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Abstract

Over the past decade, there have been significant advancements in both the availability and diversity of satel-
lite navigation systems, on both regional and global scales. The growing significance of GNSS across various
fields has led not only to the modernisation of existing systems like the GPS and GLONASS, but also to the
creation of new ones such as Galileo. The Navigation Support O [cel(NSO) operates as a vital component
within the European Space Agency, specialising in the precise utilisation of navigation satellite systems. In
2024, NSO underwent a revision of its GNSS processing system, which resulted in a state-of-the-art GNSS
processing framework known as CHAMP, Consolidated High Accuracy Multi-GNSS Processing, which is based
on constellation-wise data processing and normal equation stacking to e LCciehtly generate GNSS products for all
major navigation constellations. This new approach enables internal comparisons between individual constella-
tion solutions and the consolidated multi-GNSS solution, revealing unique characteristics of each constellation
and demonstrating the enhanced impact of combining them in critical ways.

This thesis explores and addresses key inconsistencies in the processing of multi-GNSS solutions within the
Navigation Support O [celwith a particular focus on producing accurate single-constellation solutions that can
be reliably combined into a coherent multi-constellation framework. To tackle these inconsistencies, a compre-
hensive Python-based programme has been developed as an extension of the CHAMP framework, enabling a
more e [cieht and structured approach for analysing large-scale GNSS data. As a result, this new tool provides
the basis needed to identify anomalies, track trends, and address inconsistencies across various constellations
during the combination process, as a post-processing analysis or within the operational pipeline. The core
of this research involves a detailed examination of the parameters estimated in the NSO GNSS precise orbit
determination, both in terms of individual and combined multi-GNSS solutions, including Earth orientation
parameters, satellite state vectors, ground station positions, clock biases, and empirical accelerations, among
others.

The investigation lead to significant inconsistencies in the Length of Day estimates of the individual GPS
constellation, aledting the accuracy of the combined multi-GNSS solution. These issues are compounded by
the combination of the large weight given to the GPS constellation in the combination due to its low variability,
and the GPS non-gravitational a priori models, specially regarding forces like solar radiation pressure, which
have been demonstrated to be not as refined as those for other constellations. Additionally, the tuning of
empirical accelerations has shown that there is room for improvement to better reflect satellite dynamics.

In conclusion, several key enhancements were identified and proposed to improve the overall performance and
reliability of the combined multi-GNSS solution, and subsequently improve the quality of the NSO GNSS
products. These mainly comprise the comparison of di [erent non-gravitational a priori models combined with
the fine-tuning of empirical accelerations, allowing for a more robust integration of single-constellation solutions
into a cohesive multi-constellation framework. Ultimately, recommendations on the way forward are given to
create new models based on the results shown on this thesis.
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CHAPTER 1. INTRODUCTION

1 Introduction

Global Navigation Satellite Systems (GNSS) have become a vital component of modern life, enabling a diverse
array of applications. These range from everyday navigation systems, which require accuracy within a few me-
ters, to highly specialised applications that demand extreme precision at the millimetre level. As a result, GNSS
satellites play a critical role in space-related industries, supporting current uses such as satellite navigation, pre-
cise orbital tracking, and space debris monitoring. Looking ahead, future applications include supporting lunar
missions, coordinating deep-space navigation, assisting in asteroid mining, and enabling human exploration on
Mars and beyond. Over the past decade, there have been signi cant advancements in both the availability
and diversity of satellite navigation systems, on regional and global scales. The growing signi cance of GNSS
across various elds has led not only to the modernisation of existing systems like the Global Positioning System
(GPS) and the Global'naya Navigatsionnaya Sputnikovaya SisteméGLONASS), but also to the creation of new
systems such as Galileo, the BeiDou Navigation System (BeiDou), the Quasi-Zenith Satellite System (QZSS)
and the Indian Regional Navigation Satellite System (IRNSS), also called NavIC (acronym for Navigation with
Indian Constellation). Consequently, for GNSS analysis centres, there is a continuous need to upgrade and
evolve their software in order to continuously improve its computational performance and accuracy, handling
new observations, models and algorithms for each constellation.

The Navigation Support O ce (NSO) is as a vital component of the European Space Agency (ESA), specialising

in the precise utilisation of navigation satellite systems. NSO is located in the European Space Operations
Centre (ESOC), which serves as the nerve centre for the operation of ESA's spacecraft, overseeing mission
planning, execution, and control. Established with the primary objective of contributing to ESA missions,
third-party activities, and Europe's pivotal navigation initiatives, NSO plays a central role in advancing the
Galileo programme, among others. Founded as a centre of expertise, NSO has evolved into a cornerstone of
ESA's navigation capabilities, and taken the role of an International GNSS Service analysis centre. At the
forefront of its responsibilities is the management and development of the European Space Agency Precise
Navigation System (EPNS), a cutting-edge software system designed for the processing of GNSS data. As the
successor of NAPEOS, the Navigation Package for Earth Orbiting Satellites, EPNS stands as a testament to
NSO's commitment to maintaining and advancing state-of-the-art technologies in the eld of satellite navigation.

With the growing diversi cation of constellations and end-user applications, an enhancement of NSO's op-
erational methodology was required. One of the main issues of the existing NSO GNSS processing was the
ine cient data handling for the di erent product solutions. Additionally, with the addition of the latest GNSS
constellations, the computational requirements of the multi-GNSS solution were becoming too large, compro-
mising the e ciency of the operational pipeline. Thus, dividing the combined multi-GNSS process into smaller
processes, e.g. constellation wise, would allow to reduce the memory load of the processes dramatically, in terms
of CPU, disk space and RAM, while speeding things up by relying on parallel computations. As a result, in
2024, the Navigation Support O ce underwent a revision of the GNSS processing system, which resulted in a
novel GNSS processing framework called CHAMPConsolidated High Accuracy Multi-GNSS Processing The
redesigned software, which relies on EPNS in the background, is based on constellation-wise data processing and
normal equation stacking to e ciently generate GNSS products for all the current major navigation systems
except NavIC, which will be added in the near future now that a secondary frequency is available for civil uses.
CHAMP optimises the individual processes and eliminates the aforementioned duplications, making e cient
use of resources and improving the reliability, maintainability and timeliness of the whole sequence from the
data insertion to the publication of the products, which is only possible thanks to a new modular system that
allows to streamline recon guration.

This new approach, which reduces the overall daily computation time of NSO processing pipelines by several
hours, enables internal comparisons between individual constellation solutions and the consolidated multi-GNSS
solution, revealing unique characteristics of each constellation and demonstrating the enhanced impact of com-
bining them. By allowing cross-constellation quality checks and comparisons with the combined solution, this

method provides a more nuanced understanding of the distinct contributions and performance of each system.
This setup distances itself from more widely adopted methods that process all constellations together, opting
instead for a more modular and comparative framework that enhances the granularity of the analysis.



1.1. PROBLEM DESCRIPTION

1.1 Problem Description

An initial analysis comparing the new individual and subsequently stacked GNSS constellation solutions with
respect to the precursor always-combined solutions showed noticeable di erences, even if within similar error
scales for each constellation. While these dierences were mostly concentrated in the radial direction for
the GPS constellation, reaching up to several centimetre di erences in daily satellite orbit overlaps, Galileo
showed di erences in both the radial and along-track directions, revealing inconsistencies between the di erent
techniques. At the same time, it was found that GLONASS results were degraded as they were dominated by two
very poorly behaving satellites, namely GLO-706 and GLO-719. Moreover, the individual GLONASS solution
seemed to perform better than the combined solution. In terms of the newly-added BeiDou constellation, it
was seen that adding the BEI-GEO and the BEI-IGSO satellite blocks may negatively in uence the results.

