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Abstract

The Chinese BeiDou Navigation Satellite System (BeiDou) has become established as
one of the four Global Navigation Satellite System (GNSS). Initially constructed as a
regional system, China has launched 30 satellites within three years and declared
the global system operational in 2020. A total of 55 satellites are in orbit, with three
different types of orbit constellations. The precise determination of satellite orbits is a
prerequisite for high-precision GNSS applications. However, the accuracy of BeiDou
orbits cannot yet compete with established systems such as the Global Positioning
System (GPS). Modeling of perturbing accelerations acting on the satellites caused by
conservative and non-conservative forces is crucial for the quality of the orbit. Solar
radiation pressure (SRP) is the dominant error source in precise orbit determination.
The modeling of this influence is further complicated by the use of different satellite
types and orbit constellations in the BeiDou system. The aim of this thesis was
to integrate BeiDou into the processing of GNSS constellations at Graz University
of Technology (TUG) and in particular to investigate the impact of SRP. Several
SRP models were assessed and their applicability for BeiDou was analyzed. The
period from June to December 2020 was investigated to determine the most suitable
parameterization of the models for the different satellite types. The quality of the
orbits was evaluated by internal orbit consistency checks, in the form of deviations
at the midnight epoch of two consecutive 24 h orbit arcs. Based on the analyses
conducted within the scope of this thesis, significant improvements in the orbit
consistency could be achieved when specific variations of empirical SRP models were
used. The BeiDou orbits obtained in this study are comparable to solutions by the
analysis centers of the International GNSS Service (IGS).
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Kurzfassung

Das chinesische System BeiDou hat sich als eines der vier globalen Satellitennavi-
gationssysteme etabliert. Ursprünglich als regionales System konzipiert, hat China
innerhalb von drei Jahren 30 Satelliten gestartet und das globale System im Jahr
2020 für einsatzbereit erklärt. Insgesamt befinden sich 55 Satelliten in den Um-
laufbahnen, wobei drei verschiedene Arten von Orbitkonstellationen zum Einsatz
kommen. Die genaue Bestimmung der Satellitenbahnen ist eine Voraussetzung für
hochpräzise GNSS-Anwendungen. Jedoch kann die Genauigkeit der BeiDou-Orbits
noch nicht mit etablierten Systemen wie dem Global Positioning System (GPS)
mithalten. Die Modellierung der Störbeschleunigungen, welche durch konservative
und nicht-konservative Kräfte auf die Satelliten einwirken, ist entscheidend für die
Qualität der Orbits. Der Strahlungsdruck der Sonne ist die größte Fehlerquelle bei
der präzisen Bahnbestimmung. Die Modellierung dieses Einflusses wird durch die
Verwendung verschiedener Satellitentypen und Bahnkonstellationen im BeiDou-
System zusätzlich erschwert. Ziel dieser Arbeit war es, BeiDou in die Prozessierung
von GNSS-Konstellationen an der Technischen Universität Graz zu integrieren und
insbesondere den Einfluss des Strahlungsdrucks der Sonne zu untersuchen. Es
wurden verschiedene Arten von Strahlungsdruck-Modellen bewertet und ihre An-
wendbarkeit für BeiDou analysiert. Der Zeitraum von Juni bis Dezember 2020 wurde
untersucht, um die am besten geeignete Parametrisierung der Modelle für die ver-
schiedenen Satellitentypen zu ermitteln. Die Qualität der Orbits wurde anhand von
Prüfungen der internen Konsistenz der Satellitenbahnen in Form von Abweichungen
zur Mitternachtsepoche von zwei aufeinanderfolgenden 24-Stunden Bahnbögen
bewertet. Die im Rahmen dieser Arbeit durchgeführten Analysen ergaben, dass
durch die spezifische Anpassung empirischer Modelle signifikante Verbesserungen
in der Bahnkonsistenz erzielt werden konnten. Die in dieser Studie ermittelten
BeiDou-Orbits sind qualitativ vergleichbar mit den Lösungen der Analysezentren des
International GNSS Service (IGS).
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1Introduction

The BeiDou Navigation Satellite System (BeiDou) developed from a regional system
applicable in the Asian-Pacific area to a global system in a relatively short period of
time. Initiated in 2009, the constellation deployment of the global system started
with the launch of two satellites in November 2017 and was formerly commissioned
with 30 satellites in August 2020. Alongside the Global Positioning System (GPS), the
Globalnaya Navigatsionnaya Sputnikovaya Sistema (GLONASS) and the European
system Galileo, BeiDou is the fourth Global Navigation Satellite System (GNSS)
providing positioning, navigation and timing services worldwide. The use of multi-
constellation and multi-frequency observations will expand the the range of GNSS
applications and enhance the accuracy, availability and reliability of existing services.
In the field of geodesy, precise orbit determination is prerequisite for high-precision
GNSS applications. The largest error source of precise orbit determination is the
influence of solar radiation pressure (SRP). The Empirical CODE Orbit Model (ECOM)
with a subset of five parameters is widely used for SRP modeling (Arnold et al., 2015).
However, a common SRP model might not be appropriate for BeiDou due to the
different orbit types and attitude modes adopted by the satellites. The objective of
this thesis is to integrate BeiDou into the processing of GNSS constellations at Graz
University of Technology (TUG) and to assess different empirical and analytical SRP
models in order to find the most suitable approach for BeiDou.

Chapter 2 gives an overview about BeiDou. The development from a regional to
a global navigation system is summarized and the coordinate and time system
are described. The different satellite types and orbit constellations are presented
together with the adopted attitude modes and reference frames. An overview of
the signals and the existing BeiDou orbit solutions is given. Chapter 3 covers the
processing strategy for precise orbit determination of GNSS satellites applied at TUG.
It comprises orbit modeling and lists the forces that need be considered. Variational
equations used during the linearization of the observation equations are depicted
and an overview about the raw observation approach used for the processing is
given. The different types of SRP models are presented in Chapter 4. Chapter 5
comprises the numerical analyses. The models and settings applied for preprocessing
are listed and the analytical and empirical SRP models are assessed and evaluated in
terms of internal orbit consistency. A summary of the analyses is given in Chapter 6
alongside possible improvements and incentives for further research.
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2BeiDou Navigation Satellite
System

Following the United States and Russia, China was the third country to construct an
independent satellite navigation system. First research was carried out by the end of
the 1960s and the development of the system began in the 1990s (Sun et al., 2012).
Besides the country’s national security and economic development, the aim of the
BeiDou Navigation Satellite System (BeiDou) is to provide continuous, reliable, and
high-accuracy positioning, navigation and timing services to its users (China Satellite
Navigation Office, 2019c).

BeiDou is independently developed and operated by China, but compatibility and
interoperability with other Global Navigation Satellite Systems (GNSS) are being
pursued to minimize interference and maximize mutual performance. As stated
by Yang et al. (2011), the use of GNSS multi-constellation and multi-frequency
observations will enhance the navigation accuracy, availability and continuity of
the positioning, navigation and timing (PNT) service. This improvement can be
attributed to an increased number of satellites and subsequently a decreased dilution
of precision as well as less navigational blind areas caused by terrain or building
sheltering. The overall GNSS integrity and reliability will also be improved, when
multi-GNSS reception is used.

Analogous to other GNSS such as the U.S. Global Positioning System (GPS), the
Russian Globalnaya Navigatsionnaya Sputnikovaya Sistema (GLONASS) or the
European system Galileo, BeiDou is comprised of three major components: the
space segment, the ground segment and the user segment. The space segment
consists of satellites in three different orbit constellations: the geostationary Earth
orbit (GEO) satellites, the inclined geosynchronous orbit (IGSO) satellites and the
medium Earth orbit (MEO) satellites. The different satellite types and their orbit
constellation will be discussed in Section 2.4. The ground segment comprises the
master control station, monitoring stations and uplink stations (Yang et al., 2019a).
The master control station collects and processes all data from the monitoring
stations, determines satellite orbits and satellite clock biases and generates the
navigation message. The radio determination satellite service (RDSS) and the short
message service, which will be described in Section 2.1.1 are also carried out at the
master control station. The monitoring stations provide the pseudorange and carrier
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phase measurements for orbit determination and wide-area differential information.
These measurements are transmitted to the master control station in real-time (Han
et al., 2011). The navigation message and the wide-area differential corrections are
transmitted to the satellites via the uplink stations. Another function of the uplink
stations is the time synchronization of the satellite clocks. The user segment includes
any terminals that can track BeiDou satellite signals for PNT or other provided
services.

2.1 Development of BeiDou

The Chinese navigation satellite system BeiDou was gradually constructed following a
"three-step" approach. Initially, the provided services were only applicable for users in
the Asian-Pacific area, but they were extended for global usage. Following the BeiDou
Navigation Satellite Demonstration System (BDS-1), the BeiDou Regional Navigation
Satellite System (BDS-2) was established. On June 23, 2020, the last satellite was
launched successfully, completing the constellation deployment of the BeiDou Global
Navigation Satellite System (BDS-3) (China Satellite Navigation Office, 2020c). After
a series of comprehensive tests, BDS-3 was formally commissioned on August 3,
2020 (China Satellite Navigation Office, 2020b). The three phases of development
and the provided services of BeiDou will be described in the following sections.

2.1.1 BeiDou Navigation Satellite Demonstration System

The construction of BDS-1 began in 1994, and active regional services were provided
by 2000 (Chengqi, 2012). The initial constellation was composed of two GEO
satellites, launched in 2000 (Yang et al., 2017b). They were located at 80°E and
140°E, respectively. In 2003 a third satellite was added at 110.5°E for backup
purposes. The service area of the BDS-1 covered China and its surrounding areas
from longitude 70°E to 140°E and latitude 5°N to 55°N. The BDS-1 satellites had
been operating until 2010 and were then substituted by BDS-2 satellites (Chengqi,
2012).

The functions provided by BDS-1 included positioning, a short message communi-
cation service and timing. Apart from that, the demonstration system was used to
gain technical experience and train personnel. BDS-1 was used in fields such as
surveying and mapping, telecommunications, water conservancy, transportation,
fishery, prospecting, forest fire prevention and national security (Sun et al., 2012).

The basic principle of positioning of BDS-1 differs from the concept used by other
satellite systems. Global Navigation Satellite Systems such as GPS, GLONASS or

2.1 Development of BeiDou 3



Fig. 2.1: The BDS-1 service area from longitude 70°E to 140°E and from latitude 5°N, as
defined by Yang et al. (2017b). The red dots indicate the location of the GEO
satellites.

Galileo use the concept known as radio navigation satellite service (RNSS). Here, the
requested position is determined by the user. The three-dimensional coordinates and
the receiver clock error can be obtained directly by measuring the pseudoranges from
the receiver to at least four satellites. For more information about the mathematical
models for positioning used by GNSS, refer to Hofmann-Wellenhof et al. (2007a).
Since BDS-1 is based on a dual-satellite positioning mechanism, this direct approach
is not possible. The concept of BDS-1 is known as radio determination satellite
service (RDSS).

A profound description of the principle of RDSS and the different services provided
by BDS-1 can be found in Yang et al. (2017b). The following paragraphs briefly sum-
marize the basic characteristics. With RDSS, the determination of the user position
is conducted at the master control station. It is based on the time measurement of
the turn-around signal emitted by the master control station and responded by the
user. The position can be determined with information about the height above the
reference ellipsoid of the user queried by a digital database. This information is
then sent back to the user. Since the transmit and receive times are measured by the
same clock at the master control stations, clock offsets do not have to be considered.
BDS-1 is not able to provide dynamic positioning and therefore cannot be called a
navigation system but rather a positioning system to determine the location of the
user. The horizontal positioning accuracy is 20 m to 100 m.

2.1 Development of BeiDou 4



Besides providing user position information, the master control station also performs
satellite orbit determination, short message communication and timing. Precise
time corrections to synchronize the users with the BeiDou system time (BDT) are
calculated and transmitted to the user. BDT is discussed in more detail in Section 2.3.
Two different timing services are provided by BDS-1: one-way and two-way timing.
The timing accuracies are 100 ns and 20 ns, respectively.

BDS-1 also included a satellite-based augmentation system (SBAS). Precise satellite
orbits, grid ionospheric corrections and the equivalent satellite clock corrections for
GPS were processed at the master control station and the corresponding corrections
were broadcasted via the GEO satellites.

2.1.2 BeiDou Regional Navigation Satellite System

In 2004 the construction of BDS-2 started, and by December 2012, the system
became fully operational (Yang et al., 2017b). The first MEO satellite was launched
in 2007 and the first GEO satellite in 2009. With a total number of 14 operational
satellites, the regional service was established. The initial constellation consisted of
five GEO satellites, five IGSO satellites and four MEO satellites. The GEO satellites
are located at 58.75°E, 80°E, 110.5°E, 140°E and 160°E, respectively. The service
area of BDS-2 covers 94.6 % of the Asia-Pacific region from longitude 55°E to 180°E
and latitude 55°S to 55°N (Yang et al., 2018). BDS-2 is still being maintained, and
the precise orbit determination of the satellites is the object of this study. For the
current satellite constellation status refer to Section 2.4.

BDS-2 provides positioning, navigation and timing services based on the concept
of passive RNSS, but also continues the active RDSS and short message communi-
cation services from BDS-1. All BDS-2 satellites broadcast signals on three distinct
frequency bands for the RNSS. Triple frequency signals enable different frequency
combinations and provide the basis for advanced GNSS processing techniques, which
are especially beneficial for ambiguity resolution, cycle slip correction and precise
positioning (Li et al., 2017). The signals used in BDS-2 are discussed in more detail
in Section 2.6. Two different levels of service are provided by BDS-2. The open ser-
vice is commonly accessible to civilians, and the authorized service offers enhanced
PNT, communication and integrity services (Sun et al., 2012). The open service
was specified to offer a horizontal and vertical positioning accuracy of better than
10 m at a 95 % confidence interval within the BDS-2 service area (China Satellite
Navigation Office, 2013). Three modes of timing services are provided by BDS-2:
RDSS one-way, RDSS two-way and RNSS one-way. The uncertainty of the one-way
timing service is designed to be less than 50 ns, and that of the two-way timing
service is less than 10 ns (Han et al., 2011).

2.1 Development of BeiDou 5



Fig. 2.2: The BDS-2 service area from longitude 55°E to 180°E and latitude 55°S to 55°N,
as specified by Yang et al. (2018). The red dots indicate the location of the GEO
satellites.

The BDS-2 GEO satellites still maintain the RDSS and additionally provide an
improved SBAS service (Yang et al., 2017b). Apart from the features of the SBAS of
BDS-1, the augmentations service of BDS-2 includes GPS and BeiDou signals and
also provides integrity information.

2.1.3 BeiDou Global Navigation Satellite System

The development of the BeiDou Global Navigation Satellite System (BDS-3) began
in 2009 and was formally commissioned in August, 2020 (China Satellite Navigation
Office, 2020b). A demonstration system for BDS-3 was established between 2015
and 2016, consisting of three MEO satellites and two IGSO satellites. These satellites
were launched in order to test the new payloads, the new signals and the new
techniques designed for BDS-3 (Yang et al., 2018). The constellation deployment of
BDS-3 started with the launch of two MEO satellites on November 5, 2017.

The global constellation of BDS-3 comprises 30 satellites, consisting of three GEO
satellites, three IGSO satellites and 24 MEO satellites. The GEO satellites are located
at 80°E, 110.5°E and 140°E, respectively. BDS-3 provides seven types of services. The
global services include the fundamental service of positioning, navigation and timing
(PNT) by RNSS, global short message communication (GSMC) and international
search and rescue (SAR). The regional services comprise the satellite-based augmen-

2.1 Development of BeiDou 6



tation system (SBAS), the ground-based augmentation system (GAS), the precise
point positioning (PPP) and the regional short message communication (RSMC),
which are provided in China and the surrounding areas from longitude 75°E to 135°E
and latitude 10°N to 55°N (China Satellite Navigation Office, 2019c).

Analogous to its predecessor, BDS-3 provides an open service and an authorized
service. The open service PNT is globally available but the overall performance is
improved in the Asian-Pacific area (China Satellite Navigation Office, 2018a). The
global positioning accuracy is better than 10 m, the velocity measurement accuracy is
better than 0.2 m s−1 and the timing accuracy is better than 20 ns. The performance
characteristics in the Asian-Pacific region of positioning, velocity measurement and
timing are 5 m, 0.1 m s−1 and 10 ns, respectively.

2.2 Coordinate system

BeiDou adopts the BeiDou Coordinate System (BDCS), which follows the definition
of the Chinese Geodetic Coordinate System 2000 (CGCS2000). The CGCS2000 is
in accordance with the International Earth Rotation and Reference Systems Service
(IERS) conventions and is aligned with the International Terrestrial Reference System
(ITRS). The definition of the CGCS2000 is given in Yang (2009) and is summarized
in the following paragraph.

