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Abstract

Nowadays, Global Navigation Satellite System (GNSS) provide accurate three dimen-
sional positioning and navigation anywhere and anytime on the Earth’s surface and are being
utilized in numerous civilian and military applications. The US Global Positioning System
(GPS) is currently being modernized to transmit radio signals on an additional third fre-
quency, while the European Galileo is a newly developed system which will transmit on three
civil frequency bands.

One of the major error sources affecting GNSS is the delay caused when the signals pass
through the ionosphere on their way to the Earth’s surface. This delay is inversely propor-
tional to the square of the carrier frequency, and directly proportional to the Total Electron
Content (TEC) of the ionosphere. In the last 20 years, several techniques using dual frequency
GNSS measurements have been developed to estimate the TEC. With these techniques, sys-
tematic errors are confined to at least —2.5 and 2.5 TECU for a mid-latitude site, and to at least
—5.5 and 5 TECU for a low-latitude location.

In the last decades, knowledge about the ionosphere has grown considerably thanks to the
use of GNSS measurements, and in turn the GNSS have highly benefited from this improved
knowledge. Nowadays the availability of triple frequency GNSS signals enables the develop-
ment of new processing techniques. We have therefore dedicated this work to developing a
TEC reconstruction methodology based on triple frequency GNSS measurements and aimed
at improving the accuracy of the final TEC values with regards to existing techniques.

The structure of this study is as follows. Firstly, we provide information about GNSS, fo-
cusing on concepts, definitions and assumptions which will be used throughout this study.
Then, we introduce the concepts of ionospheric propagation of radio signals and give a re-
view of the literature on existing techniques used to extract the TEC with dual frequency
GNSS measurements. We further present the complete design of the triple frequency TEC
reconstruction methodology. We start by giving the set of combinations which allows us to
resolve the original integer ambiguities, then we address the principles of TEC reconstruction,
and finally we give an accuracy assessment of the computed TEC values. We also present an
innovative technique to calibrate the satellite and receiver code hardware delays. We continue
with testing the features developed on a simulated GPS and Galileo observation dataset, as
well as on a real GIOVE observation dataset. Finally, we conclude this work by providing a
critical overview of our investigations and suggesting various improvements of the current
limitations.






Resumé

De nos jours, les systemes globaux de positionnement par satellites (GNSS) fournissent
une couverture globale de positionnement et de navigation tri-dimensionnelle a la surface
de la Terre, et sont utilisés dans de nombreuses applications civiles et militaires. Le systeme
ameéricain GPS est actuellement en cours de modernisation, et ce notamment dans "optique de
transmettre des signaux dans une bande de fréquence supplémentaire. Le systéme européen
Galileo est quant a lui en plein développement et transmettra ses signaux dans trois bandes
de fréquence civiles.

Une des principales sources d’erreur affectant les GNSS est le délai engendré lorsque les
signaux traversent l'ionosphere en direction de la Terre. Ce délai est inversement proportion-
nel au carré de la fréquence du signal, et directement proportionnel au Contenu Electronique
Total (TEC) de l'ionosphére. Jusqu’a présent, les techniques utilisées pour calculer le TEC
étaient basées sur l'utilisation de mesures GNSS double fréquence. L’exactitude du TEC
obtenu est de ce fait limitée par la présence d’erreurs systématiques a —2.5 et 2.5 TECU aux
latitudes moyennes, et & —5.5 et 5 TECU aux basses latitudes.

Durant les derniéres décennies, les GNSS ont largement contribué a améliorer les connais-
sances concernant la distribution des électrons libres dans l'ionospheére. De la méme maniere,
les GNSS ont fortement bénéficié de cet accroissement du savoir ionosphérique. La disponi-
bilité de signaux GNSS triple fréquence permet le développement de diverses techniques nou-
velles. Nous avons choisi de consacrer nos recherches au développement d"une nouvelle tech-
nique de reconstruction du TEC basée sur 1'utilisation de mesures GNSS triple fréquence, et
ce dans le but d’améliorer 1'exactitude du TEC obtenu par rapport aux techniques existantes.

Ce travail aborde la problématique comme suit. Tout d’abord, nous présentons des in-
formations générales a propos des GNSS, en se concentrant sur les concepts, définitions et
hypotheses qui seront nécessaires tout au long du travail. Ensuite, nous expliquons les con-
cepts concernant la propagation des signaux radios dans l'ionosphere, et nous réalisons un
état de I'art des techniques existantes de calcul du TEC. Par la suite, nous présentons en détail
la conception de la technique de calcul du TEC triple fréquence. Pour cela, nous présentons les
combinaisons qui permettent de résoudre les ambiguités entiéres, nous exposons les principes
de calcul du TEC et nous procédons a une étude détaillée des erreurs affectant les valeurs du
TEC. En aval de la méthode de calcul du TEC, nous présentons également une technique
innovatrice qui permet de calibrer les délais de codes dans 1’électronique du satellite et du
récepteur. Nous procédons ensuite a la validation des méthodologies développées a 1'aide de
données simulées GPS et Galileo, ainsi que de données réelles provenant des satellites GIOVE.
Pour conclure ce travail, nous portons un avis critique sur nos recherches et suggérons di-
verses améliorations possibles.
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Chapter 1