Even if all constellations were given the same weight on the rst step of the new multi-GNSS processing approach,
further testing concluded that downweighting GLONASS data in comparison to the other constellations in the
combined solution resulted in improved results in terms of satellite orbit overlaps, reducing the large variability
induced by the individual GLONASS data. However, even if overall overlap results were closer to the legacy
accuracy, there were still noticeable di erences in the GPS and Galileo along-track direction, among smaller
di erences for other constellations. Among the new discoveries, it was seen that GLONASS results improved
when BeiDou was included in the combination, whereas BeiDou performed a bit better if GLONASS was not.
Thus, the analysis concluded that the loss of accuracy for the new methodology could be either due to the new
constellation-wise approach and/or due to inclusion of BeiDou in the combined solution. The poor performance
of GLONASS could also be a contributing factor, but this was not expected to a ect the combined solution
signi cantly once the observations were downweighted.

Consequently, this thesis focuses on the need for the Navigation Support O ce to perform an in-depth analysis
of the di erences between the individual and combined solutions within the CHAMP framework in order to
analyse the possible inconsistencies found for all estimated parameters, while analysing the e ects of specic
constellations into the combination. Previous analyses focused primarily on di erences in orbit overlaps, over-
looking other estimated variables that could serve as valuable performance indicators. This limitation stems
from the fact that the estimated parameters are not regularly stored in easily readable les, due to operational
disk space constraints. To address this issue, a new toolset was required to e ciently extract and store all rele-
vant parameters from both intermediate and nal products, without altering the current operational work ow

or introducing additional outputs or dependencies into the system. This solution ensures the comprehensive
analysis of all key performance indicators while maintaining the integrity of the existing methodology.

1.2 Research Proposal

This section introduces the research proposal, detailing the primary objectives and key research questions that
will be explored in this study. Conducted in collaboration with the European Space Agency and TU Delft,
the study aims to make signi cant contributions to the ongoing development of advanced navigation processing
technologies by providing a thorough analysis of existing challenges and proposing targeted solutions to the
Navigation Support O ce GNSS processing methodology. In addition to developing tools for deeper operational
insights, the research will address current inconsistencies in the multi-GNSS processing and recommend future
steps for improving accuracy while maintaining computational e ciency. Through this comprehensive approach,
the study will bene t all users relying on enhanced precision for a diverse range of applications.

1.2.1 Research Objective

The research objective of this thesis is to delve into the ongoing e orts of the ESA Navigation Support O ce

to re ne the accuracy while maintaining the computational e ciency of the multi-GNSS processing products.
The focus will be on identifying and resolving inconsistencies that arise from the combination of individual
GNSS constellations using normal equation stacking, as well as analysing inconsistencies across all individual
constellations. The ultimate goal is to produce seamless and reliable navigation products that meet the high
precision and performance demands of ESA's operations.



1.3. THESIS OUTLINE

1.2.2 Research Questions

The main research question for this project is:

How can the Navigation Support O ce re ne its multi-GNSS processes to achieve enhanced accuracy, ensuring
the consistency and reliability of the individual and combined GNSS navigation products on an operational
basis?

The sub-questions that arise from this are:

What speci ¢ inconsistencies exist in the intermediate and nal GNSS products generated by NSO's
current two-step methodology, and can these inconsistencies be quanti ed?

What are the root causes of the identi ed inconsistencies within the operational context of NSO?

To what extent do the observed inconsistencies deviate from established standards and performance met-
rics, and how do these deviations impact the overall reliability and accuracy of NSO's navigation products?

Which modi cations or enhancements can be implemented in NSO's two-step methodology to e ectively
address and resolve the identi ed inconsistencies, and how might these changes impact the overall e ciency
of the navigation processes?

1.3 Thesis Outline

This thesis is structured into several chapters to systematically address the research objective and provide the
necessary information to answer the research questions. Chapter 2 introduces the reader to GNSS technology,
providing an overview of its architecture, available constellations, single- and multi-GNSS observables, as well
as signal perturbations and combinations, with an emphasis on practical applications. Chapter 3 follows with a
detailed exploration of Precise Orbit Determination (POD), beginning with algorithm fundamentals and moving
through the setup of coordinate systems and time, before explaining both gravitational and non-gravitational
perturbations, along with other dynamic model uncertainties. Subsequently, Chapter 4 outlines the computa-
tional methodology that is used for the NSO GNSS processing. The computational framework of the GNSS
processing is based on two software tools, ESA's Precise Navigation System (EPNS) and the Consolidated High
Accuracy MGNSS Processing (CHAMP), for which the general speci cations are introduced along with the
applied physical and numerical models. Chapter 5 provides an analysis of all relevant estimated parameters
in the NSO GNSS processing and identi es which parameters show inconsistencies in the di erent processing
steps. Building on these inconsistencies, Chapter 6 details the improvements made to the CHAMP tool, includ-
ing modi cations to the combination process, analysis of a priori models, and proposed solutions. The thesis
concludes with a summary of the key ndings and recommendations for future work in Chapter 7.
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2 Global Navigation Satellite Systems

A Global Navigation Satellite System (GNSS) can be described as a constellation of satellites orbiting a celestial
body and continuously transmitting electromagnetic signals that enable both ground and space global coverage
applications. The basic principle of positioning with GNSS is based on the concept of multilateration, where
the location of a user is determined by the measurement of distances to multiple GNSS satellites for which
the position is precisely known. In this chapter, the GNSS architecture is described in Section 2.1, the main
navigation constellations available are presented in Section 2.2, and followed by the di erent types of single- and
multi-constellation GNSS observations in Section 2.3 and 2.4, respectively. Subsequently, the primary GNSS
signal perturbations are summarised in Section 2.5, while the methodologies to mitigate some of these errors
using combinations of observations are introduced in Section 2.6.

2.1 GNSS Architecture

A GNSS basically consists of three main segments: the space segment, which comprises the satellites; the ground
or control segment, which manages the proper operation of the system; and the user segment, which includes
the GNSS receivers providing positioning, velocity and precise timing capabilities to users. While the user
segment is mostly shared among di erent GNSS, each system has its own dedicated ground and space segment.
The space segment of the GNSS systems analysed in this thesis is formed by satellite constellations orbiting
the Earth, so that there are at least four satellites in view simultaneously from any point of the surface at any
time. These satellites generate and transmit electromagnetic waves modulated with navigation information on

di erent carrier frequencies for each constellation, as seen in Section 2.2. The ground or control segment is
responsible for the operation and maintenance of the GNSS satellites. It typically includes two control centres
(master and backup), a globally distributed network of Telemetry, Tracking, and Command (TT&C) stations to
monitor spacecraft, a network of sensor stations that track navigation signals sent by the satellites, and a series of
globally distributed uplink antennas to relay navigation messages, including ephemerides and clock corrections,
to the GNSS satellites. Overall, its primary functions include regulating the status and con guration of satellites,
predicting changes in satellite positions and clock accuracy, maintaining synchronisation with the GNSS time
scale using atomic clocks, and updating navigation messages for all satellites within the constellation (Sanz
Subirana et al., 2013). The user segment is composed of GNSS receivers which measure the signals, determine
pseudoranges and other observables and use them to solve the navigation equations for Positioning, Navigation
and Timing (PNT) purposes.

2.2 GNSS and RNSS Constellations

Global Navigation Satellite Systems are typically deployed in medium-altitude Earth orbits (MEO) to achieve
comprehensive global coverage. These systems may also incorporate satellites in inclined geosynchronous orbits
(IGSO) and geostationary orbits (GEO) to provide additional coverage and enhance performance in specic
regions. In contrast, Regional Navigation Satellite Systems (RNSS) are designed to function similarly to GNSS
but are limited to providing navigation services within a speci ¢, prede ned geographical area. Presently, there
are four operational GNSS systems: GPS, operated by the United States; GLONASS, by Russia; Galileo, by
the European Union; and BeiDou, by China. Additionally, there are two RNSS systems in operation: the
Quasi-Zenith Satellite System (QZSS) operated by Japan, and the Indian Regional Navigation Satellite System
(IRNSS), also known as the Navigation with Indian Constellation (NavIC), operated by India. A comprehensive
overview of each system is presented in the following subsections.