The CGCS2000 is a right-handed, orthogonal, Earth-centered Earth-fixed (ECEF)
system. Its origin coincides with the Earth’s center of mass, including oceans and
atmosphere. The initial orientation is constituted by the orientation of the Bureau
International de l’Heure (BIH) at 1984.0. A no-net-rotation condition regarding
the horizontal tectonic motions over the Earth ensures the time evolution of the
orientation. The z-axis points in the direction of the IERS Reference Pole, and the
intersection of the IERS Reference Meridian and the plane passing through the origin
and normal to the z-axis defines the x-axis (Yang et al., 2017b). Meter is the unit of
length. The defining constants of the reference ellipsoid used in the CGCS2000 are
summarized in Table 2.1.

The constants of the reference ellipsoid used in different GNSS are not consistent.
BeiDou differs in terms of GM, ω and f from those adopted by GPS. The value of
a is the same as the one from GPS, but different values are used by GLONASS and
Galileo. The variations in a and f usually do not affect the estimated position. Still,
an incorrect value of GM in precise orbit determination could cause a maximum
error of 2 m, and the wrong value of ω could cause orbit errors of up to several tens
of meters (Yang et al., 2019a).

2.2 Coordinate system 7



Tab. 2.1: The constants of the CGCS2000 as specified by China Satellite Navigation Office
(2019a). The atmosphere is included in the gravitational constant GM.

Parameter Value

semi major axis a 6 378 137.0 m
flattening f 1/298.257222101
gravitational constant GM 3.986 004 418 · 1014 m3 s−2

angular velocity ω 7.292 115 · 10−5 rad s−1

The Realization of CGCS2000 is denoted as China Terrestrial Reference Frame 2000
(CTRF2000) and is referenced to the International Terrestrial Reference Frame (ITRF)
solution ITRF97 with the epoch of 2000.0 (Yang, 2009). BeiDou tracking stations
and ITRF stations monitor the coordinate reference, using multi-GNSS receivers
(Yang et al., 2019a). At least once a year, an integrated adjustment is performed
where the coordinates and velocities of the stations are estimated, and the reference
frame is updated. Additionally, coordinate parameters between BeiDou and other
GNSS are determined to enhance the interoperability between the systems.

2.3 Time system

The time reference of BeiDou is called BeiDou system time (BDT) and is an internal
and continuous uniform navigation time scale, accumulating without leap seconds
(Han et al., 2011). The SI unit second is the basic unit adopted by BDT, and one
week, defined as 604 800 s, is the largest unit used. BDT is labeled by the week
number and the second of week, starting from 0 to 604 799. Coordinated Universal
Time (UTC) 00h 00min 00s, January 1, 2006, was the starting point of BDT.

BDT is maintained by the time and frequency system (TFS) at the master control
station. The time-keeping is based on multiple hydrogen maser clocks, which realize
BDT following the ’composite clocks’ approach. The structure of the TFS is further
elaborated in Han et al. (2011).

The time offset between BDT and UTC can be determined indirectly. BDT is aligned
to the UTC realization of the National Timing Service Center of the Chinese Academy
of Science (NTSC), and UTC(NTSC) aligns with UTC (Yang et al., 2019a). According
to Han et al. (2011), BDT may be steered with an interposed frequency adjustment
after a certain period, depending on the situation, to be as consistent as possible
with UTC. The specified performance of BDT is summarized in Table 2.2.

2.3 Time system 8



Tab. 2.2: Performance specifications of BDT, as defined by China Satellite Navigation Office
(2017c).

Parameter Value

Time offset BDT-UTC <100 ns (modulo 1 s)
Accuracy of correction BDT-UTC 5 ns

Stability of BDT
<2 · 10−14 / 1 d
<1 · 10−14 / 7 d

Accuracy of satellite clock offset 2 ns

2.4 Satellite types and orbit constellation

As of November 2021, 15 BDS-2 satellites, four BDS-3-experimental satellites and
30 BDS-3 satellites are in orbit (China Satellite Navigation Office, 2021). The BDS-2
system comprises five GEO, seven IGSO and three MEO satellites. Two IGSO and
two MEO BDS-3-experimental satellites are still in orbit. Three GEO, three IGSO
and 24 MEO satellites form the BDS-3 constellation. All BDS-2 and BDS-3 satellites
are operational besides the latest BDS-3 GEO satellite launched, which is still in
testing mode. The BDS-3-experimental satellites have been part of the demonstration
system and have been used to test new payloads and verify the design of BDS-3.

2.4.1 Orbit constellation

The GEO satellites are placed at an orbit altitude of 35 786 km directly over the
equator. They orbit the Earth in the direction of the Earth rotation and exhibit an
orbital period of one sidereal day (23 h 56 min). Since the orbital period of the
GEO satellites matches the period of the rotation of the Earth relative to the fixed
stars, they appear to be nearly stationary to a ground-based observer. However, the
GEO satellites perform a certain north-south movement since they have a non-zero
inclination of 0.7° to 1.7° (Steigenberger et al., 2013). Frequent orbital maneuvering
is necessary to maintain the orbit of GEO satellites due to gravitational perturbations
of Earth, Sun, and Moon. These station-keeping maneuvers are conducted in regular
intervals. According to Xie et al. (2012), the station-keeping cycle in the east-west
direction is between 25 and 35 days, the station-keeping cycle in the north-south
direction is about two years. GEO satellites are well suited for regional navigation
and satellite communication, but the accuracy of precise orbit determination is
relatively low compared to other satellite constellations. Several factors contribute
to this problem. The limitations of precise orbit determination of GEO satellites will
be discussed in more detail in Section 5.3.1.
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Fig. 2.3: Groundtracks of the BeiDou satellites on September 6, 2020. The cyan, purple and
red trajectories indicate MEO, IGSO the GEO satellites, respectively.

The altitude of IGSO satellites is 35 786 km as well, but their orbit exhibits an
inclination of 55° with respect to the equator. As a result, the continuously repeating
ground tracks with a period of one sidereal day have a figure-of-eight shape that
extends from latitude 55°S to 55°N. The satellites traverse the northern hemisphere in
a clockwise direction and the southern hemisphere in a counter-clockwise direction.
In order to control the equator crossing longitude (cross node), IGSO satellites also
conduct orbit maneuvers in cycles of about half a year (Fan et al., 2017).

The MEO satellites orbit the Earth at an altitude of 21 528 km with an inclination
angle of 55°. An orbital period of 12 h 53 min of the MEO satellites equals the
completion of 13 revolutions in 7 days. The BDS-3 satellites are part of a 24/3/1
Walker constellation (Yang et al., 2018). The triplet 24/3/1 denoting the constel-
lation implies that 24 satellites are evenly distributed in three orbital planes and
that the phase difference between adjacent orbital planes is equally spaced. In this
constellation, the ascending nodes of the orbital planes are separated by 120°. In
order to avoid collision or interference at plane intersections, the relative spacing
between satellites in neighboring planes, which corresponds to the change in true
anomaly, is 15°. The BDS-2 MEO satellites have been placed between the official slot
positions of the BDS-3 MEO satellites (International GNSS Service, 2021c).
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2.4.2 Spacecraft characteristics

BDS-2 satellites

The MEO and IGSO satellites of BDS-2 utilize the DongFangHong-3 (DFH-3) satel-
lite platform, developed by the China Academy of Space Technology (CAST). The
BDS-2 GEO satellites adopt a slightly modified version (DFH-3A), which carries
complementary equipment in addition to the navigation payload (Xie et al., 2012).
The DFH-3 bus is three-axis stabilized and has a hexahedral shape. The satellite
platform is equipped with an apogee boost motor and a liquid propulsion system
used for initial orbit insertion and orbit keeping maneuvers and includes subsystems
for power supply and distribution, thermal control, tracking, telemetry as well as
attitude and orbit control (Yang et al., 2017b). The attitude control of the BDS-2
satellites is accomplished by an assembly of Earth and Sun sensors and four reaction
wheels. BDS-2 satellites have a specified lifetime of eight years.

ezez

eye

ex

GNSS
antenna

(a) BDS-2 MEO/IGSO satellite

ezezeye

ex

C-band 
antenna

(b) BDS-2 GEO satellite

Fig. 2.4: BDS-2 satellites (based on Montenbruck et al., 2015).

All BDS-2 satellites carry the RNSS navigation payload, including the time and
frequency subsystem, the navigation processor and a signal generation unit (Yang
et al., 2017b). The primary clocks used in the BDS-2 satellites are Rubidium atomic
frequency standards (RAFS) from Chinese manufacturers, while RAFS from European
manufacturers serve as backup units (Zhao et al., 2018). According to Han et al.
(2013), the frequency stability at a 1-day sample time is about 2.53 · 10−14 to
9.38·10−14. Phased-array antennas are used for transmission of the L-band navigation
signals on three frequency bands (B1, B2 and B3), and laser retroreflector arrays are
mounted to enable satellite laser ranging (SLR) (Yang et al., 2017b).

The GEO satellites are additionally equipped with the RDSS payload. It consists of a
C-band antenna and an L/S-band antenna, used for BDS-1-type navigation, short
messaging and two-way satellite time and frequency transfer (TWSTF) for time
synchronization of the ground stations and data transmission (Han et al., 2011).
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BDS-3 satellites

The BDS-3 satellites utilize platforms developed by two different manufacturers. The
GEO and IGSO satellites adopt platforms by CAST; the MEO satellite platforms are
either manufactured by CAST or the Shanghai Engineering Center for Microsatellites
(SECM). In comparison with the CAST MEO satellites, the ones developed by SECM
have different geometric configurations. The satellite surface pointing towards the
Earth of the SECM platform is elongated, and the satellite is more cuboid than the
cubic shape of the CAST satellites (Dilssner et al., 2020). The rectangular shape
of the SECM MEO spacecraft is similar to Galileo satellites. The BDS-3 IGSO and
GEO satellites are significantly larger and more than twice as heavy as the MEO
satellites. Knowledge about the dimension of the satellites is crucial for precise orbit
determination, particularly for the modeling of solar radiation pressure (SRP). More
information about this topic is provided in Section 4.

BDS-3 has made significant adjustments in terms of the satellite payload. Instead
of Sun and Earth sensors, a star camera is employed to determine the satellite’s
attitude and stabilize its orientation (Zhao et al., 2018). An important innovation of
BDS-3 equipment is the inter-satellite link (ISL). As stated in Yang et al. (2017a), the
satellites launched since March 2015 carry Ka-band ISL antennas, which can measure
clock errors and ranges and transfer information between satellites. The authors
conducted a combined orbit determination experiment using both ISL measurements
and ranging observations from ground stations and reported substantial improve-
ments in orbit determination accuracy. BDS-3 uses ISL to overcome the shortage
of well-distributed ground stations and improve the performance and stability of
the global service. The implementation of ISL in precise orbit determination is not
part of this study but offers considerable potential for future investigations. More
information about ISL and corresponding evaluation results can be found in Yang
et al. (2017a) and Yang et al. (2019b).

The primary frequency standard for BDS-3 is based on passive hydrogen masers
(PHM) developed by the Shanghai Astronomical Observatory and the Beijing Institute
of Radio Metrology and Measurement, and improved RAFS by Chinese manufacturers
serve as backup (Zhao et al., 2018). Wu et al. (2018) evaluated the performance of
the PHM. They came to the result that the in-orbit frequency stability of the BDS-3
PHM is approximately 6 · 10−15 at 1-day intervals, which is superior to the BDS-3
RAFS and most of the GPS Block IIF and Galileo onboard clocks. The antenna used
for the transmission of the navigation signals broadcasts on six frequency bands. For
more information on the different signals used by BeiDou, refer to Section 2.6.
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2.5 Attitude modes

Knowledge about the satellite’s orientation in space, also known as attitude, is essen-
tial for high-precision GNSS data processing. Incorrect modeling of the satellite’s
attitude leads to measurement correction errors and dynamic force errors. The
attitude-related measurement correction errors comprise improper modeling of the
phase center offset (PCO) and the phase wind-up effect (Bar-Sever, 1996; Wu et al.,
1992). The PCO and its direction-specific deviation, the phase center variation (PCV),
define the antenna position relative to the center-of-mass of the satellite in a body-
fixed spacecraft coordinate system. The phase wind-up effect is a variation of the
measured carrier-phase, which depends on the relative orientation of the transmitter
and receiver antenna and the direction of the line of sight. The dynamical force
errors imply the incorrect modeling of non-gravitational perturbations that act on the
spacecraft. With solar radiation pressure (SRP) being the dominant non-gravitational
force, these perturbing accelerations directly depend on the satellite’s structure and
orientation with respect to the incident radiation (Rodriguez-Solano et al., 2012).

In the following sections the different attitude modes used by BeiDou are presented.
The definition of the reference frames and the labeling of the principal axes are in
accordance with the International GNSS Service (IGS) conventions as formulated by
Montenbruck et al. (2015).

2.5.1 Satellite-fixed reference frames

Body-fixed frame

A body-fixed reference frame is necessary to describe the orientation of a satellite in
space. Since orbit information is usually related to the center-of-mass of the satellite,
but the navigation signals are transmitted from an antenna at a different location, a
reference frame that is tied to the mechanical structure of the spacecraft was defined
to specify the PCO and the PCV (Montenbruck et al., 2015). This reference frame
is also used to describe the position and alignment of individual surface elements,
which is needed for the analytical modeling of the SRP. The uniform definition of
the respective spacecraft axes, as defined by the IGS in Montenbruck et al. (2015),
are as follows:

• The +zBF,IGS-axis is aligned with the boresight direction of the navigation
antenna, which corresponds to the direction of the maximum beam intensity.

• The rotation axis of the solar panels is parallel to the yBF,IGS-axis.
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• The +xBF,IGS-axis is pointing towards the sun-lit hemisphere. This align-
ment ensures that the +xIGS-panel is permanently exposed to the Sun while
performing nominal yaw-steering.

• The axes of the body-fixed frame form a right-handed, orthonormal basis.

Local orbital frame

The radial (R), cross-track (C) and along-track (A) direction unit vectors

eR = r

|r|

eC = r × v

|r × v|
eA = eC × eR

(2.1)

define the local orbital frame, where r is the geocentric position vector of the satellite
and v is the velocity vector of the geocentric satellite motion. With a series of three
elementary rotations by the angles roll φ, pitch ϑ and yaw ψ

xBF = Rx(φ) ·Ry(ϑ) ·Rz(ψ) · xRCA (2.2)

the body-fixed frame can be transformed into the local orbital frame. Since the
navigation antenna of GNSS satellites is pointing to the geocenter and therefore the
+zBF,IGS-axis and the −eR-axis coincide, the roll φ and pitch ϑ angles vanish. The
yaw angle ψ, which describes the angle between the +eA-axis and the +xBF,IGS-axis
can fully determine the attitude of the satellite (Montenbruck et al., 2015).

ψ

Earth

ψ

Orbit

eCeA eR

xBF

zBF yBF

Fig. 2.5: Definition of the yaw-angle (based on Montenbruck et al., 2015).
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2.5.2 Yaw-steering mode

The nominal attitude of a GNSS satellite is determined by satisfying two require-
ments: The navigation antenna needs to point towards the center of the Earth, and
the solar array surface needs to be orientated towards the Sun. In order to meet
these two conditions, the satellite has to constantly yaw about the Earth-pointing
z-axis to keep the y-axis along the solar panel perpendicular to the Sun direction
(Bar-Sever, 1996). The positive x-axis points to the same hemisphere as the Sun and
completes the orthogonal, right-handed coordinate frame. This concept is known as
the nominal yaw-steering (YS) mode. The three unit vectors

ez,YS = − r

|r|

ey,YS = eD × r

|eD × r|
ex,YS = ey,YS × ez,YS

(2.3)

define the YS frame. Since r is the geocentric position vector of the satellite, ez,YS is
a unit vector pointing to the center of the Earth. The unit vector

eD = rS − r

|rS − r|
, (2.4)

where rS is the geocentric position vector of the Sun, is pointing from the satellite
to the Sun. ey,YS is perpendicular to the Sun and nadir direction and the positive
direction of ex,YS is pointing towards the sun-lit hemisphere. The body-fixed frame
of a satellite moving in nominal YS mode and the YS frame are aligned (Montenbruck
et al., 2015). The nominal yaw angle and the nominal yaw angle rate, as stated in
Bar-Sever (1996), are given by

ψ = atan2(− tan β, sinµ)

ψ̇ = µ̇ tan β cosµ
sin2 µ+ tan2 β

,
(2.5)

where β is the acute angle between the position vector of the Sun rS and the orbit
plane. µ is the orbit angle measured between the position vector of the satellite r

and the midnight point of the orbit. The midnight point denotes the point farthest
away from the Sun in the orbital plane. The point closest to the Sun in the orbital
plane is called the noon point. The average orbit angular velocity µ̇ as stated in
Wang et al. (2018b), is given by

µ̇ =

√
GM
a3

a = r

2− rv
GM

,

(2.6)
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where GM is the Earth’s gravitational constant and r and v are the scalar quantities of
the geocentric position vector r and the velocity vector v, respectively. Equation (2.5)
becomes singular at the intersections of the geocentric position vector of the Sun
with the satellite’s orbit. The yaw angle ψ is undetermined, and the yaw angle rate
ψ̇ is unbounded at these points.
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Fig. 2.6: Illustration of satellites moving in yaw-steering (YS) mode (based on Montenbruck
et al., 2015).