Introduction

1.1 Once upon a time

INCE the dawn of humankind, as a species, we have been curious about the world that
S surrounds us. This curiosity led to exploring and an effort to push back the frontiers
around the known territory. At first, all exploration was limited to the surrounding land.
Then, with the advent of ships, the seas were conquered as well, which led to better maps and
tremendous improvements in navigation. Navigation is defined as the science of monitoring
and controlling the movement of a craft or a vehicle compared to a reference. Navigation
techniques have evolved significantly during history. Initially, maritime navigation was based
on celestial navigation systems, which rely on the observation of the sun, moon, planets and
stars coupled with the use of marine chronometers.

A more complex navigation technique called radionavigation was developed in the 1930s.
Radionavigation is based on the transmission of ground-based or space-based electronic sig-
nals which enable users to compute their position. During World War II, major advances were
made in ground-based radionavigation. Then, with the space age, humankind took the spirit
of exploration to the skies. Developed by the US Department of Defense (DoD) and opera-
tional since the mid-1990s, the Global Positioning System (GPS) was the first Global Naviga-
tion Satellite System (GNSS), or satellite-based system providing accurate three dimensional
positioning and navigation anywhere and anytime on the Earth’s surface. Nowadays, there
are four existing GNSS: the US GPS, the Russian Global'naya Navigatsionnaya Sputnikko-
vaya Sistema (GLONASS), the European Galileo and the Chinese Compass. While the GPS
and GLONASS are currently being modernized, Galileo and Compass are newly developed
systems. GPS satellites transmit radio signals on two frequencies (L1, L2) and will, after com-
pletion of the modernization, transmit on a third frequency called L5. It was initially devel-
oped exclusively for military purposes, but opened to civilian use later on. Galileo satellites
transmit on three civil frequency bands (L1, E5b, E5a*). Nowadays, GNSS systems are being
utilized in numerous civilian and military applications, like air/maritime/land navigation,
surveying, spacecraft guidance, etc.

There are two types of GNSS observables of interest to users: the pseudorange (or code)

*identical to GPS L5
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and the carrier phase. The pseudorange is a measure of the transmission time (and therefore
of the distance) between the receiver — generally on or near the Earth’s surface — and simul-
taneously observed satellites. A set of a least four code measurements is actually required to
determine the user latitude, longitude, height and receiver clock error*. The carrier phase is
the phase difference between the received signal and a copy generated in the receiver. Since
it can be tracked with millimeter accuracy, a significantly higher positioning accuracy can be
achieved with the carrier phase than with the code. However, the carrier phase requires the
resolution of an integer ambiguity parameter for each satellite.

In a perfect world, if the position of at least four satellites is known, multiplying the trans-
mission time by the velocity of light would allow us to obtain the exact position of the receiver.
However, in reality, the code and phase observables are affected by systematic and random
errors which can be divided into three groups: satellite, signal and receiver related errors.
Some of these errors can be modeled or eliminated by using appropriate combinations of ob-
servables. One of the major error sources affecting GNSS systems is the delay caused when
the signals pass through the ionosphere on their way to the Earth’s surface. During the propa-
gation, the signals interact with the charged particles contained in the ionosphere, resulting in
a change in wave velocity which depends on the refractive index. The refractive index of the
ionosphere is a rather complicated expression given by the Appleton-Hartree formula [26]. For
GNSS signals, however, the expression can be simplified: the delay caused by the ionosphere
is inversely proportional to the square of the carrier frequency, and directly proportional to
the integrated density of electrons in the ionosphere. The latter is well-known as the Total
Electron Content (TEC) of the ionosphere. Taking advantage of the ionosphere’s dispersive
naturef, dual frequency GNSS measurements can be used to estimate or alternatively to elim-
inate the ionospheric delays.

1.2 Scope and objectives of the thesis

Nowadays, GNSS constitute a very useful tool to investigate the Earth’s ionosphere. The
computation of ionospheric delays is based on dual frequency GNSS measurements and the
basic information retrieved from the observations is the Total Electron Content (TEC) of the
ionosphere along the satellite-to-receiver path. Further, if a global network of GNSS receivers
is used, the three dimensional distribution (latitude, longitude, time) of the vertical TEC? can
be determined.