In addition to GNSS and RNSS, there are also Satellite-Based Augmentation Systems (SBAS) that enhance
GNSS performance. SBAS leverages geostationary communication satellites to deliver di erential correction
data and integrity information to GNSS users, signi cantly improving the accuracy and reliability of the signals.
This enhancement is particularly valuable for applications requiring high precision, such as satellite positioning
for Earth observation, space debris tracking, satellite constellation management, and precise orbit determination.
Although SBAS is a critical component in augmenting GNSS capabilities, it is beyond the scope of this project.
Further information on SBAS and its functionalities can be found in Teunissen and Montenbruck (2017).
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2.2.1 GNSS/RNSS Speci cations

An overview of GNSS and RNSS con gurations is provided in Table 2.1. The GLONASS, Galileo and BeiDou
systems rely on Walker constellation designs, which are a speci ¢ type of satellite distribution across orbital
planes intended to provide uniform global coverage while ensuring that a minimum number of satellites is
always visible from any location on Earth. In a Walker constellation, satellites are evenly spaced across multiple
orbital planes that consist of circular orbits at the same altitude. These satellites are synchronised in their
orbital periods to maintain a consistent geometric con guration relative to one another over time. The Walker
notation, denoted ast=p=f with an inclination i and mean altitude h, describes this con guration: t represents
the total number of satellites, p denotes the number of equally spaced orbital planes, and indicates the
relative phasing between satellites in adjacent planes. The phasing is such that the change in true anomaly,
(in degrees) for equivalent satellites in neighbouring planes is = f 360=t. The Galileo Walker constellation
3D orbital planes are shown in Figure 2.1b, while the orbital satellite pattern design is shown in Figure 2.1a.
Additionally, the satellite arrangement of other constellations can be seen in Figure 4.2, evidencing the di erent
orbit designs.

(a) 3D orbital planes (b) 2D orbital planes and satellite distribution

Figure 2.1: Galileo Walker constellation56 : 27=3=1 (European Space Agency, 2024a)

Table 2.1: Overview of global and regional satellite-based navigation systems
(Updated from Teunissen and Montenbruck, 2017)

System GPS GLONASS GALILEO BeiDou QZSSs NavIC
Orbits MEO MEO MEO MEO, IGSO, GEO IGSO, GEO IGSO, GEO
) Clily 24 24 30 27,3, 5 31 4,3
# satellites
MEO Six planes Walker (24/3/1) | Walker (27/3/1)) Walker (24/3/1)
desian h =20200 km | h =19100 km h = 23222 km h = 21528 km -
9 i =55 i=648 i = 56 i =55
IGS_O R R i =55 i =43 i=29
design
GEO . . h=35786km | h=35786km | h= 35786 km
design
FOC RNSS-2012
date 1993 1996 2024 GNSS-2020 2017 2016
Origin USA Russia Europe China Japan India
East Asia -30 < <50
Coverage Global Global Global Global Oceania region| 30 < <130
_ L1 1575.42 L1 1602.00 E1l 1575.42 B1 1561.098 L1 1575.42 L1 1575.42
Frequencies E5a 1176.45 B2a 1176.45 L2 1227.60
L2 1227.60 L2 1246.00 L5 1176.45
MHz L5 1176.45 L3 1202.025 E5b 1207.14 B2b 1207.14 L5 1176.45 S 2492.028
' ’ E6 1278.75 B3 1268.52 E6 1278.75 '

The signals from di erent GNSS are widely spread over the L-band, with multiple constellations transmitting

on overlapping frequencies, as illustrated in Figure 2.2. This shared use of frequencies enhances interoperability
among the systems, improving the functionality of multi-GNSS receivers. However, it also introduces the
potential for interference, particularly if the signal modulations are not properly designed.
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Figure 2.2: GNSS Constellations - Radio Frequencies (Calian Group, 2024)

2.2.2 GPS

The Global Positioning System (GPS) is a space-based GNSS operated by the United States of America,
delivering global positioning, navigation, and timing services to civilian and military users, albeit with distinct
service provisions for each category. The launch of the rst Block | Navstar GPS satellite in February 1978
marked the beginning of the system, with Initial Operating Capability (IOC) declared in December 1993.
Subsequently, Full Operational Capability (FOC) was reached in June 1995, following the deployment of a
24-satellite constellation. The GPS space segment has since undergone continuous development, progressing
through eight satellite blocks across three generations: Block | (1978), Block 11 (1989), Block IIA (1990), Block
IR (1997), Block IIR-M (2005), Block IIF (2010), Block I11A (2018), and the anticipated Block IlIF (scheduled

for 2026).

GPS o ers two distinct positioning services: the Precise Positioning Service (PPS) and the Standard Positioning
Service (SPS). The PPS, available on the GPS L1 (1575.42 MHz) and L2 (1227.6 MHz) frequencies, utilises an
encrypted precision code, referred to as the Y-code, along with a navigation message for authorised users. In
contrast, the SPS operates on the GPS L1 frequency, using a coarse/acquisition (C/A) code and a navigation
data message intended for civilian use. Following the launch of the Block IIR-M satellites, a new civilian signal,
L2C, was introduced, alongside an enhanced military signal (M-code) on the L1 and L2 frequencies, o ering
improved resistance to jamming compared to the older Y-code. The subsequent Block IIF generation added the
L5 frequency (1176.45 MHz), which is speci cally designed for aviation safety and other civilian applications.
This generation also facilitated interoperability with other GNSS systems, such as GALILEO, QZSS, and NavlIC,
by standardising signal structures and frequencies, thereby enhancing multi-constellation navigation capabilities
(Teunissen and Montenbruck, 2017).

2.2.3 GLONASS

The Global'naya Navigatsionnaya Sputnikovaya Sistemanormally referred to as GLONASS, is another GNSS
currently operated by the Russian Federation and initially developed by the former Soviet Union to provide the
same services as GPS. Following the launch of its rst satellite in October 1982, GLONASS achieved full opera-
tional status in early 1996 with a constellation of 24 satellites. In the same way as GPS, GLONASS has under-
gone development through three generations: GLONASS I/l (1982), GLONASS-M (2003), and GLONASS-K
(2011). GLONASS is based on frequency division multiple access (FDMA) for its signals, unlike GPS, which uses
code division multiple access (CDMA). In FDMA, all channel users transmit simultaneously but occupy di erent
sub-bands of the total available bandwidth. In contrast, with CDMA, all users also transmit simultaneously,
but they use the entire available bandwidth, separated by unique codes. Initially, GLONASS was designed to
transmit within the L1 band (1602-1615.5 MHz) and the L2 band (1246-1256.5 MHz), with frequency spacings
of 0.5625 MHz and 0.4375 MHz, respectively. The latest GLONASS-K generation, however, supports CDMA
signals on a new L3 frequency (1202.025 MHz), in addition to the legacy FDMA signals, thereby enhancing
compatibility and interoperability with other GNSS systems.
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2.2.4 Galileo

The Galileo system is a GNSS which is developed as a joint initiative of the European Commission (EC) and
the European Space Agency to provide a highly accurate global positioning service under European civilian
control. The rst fully-operational satellite was launched in August 2014, starting a constellation of 30 satellites
of which 24 are designated as primary with 6 spares. By October 2024, 29 are already in Full Operational
Capability and 2 are In Orbit Validation (IOV). This deployment has been executed in three phases, while a
new parallel initiative, the Galileo Second Generation (G2G), is currently under development (European Space
Agency, 2021).