2.5.3 Orbit-normal mode

In orbit-normal (ON) mode, the orientation of the satellite axes is aligned with the
local orbital frame (Montenbruck et al., 2015). The zON-axis points towards the
Earth’s center; the yON-axis is perpendicular to the orbit plane and the xON-axis
points in the direction of the velocity vector of the satellite v. The axes form an
orthogonal, right-handed coordinate frame. The unit vectors of the orbit-normal
frame

ez,ON = − r

|r|

ey,ON = − r × v

|r × v|
ex,ON = ey,ON × ez,ON

(2.7)

coincide with the ones from the local orbital frame (see Equation (2.1)), but the
yON- and the zON-axis point to the transverse direction. Since xON points in the
direction of the satellite motion, it yields a yaw angle of zero. In ON mode, the
surface area of the solar panels is not perpendicular to the Sun direction, except for
β = 0°. The power generation of the solar panels in ON mode is elevation-dependent
and decreases by the factor of cosβ compared to the YS mode (Prange et al., 2020).
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The solar panels perform a 360° rotation throughout one orbit revolution with
respect to the satellite bus (Montenbruck et al., 2015). Hereby, the angle between
the solar array surface normal and ez,ON coincides with the orbit angle µ .
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Fig. 2.7: Illustration of satellites moving in orbit-normal (ON) mode (based on Montenbruck
et al., 2015).

2.5.4 Behaviour of BeiDou satellites during eclipse season

As already mentioned, the two constraints, namely that the navigation antenna has
to point towards the Earth’ center and that the solar panel normal has to point in
the direction of the Sun, are met when the satellite is constantly yawing along the
z-axis. However, this nominal yaw-steering mode cannot be performed when the
Sun is close to the orbital plane. As can be seen from Equation (2.5), the nominal
rotation rate of the yaw angle increases as the β angle decreases. When the satellite-
Sun and satellite-Earth vectors are collinear, i.e., the β angle is zero, the satellite
would theoretically have to rotate instantaneously by 180° at the midnight and noon
points of the orbit (Prange et al., 2020). The onboard sensors of the attitude control
system are used to monitor the position of the Sun and Earth, and the satellite
can be adjusted to the required orientation by the momentum wheels (Wang et al.,
2018b). During the midnight and noon crossings, the required yaw rate exceeds the
maximum hardware rate, and the attitude control system cannot align the satellite
to the nominal orientation. In order to avoid the problem of rapid yaw turns the
BeiDou satellites adopt different strategies.
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The BDS-2 MEO and IGSO satellites were originally designed to adopt the YS mode
but to enter into ON mode when they are in deep eclipse season (Guo et al., 2013).
The eclipse season is the period when β falls beneath a certain threshold and the
satellite experiences Earth shadow crossings once per revolution. Kouba (2009)
stated that assuming a point light source, the eclipse season of a satellite starts when

|β| < RE
r
, (2.8)

where RE is the mean radius of the Earth and r is the norm of the geocentric
position vector of the satellite. Consequently, MEO and IGSO satellites cross the
Earth’s shadow when |β| approximately falls below 13° and 8.5°, respectively. By
changing the attitude mode during this time, the BDS-2 MEO and IGSO satellites
avoid the rapid yaw turns during the midnight and noon points. Since the exact
attitude control mechanism and the conditions for the switch between the attitude
modes are not published, several studies have been carried out to estimate yaw-
attitude, based on the reversed kinematic PPP approach (Dai et al., 2015; Wang
et al., 2018b; Xia et al., 2019; Zhao et al., 2018). The common conclusion is that the
switch is conducted when β is close to ±4° and the YS and ON mode show similar
orientation. A small difference in orientation is favorable since the attitude control
system consumes the lowest energy this way. In this study, the requirements for the
switch were set to be:

• The absolute amount of the Sun-elevation angle: |β| < 4°.

• The difference between the yaw-angles of YS and ON mode: |∆ψ| < 5°.

The ON mode for BDS-2 MEO and IGSO satellites can last 8 to 15 days (Li et al.,
2018b). An empirical solar radiation pressure model for satellites moving in ON
mode will be described in Section 4.3.2. Since the orbit accuracy of satellites in ON
mode is inferior to those in YS mode, some BDS-2 satellites have already abandoned
the ON mode in favor of the continuous yaw-steering (CYS) mode (Xia et al., 2019).
More information about the BDS-2 satellites that have changed their attitude mode
can be found in Section 5.3.2.

All the BDS-3 MEO and IGSO satellites maintain the CYS mode (Wang et al., 2018b).
In this attitude mode, midnight and noon maneuvers have to be performed. Outside
a β angle of ±3°, the satellites are able to maintain the nominal yaw attitude even
when they are passing through the Earth’s shadow. During the orbit maneuvers, the
satellites rotate by 180° at an estimated, variable yaw rate, which can take up to 40
minutes (Wang et al., 2018b). The the actual yaw angle at the midnight and noon
points equals −90°. This procedure ensures that the deviation between the nominal
and the actual yaw angles is as small as possible. The CYS attitude control model
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used in this study is based on the model for the Galileo FOC satellites published by
the European GNSS Service Centre (2017) with adopted values, estimated by Wang
et al. (2018b). The yaw angle in CYS mode can be expressed as

ψ(µ) = 90° · sign(1, ψ(µs)

+ [ψ(µs)− 90° · sign(1, ψ(µs))] · cos
( 2π
tmax

· µ− µs
µ̇

)
,

(2.9)

where µs is the orbit angle at the start of the yaw maneuver, and ψ(µs) is the associ-
ated nominal yaw angle. The constant tmax depicts the maximum yaw maneuver
time. In this study, the requirements to be met were set to be:

• The absolute amount of the Sun-elevation angle: |β| < 3°.

• The colinearity angle at the start of the yaw maneuver: ε = 6° for the midnight
turn; and ε = 174° for the noon turn.

The colinearity angle ε can be determined by

ε = arccos (|r| · |n× (n× rS)|) (2.10)

where n is the orbit normal vector. The corresponding maximum yaw maneuver
time was 3090 s and 5740 s for MEO and IGSO satellites, respectively. Figure 2.8
compares the yaw angles from the nominal YS mode and the CYS mode conducted
on October 13, 2020.
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Fig. 2.8: Midnight maneuver of the BDS-3 MEO satellite C27 on October 13, 2020.

The GEO satellites of BDS-2 and BDS-3 maintain the ON mode at all times, so they
constantly adapt a yaw angle of zero and do not have to perform any midnight or
noon maneuvers (Prange et al., 2020).
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2.6 Signals

BeiDou transmits navigation signals on multiple frequencies. Signals of the BDS-2
satellites are modulated on the B1, B2 and B3 frequency bands. BDS-3 satellites are
broadcasting on the frequency bands B1C, B1A, B2a, B2b, B2(B2a+B2b) and B3A.
BDS-3 is backward-compatible with BDS-2 and additionally continues to provide
signals on B1 and B3. The different BeiDou signals are displayed in Table 2.3.

Tab. 2.3: BeiDou signals in Receiver Independent Exchange Format (RINEX) as stated in
Romero (2020).

Frequency System Code Phase Service

B1 (1561.098) BDS-2
BDS-3

C2I L2I Open
C2Q L2Q Authorized
C2X L2X Authorized

B1C (1575.420) BDS-3
C1D L1D Open
C1P L1P Open
C1X L1X Open

B1A (1575.420) BDS-3
C1S L1S Authorized
C1L L1L Authorized
C1Z L1Z Authorized

B2a (1176.450) BDS-3
C5D L5D Open
C5P L5P Open
C5X L5X Open

B2 (1207.140) BDS-2
C7I L7I Open
C7Q L7Q Authorized
C7X L7X Authorized

B2b (1207.140) BDS-3
C7D L7D Open
C7P L7P Open
C7Z L7Z Open

B2(B2a+B2b) (1191.795) BDS-3
C8D L8D Open
C8P L8P Open
C8X L8X Open

B3 (1268.520) BDS-2
BDS-3

C6I L6I Open
C6Q L6Q Authorized
C6X L6X Authorized

B3A (1268.520) BDS-3
C6D L6D Authorized
C6P L6P Authorized
C6Z L6Z Authorized

BeiDou offers two kinds of services: the open service and the authorized service.
All open service signal specifications have officially been released in the form of
Interface Control Documents by the China Satellite Navigation Office via its website
(http://en.beidou.gov.cn/SYSTEMS/ICD/).
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2.6.1 Signal characteristics

Each signal on the BDS-2 frequency bands B1, B2 and B3 is the sum of the channels I
and Q, which are in phase quadrature of each other. The in-phase components I of the
frequency bands are part of the open service, whereas the quadrature components Q
are part of the authorized service. The signal is composed of the ranging code and
the navigation message modulated on the carrier frequency. Binary Phase Shift
Keying (BPSK) is used for the modulation of the open service signals of B1 and B3
(China Satellite Navigation Office, 2018b, 2019b), the signal of B2 is modulated by
Quadrature Phase Shift Keying (QPSK) (China Satellite Navigation Office, 2016).
The ranging code is a truncated Gold code. The transmitted signals of the BDS-2
frequency bands are Right-Handed Circularly Polarized (RHCP), and the method of
signal multiplexing is Code Division Multiple Access (CDMA). A minimum received
power level of −163 dBW is specified for all the BDS-2 signals.

The signals of the BDS-3 frequency bands consist of a data and a pilot component,
except for B2b, which has an I and Q component (China Satellite Navigation Office,
2017a,b, 2020a). The data component is generated by modulation of the navigation
message and the ranging code on the carrier frequency, whereas the pilot component
only contains the ranging code. All BDS-3 signals are RHCP. The modulation
process employed by the BDS-3 signals is either BPSK, Binary Offset Carrier (BOC)
or Quadrature multiplexed Binary Offset Carrier (QMBOC). The specific signal
characteristics of the open service BeiDou signals are represented in Table 2.4.

BeiDou employs different types of navigation messages based on their data rate and
structure (China Satellite Navigation Office, 2016). The D1 navigation message
contains the basic navigation information comprising fundamental navigation in-
formation of the broadcasting satellite, Almanac data and time offsets from other
systems. The D2 navigation message additionally contains augmentation service
information. A secondary Neumann-Hoffman code is modulated on the ranging
code of signals containing the D1 navigation message. The D1 navigation message
is part of the BDS-2 signals broadcasted by the MEO and IGSO satellites, whereas
the D2 navigation message is transmitted by the BDS-2 signals of the GEO satellites.
The signals of the GEO satellites are designed for high data rates, while the MEO
and IGSO signals show improved properties at the expense of a lower data rate
(Yang et al., 2017b). However, the data components of the BDS-3 signals B1C, B2a
and B2b have different navigation messages modulated on their carriers (China
Satellite Navigation Office, 2017a,b, 2020a). The B1C signal navigation message
is called B-CNAV1, B-CNAV2 is the corresponding navigation message of B2a and
B2b contains the B-CNAV3 navigations message. A distinction in signal structure for
different satellite types of the same GNSS constellation is unique to BeiDou.
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Tab. 2.4: BeiDou open service signal characteristics. The specific values shown in this table
are taken from China Satellite Navigation Office (2016, 2017a,b, 2018b, 2019b,
2020a).

Frequency Signal Modulation
Chip rate
[Mcps]

Bandwidth
[MHz]

Powera [dBW]

B1
C2I BPSK(2) 2.046 4.092 −163
C2Q n/a n/a n/a n/a

B1C
C1D BOC(1,1)

1.023 32.736
−159

C1P QMBOCb −161

B2a
C5D BPSK(10)

10.23 20.46
−156

C5P BPSK(10) −158

B2
C7I QPSK(2) 2.046 20.46 −163
C7Q n/a n/a n/a n/a

B2b
C7D BPSK(10) 10.23 20.46 −160
C7P n/a n/a n/a −162

B3
C6I BPSK(10) 10.23 20.46 −163
C6Q n/a n/a n/a n/a

aFor signals, which contain a data and a pilot component, the minimum received power level on
ground is the combined power of both components; the first value in the corresponding cell is the
power received from MEO satellites and the value below belongs to the IGSO satellites.

bThe exact modulation of C1P is QMBOC(6,1,4/33).

2.6.2 Signal quality

The accuracy of the open service signals can be evaluated by the Signal in Space
Ranging Error (SISRE). It represents the statistical value of the differences between
the measured signal in space ranges and the pseudo-range values obtained from
the navigation message parameters, excluding the user receiver clock offsets or
measurement errors (China Satellite Navigation Office, 2018a). Ionospheric delay
errors, tropospheric delay errors, multipath, receiver noise, etc., are not considered
in the SISRE. The I-components of the B1 and B3 frequency bands have a SISRE of
less than 1 m. The SISRE of the B1C and B2a signals is less than 0.6 m.

The frequencies of the BeiDou signals partly overlap with the signals of other global
(GPS, Galileo) and regional (Quasi-Zenith Satellite System (QZSS), Indian Regional
Navigation Satellite System (IRNSS)) navigation satellite systems. This allows for
tightly combined observations and enhances the compatibility and interoperability
among the systems. Table 2.5 lists the frequencies and the overlapping signals of the
respective systems.
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Tab. 2.5: BeiDou open service signals overlapping with other navigation systems.

Frequency GPS Galileo BDS-2 BDS-3 QZSS IRNSS

1561.098 B1
1575.420 L1 E1 B1C L1
1176.450 L5 E5a B2a L5 L5
1207.140 E5b B2 B2b
1191.795 E5 B2(B2a+B2b)
1268.520 B3
1278.750 E6 L6
1227.600 L2

The overall signal quality of BDS-3 signals is expected to be better than that of
BDS-2 since a more stable time and frequency standard is used (see Section 2.4.2).
Numerous studies have been carried out to assess the signal quality of BDS-2 signals,
yet fewer publications have been published about the performance of BDS-3. Zhang
et al. (2017) and Yang et al. (2018) have evaluated the navigation signals and the
performance of BDS-3 based on data of the BDS-3 demonstration system. Zhang
et al. (2019) assessed the signal quality using the primary constellation of BDS-3.
The conclusions of their studies are in agreement with each other, and their main
findings are listed below:

• The observational quality of the BDS-3 signals is comparable to the GPS
L1/L2/L5 and Galileo E1/E5a/E5b signals.

• The Carrier-to-Noise-density ratio of BDS-3 signals is slightly larger than those
of BDS-2 and comparable to the signals of GPS and Galileo.

• The code noise of BDS-3 is smaller than that of BDS-2; the phase noise level of
all systems is quite similar.

• Systematic biases in multipath combinations have been identified in BDS-2.
These elevation-dependent biases are not obvious for the BDS-3 signals.

• Apparent systematic variations of triple-frequency carrier phase combinations,
as observed in BDS-2, no longer exist in BDS-3.

• The incorporation of BDS-3 signals improves the ambiguity resolution perfor-
mance with respect to positioning with BDS-2 only.
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2.7 IGS products and analysis centers

The International GNSS Service (IGS) is an international federation of 350 organiza-
tions, involving self-funding agencies, universities and research institutions located
in more than 100 countries (Johnston et al., 2017). The IGS aims to provide the
highest-quality GNSS data and products in order to support the terrestrial reference
frame, Earth observation and research, PNT and other applications for free and
openly accessible. Officially established in 1994 as a service of the International
Association of Geodesy (IAG), it supports scientific research primarily based on GPS,
while GLONASS was integrated in 2005 (Dow et al., 2009). With the advent of new
global (BeiDou, Galileo) and regional (QZSS, IRNSS) navigation satellite systems,
the IGS has initiated the Multi-GNSS Experiment (MGEX) to incorporate the new
constellations and provide high-quality data products (Montenbruck et al., 2014).
The IGS collects, archives and distributes GNSS observation data sets, whereas a
global network of over 500 permanent tracking stations serves as the backbone of
their services. As of November 2021, the IGS states that 294 stations can track
BeiDou signals (International GNSS Service, 2021e).

Official core products such as precise satellite orbits, satellite and station clocks, Earth
orientation parameters as well as station coordinates are formed from a properly
weighted combination of independent results produced by a number of analysis
centers (International GNSS Service, 2021a). The institutions declared as official
IGS analysis centers are listed in Table 2.6.