The calibration of TEC is based on the use of the Geometric-Free (GF) phase combina-
tion and requires the computation of its non-integer ambiguity. To extract the TEC with dual
frequency GNSS measurements, one generally performs the carrier-to-code levelling process
(code/phase) or the unlevelled carrier phase process (phase only). In both techniques, the
TEC needs to be modeled, which induces non-negligible model errors in the calibrated TEC
values. Moreover, in the code/phase technique, levelling errors are caused by the temporal
variation of satellite and receiver code Inter-Frequency Biases (IFB) as well as by the non-zero
average of code multipath delays. In total, these systematic errors limit the accuracy of the
calibrated TEC values to a few TECUS. For a mid-latitude site, the error effects are confined

*The receiver clock is not synchronized to the satellite clock.

TThe wave velocity is a function of the carrier frequency.

*which is the TEC along the vertical from the Earth’s surface to a given height in the ionosphere
Swith 1 TECU being 10'° electrons per 1-square meter column
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to —4.6 and 3.6 TECU for the code/phase technique, and to —2.5 and 2.5 TECU for the phase
only technique. For a low-latitude site, the performance deteriorates: the error effects are con-
fined to —5.5 and 5 TECU for the code/phase technique, and to —5.5 and 7.5 TECU for the
phase only technique.

In the last decades, knowledge about the ionosphere has grown considerably thanks to
the use of GNSS measurements, and at the same time the GNSS have highly benefited from
this improved knowledge. An accurate understanding of the distribution of free electrons can
improve GNSS techniques at different levels, such as higher-order ionospheric effects, real-
time GNSS meteorology, etc. The recent modernization and development of GNSS systems
has resulted in additional frequencies and new signals. This enables the development of new
processing techniques which may further improve the mitigation of ionospheric delays, and
thus the benefit for GNSS techniques. We have therefore dedicated this work to developing a
TEC reconstruction methodology based on triple frequency GNSS measurements and aimed
at improving the accuracy of the final TEC values with regards to existing techniques. The
main research questions are the following:

e how would it possible to improve the accuracy of the TEC with triple frequency GNSS?

e which level of accuracy would it be possible to reach?

For this purpose, we investigate the various combinations which can be formed from triple
frequency code and phase measurements in the aim of improving the computation of the GF
ambiguity and therefore the accuracy of the TEC.

1.3 Outline of the thesis

The work presented in this thesis focuses exclusively on the development and validation of a
TEC reconstruction methodology using triple frequency GNSS signals. It follows a two step
approach:

o the conceptual development and theoretical accuracy assessment of the new TEC recon-
struction methodology,

o the validation of this method by using simulated GPS and Galileo data, as well as real
Galileo In-Orbit Validation Element (GIOVE) data.

The structure of this manuscript is as follows.

In chapter 2, we introduce the concepts and definitions of GNSS which will be used through-
out the text. We first present the composition of GPS and Galileo systems and describe the dif-
ferent signals which can be provided. Then we recall the basic principles of GNSS code and
phase observables and give a detailed description of their error sources. Finally, we derive the
mathematical model of GNSS measurements.

Chapter 3 briefly presents the composition, formation and variability of the ionosphere,
and introduces the concepts of ionospheric propagation of radio signals. It then gives a re-
view of the literature on existing techniques used to extract the TEC with dual frequency



4 Introduction

GNSS measurements. We investigate the characteristics and accuracy of the various methods.
Their strengths and weaknesses will drive our choice of the adopted triple frequency TEC
reconstruction methodology.

Chapter 4 is dedicated to the development of the triple frequency TEC reconstruction
methodology. We start by introducing some useful concepts, especially regarding linear com-
binations of GNSS data. We then investigate several types and schemes of linear combinations
of measurements on the basis of their interesting characteristics (large wavelength, elimina-
tion of the ionosphere and geometry) to suggest a promising set of combinations which allows
us to resolve the original integer ambiguities and therefore reconstruct the GF ambiguities. We
further address the principles of TEC reconstruction and give an accuracy assessment of the
computed TEC values. Finally, we present an innovative method to calibrate the satellite and
receiver code hardware delays.

In chapter 5, we aim to validate the triple frequency TEC reconstruction methodology by
using triple frequency GPS and Galileo simulated data. We first describe the simulation soft-
ware, which was designed to provide realistic triple frequency code and phase measurements.
Then, we present the results of the ambiguity resolution procedure and TEC reconstruction
based on a simulated observation dataset.

Chapter 6 is dedicated to triple frequency TEC reconstruction based on real triple fre-
quency GIOVE measurements. We first describe the preprocessing of observation and nav-
igation data which is a prerequisite to any data processing. Then we present the results of
the ambiguity resolution procedure, TEC reconstruction and code hardware delay calibration
based on the available GIOVE observation dataset.

Finally we summarize the work performed in this thesis in chapter 7. Suggested improve-
ments and outlook of the methodologies developed are also presented.