Galileo satellites transmit across three frequency bands with right-hand circularly polarised signals, using code
division multiple access to o er three levels of service that support the various functions provided by Galileo
and EGNOS, the European Geostationary Navigation Overlay Service, a Satellite-Based Augmentation System
designed to enhance satellite navigation systems to comply with safety-critical application requirements. These
frequency bands are E1 (1575,42 MHz), E6 (1278.75 MHz) and E5, which is further divided into E5a (1176.45
MHz) and E5b (1207.14 MHz), being able to track each component separately or in combination. The E1 band,
in particular, facilitates interoperability with other GNSS constellations, signi cantly increasing the number of
GNSS signals available to a given user and allowing higher accuracy for precise orbit determination, among
other performance enhancements (United Nations O ce for Outer Space A airs, 2018).

2.2.5 BeiDou

The BeiDou Navigation Satellite System (BeiDou or BDS), operated by the People's Republic of China, has
been developed in three distinct phases: BDS-1 (1994), which began as an RNSS, and later expanded into a
GNSS with the subsequent phases, BDS-2 (2004) and BDS-3 (2009). The initial constellation, comprising three
GEO satellites, was completed in 2003, and the system was declared to have reached FOC in December 2012,
providing global coverage as of 2020. As of 2024, the operational constellation includes ve GEO satellites, 27
MEO satellites, and three IGSO satellites, providing global users with high-quality services including navigation,
positioning and data communication (China Satellite Navigation O ce, 2019). BeiDou transmits two levels

of service, an open and an authorised service, using signals based on the CDMA technique. The current
constellation transmits circularly polarised signals with three distinct radio frequencies in the L band, referred

to as B1 (1561.098 MHz), B2 (1207.14 MHz), and B3 (1268.52 MHz). Both the open and authorised services
are available across these three frequency bands, providing exibility and robustness in various applications
(Sanz Subirana et al., 2013).

2.26 QZSS

The Quasi-Zenith Satellite System (QZSS) is a RNSS operated by the Japanese Government, and characterised
by the use of multiple satellites in inclined orbits to ensure that at least one satellite is always positioned near
the zenith above Japan. This con guration is particularly e ective for overcoming signal obstructions caused

by tall buildings in densely populated cities, where signals can often be blocked. Consequently, the design
provides additional coverage across nearly the entire country, while also supporting interoperability with other
GNSS constellations such as GPS and Galileo (Teunissen and Montenbruck, 2017). The rst QZSS satellite
was launched in September 2010, while the RNSS was fully completed on 2017. The constellation consists of
three Quasi-Zenith Orbit (QZO) and one GEO satellites that transmit on four di erent frequency bands: L1
(1575.42 MHz), L2 (1227.60 MHz), L5 (1176.45 MHz), and L6 (128.75 MHz) (QZSS Cabinet O ce, 2020).

2.2.7 IRNSS/NavIC

The Indian Regional Navigation Satellite System (IRNSS), known since 2016 as Navigation with Indian Con-
stellation (NavIC), has been developed by the Indian government to serve India and the surrounding area, from
30 south to 50 north in latitude and 30 east to 130 east in longitude. The NavIC constellation consists of

3 GEO satellites and 4 1IGSO satellites, aiming to provide a real-time pseudorange-based position accuracy of
better than 20 m in the main service area (Teunissen and Montenbruck, 2017). The rst satellite was launched
on October 2014 and the constellation was completed in 2016. NavIC provides two types of service: an open ser-
vice for civilian use and a restricted service for authorised users. Both services are available on the L5 (1176.45
MHz) and S (2492.028 MHz) frequency bands. This dual-band con guration enhances signal reliability and ro-
bustness, ensuring e ective navigation coverage within the intended service region. In May 2024, NavIC added
the L1 frequency for civilian use, aligning it with other GNSS constellations like GPS, Galileo, and GLONASS.
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2.3 GNSS Observations

This section provides an introduction to GNSS signals and explains the two primary types of one-way ranging
GNSS observations: pseudorange and carrier phase. The observation equations for these measurements are
presented in detail, providing the mathematical framework for calculating distances between satellites and
receivers. Additionally, the key factors that in uence the ideal ranging are brie y introduced, with further
elaboration provided in Section 2.5.

2.3.1 Signal Structure and Modulation

To ease the fundamental distance measurement required for GNSS positioning, a key characteristic of these
signals, which propagate at the speed of light, is the modulation of the harmonic radio wave, commonly referred
to as the carrier, by a distinct pseudorandom noise (PRN) code. The carrier wave represents a sinusoidal signal
at a speci c frequency, while the PRN sequence, consisting of binary digits, serves as a unique identi er for each
satellite operating on the same frequency for most GNSS receivers. This modulation scheme is primarily relevant
for GNSS systems using CDMA, while FDMA systems, like GLONASS, employ di erent methods for satellite
distinction. In addition to the PRN code, the navigation information is embedded within the GNSS carrier
wave, as depicted in Figure 2.3. This navigation message contains critical data, including satellite ephemeris,
clock bias parameters, almanac, satellite health status, and other supplementary information, depending on the
GNSS constellation.

Figure 2.3: GNSS signal structure (Reckeweg, 2020)

2.3.2 Code Phase Measurements

The GNSS receiver determines the time di erence between the receiver clock at signal reception and the trans-
mitting satellite clock at signal transmission. This time di erence is then multiplied by the speed of light to
compute the apparent range between the satellite and the receiver, or more speci cally, the distance between
the antenna phase centres of the emitting and receiving antennas, referred to as the pseudorange. This process
is based on measuring the code phase, which is achieved by aligning the PRN code of the receiver-generated
replica signal with the received satellite signal. The ambiguity in the PRN code phase is subsequently resolved
by utilising the information embedded within the broadcast navigation message.

The measured code phase of the replica signal is used to establish the signal time of generatigg in the satellite
time scale °, measured at the time of measurement,, in it own receiver time scale .. This relationship
forms the basis of the pseudorange measurement as presented in Equation 2.1, and depicted in Figure 2.4a.

pf:f;ideal =c r(tom) s(ttog) = Jire () rs(t i (2.1)

where t is the generalised time of measurement at the receiver, and is the signal time-travel between the
emitter and the receiver.

However, this measurement is referred to as pseudorange because it does not match the true geometric distance
between the satellite and the receiver. This discrepancy arises primarily due to the asynchrony between the
satellite and receiver clocks, along with various other factors that a ect the signal during its transmission.
Therefore, multiple error sources that must be taken into account and modelled within the Observation Equation
2.2 in order to accurately derive the true range (Teunissen and Montenbruck, 2017; Sanz Subirana et al., 2013).
In this context, the notation s denotes the emitting satellite, r represents the receiver, andf indicates the
frequency-dependent nature of the variable.
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Code Phase Observation Equation

prr (D= PGt )+ 5 (O+c [di(t) dt(t )+ d (1)
TP+ 15 (D+ e (D + Kee (D + KE(E ) , (2.2)
+ My (1) + "5 (1)

where

prs (1) represents the measured pseudorange, as de ned in Equation 2.1.

S(tt ) denotes the true geometric distance between the transmitting satellite and the receiver.

ot (1) is the correction term accounting for phase-centre o sets of the transmitting and receiving antennas.
c refers to the speed of light, used to convert the measured time delay into distance.
dt, (t) is the clock o set of the receiver with respect to the GNSS time scale.
ds(t ) is the clock o set of the transmitting satellite with respect to the GNSS time scale.

b+ (1) accounts for the code interchannel bias, addressing discrepancies between dierent frequency
channels.