Tab. 2.6: Official analysis centers as stated on the IGS website (International GNSS Service,
2021b).

Institution Abbreviation Country

Natural Resources Canada EMR Canada
Wuhan University WHU China
Geodetic Observatory Pecny GOP Czech Republic
Space geodesy team of the CNES GRGS France
European Space Agency/ESOC ESA/ESOC Germany
GeoForschungsZentrum GFZ Germany
Center for Orbit Determination in Europe CODE Switzerland
Jet Propulsion Laboratory JPL USA
Massachusetts Institute of Technology MIT USA
NOAA/National Geodetic Survey NGS USA
Sripps Institution of Oceanography SIO USA
U.S. Naval Observatory USNO USA
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The Center for Orbit Determination in Europe (CODE), the European Space Agency
(ESA), the GeoForschungsZentrum (GFZ) in Potsdam and Wuhan University (WHU)
implement the precise orbit determination of BDS-2 and BDS-3 satellites in their
routines for the MGEX products and were therefore used for validation of the results
of this study (see Section 5.3.3).
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3GNSS orbit determination

In this chapter, the processing strategy for precise orbit determination of GNSS satel-
lites applied at Graz University of Technology (TUG) is presented. The underlying
physical effects of orbit modeling and the mathematical fundamentals to fit the
modeled orbits to GNSS observations are described in the following sections. The ap-
proach can be divided into two major parts: In the preprocessing step, orbit modeling
is performed by numerical integration of the equation of motion (see Section 3.2 and
3.3). Subsequently, the modeled orbits are fitted to approximate orbits by estimating
initial values for the position and velocity of the satellite, parameters of the applied
solar radiation pressure (SRP) model and additional empirical parameters using a
standard variational equation method (see Section 3.4 and 3.5). The actual process-
ing is based on the linearization of the GNSS observation equations using variational
equations. In this step, the initial parameters are updated, and parameters regarding
systematic influences are estimated in an iterative least-squares adjustment. The
processing is implemented using the raw observation approach, which is described
in Section 3.6. The analyses presented in this thesis have been conducted using the
Gravity Recovery Object Oriented Programming System (GROOPS) software toolkit.
Some general information about GROOPS can be found in Section 3.7.

3.1 Methods of precise orbit determination

When determining precise satellite orbits, three different methods can be distin-
guished: kinematic, dynamic and reduced dynamic orbit determination. Kinematic
orbit determination is based entirely on epoch-wise GNSS observations and is inde-
pendent of satellite dynamics and orbit characteristics (Švehla and Rothacher, 2005).
This direct approach of estimating the satellite positions is purely geometric and
does not make use of any dynamical force models. Kinematic orbit determination is
widely used in gravity field research (e.g. Zehentner and Mayer-Gürr, 2015) because
no a priori information about the gravity field is needed. By discarding information
about the spacecraft motion, the sensitivity to force model errors vanishes, and the
process of determining a solution becomes less complex. However, kinematic orbits
highly correlate with erroneous measurements, bad viewing geometry and outages
(Montenbruck et al., 2005), which restricts their practical use in the precise orbit
determination of GNSS satellites.
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Dynamic orbit determination is based on the numerical integration of the perturbed
equation of motion, which requires additional models of the forces acting on the
satellite. GNSS measurements are used to estimate the initial position and velocity of
the satellite in the least-squares adjustment. Hereby, the dynamical models constrain
the position and velocity estimates, which reduces the sensitivity to measurement
errors or a poor viewing geometry (Montenbruck, 2017). Dynamic modeling of
the trajectory also allows for bridging possible data gaps, yielding a robust and
continuous orbit. However, any mismodeling of the forces acting on the satellite
results in systematic errors in the solution (Wu et al., 1991). The quality of the force
models used is therefore crucial for the precision of the obtained orbits.

In order to overcome deficiencies in dynamic orbit determination due to the inac-
curacy of the force models, the reduced dynamic orbit determination approach has
been developed (Yunck et al., 1990). Hereby, additional empirical parameters are
estimated in the least-squares adjustment to reduce the residuals of the modeled
orbit when it is fitted to GNSS observations. The advantage of reduced dynamic or-
bits is that the accuracy of the GNSS measurements can be exploited better, whereas
the robustness of dynamical orbits is being maintained (Montenbruck et al., 2005).
The disadvantage of this method is that these empirical parameters have no physical
meaning. Reduced dynamic orbit determination is applied by many analysis cen-
ters of the IGS (e.g., Guo et al., 2016; Prange et al., 2017) and it is the approach
employed for the analyses conducted within the scope of this thesis.

3.2 Orbit modeling

The Keplerian motion describes the movement of two point-masses relative to each
other, based solely on their mutual gravitational attraction. In this special case,
which is also known as the two-body problem, Kepler’s laws are rigorously valid.
The motion is defined by the homogeneous differential equation of second order

r̈ + G(m1 +m2)
r2

r

r
= 0, (3.1)

where r is the relative position vector, r = ‖r‖ is the distance between the related
point masses m1 and m2, r̈ is the relative acceleration vector and G is the universal
constant of gravity (Hugentobler and Montenbruck, 2017). The orbits obtained from
Equation (3.1) are elliptic, and their shape does not change with time. However,
in the case of precise orbit determination of artificial satellites, additional factors
must be taken into account to achieve a more realistic representation of satellite
motion:
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• The Earth cannot be considered a point mass but has a complex, inhomoge-
neous mass distribution, which is constantly changing due to Earth and ocean
tides and global mass variations.

• The gravitational attraction of third bodies, particularly the Sun and the Moon,
impact the motion of the satellite.

• Relativistic effects have to be considered.

• Direct and indirect solar radiation pressure as well as the thrust caused by the
GNSS antenna of the satellite act as perturbing forces.

• The mass of the satellite is negligible in comparison to the magnitude of Earth’s
mass.

Considering these effects, Equation (3.1) may be reformulated to

r̈ = −GM
r2

r

r
+ a(t, r, ṙ, p1, ..., pn) = F (t, r, ...), (3.2)

where GM is the product of the gravitational constant and the mass of the Earth
and the acceleration vector a contains all perturbing forces acting on the satellite.
a depends on the time t, the position r and velocity ṙ of the satellite and various
parameters p1, ..., pn, which determine the applied force models (Montenbruck and
Gill, 2000). The orientation and shape of a satellite’s orbit are no longer stable in
the presence of perturbing forces but vary with time. Equation (3.2) represents a
simplified form of the perturbed equation of motion of a satellite orbiting the Earth
in the inertial frame. The perturbed equation of motion in its entirety is so complex
that efficient yet accurate solutions can only be achieved by numerical methods
(Beutler, 2005a).

In order to obtain a particular solution of a differential equation, initial values at
one specific position have to be defined. Since the equation of motion is a three-
dimensional second-order differential equation, six constants of integration are
required. In the case of satellite orbit determination, the initial position at epoch t0
and its first derivative with respect to time, the initial velocity, is used. A first-order
differential equation

ẏ = f(t,y,p) =
(

ṙ

F (t, r, ...)

)
(3.3)

can be obtained, where y =
(
r ṙ

)T
denotes the state vector and F (t, r, ...) repre-

sents the perturbed equation of motion. Assuming all of the additional parameters
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p1, ..., pn are known, a satellite orbit can be uniquely determined by numerical inte-
gration starting from the initial state vector y(t0). A large number of methods have
been developed for the solution of differential equations, and several of them can
be applied to satellite orbit determination. Montenbruck and Gill (2000) as well as
Beutler (2005a) list some of the most important methods and assess their utility in
the computation of satellite orbits. In the analysis conducted within the scope of this
thesis, the forces are integrated twice using a moving polynomial method.

3.3 Force modeling

The perturbing accelerations acting on a satellite can be classified into conservative
and non-conservative forces. Conservative forces perturb the motion of the satellite
in the form of gravitational accelerations, which act on the center of mass of the
satellite. Non-conservative forces do not act on the center of mass but on the surfaces
of the satellite. Solar radiation pressure and Earth radiation pressure are induced by
the interaction of radiation with the surface of the satellite body (Rodriguez-Solano,
2014). Consequently, information about the dimensions and the mass of the satellite,
its orientation in space and the radiation (whether it is from the Sun, the Earth or
generated by the satellite itself) is necessary to model non-conservative forces. The
orders of magnitude of the different perturbing forces that have to be considered in
the precise orbit determination of GNSS satellites are shown in Figure 3.1.

Conservative forces account for the largest perturbations of the satellite motion,
yet models of gravitational accelerations are well established and of high quality.
Non-conservative forces have smaller effects on GNSS satellite orbits in compari-
son to the main conservative forces, but they are more difficult to model. Solar
radiation pressure (SRP) is the dominant error source in precise orbit determi-
nation (Rodriguez-Solano, 2014), which indicates that the correct modeling of
non-conservative forces is crucial for the achievable orbit accuracy.

A comprehensive description of the forces involved in precise orbit determination
can be found in Beutler (2005b) and Hugentobler and Montenbruck (2017). Conser-
vative forces are thoroughly discussed in Petit and Luzum (2010). A summary of
the conservative forces is given in the following section. Non-conservative forces are
described in Section 3.3.2. The modeling of SRP is one of the main objectives of this
thesis and is extensively discussed in Chapter 4.
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Fig. 3.1: Magnitude of forces acting on a satellite (based on Montenbruck and Gill, 2000
and Strasser, 2016).

3.3.1 Conservative forces

Earth’s gravitational field

The perturbing accelerations caused by the inhomogeneous mass distribution inside
the Earth can be expressed as the gradient ∇ of the Earth’s gravitational potential
V (r, ϑ, λ) (Hofmann-Wellenhof and Moritz, 2006)

aGF = ∇V (r, ϑ, λ). (3.4)

Outside the Earth, V (r, ϑ, λ) represents a harmonic function and thus can be ex-
panded into a series of spherical harmonics

V (r, ϑ, λ) = GM

r

∞∑
n=0

(
RE

r

)n n∑
m=0

Pnm(cosϑ) [Cnm cosmλ+ Snm sinmλ] , (3.5)

where the geocentric distance of the satellite r, the polar distance ϑ and the geocen-
tric longitude λ denote the spherical coordinates in the Earth-fixed reference frame,
and RE is the mean equatorial radius. Pnm(cosϑ) are fully normalized associated
Legendre functions of the first kind, where the subscripts n and m denote the degree
and order of Pnm(cosϑ), respectively. The fully normalized Stokes coefficients Cnm
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and Snm describe the global structure of the gravitational potential field. These
coefficients are obtained using data from gravity field recovery missions such as
Challenging Minisatellite Payload (CHAMP), Gravity field and steady-state Ocean
Circulation Explorer (GOCE), Gravity Recovery And Climate Experiment (GRACE)
and GRACE Follow-On, or from a combination of satellite gravity data and addi-
tional data sources, such as surface gravimetry and satellite altimetry (Ince et al.,
2019). An archive of static and temporal global gravitational models is provided by
the International Centre for Global Earth Models (ICGEM) service via its website
(http://icgem.gfz-potsdam.de).

The coefficient C00 is defined as a scaling factor for the value of GM and conse-
quently represents the mass of the Earth (Ince et al., 2019). C00 is set to 1 per
definition. The coefficients of degree n = 1 define the geocenter and vanish, if
the origin of the Earth-fixed system coincides with Earth’s center of mass. The
nonsphericity of the Earth is represented by the coefficients of degree n ≥ 2, where
C20 denotes the oblateness and C21 and S21 are related to the position of the mean
rotational pole.

If Equation (3.4) is evaluated for n = 0, it corresponds to the acceleration of a
spherically symmetric mass distribution, which is equivalent to the acceleration of
a point mass (Hugentobler and Montenbruck, 2017). This zero-degree term is the
central force of the Keplerian motion. The higher-order terms can be considered as
perturbing accelerations since they are significantly smaller. As can be seen from
Figure 3.1, C20 induces the dominant perturbation for MEO satellites and, besides
the attraction of the Moon, also the strongest perturbation for satellites at higher
altitudes (e.g., IGSO satellites).

Third-body attractions

The perturbations acting on a satellite caused by the gravitational attraction of other
celestial bodies

aT B = −GMi

(
r − ri

‖r − ri‖3
+ ri

‖ri‖3

)
(3.6)

can be modeled by considering the so-called third bodies as point masses. The
geocentric position vectors of the satellite and the third body are represented by r

and ri, respectively. The mass of the celestial body Mi exerts an acceleration not
only on the satellite but also on the Earth. Since the motion of a satellite is described
with respect to the Earth’s center of mass, the perturbing accelerations acting on the
Earth, represented by the second term inside the parentheses in Equation (3.6), have
to be taken into account as well. The strongest perturbations by celestial bodies are
caused by the Moon and the Sun. Accelerations due to the gravitational attraction
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of the planets are considerably smaller, with Venus and Jupiter having the biggest
impact (Montenbruck and Gill, 2000). The gravitational forces from celestial bodies
perturbing the motion of a satellite are also known as astronomical tides.

Solid Earth tides

The gravitational attractions from Sun and Moon not only have a direct impact on
the satellite orbits but also induce tidal deformations of the solid Earth (Hugentobler
and Montenbruck, 2017). These time-dependent mass variations result in changes
of Earth’s gravitational potential V (r, ϑ, λ) and subsequently in perturbations of the
satellite’s motion. The changes of the gravitational potential caused by the solid
Earth tides can be modeled as variations of the Stokes coefficients Cnm and Snm

(Petit and Luzum, 2010). Closed-form models exist to compute the time variable
variations ∆Cnm and ∆Snm.

Ocean tides

Besides solid Earth tides, tidal mass variations in the oceans induced by gravitational
forces of the Sun and the Moon have to be considered as well. The effects of ocean
tides are modeled as periodic variations in the Stokes coefficients Cnm and Snm

(Petit and Luzum, 2010). However, the computation of the effects of ocean tides on
satellite motion is more sophisticated than the effects of solid Earth tides. Global
ocean tide models are required, which are usually developed as gridded maps of tide
height amplitudes. Both solid Earth tides and ocean tides can be considered indirect
effects of the gravitational forces of the Sun and the Moon.

Solid Earth pole tides and ocean pole tides

Pole tides are generated by the centrifugal effect of polar motion, dominated by the
14-month Chandler wobble and annual variations (Petit and Luzum, 2010). Both
solid Earth pole tides and ocean pole tides induce a variation in the gravitational
potential and can be expressed as changes of the Stokes coefficients. In the case of
the solid Earth pole tides, an adjustment of C21 and S22 depicts the variation and
in the case of the ocean pole tides, about 99 % of the variance is represented by a
spherical harmonic expansion up to degree n = 10.

Non-tidal global mass variations

Global mass variation models, such as the Atmosphere and Ocean De-aliasing Level-
1B (AOD1B) product, are used to correct for the non-tidal high-frequency variations
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in the atmosphere and the ocean (Dobslaw et al., 2013). These short-term variations
include changes in atmospheric pressure, terrestrial water storage variations caused
by heavy precipitations events, as well as wind-induced redistribution of oceanic
water masses and hence changes in the ocean bottom pressure. With a temporal
resolution of 3 hours, the release 06 of the AOD1B product (Dobslaw et al., 2017) is
provided as a series of Stokes coefficients up to degree and order 180.

AOD1B is typically used as a time-variable background model for the GRACE gravity
field estimation process. The model accounts for gravitational signals on submonthly
time scales, which cannot be resolved by a global GRACE gravity field solution due
to its temporal resolution of about 30 days. Since the non-tidal high-frequency
atmospheric and oceanic mass variations cause small changes in the gravitational po-
tential, global mass variation models are also used in the precise orbit determination
of GNSS satellites.

Relativistic effects

According to Petit and Luzum (2010), the relativistic correction to the acceleration
of an artificial Earth satellite in the Geocentric Celestial Reference System (GCRS) is
defined as

aRE = GM

c2r3

{[
2(β + γ)GM

r
− γṙ · ṙ

]
r + 2(1 + γ)(r · ṙ)ṙ

}
+ (1 + γ)GM

c2r3

[ 3
r2 (r × ṙ)(r · J) + (ṙ × J)

]
+
{

(1 + 2γ)
[
ṙSE ×

(
GMSrSE
c2r3

SE

)]
× ṙ

}
,

(3.7)

where GM and GMS are the product of the gravitational constant and the mass
of the Earth and the mass of the Sun, respectively. r is the geocentric position
vector of the satellite, and rSE is the position vector of Earth with respect to the Sun.
The speed of light is denoted as c, β and γ are the parameterized post-Newtonian
parameters, which can be set to 1 in general relativity and J is Earth’s angular
momentum per unit mass.

