-
3C). We also performed a test of just using ve stations in China. To get an acceptable
result, the number of observations should be increased by expanding the arc length to
three days and increasing the sampling rate to 30 seconds. The derived GPS satellite
orbits di er from the IGS nal products by about 20cm in 1D-mean RMS, but the LEO
orbits degrade signi cantly. Further studies should be done to improve the solution in
this situation.

Figure 4.17: GPS satellite orbit RMS from POD with and without LEOs (comparison
against IGS nal products)
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Figure 4.18: A dense subset of the IGS ground stations with 62 globally distributed
stations

4.3.6 Comparison between LEOs integrated solution and 62-
station based solution

Although the focus of this study is on improving the GPS satellite orbits derived from
limited ground networks, we also presented the quality of the GPS satellite orbits derived
from a 62-station globally distributed network as a reference for interested readers. The
network distribution and the GPS satellite orbit comparison with scenario 26 are given in
Figures 4.18 and 4.19. With 62 well-distributed ground stations, the DOC of the major
region is larger than 15 $¢ 10 in all coverage). The GPS orbit is improved in all directions
than the solution of 26 stations and seven LEOs. However, the two solutions are still
comparable.

4.4 Summary and feasibility of relevant topics

Based on the results and discussion of Section 4.3, the POD of GPS satellites can be
improved by including LEOs due to the additional observations and geometries o ered
by the LEOs, especially when there is no additional station available. The benet of
integrating LEOs into the POD is convincing for a sparse or regional network. The
GPS satellite orbits are improved more by supplementing a sparse ground network with
LEOs than with comparable numbers of additional stations. By integrating three LEOs

in three dierent orbital planes into the POD, the determined GPS satellite orbits
(251 mm 1D-mean RMS compared to the IGS nal products) are more accurate than
those of the scenario with seven carefully selected additional ground statior.f mm
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