T3(t) is the tropospheric delay, which is a non-dispersive e ect.
vt (1) is the ionospheric delay, which is a frequency-dependent distortion.
rel (t) captures the relativistic e ect due to space-time curvature.
Kt (t) is the instrumental delay of the receiver.
K#(t ) is the instrumental delay of the emitting satellite.
Mg (1) includes the e ects of multipath errors.
"%t (1) accounts for receiver noise and other minor e ects in uencing the measurement.

2.3.3 Carrier Phase Measurements

In addition to the pseudorange measurements, the changes in carrier phase over time can also ful | the same
purpose with a substantially larger precision, around two orders of magnitude higher. This increased accuracy is
achieved by measuring the instantaneous beat phase and the accumulated number of zero crossings acquired after
mixing with a speci ¢ reference signal of the nominal frequency (Teunissen and Montenbruck, 2017). However,
this methodology comes at the expense of ambiguity due to an unknown integer number of wavelengtifsN ),
which can vary arbitrarily every time the receiving device loses the signal lock, resulting in phase jumps or
range discontinuities (Sanz Subirana et al., 2013). The idealised carrier phase range measurement is presented
in Equation 2.3, and depicted in Figure 2.4b:

f:f;ideal = f [ r(ttom) S(ttom ) + Nrs(ttom ; Linit )] = f [ ?(ttom)"' Nrs] = jjrr(t) rs(t )JJ ; (2-3)

where  ?(tom ) represents the fractional phase measurement, andN;? denotes the full cycle count of the
measured replica carrier signal phase since initial signal acquisition &t .

Equation 2.4 presents the carrier phase observation equation, in which several terms are identical to those in
the pseudorange counterpart, including the true geometric range, the emitter and receiver clock o sets, and
the tropospheric propagation delay. In both equations, the ionospheric term has the same magnitude; however,
there is a sign change in the carrier phase equation. This occurs because while the carrier phase is advanced
as it propagates through the ionosphere, the code measurement experiences a corresponding delay of equal
magnitude (Teunissen and Montenbruck, 2017; Schutz et al., 2004).

Carrier Phase Observation Equation
Th ()= Rt )+ S (+c o [dt () dtt(t )+ X (1)
T 1 O+ e (O)+ Ky (D+ kf(E )
+ 1 [Ng + wi(t)]
+me () + "5 (1)

, (2.4)
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where the new terms are

' ot (1) represents the measured phase range for the speci ed frequency, as the fractional phase measure-
ment of Figure 2.4b.

o¢ (t) accounts for corrections due to the phase-centre o set and variations, in uenced by the antenna
phase-pattern and signal frequency.

ot (1) represents the phase interchannel bias, addressing discrepancies between frequency channels.

ket (t) and ks (t) are the carrier phase instrumental delays of the receiver and the emitting satellite,
respectively.

¢ is the wavelength of the carrier signal.

¢ denotes the integer ambiguity in the carrier phase, expressed in cycles.
w?(t) refers to the phase wind-up e ect caused by the circular polarisation of the electromagnetic signal.
ms (t) captures the impact of multipath errors on the carrier phase measurements.
"% (t) accounts for receiver noise and other minor e ects in uencing the carrier phase measurement.

(a) Code phase measurement (b) Carrier phase measurement

Figure 2.4: GNSS measurements (Reckeweg, 2020)

2.3.3.1 Carrier Phase Integer Ambiguity Resolution

Carrier phase integer ambiguity resolution is essential for achieving fast and high-precision GNSS parameter
estimation. This process involves determining the unknown cycle ambiguities in the carrier-phase measurements
as integers, which is crucial for precise GNSS positioning, specially in scenarios requiring centimetre-level accu-
racy. The general steps for ambiguity resolution in GNSS processing are as follows (Teunissen and Montenbruck,
2017):

The resolution process begins with the oat solution, where the integer nature of the ambiguities is initially
ignored. A standard least-squares estimation is performed, resulting in oat ambiguities that represent contin-
uous values. This initial oat solution provides a baseline for further re nement. Next, the integer solution is
obtained by mapping the oat ambiguities to their nearest integer values. This can be achieved through various
methods, including integer rounding (IR), integer bootstrapping (IB), or integer least-squares (ILS). Integer
rounding involves simply rounding the oat ambiguities to the nearest integer values, though this method is not
always reliable. Integer bootstrapping sequentially xes each ambiguity to its nearest integer, o ering improved
performance over integer rounding. The most rigorous and widely preferred approach is integer least-squares,
which searches for the integer ambiguity set that minimises the squared di erence between the oat ambiguities
and their integer estimates. ILS provides the optimal solution in terms of the probability of correctly resolv-
ing the ambiguities. Finally, the xed solution is obtained by readjusting the oat solution after the integer
ambiguities have been resolved. In this step, the state estimates are updated based on the now-known integer
ambiguity values. Once the ambiguity is resolved as an integer, GNSS systems can achieve sub-centimetre
positioning accuracy. This is essential for various high-precision applications such as geodesy, surveying, and
space missions. However, reliably resolving ambiguities can be challenging, particularly in situations with poor
satellite geometry or high measurement noise.

10
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The basic principle of the integer ambiguity resolution scheme implemented in the NSO GNSS processing is
structured in two levels: baseline and network (European Space Agency, 2009). At the baseline level, the
process starts by forming all double di erence Melbourne-Wilbbena wide-lane ambiguities. These wide-lane
ambiguities are then sorted and xed according to their xing probability. Once xed, the corresponding
narrow-lane ambiguities are formed, sorted similarly by their xing probability. From this set, the independent
xable narrow-lane ambiguities are selected. At the network level, all xable ambiguities from the baseline level
are sorted based on their xing probability, and again an independent set of xable ambiguities is selected. After
this, the normal equation system is resolved, and the process either moves to the next iteration or concludes
depending on whether additional re nement is needed.

In operational GNSS networks, advanced methods like integer least-squares are often used to maximise the
success rate of ambiguity resolution and ensure robustness in the solution. The double-di erence and Melbourne-
Wubbena combinations play a key role in enhancing ambiguity resolution. Challenges arise when dealing with
large distances between receivers or in cases of signal interruptions, which complicate the ambiguity resolution
process. Therefore, resolving these ambiguities e ciently is a critical aspect of precise GNSS applications
(European Space Agency, 2009).

2.4 Multi-Constellation GNSS Observation Equations

Multi-constellation GNSS, commonly referred to as multi-GNSS or MGNSS, has introduced a new set of ca-
pabilities, signi cantly expanding data collection and product generation strategies. By utilising signals from
multiple GNSS constellations, MGNSS achieves higher positional accuracy compared to relying on a single con-
stellation. This is particularly advantageous in challenging environments where signals from one constellation
may be insu cient. The increased number of satellite signals enhances the success rate of positioning, even
in conditions where signal obstruction or degradation is prevalent. Additionally, multi-GNSS o ers improved
robustness against interference by leveraging multiple frequency bands across di erent constellations. It is im-
portant to note that this section does not address multi-frequency GNSS, which involves tracking signals on
more than two frequencies. While multi-frequency observations o er additional bene ts such as better iono-
spheric error correction and improved accuracy, this approach is not within the scope of the current analysis.
Therefore, multi-frequency GNSS will not be explored in detail, and the focus will remain on dual-frequency
observations, which aligns with the current methodology employed by the Navigation Support O ce.

To derive the observation equations for multiple constellations, it is assumed that a MGNSS receiver tracks
signals of two or more constellations. The most simple example considers two constellations, denoted &Asand
B (Teunissen and Montenbruck, 2017). This approach can be extended to multiple constellations by aligning
all systems to a common system time. As previously discussed, when the observations from constellatiénare
recorded at receiver timet, (the timestamp found in the RINEX observation le), the receiver time di ers from
the unknown system time of constellationA , tA, as expressed by the receiver clock erradt, . In the same way,
observations from constellationB, also collected at receiver timet,, are based on a di erent physical clock for
its GNSS system time. However, the observations fronB can be expressed in terms of the receiver clock error
relative to constellation A's system time, which is used as a reference.