3.3.2 Non-conservative forces

Earth radiation pressure

Besides direct solar radiation also indirect solar radiation, named Earth radiation,
perturbs the motion of the satellite. Earth radiation is composed of two parts
(Montenbruck and Gill, 2000): the shortwave optical radiation, reflected from
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Earth’s surface (Earth albedo); and the longwave infrared radiation emitted by the
Earth (thermal re-radiation). A widely used model, proposed by Rodriguez-Solano
(2009), decomposes the Earth into surface elements and determines the irradiance
received by the satellite based on reflectivity and emissivity coefficients for each of
these surface elements. The model is based on a box-wing model of the satellite and
applied coefficients provided by the Clouds and the Earth’s Radiant Energy System
(CERES) project from the National Aeronautics and Space Administration (NASA).

Antenna thrust

The power emitted from the antenna along its boresight while transmitting signals
towards the Earth causes an equal reactive force in the opposite direction (Ziebart
et al., 2004). The antenna thrust induces a radial acceleration

aAT = − P

Mc
ez, (3.8)

where P denotes the antenna transmit power, c the speed of light, M the mass of
the satellite and eZ the unit vector of the antenna boresight in Earth direction.

3.4 Empirical parameters

As mentioned in Chapter 3.1, the quality of dynamic orbits highly relies on the
applied force models. Inaccuracies of the models deteriorate the precision of the
orbits. SRP parameters are estimated empirically in order to model the perturbing
accelerations without depending on a priori satellite metadata (see Chapter 4.3).
However, in the case of reduced dynamic orbit determination, additional empirical
parameters are estimated when the dynamic orbit is fitted to GNSS observations to
overcome force model imperfections. Usually, a priori information is used to assign
constraints and weighting to those parameters (Montenbruck et al., 2005). The
more parameters are estimated, and the fewer constraints are imposed, the more
the dynamics of the orbit are attenuated (Swatschina, 2012).

Due to their a priori stochastic properties, these empirical parameters are also called
pseudo-stochastic parameters. A number of parametrization methods are given by
Jäggi et al. (2006). The models considered in the analysis conducted within the scope
of this thesis are instantaneous velocity changes, also known as pseudo-stochastic
pulses, and piecewise constant accelerations in the along-track direction.

3.4 Empirical parameters 34



3.5 Variational equations

The force models discussed in the previous section are required to describe the
perturbed motion of a satellite orbiting the Earth. These models depend on various
dynamical parameters p1, ..., pn. A particular orbit solution can be obtained by
numerically integrating the forces, starting from the initial state vector y(t0). In
order to determine an orbit that best fits observations, the partial derivatives of the
modeled orbit with respect to the initial state vector(

∂y(t)
∂y(t0)

)
6×6

= Φ(t, t0), (3.9)

known as the state transition matrix, and the partial derivatives with respect to the
dynamical parameters (

∂y(t)
∂p(t0)

)
6×np

= S(t), (3.10)

called the parameter sensitivity matrix, are required. Due to the complexity of the
perturbed equation of motion, an analytical solution of Φ(t, t0) and S(t, t0) is no
longer possible. Instead, a set of differential equations, known as the variational
equations, has to be solved by numerical integration. The following derivation of
the variational equations is based on Montenbruck and Gill (2000). A first-order
differential equation

ẏ = f(t,y,p) =
(

ṙ

F (t, r, ...)

)
(3.11)

is defined for the state vector y, where F (t, r, ...) denotes the perturbed equation of
motion. By derivating Equation (3.11) with respect to y(t0)

∂ẏ(t)
∂y(t0) = ∂f(t,y,p)

∂y(t0) = ∂f(t,y,p)
∂y(t) · ∂y(t)

∂y(t0) (3.12)

and substituting Equation (3.9), the state transition matrix can be determined from
the differential equation

Φ̇(t, t0) = ∂f(t,y,p)
∂y(t) ·Φ(t, t0) (3.13)

starting from the initial value Φ(t0, t0) = I6×6. Analogous to the approach described
above, the differential equation of the parameter sensitivity matrix

Ṡ(t) = ∂f(t,y,p)
∂y(t) · S(t) + ∂f(t,y,p)

∂p
(3.14)

can be derived. The initial state vector does not depend on the dynamical parameters,
thus the initial value S(t0) = 06×np .
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In order to fit the modeled orbit to GNSS observations, the partial derivatives of
the observation equation with respect to y(t0) and p1, ..., pn need to be determined.
These partial derivatives can be obtained by

∂ρ(t)
∂y(t0) = ∂ρ(t)

∂y(t) ·
∂y(t)
∂y(t0) = ∂ρ(t)

∂y(t)Φ(t) (3.15)

and
∂ρ(t)
∂p

= ∂ρ(t)
∂y(t) ·

∂y(t)
∂p

= ∂ρ(t)
∂y(t)S(t), (3.16)

where ρ(t) denotes the observation equation of the respective measurement type.

3.6 Raw observation approach

The raw observation approach is a GNSS processing technique, which directly uses
all available observations as they are observed by the receivers without forming
any linear combinations or observation differences. The approach of using raw
observations in GNSS analysis was first proposed by Schönemann et al. (2011) and
further elaborated by Schönemann (2013). Zehentner and Mayer-Gürr (2014, 2015)
made use of raw GPS observations to determine kinematic satellite positions of low
Earth orbit (LEO) satellites, based on the principles of precise point positioning
(PPP). The raw observation approach was further developed by Strasser (2016) and
Strasser et al. (2019) at Graz University of Technology (TUG) to adopt for precise
orbit determination of GNSS satellites. In the course of this thesis, the approach was
used to integrate the BeiDou Navigation Satellite System (BeiDou) in the processing
of GNSS constellations applied at TUG. This section provides an overview of the
raw observation approach and briefly summarizes the influences that have to be
addressed. A more profound description of the approach and the processing strategy
can be found in Strasser et al. (2019).

The direct use of the observations implicates that the original physical characteris-
tics are preserved, and the information contained in the observations can be fully
exploited. It enables the analysis of all individual components of the signal and the
conservation of the original measurement accuracy (Strasser et al., 2019). The re-
nunciation of linear combinations and observation differences also greatly facilitates
the incorporation of new observables. This is especially beneficial for the processing
of BeiDou signals due to the different signal structures used for the specific satel-
lite types. As stated in Yang et al. (2017b), half-cycle intersatellite-type biases can
result from inconsistent interpretations of the Neumann-Hoffman code sign (see
Chapter 2.6.1), when double-differences of phase observations between GEO and
MEO/IGSO BDS-2 satellites are formed and different receiver types are used.
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The approach of using all observations as they are observed implies the correction
of all known systematic influences in advance by using state-of-the-art models
and the determination of all remaining influences as additional parameters in the
least-squares adjustment. This leads to a significant increase in the number of
parameters to be estimated compared to commonly used methods, such as the
ionosphere-free linear combination, which eliminates the first-order ionospheric
delay. The raw observation approach is based on setting up observation equations
for each measurement individually. The observation equations for code and phase
measurements can be written as

Rs
r,j −∆Rs

r,j = ρs
r + c (δr − δs)

+ I
s,(1)
r,j + I

s,(2)
r,j + I

(s,3)
r,j + Is,EPL

r,j + Is,∆TEC
r,j

+mw(e)∆Dzw +mg(e)[GN cosα+GE sinα]

+Br,j +Bs
j + εsr,j

(3.17)

and

λjΦs
r,j − λj∆Φs

r,j = ρs
r + c (δr − δs)

+ I
s,(1)
r,j + I

s,(2)
r,j + I

(s,3)
r,j + Is,EPL

r,j + Is,∆TEC
r,j

+mw(e)∆Dzw +mg(e)[GN cosα+GE sinα]

+ λj(br,j + bs
j + nj),+εsr,j ,

(3.18)

where the indices denote the dependence on the receiver r, the transmitter (or
satellite) s and the signal type j (implying frequency and observation type). The
wavelength λj of the respective signal is multiplied to the phase observation in order
to obtain the measurement in units of meters.

The terms ∆Rs
r,j and λj∆Φs

r,j on the left-hand side of the observation equations
represent the systematic influences that can be adequately modeled a priori for the
code and phase measurements. These code and phase corrections can be expressed
as

∆Rs
r,j = PCOr,j + PCOs

j + PCVr,j + PCV s
j

+ ∆relsr + ∆stcs
r + ∆stationr

+mh(e)Dzh +mw(e)Dzw

(3.19)

and
λ∆Φs

r,j = PCOr,j + PCOs
j + PCVr,j + PCV s

j

+ ∆relsr + ∆stcs
r + ∆stationr + PWU s

r,j

+mh(e)Dzh +mw(e)Dzw.

(3.20)

GNSS observations refer to the electrical phase center of the antenna. However,
this point is not physically accessible but depends on the antenna type as well as
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on the intensity, frequency and direction of the signal (Hofmann-Wellenhof et al.,
2007b). The misalignment between a mean phase center and the antenna reference
point (ARP) is denoted as antenna phase center offset PCO. The corrections PCOr

and PCOs specify the offset between the mean antenna phase center and the ARP
position of the receiver and the satellite’s center of mass, respectively. The specific
azimuth- and elevation-dependent deviations of the electrical phase center from the
mean phase center are denoted as antenna phase center variations PCV .

Formulas to account for relativistic effects ∆relsr and space-time curvature ∆stcs
r

caused by Earth’s gravitational field can be found in Hofmann-Wellenhof et al.
(2007b). Station displacement corrections ∆stationr have to be applied to account
for tidal and loading effects and the eccentricity between the ARP and the station
marker. Phase observations are additionally affected by phase wind-up PWU s

r,j , a
variation of the measured carrier-phase range depending on the relative orientation
of the transmitter and receiver antenna.

The non-dispersive delay induced by the troposphere is commonly divided into a
hydrostatic and a wet component (Petit and Luzum, 2010). The majority of the
tropospheric delay is constituted by the zenith hydrostatic component Dzh, which
can be accurately modeled and applied as an a priori correction. The zenith wet
delay component Dzw can only be modeled to some extent, and a residual delay
∆Dzw is estimated as an additional parameter in the least-squares adjustment. As
can be seen from Equation (3.17) and (3.18), a horizontal delay gradient with a
north GN and east GE component is estimated as well. Horizontal delay gradient
parameters are required to account for systematic errors and random effects due to
weather systems (Petit and Luzum, 2010). Combining the components, that can be
modeled and the ones that have to be estimated, the tropospheric delay function for
line-of-sight observations can be expressed as

T s
r = mh(e)Dzh +mw(e)[Dzw + ∆Dzw] +mg(e)[GN cosα+GE sinα], (3.21)

where mh(e), mw(e) and mg(e) are the hydrostatic, wet and gradient mapping
functions, e is the elevation angle of the observation direction and a is the azimuth
angle of the received signal (Petit and Luzum, 2010).

The terms in the first line on the right-hand side of the observation equations
represent the geometrical distance between the satellite and the receiver ρs

r, the
speed of light c, the clock error of the receiver δr and the clock error of the satellite
δs. The satellite position to be determined and the station position are included
in ρs

r. Since both the receiver and the satellite clock error are determined in one
common least-squares adjustment, the inherent rank deficiency is solved by adding
a zero-mean constraint to the transmitter clock parameters at every epoch.
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The second line of the observation equations comprises the terms required to cor-
rect for the ionospheric delay. Is,(1)

r,j , Is,(2)
r,j and Is,(3)

r,j denote the first-, second- and
third-order ionospheric terms, respectively. The first-order term accounts for more
than 99 % of the ionospheric delay and is typically eliminated by forming linear
combinations of multi-frequency observations (Petit and Luzum, 2010). However,
neglecting the higher-order terms results in errors of the computed time of prop-
agation, which affects the determination of satellite orbits at the centimeter level
(Fritsche et al., 2005). The ionospheric delay is different for code and phase mea-
surements. The ionospheric code correction is positive, delaying the measurement,
whereas the ionospheric phase correction is negative, advancing the measurement.
The additional terms Is,EPL

r,j and Is,∆TEC
r,j account for the excess path length due to

the ray curvature of the signal and the range error due to a different slant total
electron content (STEC) for different frequencies, respectively (Hoque and Jakowski,
2008). All of the ionospheric terms are functions of STEC, and to correct for the
total ionospheric delay, a common STEC parameter is estimated in the least-squares
adjustment for all code and phase measurements between a satellite and a receiver
at every epoch (Strasser et al., 2019).

As can be seen from Equation (3.17), code biases are estimated per receiver Br,j

and transmitter Bs
j for each code signal. A transmitter code bias is set up for every

data and pilot component, whereas a receiver code bias is also determined for the
combined data + pilot signals (e.g., C1X). The arising rank deficiency from the
mutual determination of receiver and transmitter code bias is solved by zero-mean
constraints to the transmitter code biases. Code biases cannot be separated from
the parameters required for the modeling the ionospheric delay in one common
least-squares adjustment, resulting in biased STEC parameters. The approach on
how this problem was solved during processing is outlined in Strasser et al. (2019).

The last line of Equation (3.18) includes the receiver phase bias br,j , the transmitter
phase bias bs

j and the integer ambiguities nj . Ambiguity resolution in the form
of a zero-difference method, as necessary for the raw observation approach, re-
quires the determination of phase biases, which are usually eliminated when classic
double-difference approaches are used. These biases prevent direct access to integer
ambiguities. The integer ambiguity resolution method used at TUG is described
in Strasser et al. (2019). A transmitter phase bias is estimated for each frequency
and a receiver phase bias is determined for each signal. A zero-mean constraint is
applied to the transmitter phase biases to account for the arising rank deficiency
when determining both transmitter and receiver phase biases. The residual error
term εsr,j in Equation (3.17) and (3.18) contains observation noise as well as all not
or insufficiently modeled effects such as multipath.
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3.7 GROOPS

The Gravity Recovery Object Oriented Programming System (GROOPS) is a software
toolkit developed to perform core geodetic tasks, such as gravity field recovery from
satellite and terrestrial data, processing of GNSS constellations and ground station
networks, determination of satellite orbits from GNSS measurements as well as
statistical analysis and visualization of time series and spatial data sets (Mayer-Gürr
et al., 2021). Since 2010, GROOPS has been developed and maintained by the
working group Theoretical Geodesy and Satellite Geodesy of the Institute of Geodesy
at TUG.

The GROOPS software package includes a graphical user interface to set up work-
flows based on XML configurations files. These configuration files are denoted
as programs. Programs perform specific tasks and interact with each other via
input and output files. The source code of the GROOPS software is written in
C++ and is designed for extensibility. Along with the documentation, guided
examples and installation instructions, the source code is publicly available on
GitHub (https://github.com/groops-devs/groops). For more information about
GROOPS refer to Mayer-Gürr et al. (2021).
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4Solar radiation pressure models

Solar radiation pressure (SRP) is the dominant non-conservative orbit perturbation
and the largest error source in GNSS orbit modeling (Rodriguez-Solano, 2014).
The acting acceleration depends on the physical and geometrical properties of the
satellite, its mass, and its orientation with respect to the incident radiation of the
Sun. Non-conservative forces are not acting on the center of mass of the satellite but
on its surfaces. In order to model the SRP, information about the dimensions and the
optical properties of these surfaces is required. Since the perturbing accelerations
correlate with the orientation of the satellite to the Sun, the SRP model has to
incorporate the employed attitude model. Three main types of SRP models can be
distinguished: analytical models, semi-empirical models and empirical models.

4.1 Analytical models

Analytical models allow for a physical representation of the perturbing accelerations
caused by SRP. Since these models are based on details about the satellite structure,
they depend on the information provided by the satellite manufacturers. Represen-
tatives of analytical SRP models are different versions of the ROCK model (Fliegel
et al., 1992) and the box-wing model, originally developed by Marshall and Luthcke
(1994).

4.1.1 Box-wing model

By simplifying the satellite structure to a combination of a box and two flat wings
representing the satellite bus and the solar panels, the effect of SRP on the satellite
can be determined by summarizing the accelerations for each illuminated surface
(Wang et al., 2019). Milani et al. (1987) formulated that the acceleration of an
illuminated, flat surface in an inertial system can be expressed as:

a = − A
M

S0
c

(1AU
rD

)2
cos θ

[
(1− ρ)eD + 2

(
δ

3 + ρ cos θ
)

eN

]
, (4.1)

where α, ρ and δ denote the optical properties, which represent the fraction of the
absorbed, specularly reflected and diffusely reflected photons, respectively. The
condition for the optical properties of α + ρ + δ = 1 is implicit. Referring to
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Equation (4.1), the dependency of the acceleration on the mass M , the area A and
the orientation of the surface to the Sun θ becomes apparent. eD denotes the unit
vector from the satellite to the Sun, eN denotes the normal vector of the surface and
θ is the angle between the two vectors. S0 is the solar irradiance at 1 astronomical
unit (AU) and c is the speed of light in vacuum. The term

(
1AU
rD

)2
is added to the

formula to scale the solar irradiance to the current distance of the satellite to the Sun
rD. Equation (4.1) can be used for SRP modeling of the solar panels. However, the
satellite bus is assumed to be covered with multilayer insulation, a common material
in spacecraft design that has zero thermal capacity. According to Rodriguez-Solano
et al. (2012), the SRP-induced acceleration can be reformulated for materials with
zero thermal capacity as follows:

a = − A
M

S0
c

(1AU
rD

)2
cos θ

[
(α+ δ)

(
eD + 2

3eN

)
+ 2ρ cos θeN

]
. (4.2)

Equation (4.2) can therefore be used for the surfaces of the satellite bus.