Chapter 2

Global Navigation Satellite Systems

HIS chapter provides a summary of GPS and Galileo systems, giving their composition

and signals (section 3.1). Following the basic principles of GNSS code and phase ob-

servables (section 2.2.1), their error sources are exposed in detail (section 2.2.2). Finally, the
mathematical model of GNSS measurements is given in section 2.2.3.

2.1 Description

Global Navigation Satellite System (GNSS) are satellite-based systems providing accurate po-
sitioning and navigation anywhere and anytime on the Earth’s surface. The computation
of a location relies on the measurement of the range between the receiver and several si-
multaneously observed satellites. Currently, there are four existing GNSS: the US Global
Positioning System (GPS), the Russian Global'naya Navigatsionnaya Sputnikkovaya Sistema
(GLONASS), the European Galileo and the Chinese Compass. While the GPS and GLONASS
are currently being modernized, Galileo and Compass are newly developed systems. As we
exclusively deal with GPS and Galileo systems in the rest of this thesis, the other GNSS will
not be described.

2.1.1 GPS

The GPS system was designed by the US Department of Defense (DoD) as a dual frequency
(L1/L2) system with the aim of meeting the military’s needs for positioning. Over the past
decade, the number of civilian applications has increased considerably, and the system is un-
dergoing a major modernization. This includes the transmission of a third civil frequency
called L5.

2.1.1.1 Composition

The GPS system is divided into three segments: the space, control and user segments.
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e Space segment

The space segment consists of a least 24 Medium Earth Orbit (MEO) satellites deployed
in six orbital planes with an inclination of about 55°, with the ascending nodes of the
orbital planes equally spaced by 60°. Each satellite has a nearly circular orbit with a
semi-major axis of about 26600 km and a period of about 12 hours. The satellite time
frame is defined by the onboard four atomic clocks of each satellite. Those clocks pro-
duce the fundamental frequency of 10.23 MHz, from which all satellite transmissions
are derived coherently. The built-up of the GPS satellite constellation was accomplished
successively with the series of Block I satellites, Block II/IIA satellites and Block IIR
satellites. The modernization began with the launch of Block IIR-M satellites, transmit-
ting new civil codes on L2 (L2C). Currently, the build-up of Block IIF is ongoing. The
satellites of Block IIF transmit a third civil frequency (L5).

e Control segment

The control segment consists of six monitoring stations distributed worldwide. The
master control station is located in Colorado Springs, Colorado. This segment is respon-
sible for the control of the satellite constellation, as well as for the determination and
transmission of the satellite ephemerides and clock corrections.

o User segment

The user segment is formed by the GPS receivers. Their main function is to receive
the signal transmitted by the satellites and convert it into useful measurements (observ-
ables). There are several types of receivers, mainly differing with regards to the capa-
bility to lock one, two or three frequencies (multi-frequency receivers), as well as other
features, e.g. the capability to get signals from other GNSS (multi-GNSS receivers).

2.1.1.2 Signal

Each GPS satellite transmits signals on two or three frequencies: L1 (1575.42 MHz), L2 (1227.60
MHZz) and L5 (1176.45 MHz). The L1, L2 and L5 carrier frequencies are generated by multi-
plying the fundamental frequency (10.23 MHz) by 154, 120 and 115, respectively. Their cor-
responding wavelength (A) is given by dividing the velocity of light (c) by the frequency (f).
Pseudorandom Noise (PRN) codes and navigation data — including satellite ephemerides,
satellite clock bias and ionospheric model — are superimposed onto the carrier frequency. The
Coarse Acquisition (C/A) code is modulated onto the L1 carrier, while the Precise (P) code
is modulated on the L1, L2 carrier frequencies. The former constitutes the Standard Position-
ing Service (SPS), whereas the latter is associated with the Precise Positioning System (PPS).
Moreover, modernized GPS satellites will transmit new civil signals using improved code
modulation schemes. The first new civil signal is L2C, where C states for civilian. It was de-
signed specifically to meet commercial needs. Even if L2C code constitutes an improvement
with regards to the current GPS L2, its multipath and noise characteristics are similar to those
of the C/A code. The second new civil signal is L5. It was designed to meet the requirements
of high precision applications, and therefore has improved noise and multipath characteris-
tics. Each GPS observable is actually a set of four measurements: a code observable, a phase
observable, a Doppler shift and the signal strength or Carrier-to-Noise density ratio (C/Np).
Table 2.1 summarizes the characteristics of GPS signals.
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Table 2.1 — GPS carrier frequencies and wavelengths.

Signal Frequency [MHz] A [m]

L1 1575.42 0.1903
L2 1227.60 0.2442
L5 1176.45 0.2548

2.1.2 Galileo

The Galileo system is developed by the European Commission (EC) and the European Space
Agency (ESA) to provide a highly accurate glob