The system of equations describing the relationship between the receiver time and the system times of constel-
lations A and B is given as

te (%) = tA + dt, (t*)

25
t(tB) = t® + dt, (tB) = tB + dt, (t*) "B (25)

with the system time o set t*8 = tB tA, so that t, (t*) = t, (tB).

With this o set, the pseudorange equations for both satellites can be expressed as

11
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Code Phase Observation Equation - Constellation A

P (th)= ¢ [t(th) 5t )]
= (A )+ N (M) [dt (1Y) dtt(tt )+ dy ()]
T+ 1% () + e () + K () + KA D)
+ Mg (t%) + "¢ (t%)

, and, (2.6)

Code Phase Observation Equation - Constellation B

pre (t8)

c [t(t%) tit® M)

B8 M+ E %)+ e [dt(th) "t dtit® N+ dY (t°)]
+FTAEE) I @B+ e () + KE (B)+ KAE® ) ’
+ My (%) + "7 (t8)

2.7)

where  d (t*) and df!f (t®) represent the code interchannel biases (ICBs), measured in seconds, which arise
in constellations that use FDMA technology, as each channel operates at a di erent frequency. In contrast,
for constellations that employ CDMA technology, all channels share the same frequency, allowing the satellite
index to be omitted, and no ICBs are present.

Similar to the system time o set described in Equation 2.5, the receiver hardware bias in the observations of
constellation B can be de ned relative to a reference, following the de nition of the intersystem bias (ISB), as

h i

ISBAP (t:t%)= = K (%) K& (t*) +  df (%) o (t*) . (2.8)

olr

The ISB is always receiver dependent, and can also be satellite dependent when either one or more satellites
in the constellations use FDMA technology. The advantage of formulating the observation equations with
these parameters is that, under certain conditions, it becomes possible to calibrate the ISBs. By substituting
Equation 2.8 into Equation 2.7, the new code-observation equation for constellation B can be reformulated as

Py (%)= ¢ [t () t(t® )]
= 5t N+ L (%) + ¢ [d(th)  dtit® D+ d (tP)]
+c [ISBAP (t7;tB) t7®] : (2.9)
+ TR+ 1L () + e (tB) + K (tY) + KB )
+ My (t%) + " (t8)

Similarly, the carrier phase observation equation for multi-GNSS can be written as
Carrier Phase Observation Equation - Constellation A
P (M) = ¢ [ () )+ N
= p(thtY D+ X () + e [dt () deeth )+ X ()]
+ TSN+ 15 (M) + e (PP) + K (M) + KA D) , and, (2.10)
+ o INg + wR(th)]

+mye (1) + "5 (1Y)

Carrier Phase Observation Equation - Constellation B
p?;f (%)= ¢ [ (1" ath) + Nr?f]
= A%5t8 O+ & (B)+ ¢ [dy(th)  dt(t® D+ P (1Y)
+c [ISB/P (17;tB) 78] , (2.11)
+ TAR) + 1L () + e (%) + Ky (M) + K{(t® )

+mg (t8) + "7 (t8)
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using the ISB de nition for a carrier-phase de ned as

h [
1
ISBAP (t*;t8) = - ke (tB) ki (%) + &®) () . (2.12)

When both the ISB and the system time o set, t*B | are known, the data from both constellations can be
treated as though they come from a uni ed system. Additionally, for most GNSS constellations, the time
system di erences (e.g., between their respective clocks) are typically small enough to be negligible in some
applications. However,t"8 must be considered in the observation equations for the second constellation because
it is scaled by the speed of light. For instance, the time o set between GPS Time (GPST) and Galileo System
Time (GST) can reach several tens of nanoseconds, which translates into positional di erences of several tens
of metres. These o sets are typically broadcast as part of the navigation messages and can also be estimated
as an unknown parameter during processing. Furthermore, the variability of the ISB andt"® should also be
considered. Whilet”® may remain relatively stable over short periods, it can uctuate over time, necessitating
continuous adjustment or estimation. Similarly, the ISB may vary depending on the receiver and satellite
con guration, and must be recalibrated regularly to maintain accuracy in multi-constellation processing.

Besides each constellation's system time, each GNSS system broadcasts satellite positions de ned within its
own coordinate system. Thus, to solve multi-constellation positioning models, all satellite positions must be
converted into a common reference frame. This is the case with precise IGS orbits, where satellite positions from
di erent constellations are all de ned relative to a uni ed reference frame, such as the International Terrestrial
Reference Frame (ITRF).

2.5 GNSS Signal Perturbations

As shown in the previous section, several factors in the observation equation can in uence the precision of GNSS
observations. This section provides an overview of these parameters, along with an example of the proposed
methodology for modelling them. The parameters discussed include atmospheric delays, relativistic e ects,
signal biases, antenna phase-centre o set and variation, carrier phase wind-up, multipath e ects, and receiver
noise.

2.5.1 Troposphere Delay

GNSS signals have to travel through the EartH s atmosphere to reach the receivers located on or near the
ground. As they propagate, the signals are refracted, causing changes both in terms of speed and direction
of travel. Delving deeper into the atmosphere layers, the atmospheric propagation delays can be grouped into
those caused by the electrically charged layers and those caused by the neutral layers.

The neutral atmosphere consists of the electrically neutral layers which are stretched from ground level up to
a height that varies with the time of day, averaging around 50 km at its lowest point (Kelly, 2012). Since the
majority of the e ects occur in the lowest region of the atmosphere, the troposphere, the e ects are normally
referred to as tropospheric propagation delays. These e ects of the troposphere on the GNSS signals appear
as an additional delay that depends on factors such as temperature, pressure, humidity, and the locations of
the transmitter and receiver antennas. A key characteristic of the troposphere is that, for electromagnetic
waves with frequencies up to 15 GHz, its e ects are non-dispersive, meaning they are not frequency-dependent
for GNSS signals. Thus, the pseudorange and carrier phase measurements are aected by the same delay,
and this tropospheric refraction cannot be eliminated through dual-frequency measurement combinations (Sanz
Subirana et al., 2013). Consequently, the only way to mitigate the tropospheric e ect consists on using models
or estimates based on observational data (Sanz Subirana et al., 2013). This delay can be written as

Z z
T= (n 1di=10 & Ndl , (2.13)

where n represents the refractive index of air, andN, dened as N = 105(n 1), is the refractivity. The
refractivity can be further divided into two components: hydrostatic, which accounts for the dry gases (primarily
N, and Oy), and wet, which considers water vapour, such thatN = Npyq + Nyet .
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Moreover, pressure pro les of water vapour di er signi cantly from those of dry air, which exhibit more deter-
ministic behaviour and account for approximately 90% of the total refraction (Leick et al., 2015). While the
delay due to the hydrostatic component varies by less than 1% over a few hours, resulting in errors of around 2.3
m in the zenith direction and up to 10 m for lower elevations, the delay caused by the wet component only a ects
a few tens of centimetres. However, the wet component changes much more rapidly and randomly, making it
di cult to model accurately (Sanz Subirana et al., 2013). Therefore, for high-accuracy positioning, the wet
component is estimated along with the receiver coordinates. For this estimation, the Navigation Support O ce
relies on an hydrostatic a priori model based on Saastamoinen (1972), as well as pressure and temperature val-
ues from the empirical GPT (Global Pressure and Temperature) model from Boehm, Heinkelmann, and Schuh
(2007). Mapping functions and gradient models are required to map the zenith tropospheric delay (ZTD) to the
slant total tropospheric delay (STD) along a signal path. The hydrostatic and wet gradient mapping functions
are sourced from Boehm, Werl, and Schuh (2006).