The main disadvantage of analytical SRP models is that they highly depend on
the metadata of the satellite. Rodriguez-Solano et al. (2012) stated that analytical
models are not able to compensate accurately enough for the actual in-orbit behavior
of the satellites due to the aging or uncertainty of the a priori optical properties.
Information about the spacecraft characteristics, for the most part, is not publicly
available with a sufficient level of detail. The BDS-3 metadata was not published
up until December 2019, and in terms of optical properties, only the absorption
coefficient is listed. Therefore, parameters such as the optical properties are often
determined empirically (e.g., Duan et al., 2019).

4.2 Semi-empirical models

An intermediate approach between analytical and empirical SRP models is given
by semi-empirical models, which combine the physical understanding of SRP with
real satellite tracking measurements (Guo et al., 2017). The shortcoming of the
uncertainty of the satellite characteristics can therefore be overcome while main-
taining the physical background. An example of a semi-empirical SRP model is
the adjustable box-wing model proposed by Rodriguez-Solano et al. (2012). In this
model, the optical properties, an additional bias and a rotation lag angle of the solar
panels are estimated when the orbits are fitted to the tracking data.

The main disadvantage of the adjustable box-wing model is the strong correlation
between the estimated parameters. Additional constraints must be put on most of
these parameters in order to achieve reasonable results (Wang et al., 2018a).
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4.3 Empirical models

The parameters of empirical models are estimated in the process of orbit determi-
nation. They represent the total SRP-induced acceleration and can therefore be
used for any kind of satellite without depending on a priori metadata. However,
the physical processes causing the perturbations are not taken into account. This
results in the loss of the physical understanding of the acting forces and the potential
introduction of systematic errors (Rodriguez-Solano, 2014).

4.3.1 ECOM model

The Center for Orbit Determination in Europe (CODE) has developed a widely
used empirical SRP model. The Empirical CODE Orbit Model (ECOM) was first
introduced by Beutler et al. (1994). It considers up to 9 parameters and was initially
used together with an a priori model. The original ECOM with a reduced set of
5 parameters was found to significantly improve the orbit quality (Springer et al.,
1999) and has been applied by CODE and other analysis centers of the IGS (Li
et al., 2018a; Steigenberger et al., 2015). Initially developed for GPS satellites,
the ECOM is also used for other GNSS satellites. However, deficiencies in orbit
determination were first identified for GLONASS and later for Galileo, BeiDou and
QZSS (Montenbruck et al., 2014).

Since the original ECOM insufficiently parametrizes the orbits of satellites that have
a more elongated shape than GPS satellites, Arnold et al. (2015) reassessed the
model and introduced an updated version, known as the extended ECOM or ECOM2.
The perturbing accelerations caused by SRP are decomposed into three orthogonal
directions

eD = rS − r

|rS − r|

eY = − eD × r

|eD × r|
eB = eD × eY,

(4.3)

where rS is the geocentric position vector of the Sun and r is the geocentric position
vector of the satellite. The unit vector eD is pointing from the satellite to the Sun, eY

coincides with the rotation axis of the solar panels and eB completes the orthogonal,
right-handed frame. The total perturbing acceleration can be formulated as

aSRP = a0 +D(∆u)eD + Y (∆u)eY +B(∆u)eB, (4.4)

where a0 is an optional a priori model and ∆u = u − uS is the difference of the
argument of latitude of the satellite u and the Sun uS in the satellite’s orbital plane.
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According to Arnold et al. (2015), the components of the extended ECOM can be
written as a truncated Fourier series

D(∆u) = D0 +D2,c cos 2∆u+D2,s sin 2∆u

+D4,c cos 4∆u+D4,s sin 4∆u

Y (∆u) = Y0

B(∆u) = B0 +B1,c cos 1∆u+B1,s sin 1∆u,

(4.5)

where the constant (D0, Y0, B0), the one-cycle-per-revolution (B1), the two-cycles-
per-revolution (D2) and the four-cycles-per-revolution (D4) terms represent the SRP
coefficients to be estimated. Analogous to its predecessor, the extended ECOM has
been specifically designed for yaw-steering (YS) mode. Comparing Equation (4.3)
and (2.3), it can be seen that eY from the ECOM frame coincides with ey,YS from
the YS frame but points in the opposite direction. Assuming a perfect YS mode, the
solar panels are always perpendicular to the satellite-sun vector eD. Therefore, the
resulting acceleration is theoretically constant, and only the satellite body is causing
SRP variations (Arnold et al., 2015). Referring to Equation (4.5), the coefficient D0

represents the acceleration caused by the solar panels, whereas all other coefficients
are needed to model the accelerations caused by the satellite body, which is rotating
with respect to the Sun. However, this assumption is not true for satellites in orbit-
normal (ON) mode, where a fixed yaw angle is maintained, and the SRP acceleration
caused by the solar panels depends on the Sun-elevation angle β. In this case, the
SRP acceleration is not only acting in the direction from the Sun to the satellite but
has an additional component normal to it (Prange et al., 2020). Several studies have
identified deficiencies in orbit determination when ECOM-type models are used in
ON mode (e.g., Guo et al., 2013; Lou et al., 2014; Prange et al., 2017).

4.3.2 TERM model

In order to overcome the shortcomings of the traditional ECOM models, Prange et al.
(2020) developed an empirical model for satellites in ON mode using a different
decomposition of the SRP accelerations. The proposed model will be referred to as
the TERM model. The SRP accelerations in the TERM system are decomposed into
three orthogonal directions

eT3 = eD

eT2 = eD × eT1

eT1 = eD × eC,

(4.6)

where eC is the cross-track direction from the local orbital frame (see Equation (2.1)).
The positive eT3 axis is pointing towards the Sun, and the so-called terminator plane,
spanned by eT1 and eT2 , depicts the light-shadow boundary on a spherical Earth.
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Fig. 4.1: ECOM and TERM coordinate system (based on Prange et al., 2020).

As illustrated in Figure 4.1, the TERM system, in contrast to the ECOM system, does
not rotate with the satellite in inertial space. This condition seems obvious, since in
ON mode, the satellite is not yawing around the Earth-pointing axis. However, the
SRP acceleration caused by the solar panels in ON mode depends on the incident
angle of the solar radiation on the satellite, which corresponds to the Sun-elevation
angle β. Analogous to Equation (4.4), the total perturbing acceleration can be
formulated as

aSRP = a0 + T1(∆u, β)eT1 + T2(∆u, β)eT2 + T3(∆u, β)eT3 . (4.7)

According to Arnold et al. (2015), the absorbed radiation accelerates the satellite
in Sun-satellite direction (which corresponds to the reverse eT3 direction), the
specularly reflected radiation is causing an acceleration in the direction of the
surface normal (pointing inside the satellite) and the diffusely reflected radiation
accelerates the satellite in the direction of a vector lying in the plane spanned by
eT3 and the surface normal. When only the solar panels are taken into account, a
minimized parametrization of the TERM model

T3(∆u, β) = T30C1b cosβ

T2(∆u, β) = T20S2b sin 3β

T1(∆u, β) = 0

(4.8)

is obtained, where T2 is solely caused by the reflected part of the solar radiation
and T3 is caused by the absorbed and the reflected part (Prange et al., 2020). Both
components are constant with respect to the difference of the argument of latitude
of the satellite and the sun ∆u. If the satellite body is also taken into account, a
more complex parametrization of the TERM model was proposed by the authors,
where all three components contain significant accelerations depending on β as well
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as on ∆u. The components of the full TERM model can be written as a truncated
Fourier series

T3(∆u, β) = T30C1b cosβ + T3C2uC1b cos 2∆u cosβ

+ T3S2uC1b sin 2∆u cosβ

+ T3C4uC1b cos 4∆u cosβ

+ T3S4uC1b sin 4∆u cosβ

T2(∆u, β) = T20S3b sin 3β + T2C2uS2b cos 2∆u sin 2β

+ T2S2uS2b sin 2∆u sin 2β

T1(∆u, β) = T1S2uC1b sin 2∆u cosβ.

(4.9)

According to Prange et al. (2020), different versions of the TERM model have been
used by CODE during periods with ON mode since Summer 2018.

4.4 SRP model for BeiDou satellites

All of the SRP models mentioned above have advantages and disadvantages and
are more or less suitable for different attitude modes. The main challenge is to
find the most appropriate model for BeiDou satellites. A common SRP model for
all BeiDou satellites is not favorable because of the different orbit types and the
distinct behavior of the satellites during certain orbit phases. Accurate modeling
of the effects due to SRP in BeiDou orbit determination is complicated by several
factors:

• Different attitude modes and orbit types are adopted by the satellites.

• Certain maneuvers are carried out by the satellites when they enter deep eclipse
season (continuous yaw-steering (CYS) or change from YS to ON mode)

• The spacecraft structure varies depending on the manufacturer and the satellite
type (GEO, IGSO or MEO satellites).

• GEO satellites carry a large C-band antenna, which has to be considered in
SRP modeling.

• Satellite surface properties are not known to a sufficient extend to rely on
analytical models alone.
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5Numerical analysis

In the previous chapters, the BeiDou Navigation Satellite System (BeiDou) was
detailed, the physical and mathematical fundamentals for precise orbit determination
of GNSS satellites were described and the different types of solar radiation pressure
(SRP) models were presented. In this chapter, real data is used to assess the SRP
models and to determine the parametrization best suited for the processing of the
BeiDou constellation. Considering the challenges mentioned in Section 4.4, several
strategies were examined in the analyses conducted within the scope of this thesis:

• Usage of the extended ECOM with a varying number of coefficients to be
estimated.

• Evaluation of the impact of an a priori box-wing model (considering the C-band
antenna as an additional surface).

• Usage of the TERM model when satellites are in ON mode and modification of
the number of coefficients.

• Determination of additional empirical parameters (piecewise-constant acceler-
ation in the along-track direction).

Section 5.1 gives information about the models used for precise orbit determination
and characterizes the requirements for the observation data. In Section 5.2, the
influence of an analytical a priori box-wing model gets evaluated and Section 5.3
presents the results and the assessment of the different empirical SRP models.

5.1 Model description and data collection

5.1.1 Orbit preprocessing

Orbit modeling was performed by numerically integrating the perturbed equation
of motion, which includes all known forces acting on a satellite (see Section 3.2
and 3.3). The orbits were integrated in the form of 24 h arcs at a 60 s sampling
period. The force models used for orbit modeling are summarized in Table 5.4.
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Besides the notation of the applied models, also specification values are listed. In
the case of forces that were modeled as spherical harmonics, the maximum degree
of the series expansion is given. The gravitational model GOCO06s (Kvas et al.,
2021) comprises not only a static component but also includes additionally modeled
temporal variations in the form of a regularized trend and an annual oscillation. A
box-wing model was used to account for earth radiation pressure and solar radiation
pressure. This model requires information about the structure and attitude of the
satellite. Table 5.1 displays the applied attitude modes of the specific satellite types
and the threshold of the Sun-elevation angle β. The value of β indicates when the
satellites change their attitude modes or perform midnight and noon maneuvers (see
Section 2.5.4). Information about the satellite structure was taken from the official
BeiDou document (China Satellite Navigation Office, 2019d).

Tab. 5.1: Attitude modes of the different satellite types.

Satellite block Attitude mode β threshold [°]

BeiDou-2G-CAST orbit-normal -
BeiDou-2M-CAST yaw-steering + orbit-normal 4
BeiDou-2I-CAST yaw-steering + orbit-normal 4
BeiDou-3M-CAST continuous yaw-steering 3
BeiDou-3M-SECM-A continuous yaw-steering 3
BeiDou-3M-SECM-B continuous yaw-steering 3
BeiDou-3I-CAST continuous yaw-steering 3
BeiDou-3G-CAST orbit-normal -

The integrated orbits were fitted to approximate orbits using a standard variational
method (see Section 3.5). Hereby, IGS MGEX orbit solutions from GFZ were em-
ployed as pseudo-observations to estimate initial values for the state vector and the
parameters of the empirical SRP models. The specific parametrizations of the SRP
models that were used are depicted in Section 5.3.

5.1.2 Observation preprocessing

The method used for precise orbit determination of BeiDou satellites is a single-
system mode, thus all parameters were estimated using only BeiDou observations.
No other GNSS were considered in the processing. Different approaches, such
as a two-step GPS-assisted method adopted by Lou et al. (2014), which uses GPS
observations to determine parameters common to both GNSS and introduces these
parameters as known in the BeiDou processing, may benefit from the precision of
the GPS parameters. However, the analyses conducted within the scope of this thesis
aim to evaluate BeiDou as a standalone system.
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Observation data was processed from a selection of IGS14 core stations. A balanced
tracking station network is essential to ensure consistent quality of the estimated
orbits. Otherwise, orbits would be determined more accurately in regions with a high
station density, and more discrepancies would occur in regions with sparse station
coverage. However, BeiDou tracking stations are unevenly distributed worldwide,
and most of them only support BDS-2. The station network used for the analyses
was chosen according to specified criteria:

• The tracking stations should be well-distributed globally.

• A sufficient amount of the stations should support BDS-3.

• Quality and integrity of the tracking data must be ensured.

• The processing time should be reasonable.

The chosen network with 82 stations satisfying the requirements is shown in Fig-
ure 5.1. All of these stations were tracking BDS-2 satellites; 47 stations additionally
provided BDS-3 tracking data.

Fig. 5.1: Tracking station network used for processing.

Observation data from the station network over different periods in 2020 with a
sampling period of 30 s was used for the analyses. Stations were excluded from
processing if more than 25 % of the estimable epochs were missing. Code and phase
observations of all open service signals with an elevation angle of more than 5° were
used. The initial weighting of the observations depends on the a priori standard
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deviation of the code and phase measurement σ0,j , as well as on the zenith angle z.
The respective standard deviation can be determined by

σj(z) = σ0,j

cos z . (5.1)

If a station tracked less than five satellites, the specific epochs were not considered.
Using the remaining observations, continuous tracks were set up. Two comple-
mentary methods were applied for cycle-slip detection for each track based on the
Melbourne-Wübbena combination (Melbourne, 1985; Wübbena, 1985) and the
geometry-free linear combination (Hauschild, 2017), respectively. A minimum eleva-
tion of 15° and at least 30 estimable epochs were required for each track, otherwise
it was ignored. Outlier detection was performed track-wise using a robust Huber
M-estimator (Huber, 1981; Koch, 1999). The number of satellites of a specific type
as well as the received signals used for processing are depicted in Table 5.2. The
required settings of the observations and their specifications are listed in Table 5.3.

Tab. 5.2: Number of operational satellites and the received open signals used for processing.

System Satellite Type Signals Satellites

BDS-2
GEO B1I, B2I, B3I 5
IGSO B1I, B2I, B3I 7
MEO B1I, B2I, B3I 3

BDS-3
MEO B1C, B2a, B2b, B2(B2a+B2b), B1I, B3I 24
IGSO B1C, B2a, B2b, B2(B2a+B2b), B1I, B3I 3
GEO B1C, B2a, B2b, B2(B2a+B2b), B1I, B3I 2+1a

aThe latest launched BDS-3 satellite is still in testing mode and is not operational yet.

Tab. 5.3: Applied default settings of the observations.

Settings Specifications

Observation code + phase
a priori standard deviation 22 cm + 1 mm
Sampling period 30 s
Cutoff elevation 5°
Satellites per station and epoch ≥5

Cycle-slip detection
Melbourne-Wübbena,
Geometry-free LC

Min. track elevation 15°
Epochs per track ≥30
Outlier detection Huber M-estimator
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5.1.3 Processing

The processing of the BeiDou constellation was conducted at a 5 min sampling
period based on the linearization of the observation equations. Using code and
phase observations, updates for the initial state vector and the SRP parameters
were estimated in an iterative least-squares adjustment using variational equations.
Parameters required for the modeling of systematic influences which could not
be corrected adequately in advance were determined, and additional empirical
parameters were estimated to overcome force model deficiencies. The additional
empirical parameters comprised pseudo-stochastic pulses that were set up at the
center of every 24 h arc for each satellite and a piece-wise constant acceleration in
the along-track direction that was estimated for the GEO satellites.