2.5.2 lonosphere Delay

The ionosphere is the ionised layer of the Earth's atmosphere, extending from approximately 60 km up to
more than 2000 km (Sanz Subirana et al., 2013), formed due to the interaction of solar radiation and other
charged particles such as cosmic rays. The e ect of the ionosphere on the GNSS signal propagation depends
on its electron density, which is primarily driven by the geometrical position of the local atmosphere with
respect to the Sun, thereby de ning the local time of day. During the daytime, solar radiation ionises neutral
atoms into free electrons and ions, while at night, the recombination process prevails, leading to a reduction
in electron density. Additionally, electron density varies with altitude (Sanz Subirana et al., 2013). Unlike
the troposphere, the ionosphere is a dispersive medium, which means that the phase and code of the signal
propagate at di erent velocities. This leads to a delay in pseudorange measurements and an advancement in
the carrier phase (Teunissen and Montenbruck, 2017). An approximation of the frequency-dependent delay can
be written as

I :40:3E , (2.14)

f 2

where TEC denotes the total electron content in electronsm?, obtained as the total number of electrons in a
column of one-meter-square cross-section centred on the signal raypath and ranging from the transmitter to the
receiver, andf is the signal frequency in hertz (Teunissen and Montenbruck, 2017).

As seen in Equation 2.14, the ionospheric e ect can be accurately modelled as an approximation that is in-
versely proportional to the square of the signal frequency. Consequently, the linear combination of simultaneous
measurements, which can either be pseudoranges or carrier phases, on two di erent frequencies, such as Galileo
E1l and E6, can account for a virtually free observation of ionospheric e ects for position determination when
using dual- or multi-frequency receivers (Teunissen and Montenbruck, 2017). However, higher-order ionospheric
terms, which are not fully mitigated by such combinations, can still be relevant, especially for ground stations
requiring precise positioning, and may need to be considered in certain high-precision applications.

2.5.3 Relativistic E ects

GNSS technology has long advanced to a state where the precision of the measurements has reached the
nanosecond level, making it essential to account for corrections imposed by relativistic e ects to achieve high-
accuracy positioning. The rate at which two identical clocks advance depends on their relative positions with
respect to gravitational bodies and their motion. For instance, when comparing the clock of a satellite in Earth
orbit to one on the Earth's surface, di erences arise due to two main relativistic e ects: gravitational potential

di erences, as described by general relativity, and velocity di erences, as explained by special relativity. The

e ect of general relativity can be tackled by modifying the clock's oscillating frequency of the satellite. This
adjustment is achieved by applying a constant correction, which depends on the satellite's nominal semi-major
axis and can be calculated using

L (2.15)

where fo=fo represents the fractional frequency shift of the satellite clocky is the satellite's orbital velocity,
c is the speed of light, and U is the di erence in gravitational potential between the satellite and the Earth's
surface.
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The second e ect, often referred to as the periodic relativistic e ect, is caused by the orbital eccentricity. This
e ect induces a periodic time o set that can be corrected using

_ lsat Vsat
rel — 2“‘7;7“* ’

with rgy and vsy being the satellite position and velocity vectors, respectively, in the inertial system. Although
the periodic relativistic e ect is not commonly applied in GNSS observation equations, as it tends to cancel
out in the single di erence between stations due to its satellite-dependent nature, it becomes important when
station and/or satellite clocks are estimated, particularly in undi erenced processing techniques or for absolute
navigation, as it can reach up to 50 nanoseconds (European Space Agency, 2009).

(2.16)

Once the clock corrections have been applied, it is necessary to address the Euclidean range correction due to
the space-time curvature caused by the Earth's gravitational eld, known as the Shapiro signal propagation
delay. This e ect is computed using

2 rs+r, +

=< , 2.17
c? rs+ Iy ( )

rel;shapiro

where denotes Earth's gravitational constant, rs and r, are the distances between the satellite and the Earth,
and the receiver and the Earth, respectively, and represents the range between the satellite and receiver.

2.5.4 Antenna Phase Centre O set and Variation

In high-precision GNSS applications, the measured range between the satellite emitter and the receiver is more
accurately de ned as the distance between the electrical phase centres of the transmitting and receiving antennas.
These phase centres are not xed points; they vary with azimuth, elevation, and frequency, which a ects both
code and phase observations (Teunissen and Montenbruck, 2017). To account for these variations, the ANTEX
format is used to distribute the necessary corrections. The 1IGS20 ANTEX le, provided by the International
GNSS Service (IGS), is widely used, but the Navigation Support O ce employs a customised ANTEX le that
includes updates speci cally related to the Galileo constellation. This customised le de nes the phase centre
o sets (PCOs) from the Antenna Reference Point (ARP), as well as the elevation- and azimuth-dependent phase
centre variations (PCVs).

Accurate positioning relies heavily on accurate PCO and PCV information. Historically, PCOs were estimated
due to the absence of manufacturer-provided values, which limited GNSS contributions to the International
Terrestrial Reference Frame (ITRF) scale. However, since December 2016, Galileo has been the rst GNSS
provider to publish o cial PCO and PCV values, signi cantly improving observation model accuracy. The
Galileo metadata is regularly updated as new satellites are declared operational, ensuring continuous improve-
ments in navigation performance (Schoenemann et al., 2024).

2.5.5 Carrier Phase Wind-Up

Considering a receiver with xed coordinates, the wind-up e ect is related to right-hand circularly polarised
waves typically emitted by GNSS signals. These polarised waves determine how the electrical eld vector
changes over time. As the satellite moves along its orbital path, it continuously rotates to keep its solar panels
oriented toward the Sun for optimal energy extraction while maintaining its antenna pointed toward nadir. This
rotation causes a phase variation that the receiver interprets as a range variation (Sanz Subirana et al., 2013).
As a result, the wind-up e ect impacts only the carrier phase measurements, as seen in Equation 2.4, and is
dependent on the relative orientation of the emitter and receiver antennas, as well as the direction of the line of
sight. For instance, the potential maximum range error using GPS can reach approximately 19 cm for L1 and
25 cm for the L5 frequencies (Teunissen and Montenbruck, 2017). The wind-up correction for a crossed dipole
antenna, caused by the satellite's motion, is computed by the expressions derived from Wu et al. (1993).
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2.5.6 Instrumental Delays

Instrumental delays, also referred to as signal biases, arise from the imperfect synchronisation of signals as
they travel from generation to reception. These instrumental delays, often denoted a¥; in the observation
equations, can arise from several sources, including transmission delays through cables or the internal lters of
the GNSS receiver. These delays can be divided into satellite-dependent and receiver-dependent components.
While these biases are generally assumed to be time-invariant, they can slowly vary due to external factors,
such as temperature changes, and typically drift over the course of days. Instrumental delays a ect both code
and carrier phase measurements, and for a single constellation, the receiver-dependent delays are considered
constant across all signals of the same type tracked by a single receiver (Teunissen and Montenbruck, 2017).
Since the receiver clock delay is common to all satellites in the constellation, it is usually included in the receiver
clock estimate. When considering multi-GNSS systems, the receiver-dependent delays for signals from di erent
constellations are unlikely to be the same. Therefore, it becomes essential to estimate this intersystem bias (ISB)
as a separate parameter for each additional GNSS constellation or apply external corrections (Sanz Subirana
et al., 2013).

2.5.7 Multipath Errors

Multipath errors arise in both pseudorange and carrier phase observations when a GNSS receiver picks up the
same signal through multiple paths, typically due to re ections from nearby surfaces such as the ground or
buildings. This e ect is particularly important when the signal comes from low-altitude satellites, where the
likelihood of encountering re ective surfaces increases. The magnitude of these errors varies across frequencies,
typically reaching up to two or three metres for pseudocode measurements, and less than one centimetre for
carrier phase observations, such as those from GPS C1 and GPS L1 or L2, respectively (Sanz Subirana et
al., 2013). Contrary to measurement noise, multipath errors cannot be characterised as random errors as the
temporal variation depends on variational aspects such as the geometry between the satellite, the re ecting
surface, and the receiver. For this reason, multipath e ects often exhibit periodic behaviour, with timescales
ranging from several seconds to several minutes. Since these errors do not average out over time and lack a
mean null value, they remain a persistent source of bias in GNSS measurements (Teunissen and Montenbruck,
2017).

2.5.8 Receiver Noise

Receiver noise is caused by imperfections in various electrical components within the signal processing chain, as
well as from natural or arti cial sources in the surrounding environment (Teunissen and Montenbruck, 2017).
This noise introduces random errors into both the pseudorange and the carrier phase observations, although
the magnitudes di er signi cantly. The noise in pseudorange measurements is generally larger than in carrier
phase measurements, typically ranging from 1% of the pseudorange value to 1% of the carrier phase wavelength.
While receiver noise a ects both types of observations, the noise in pseudorange is generally larger than in carrier
phase measurements. Receiver noise can often be modelled as a white-noise-like error, which can be reduced by
applying a low-pass lIter. However, while smoothing can be applied to both code and phase observations, it is
more e ective for code noise. Smoothing the carrier phase noise is less straightforward due to its much smaller
magnitude and higher precision requirements (Sanz Subirana et al., 2013).
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2.6 GNSS Combinations of Observations

The combination of GNSS observations is a powerful tool for eliminating nuisance parameters such as iono-
spheric delays and for isolating speci c errors of interest, including multipath e ects and ambiguity parameters.
These combinations not only improve the precision of GNSS measurements but also enhance error correction
capabilities. This section provides an overview of the main types of observation combinations and discusses the
use of raw, or uncombined, observations, outlining their bene ts and limitations.

2.6.1 Single-Satellite and Single-Receiver Observations

This section introduces observation combinations based on measurements from a single receiver and a single
satellite, across one or more frequencies. These combinations allow for improved error mitigation and more
precise positioning results by leveraging the unique properties of multi-frequency observations.

2.6.1.1 Narrow- and Wide-Lane Combinations

When two or more carrier-phase observations are combined, they produce a new signal with a di erent frequency
and wavelength. If the combined wavelength is longer than the longest individual wavelength, the combination
is referred to aswide-lane combination. Conversely, if the combined wavelength is shorter than the shortest
individual wavelength, the combination is known as narrow-lane combination (Teunissen and Montenbruck,
2017).

The most common dual-frequency wide-lane (WL) and narrow-lane (NL) combinations, using only carrier-phase
measurements on the frequencie§a and fg, can be written as the carrier-phase measurements; between
receiverr and satellite s on frequenciesf 5, and fg, with corresponding wavelengths o and g. This can be
expressed as

=0

v's
r

A B
TWL S T Te = , and, (2.18)
A B
‘Ta L 7B
TNL = At orm Tt —— (2.19)
A B
with the combined wavelengths de ned as
c c
=_ - d = - 2.20
wL fa fg an NL fatfs ( )

wherec corresponds to the speed of light. In this manner, the wide- and narrow-lane carrier phase combinations
can be constructed, preserving the geometric properties of the signal, as

fa fg
1 S — 1S 1S
TWL T fa fg A fa fg TP and, (2.21)
fa fg
'S - 'S + 'S
r;NL fA fB r;A fA fB r;B ' (222)

Due to their long wavelength, wide-lane combinations are particularly useful for resolving integer ambiguities,
which involve determining the integer number of carrier-phase cycles in the observations. In this case, wide-lane
combinations are applied to the double-di erenced observations, which are explained in Equation 2.32 based on
Teunissen and Montenbruck (2017). However, it should be noted that the carrier phase noise in the wide-lane
combination is ampli ed, making it several times larger than in the original signals (Sanz Subirana et al., 2013).

Similarly, narrow-lane and wide-lane combinations can also be formed using pseudorange measurements instead
of carrier-phase observations. This is exempli ed by the Melbourne Wibbena combination (MW), which is
derived from the di erence between narrow-lane pseudorange and wide-lane carrier-phase observations:

fg

f f f
- "7 2 "7 - Pra i fs Pr g (2.23)

MW = 'S s - a0 T8 s A
rwL  Prc fa fs ' fA fa '® fa fs

While the narrow- and wide-lane combinations described here are limited to using two frequencies, similar
combinations can be constructed by utilising observations on three or more frequencies simultaneously.
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2.6.1.2 lonospheric-Free Combination

As discussed in the lonosphere Delay Section 2.5.2, the ionospheric delay is frequency-dependent, which allows
for its e ective removal when signals are transmitted at di erent frequencies. By using a linear combination

of range measurements at two distinct frequenciesf and fg, the ionospheric delay can be eliminated to a
high degree of accuracy. Based on Teunissen and Montenbruck (2017), given the range measuremepits,

and py , transmitted at these frequencies, the ionospheric-free combinations for pseudorange and carrier phase
observations are given as

PFr Prf 71z Prr - and, (2.24)
A B

S (2.25)

While this combination increases the noise in the measurements compared to single-frequency observations, it
allows for the elimination of systematic ionospheric e ects with an accuracy typically within a few centimetres,
depending on the ionospheric conditions and signal frequencies. This is crucial for achieving high precision in ap-
plications requiring centimetre- or sub-centimetre-level accuracy. This approach is employed by the Navigation
Support O ce to ensure accurate and reliable positioning in high-precision applications. Additional techniques,
such as smoothing lters, can be employed to mitigate the increased noise introduced by the ionospheric-free
combination (Schutz et al., 2004).

2.6.2 Multi-satellite and Multi-Receiver Observations

In the previous section, observations combinations have only been formed from measurements of a single satellite
tracked by a single receiver. This section now extends the concept by demonstrating how combinations can
also be formed between two satellites, two receivers, or a mixture of both. However, it is important to note
that the Navigation Support O ce primarily utilises undi erenced observations in its analysis and processing

for certain high-accuracy positioning applications. While undi erenced observations are the preferred method
for these cases, all possible observation combinations are available and supported within the EPNS software,
providing exibility for various GNSS applications.

2.6.2.1 Single Dierence

The pseudorange measurements from a speci ¢ satellite, observed at two di erent receivers, can be di erenced
to produce:

S

pi.=p; P> and

2="% '3, (2.26)

where s identi es the satellite, and 1 and 2 denote the two receivers, as shown in Figure 2.5a. The notation

$» = X3 X3 has been used for brevity in the following explanations. Alternatively, a single di erence could be
formed using measurements from one receiver observing two di erent satellites, as represented by Equation 2.27.
In this case,t identi es the second satellite, as seen in Figure 2.5b, and based on Schutz et al. (2004).

p=pl P oand "T="% ") . (2.27)

Expanding the previous equations for two stations and one satellite using the complete observation equations for

both pseudorange (Equation 2.2) and carrier phase measurements (Equation 2.4) yields the following expressions:

S — S S S S S S S us
Pio= To% 1ot C dtip+ T+ 19+ o+ K+ M, + ', (2.28)

1S S S S S S S S S S ns
2= ot prcdtp+ Ty I+ ot Kt s (N+whR)+ mp+ "7, (2.29)

This procedure eliminates the residual satellite clock o set, which is identical for two time-synchronised obser-
vations at di erent receivers irrespective of the antenna distance.
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