The ionospheric delay correction can be divided into first-, second- and third-order
terms as well as two terms to account for the excess path length due to signal
curvature and a frequency-dependent range error. A common STEC parameter for
code and phase measurements was estimated epoch-wise between a satellite and
a receiver since all terms are functions of STEC. The third-order term, the excess
path length and the range error are nonlinear functions of STEC, and therefore these
influences could be corrected from the second iteration onward.

The tropospheric delay was partly modeled a priori and partly estimated in the
least-squares adjustment. Hydrostatic and wet mapping functions, as well as discrete
values for zenith hydrostatic and zenith wet delay, were provided on a global grid
by the Vienna Mapping Functions 3 (VMF3) (Landskron and Böhm, 2018). The
approach on how the zenith hydrostatic delay was computed for each station is
outlined in Strasser et al. (2019). Meteorological quantities from the empirical
Global Pressure and Temperature 3 (GPT3) model on a 1° × 1° grid were used to
correct the hydrostatic delay to station height. The zenith wet delay was modeled at
grid height since the residual delay was estimated in the least-squares adjustment.
Additional horizontal north and east delay gradients were also estimated to account
for azimuthal asymmetry. The corresponding gradient mapping function suggested
by Chen and Herring (1997) was applied here. Bilinear degree 1 spline interpolation
was used to compute the specific delay components per station, with 2-hourly nodes
for the zenith wet delay and a constant and trend part for the delay gradients.

Station and satellite clock errors were estimated for every epoch. A transmitter
code bias was determined for every data and pilot component of a signal, and a
receiver code bias was additionally set up for the combined data + pilot signals for
each satellite per day. Receiver phase biases were estimated for each signal and
transmitter phase biases were determined for each frequency.
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Integer ambiguities had to be resolved to exploit the high precision of phase ob-
servations. Ambiguities were initially determined as float values and subsequently
decorrelated and fixed to integer values. However, phase biases prevent direct access
to integer ambiguities. The approach on how phase biases and integer ambiguities
are set up is outlined in Strasser et al. (2019). The integer ambiguity resolution
is based on the vectorial integer bootstrapping (VIB) estimator, as described in
Teunissen et al. (2021). The implementation algorithm applied at TUG is a blocked
search approach, following the least-squares ambiguity decorrelation adjustment
(LAMBDA) method. More information about the integer ambiguity resolution used
at TUG can be found in Massarweh et al. (2021).

Station positions were not estimated in the processing of the BeiDou constellation,
but coordinates from the TUG contribution (Strasser and Mayer-Gürr, 2021) to the
third reprocessing campaign of the IGS (repro3) were used. The station position
estimates were corrected for sub-daily changes. Solid Earth tides, ocean tides, solid
Earth pole tides, ocean pole tides and non-tidal global mass variations were modeled
to their maximum degree to account for the station displacement (see Table 5.4).
Introducing the station positions as known allows for more focused analyses on the
impact of different SRP models and parametrizations on the orbit solutions.

Station coordinates refer to the International Terrestrial Reference System (ITRS),
whereas satellite orbits refer to the International Celestial Reference System (ICRS).
Earth rotation parameters are required to transform between the two systems.
These parameters comprise pole coordinates, the difference between Universal Time
(UT1) and Coordinated Universal Time (UTC), as well as two nutation corrections.
However, the parameters were not estimated during processing, but they were
introduced as known in the form of a time series and the conventional models of the
parameters provided by the IERS (Bizouard et al., 2019).

The observations were corrected for phase center offsets (PCOs) and phase center
variations (PCVs) a priori. The corresponding values were taken from the IGS
metadata files (International GNSS Service, 2021d).

The satellite state, the SRP and all additional parameters were determined in an
iterative least-squares adjustment. During this process, the observation weighting
was determined from observation residuals and redundancies using variance com-
ponent estimation (VCE) (Koch, 1999). Due to problems that occurred during the
processing of phase observations of the B2b frequency, the respective observations
L7D, L7P and L7Z were ignored. Table 5.5 summarizes the parameters which were
estimated during the daily processing of the BeiDou constellation.
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Tab. 5.5: Parameters to be estimated in the least squares adjustment, when processing a
24 h arc of the BeiDou constellation. An average number of 72 stations received
signals on a daily basis, where all of them tracked BDS-2 signals and 40 tracked
both BDS-2 and BDS-3 signals.

Parameter Count Average

Initial satellite state y(t0) 6 · nsatellite 264
Solar radiation pressure aSRP 2− 9 · nsatellite 322
Station clock error δr nepoch · nstation 207360
Satellite clock error δs nepoch · nsatellite 126720
Slant total electron content STEC nobs/nobs.group 1609744
Tropo. residual wet delay ∆Dzw 25 · nstation 1800
Tropo. delay gradient GN, GE 4 · nstation 288
Receiver code bias Br,j ncode_signal · nstation 320
Transmitter code bias Bs

j ncode_signal
a · nsatellite 294

Receiver phase bias br,j nphase_signal · nstation 300
Transmitter phase bias bs

j nfreq · nsatellite 170
Ambiguities nj nfreq · ntrack 20527
Pseudo-stochastic pulse ∆vpulse 3 · nsatellite 132
Piece-wise const. acc. ∆aemp 1 · nGEO 7

aA transmitter code bias is set up for the data and pilot component but not for the combined signal

In order to assess the impact of the different SRP models and parametrizations,
the root mean square (RMS) of orbit overlap discontinuities at day boundaries was
analyzed. The comparison of two consecutive orbit arcs at their common midnight
epoch was used to evaluate the internal orbit consistency. This midnight discontinuity
RMS indicates how much the last epoch of a 24 h orbit arc differs from the first
epoch of the consecutive arc.

5.2 Evaluation of analytical box-wing models

The perturbing acceleration acting on a satellite caused by SRP depends on its mass
and attitude as well as on the area and optical properties of the satellite’s surfaces
(see Equation (4.2)). Information about the effective area and the absorption coeffi-
cient of the surfaces were provided by the satellite manufacturers. The geometrical
and optical properties are satellite block dependent, which means they are not only
different for all satellite types (GEO, IGSO, MEO), but they also vary depending
whether the satellite was manufactured by the China Academy of Space Technology
(CAST) or the Shanghai Engineering Center for Microsatellites (SECM). Table 5.1
lists the satellite blocks that were distinguished for the box-wing models.
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Tab. 5.6: Assignment of BDS-2 and BDS-3 satellites to the respective PRN and SVN.

Satellite type PRN SVN Launch date

BDS-2 GEO

C01 C020 2019-05-17
C02 C016 2012-10-25
C03 C018 2016-06-12
C04 C006 2010-11-01
C05 C011 2012-02-25

BDS-2 ISO

C06 C005 2010-08-01
C07 C007 2010-12-18
C08 C008 2011-04-10
C09 C009 2011-07-27
C10 C010 2011-12-02

BDS-2 MEO
C11 C012 2012-04-30
C12 C013 2012-04-30
C14 C015 2012-09-19

BDS-2 IGSO
C13 C017 2016-03-30
C16 C019 2018-07-10

(a) BDS-2 satellites

BDS-3 MEO

C19 C201 2017-11-05
C20 C202 2017-11-05
C21 C206 2018-02-12
C22 C205 2018-02-12
C23 C209 2018-07-29
C24 C210 2018-07-29
C25 C212 2018-08-25
C26 C211 2018-08-25
C27 C203 2018-01-12
C28 C204 2018-01-12
C29 C207 2018-03-30
C30 C208 2018-03-30
C32 C213 2018-09-19
C33 C214 2018-09-19
C34 C216 2018-10-15
C35 C215 2018-10-15
C36 C218 2018-11-19
C37 C219 2018-11-19

BDS-3 IGSO
C38 C220 2019-04-20
C39 C221 2019-06-25
C40 C224 2019-11-05

BDS-3 MEO

C41 C227 2019-12-16
C42 C228 2019-12-16
C43 C226 2019-11-23
C44 C225 2019-11-23
C45 C223 2019-09-23
C46 C222 2019-09-23

BDS-3 GEO
C59 C217 2018-11-01
C60 C229 2020-03-09

(b) BDS-3 satellites
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The complex structure of the satellite was simplified to a combination of a box
and two flat wings. In the case of the GEO satellites, the C-band antenna (see
Figure 2.4b) was considered as an additional surface. Similar to the approach
stated by Wang et al. (2019), an effective surface area of 3.14 m2 was assumed. The
C-band antenna should point towards the Earth, hence the additional surface was
assumed to be perpendicular to the +zBF,IGS-axis (see Section 2.5.1). Since no
information about its optical properties is published, the same values as those for
the satellite bus panels perpendicular to +zBF,IGS were used. Analogous to the solar
panels, the optical properties were set to be equal for the front- and backside of the
C-band antenna. The box-wing model was solely used as an a priori model, and
therefore the optical properties were not re-estimated during processing, as is the
case when using a semi-empirical model such as the adjustable box-wing proposed
by Rodriguez-Solano et al. (2012). Effects such as self-shadowing or re-reflection
from one satellite surface to another were also not taken into account.

In order to evaluate the overall impact of an a priori box-wing model, the midnight
discontinuity RMS was formed over the investigated period from June 1 to December
31, 2020 for each GEO satellite and per satellite type for the IGSO and MEO
satellites. An outlier detection using the median and the median absolute deviation
was performed to get comparable results. Values greater than the median plus four
times the median absolute deviation were considered outliers and rejected. Table 5.7
compares the RMS values of an orbit solution using or omitting an a priori box-
wing model. The ECOM model considering 7 parameters was applied for the IGSO
and MEO satellites and the TERM model with 9 parameters was used for the GEO
satellites (see Table 5.8). An assignment of the satellites to their pseudo-random
noise (PRN) and space vehicle number (SVN) is depicted in Table 5.6.

The RMS of the BDS-2 GEO satellites C02 and C03 significantly decreased by almost
25 % using the a priori model, yet the RMS of C01, C04 and C05 increased by
8 % to 10 %. An increase by 8 % and 6 % was determined for the BDS-2 IGSO
and BDS-2 MEO satellites. The BDS-3 MEO satellites were further distinguished
between satellites C19 to C37 and C41 to C46. This distinction was made since
the accuracy of precise orbit determination of the satellites C41 to C46 is worse
compared to the other BDS-3 MEO satellites, and the overall RMS would be biased.
The degradation of the RMS can be attributed to the smaller number of stations
tracking these satellites. While the satellites C19 to C37 were tracked by an average
number of 34 stations, only about 16 stations received signals from the satellites
C41 to C46. The RMS of the BDS-3 MEO satellites increased by 4 % and 5 % for
C19 to C37 and C41 to C46 when using an a priori box-wing model. A significant
decrease by 19 % was observed for the BDS-3 IGSO satellites. The RMS of the BDS-3
GEO satellites C59 and C60 remained at the same very high level. The BDS-3 GEO
satellite’s poor internal orbit consistency is further discussed in Section 5.3.1.
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Tab. 5.7: Midnight discontinuity RMS values of the BeiDou GEO, IGSO and MEO satellites
using or omitting an a priori box-wing model. The period from June 1 to December
31, 2020 was investigated and an outlier detection using the median and the
median absolute deviation was performed. The values are given in cm.

Box-wing
model C01 C02 C03 C04 C05 C59 C60

no 29.7 20.4 20.1 35.7 19.1 356.1 541.4
yes 32.3 15.4 15.5 38.6 21.1 359.9 537.0

(a) Comparison of the GEO satellites.

Box-wing
model IGSO2 MEO2 MEO3

C19-C37
MEO3
C41-C46

IGSO3

no 12.4 5.1 5.2 9.9 22.0
yes 13.4 5.4 5.4 10.4 17.8

(b) Comparison of the IGSO and MEO satellites.

As can be seen in Figure 5.2, using an a priori box-wing model decreased the daily
RMS of the midnight discontinuities for all BDS-2 IGSO and MEO satellites (C06
to C16) as well as for BDS-3 MEO satellites C19 to C37 during June, July and
August 2020. However, the RMS increased in September, October and November.
It seems as if there is a temporal dependency whether the a priori model improves
or deteriorates the internal orbit consistency. During the months where the a priori
model had a negative impact on the orbit solutions, many orbit planes formed a
small angle with the position vector of the Sun β (see Figure 5.3). However, this
anomalous impact of the box-wing model cannot be interpreted without speculation
at this point. Since only the absorption coefficient α of the surface optical properties
was published, it was assumed that the specular reflection coefficient ρ = 1 − α
and the diffuse reflection coefficient δ = 0. This assumption may not be true and a
semi-empirical approach where the coefficients are re-estimated in the least-squares
adjustment may be more accurate.

A particularly positive influence of the box-wing model was assumed for the GEO
satellites since the additionally modeled C-band antenna has a similarly large area
as the panels of the satellite bus. However, an improvement of the internal orbit
consistency could only be verified for C02 and C03. No information about the optical
properties of the C-band antenna is currently available and assuming the values to
be the same as those of the satellite bus panels may be wrong. The different impact
of an a priori model for satellites of the same type was unexpected and requires
further investigations.
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(a) Internal orbit consistency without box-wing model.
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(b) Internal orbit consistency with box-wing model.

Fig. 5.2: Comparison of the midnight discontinuity RMS with and without using an a priori
box-wing model during the period from June 1 to December 31, 2020.
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Analytical models allow for a physical interpretation of the SRP-induced accelerations
acting on the satellite. The a priori box-wing model accounts for systematic effects
which cannot be fully represented by the empirical models. The ECOM and TERM
models include constant, one-cycle-, two-cycle- and four-cycle-per-revolution terms,
depending on the selected parametrization. However, other effects are not consid-
ered. Hence the slight degradation of the internal orbit consistency of some satellites
was accepted, and the a priori model was used throughout further analyses.

5.3 Evaluation of empirical SRP models

The extended ECOM has been designed for satellites in YS mode and considers up
to 9 parameters. In this study, subsets with 5, 7 and 9 parameters were assessed.
These parametrizations are subsequently denoted as ECOM5, ECOM7 and ECOM9.
The TERM model has been developed for satellites in ON mode and is either param-
eterized as a minimized version with 2 components (taking only the solar panels
into account) or as the full version with 9 components (additionally considering the
satellite bus). The minimized TERM model is referred to as TERM2, and the full
TERM model as TERM9. The assignment of the parameters of the Equations (4.5),
(4.8) and (4.9) to the respective model versions is depicted in Table 5.8.

Tab. 5.8: Parametrization of the empirical ECOM and TERM SRP model.

Parameter ECOM5 ECOM7 ECOM9

D0 3 3 3

D2 7 3 3

D4 7 7 3

Y0 3 3 3

B0 3 3 3

B1 3 3 3

B2 7 7 7

(a) ECOM SRP model

Parameter TERM2 TERM9

T1-S2u-C1b 7 3

T2-0-S2b 3 7

T2-0-S3b 7 3

T2-2-S2b 7 3

T3-0-C1b 3 3

T3-2-C1b 7 3

T3-4-C1b 7 3

(b) TERM SRP model

Different periods in the second half of 2020 were examined to assess the specific
parametrizations of the respective empirical SRP models. The acute angle between
the position vector of the Sun and the satellite’s orbit plane β is decisive for the
adaption of a certain attitude mode. Figure 5.3 illustrates β for all BeiDou satellites
from June to December 2020. The condition for satellites in CYS to no longer
maintain nominal YS but to perform midnight and noon maneuvers was set to an
absolute β angle smaller than 3°. The conditions for a switch between YS mode and
ON mode were set to an absolute β angle smaller than 4° and a yaw angle difference
of less than 5° between the two attitude modes.
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Fig. 5.3: β angle for all BeiDou satellites from June to December 2020.

5.3.1 GEO satellites

BeiDou is unique as a Global Navigation Satellite System (GNSS) in terms of incorpo-
rating GEO satellites in its nominal satellite constellation. Five BDS-2 and two BDS-3
GEO satellites are currently operational. However, the accuracy of precise orbit
determination is low in comparison to MEO and IGSO satellites. Several studies iden-
tified the limiting factors in for the achievable accuracy of GEO satellite orbits (e.g.
Steigenberger et al., 2013; Sun et al., 2012; Wang et al., 2019): The high altitude of
GEO satellites and the small range of stations that can track those satellites results in
a poor observation geometry. Since GEO satellites are positioned almost stationary
relative to the tracking stations, small changes of the observation geometry lead
to strong correlations among the initial state vector, the SRP parameters, and the
ambiguities. Due to a non-zero inclination and gravitational perturbations, regular
orbit maneuvers have to be performed to maintain the designated orbits. BeiDou
GEO satellites adopt ON mode at all times. The perturbing acceleration due to SRP
becomes greater with increasing altitude, yet empirical modeling of SRP in ON mode
is more difficult than in YS mode. Additionally, GEO satellites carry a large C-band
antenna with an area comparable to the satellite panels.
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The BDS-3 GEO satellites C59 and C60 are declared to be operational. However, pre-
cise orbit determination of C59 was only possible from July to October 2020. During
this time, observations were available on 76 days. So far, the GeoForschungsZentrum
(GFZ) is the only IGS analysis center publishing BDS-3 GEO MGEX solutions. When
the BDS-3 GEO satellites were examined in this study, very large discrepancies in
the internal orbit consistency could be observed. Midnight discontinuity RMS values
of C59 were in the order of several meters. Only 4 stations of the network used
in this study were tracking this satellite. Observation data of the satellite C60 was
available as of mid-June 2020. An average number of 10 stations provided tracking
data. However, the internal orbit consistency of C60 was even worse compared to
C59. Average midnight discontinuity RMS values of more than 3.6 m and 5.4 m
for C59 and C60 indicated that an assessment of the SRP parametrization was not
meaningful at this point. No clear distinction could be made among the different
SRP models. The assessment of different parametrizations for GEO satellites was
therefore restricted to BDS-2 satellites.

Figures 5.4 and 5.5 compare different versions of the ECOM and TERM model as
well as the impact of an additional piecewise constant acceleration in the along-track
direction, referred to as acceleration bias. On average, 22 stations were tracking the
BDS-2 GEO satellites during the investigated period from June 1 to July 31, 2020.

Both ECOM7 and ECOM9 showed midnight discontinuity RMS values of several
decimeters to more than one meter. ECOM has been developed for satellites in
YS mode and has deficiencies representing SRP-induced accelerations in ON mode.
Using the TERM model, an increased internal orbit consistency can be achieved,
where TERM9 is best suited for BDS-2 GEO satellites. The satellite C01 showed
even larger RMS values using TERM2 than ECOM7 or ECOM9. However, TERM9
significantly decreases the midnight discontinuity RMS of all GEO satellites.

Additionally estimating a constant acceleration in along-track direction was assessed
since several studies identified larger along-track RMS values and the main velocity
changes due to east-west orbit maneuvers occur in this direction (Steigenberger
et al., 2013). As can be seen in Figure 5.5, estimating an acceleration Bias improves
the consistency of the C01 TERM2 solution. An overall improvement of the RMS
cannot be observed. The RMS level of the TERM9 solution seems to be lifted when
the additional parameter is determined.
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(a) ECOM7 (b) ECOM9 (c) TERM2 (d) TERM9

Fig. 5.4: Midnight discontinuity RMS of BDS-2 GEO satellite orbits from June 1 to July 31,
2020; estimated with different parametrizations of the ECOM and TERM model.

(a) TERM2
accBias: no

(b) TERM2
accBias: yes

(c) TERM9
accBias: no

(d) TERM9
accBias: yes

Fig. 5.5: Influence of additionally estimated piecewise-constant acceleration in the along-
track direction on precise orbit determination of BDS-2 GEO satellites; evaluated
on the basis of midnight discontinuity RMS values from June 1 to July 31, 2020.
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5.3.2 IGSO and MEO satellites

The Empirical CODE Orbit Model (ECOM) is widely used for SRP modeling of GNSS
satellites. The extended ECOM, as introduced by Arnold et al. (2015), with different
subsets of parameters was assessed for all BeiDou MEO and IGSO satellites. Midnight
discontinuity RMS values from June 16 to July 31, 2020 were used for evaluation.
Three different parametrizations were assessed: ECOM5, ECOM7 and ECOM9, all of
them with an a priori box-wing model. The RMS over each satellite type was formed,
further distinguishing between BDS-3 MEO satellites C19 to C37 and C41 to C46.

Tab. 5.9: Midnight discontinuity RMS values per satellite block of the different ECOM
parametrizations for IGSO and MEO satellites. The period from June 16, 2020 to
July 31, 2020 was investigated. The values are given in cm. No outlier detection
was performed.

Parametrization IGSO2 MEO2 MEO3
C19-C37

MEO3
C41-C46 IGSO3

ECOM5 25.0 7.3 8.3 16.6 45.9
ECOM7 15.1 6.2 7.1 17.0 19.2
ECOM9 15.5 6.1 7.1 18.0 25.0

As can be seen from Table 5.9, ECOM7 and ECOM9 show comparable results for all
satellite types beside for BDS-3 IGSO satellites. No outliers were removed when the
RMS was formed. Estimating a subset of 5 parameters of the ECOM does not seem
to be sufficient to fully model the SRP-induced accelerations, yielding the highest
RMS values for all satellite types but for MEO satellites C41 to C46. The ECOM7
parametrization significantly reduces the RMS of the BDS-3 IGSO satellites compared
to the other parameter subsets. An average number of 16 to 17 stations tracked
the MEO satellites C41 to C46. 10 to 11 stations provided data for the BDS-3 IGSO
satellites. The higher RMS might be attributed to the smaller amount of data.

As stated by Steigenberger et al. (2013), estimating a smaller subset of parameters
generally yields a more robust orbit determination, yet by estimating more param-
eters, the actual orbit dynamics may be modeled more accurately. Based on the
results of this study, the extended ECOM with a subset of seven parameters was
found to be most suitable for SRP modeling.

BDS-2 satellites were originally designed to switch from YS to ON mode when they
enter deep eclipse season. However, more and more satellites abandon the ON mode
in favor of the CYS mode. Xia et al. (2019) examined the yaw mode history during
eclipse season using a reverse kinematic precise point positioning approach and
inferred that C06 and C14 have changed to CYS mode. The satellites C13 and C16
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have adopted CYS since they were launched. Table 5.10 lists the attitude modes
employed by the BDS-2 MEO and IGSO satellites, as well as the time when they first
used CYS instead of switching from yaw-steering to ON mode.

Tab. 5.10: Attitude modes of BDS-2 IGSO and MEO satellites.

SVN PRN Type Attitude mode First CYS maneuvers

C005 C06 IGSO CYS March, 2017
C007 C07 IGSO YS-ON -
C008 C08 IGSO YS-ON -
C009 C09 IGSO YS-ON -
C010 C10 IGSO YS-ON -
C012 C11 MEO YS-ON -
C013 C12 MEO YS-ON -
C017 C13 IGSO CYS June, 2016
C015 C14 MEO CYS September, 2017
C019 C16 IGSO CYS October, 2018

The impact of using the TERM model in ON mode for satellites that still change their
attitude mode in deep eclipse season was assessed. Figure 5.6 shows the midnight
discontinuity RMS values as a grid for the BDS-2 MEO and IGSO satellites from June
16 to July 11, 2020. A significant deterioration of the internal orbit consistency from
June 22 to July 5 is visible for C07 and C10 when the ECOM model was maintained.
In both solutions, the days when the switches were performed have very high RMS
values. However, the RMS level in ON mode is significantly lower when the TERM
model was applied during this time.

Tab. 5.11: Midnight discontinuity RMS values of BDS-2 IGSO and MEO satellites during
ON mode. Comparision of ECOM and TERM parametrizations. The values are
given in cm.

Parametrization C07 C08 C09 C10 C11 C12

ECOM7 39.9 7.0 8.1 16.1 14.2 18.0
TERM2 16.5 6.5 4.5 7.2 33.9 21.3
TERM9 13.2 8.9 5.7 9.0 11.3 12.2

Table 5.11 shows the RMS of all BDS-2 satellites that switch to ON mode in deep
eclipse season. The respective periods used for evaluation of the parametrizations
ECOM7, TERM2 and TERM9 were: June 25 to July 3 for C07 and C10, December 4
to December 11 for C08, September 24 to September 29 for C09 and October 8 to
October 19 for C11 and C12.
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(a) ECOM7 parametrization during ON mode.

(b) TERM2 parametrization during ON mode.

Fig. 5.6: RMS of midnight discontinuities from August 16, 2020 to September 25 with
different parametrizations for the satellites C07 and C10, which are in deep eclipse
season during that time.

As can be seen from the values in Table 5.11, the TERM2 parametrization is best
suited for BDS-2 IGSO satellites C08, C09 and C10 when using ON mode. However,
TERM2 is not applicable for the BDS-2 MEO satellites C11 and C12, yielding the
largest RMS values when the satellites changed their attitude mode. The full
TERM model with 9 parameters results in the smallest RMS values for the MEO
satellites C11 and C12 and the IGSO satellite C07. Comparing the respective TERM
parametrization for MEO and IGSO satellites with ECOM7, considerable differences
are observed. An improvement by a factor of up to 3 was achieved by using the
TERM model. The assumption that ECOM is deficient for modeling SRP for satellites
moving in ON mode could be confirmed. Based on the results of this study, the
minimized TERM model and the full TERM model are best suited for BDS-2 IGSO
and MEO satellites, respectively. These results are in accordance with the findings in
Prange et al. (2020).
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5.3.3 Comparison with other analysis centers

Based on the analyses conducted within the scope of this thesis, the SRP parametriza-
tions ECOM7 for BeiDou MEO and IGSO satellites adopting YS mode, TERM9 for
GEO and MEO satellites in ON mode as well as TERM2 for IGSO satellites in ON
mode were found to be most suitable. The time-dependency of the a priori box-
wing model demands further research. However, analytical a priori models account
for systematic effects which cannot be fully represented by empirical models and
therefore were applied in the final solution of this study. Table 5.12 shows the
midnight discontinuity RMS values using the described SRP models and the chosen
parametrizations when determining all BeiDou satellite types. An outlier detection
was performed, rejecting values greater than the median plus four times the median
absolute variation.

Tab. 5.12: Overall midnight discontinuity RMS per satellite block from June 16 to December
31, 2020. The values are given in cm. An outlier detection using the median and
the median absolute deviation was performed.

GEO2 IGSO2 MEO2 MEO3
C19-C37

MEO3
C41-C46 IGSO3 GEO3

26.2 13.4 5.4 5.4 10.4 17.8 324.6

The European Space Agency (ESA) was the only IGS analysis center that included
both midnight epochs in its daily MGEX solution. Hence, it was the only solution
that could be used for comparison of the internal orbit consistency. Figure 5.7 shows
the RMS values of the orbit overlaps at day boundaries for the ESA and the TUG
solution, respectively. ESA only processed BDS-2 MEO and IGSO as well as BDS-3
MEO satellites C19 to C37. For the sake of comparability, only these satellite types
were processed in the TUG solution as well. Table 5.13 compares the overall RMS
per satellite block of the ESA and TUG solution.

Tab. 5.13: Overall midnight discontinuity RMS of the BDS-2 IGSO, BDS-2 MEO and BDS-3
MEO satellites from June 16 to December 31, 2020. The values from the ESA
and the TUG solutions are given in cm.

Instituion IGSO2 MEO2 MEO3
C19-C37

ESA 12.8 3.0 2.7
TUG 12.1 3.2 3.5
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(b) TUG solution

Fig. 5.7: Comparison of the midnight discontinuity RMS values of the ESA and the TUG
solution from June 16 to December 31, 2020.
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As shown in Figure 5.7, more outliers are present in the TUG solution and the RMS
of BDS-3 MEO satellites is higher. The RMS of BDS-2 MEO satellites is comparable
to the ESA solution and the internal orbit consistency of the BDS-2 IGSO satellites
is slightly better in the TUG solution. This improvement might be attributed to the
specific parametrization of the satellites when they change to ON mode. Comparing
Tables 5.12 and 5.13, decreased RMS values can be observed. When GEO satellites
and BDS-3 satellites that are tracked by a small number of stations were omitted
in the processing, the internal orbit consistency of all other determined satellites
improved.

The TUG solution was further compared with other IGS analyses centers in terms
of 3D orbit differences. The RMS was formed over the orbit differences in radial,
along-track and cross-track direction from November 1 to December 31, 2020. This
period was chosen since no apparent outliers were detected in any of the solutions.
Figure 5.8 shows the respective deviations between TUG and the IGS MGEX analysis
centers ESA, GFZ and Wuhan University (WHU).

TUG ESA GFZ WHU

TUG

ESA

GFZ

WHU

6.2 5.8 7.0

6.2 6.1 6.7

5.8 6.1 5.7

7.0 6.7 5.7
5.0

5.5

6.0

6.5

7.0

7.5

8.0

RM
S 
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]

Fig. 5.8: Orbit RMS differences between TUG solution and IGS analysis centers.

The TUG solution fits best to GFZ and matches the WHU solution the least. However,
the agreement between the different solutions is at the same level, indicating that
the employed processing approach and the proposed SRP parametrization of the
TUG solution yield results comparable to solutions from IGS analysis centers.
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6Summary and outlook

The aim of this thesis was to integrate the BeiDou Navigation Satellite System
(BeiDou) into the processing of GNSS constellations applied at Graz University of
Technology (TUG), using the Gravity Recovery Object Oriented Programming System
(GROOPS) software toolkit. With solar radiation pressure (SRP) being the dominant
error source in precise orbit determination, the main focus of this study was on
finding an appropriate model for BeiDou. The assessment of different SRP models
was complicated by the adoption of different orbit types and attitude modes within
the BeiDou constellation and certain maneuvers performed by the satellites during
deep eclipse season.

All significant conservative and non-conservative forces acting on the BeiDou satel-
lites were accurately modeled and numerically integrated twice using a moving
polynomial method before they were fitted to approximate orbits in the prepro-
cessing step. Processing was based on the raw observation approach (Strasser
et al., 2019), which facilitated the incorporation of BeiDou observables due to the
renunciation of linear combinations and observation differences.

The Empirical CODE Orbit Model (ECOM) (Arnold et al., 2015), the TERM model
(Prange et al., 2020) and an analytical a priori box-wing model (Rodriguez-Solano
et al., 2012) were assessed in the course of this study. Various subsets of parameters
of the empirical models ECOM and TERM were tested and the impact of the analytical
a priori box-wing model was evaluated in the analyses conducted over different
periods in the second half of 2020.

The parametrizations found to enhance the internal orbit consistency the most were
TERM9 for GEO satellites employing orbit-normal (ON) mode as well as ECOM7 for
IGSO and MEO satellites when they adopt yaw-steering (YS) mode. During deep
eclipse season, six BDS-2 satellites still switch from YS to ON, whereas four BDS-2
satellites have already abandoned ON mode in favor of the continuous yaw-steering
(CYS) mode. The most suitable parametrizations for MEO and IGSO satellites in ON
mode were found to be TERM9 and TERM2, respectively.
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The analytical box-wing model accounts for systematic effects which cannot be
fully represented by the empirical models. The assumption that modeling the
biggest part of the SRP induced accelerations a priori using the box-wing model and
determining the remaining influences using the empirical models would result in
an improved internal orbit consistency could not be verified for all satellites. While
some satellites showed significant improvements, the orbit discontinuities of others
slightly deteriorated. Furthermore, a temporal dependency on whether the a priori
model had a positive or negative impact on the orbit solution was observed. This
anomalous influence of the a priori box-wing model requires further investigations.

Applying the respective SRP models with the appropriate set of parameters, RMS
values of orbit overlap discontinuities at day boundaries of 26 cm, 13 cm, 5 cm, 5 cm,
10 cm and 18 cm for BDS-2 GEO, BDS-2 IGSO, BDS-2 MEO, BDS-3 MEO and BDS-3
IGSO satellites could be achieved. The evaluation of BDS-3 GEO turned out to be
inconclusive. These satellites were only tracked by a small number of stations, and
no clear distinction between the SRP models could be found. The final orbit solution
was validated against official IGS MGEX products of different analysis centers. The
results showed that orbit overlap discontinuities were comparable to those published
by the European Space Agency (ESA), and the 3D orbit differences between all
considered solutions are at the same level.

BeiDou observation data was processed from a selection of 82 stations of the IGS14
station network. Improved orbit solutions can be expected if a larger station network
is used and other GNSS are included in the least-squares adjustment. The integration
of well-established GNSS such as GPS would result in improved parameters common
to all GNSS, such as receiver clock errors or ionospheric and tropospheric delay
parameters. More observing stations would be especially beneficial for BDS-3 IGSO
and GEO satellites, which were only tracked by 4 to 11 stations in this study. A
promising approach to increasing orbit accuracy is to incorporate inter-satellite link
(ISL) measurements. BeiDou satellites launched since March 2015 are equipped with
ISL instruments that can measure clock errors and ranges and transfer information
between satellites. Yang et al. (2017a) evaluated the combined orbit determination
approach and reported substantial accuracy improvements.

Since there are no combined IGS final orbits for BeiDou available yet, this study
focused on the internal orbit consistency as evaluation criteria. External orbit valida-
tion would be possible with satellite laser ranging (SLR) measurements. However,
the processing of SLR observation data is not implemented in the GROOPS software.
The issues addressed provide an incentive for further investigations of precise orbit
determination of BeiDou satellites and the expansion of the GROOPS software.
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