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Abstract

Global Navigation Satellite Systems (GNSS) have been in the center stage

of the recent technological upheaval that has been initiated by the rise of

smartphones in the last decade. This is clearly re”ected in the development

of many applications based on GNSS technology as well as the emergence

of multi-constellation GNSS with the launch of the “rst Galileo satellites at

the end of the year 2011. GNSS does not only guarantee global positioning,

navigation and timing services but also extends to applications in banking,

agriculture, mapping, surveying, archaeology, seismology, commerce, iono-

sphere scintillation monitoring, remote sensing (soil moisture, ocean salinity,

type of surface), wind speed monitoring, ocean surface monitoring, altime-

try and many others. In the last decade, Location Based Services (LBS)

have increased signi“cant market demand where GNSS has been coupled

with technologies based on terrestrial communication links in order to meet

strict positioning accuracy requirements. In these conditions, relying on

GNSS technology alone, raises a few challenges for signal synchronization

even before positioning attempts and are mainly due to a considerable signal

attenuation as it propagates through construction material and into indoor

environments. Ionosphere scintillation induces a similar challenge where in

addition to amplitude fading, the carrier phase and frequency su�er from

indeterministic ”uctuations.

This research activity is devoted to explore and design the elements con-

stituting pilot channel scalar tracking loop systems, speci“cally tailored to

Galileo signals. It is expected that running such systems with extended inte-

gration intervals o�ers robust synchronization of the incoming signal which

is heavily a�ected by external indeterministic ”uctuations. In some condi-

tions, it is desired to follow these ”uctuations as in ionosphere scintillation



monitoring while in other instances it is mainly desired to “lter them out

as noise to guarantee positioning capabilities. This is the objective of this

research study which applies for both indoor environments and ionosphere

scintillation a�ected signals. Towards this endeavor, a comprehensive theo-

retical study of the carrier and code tracking loops elements is undertaken,

and particular attention is directed to the following aspects:

€ carrier frequency and phase discriminators and the relative optimum

integration time

€ Galileo speci“c code discriminators and code tracking architecture es-

pecially tailored to Composite Binary O�set Carrier (CBOC) modu-

lated signals

€ optimum loop “lters designed in the digital domain for di�erent types

of phase input signals

€ local signal generation using a numerically controlled oscillator and

loop “lter estimates

€ front-end “lter bandlimiting e�ects on the tracking performance

This design is further tested with simulated Galileo signals with and with-

out ionosphere scintillation as well as raw Galileo signals in an equatorial

region during March 2013. Tracking performance comparison is carried out

between the customized Galileo receiver developed in this research activity

and an ionosphere scintillation dedicated professional GNSS receiver, the

Septentrio PolaRxS PRO R� receiver.
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Chapter 1

Introduction

The discovery of navigation, the process of following a set of directions to travel from

one point to another has been present since ancient times. According to Chinese sto-

rytelling, the compass was discovered and used in wars during foggy weather before

recorded history [1]. Navigation entails positioning or localization which is the process

of determing the position, velocity and orientation of an object [2].

In order to navigate, it is necessary to have a reference or a map besides positioning.

Maps have been used through ancient times as well, starting from marking trees, or

leaving traces, such as stone references and mountains. Later in time, pieces of parch-

ment or clay tablets have been used to pass the spatial information of a region from

one person to another. These are now called maps. The “rst recorded maps date from

the Mesopotamian ancient civilizations 5000 years ago.

We have come a long way ever since, using satellites as a means for navigation but not

only. In particular, satellite based navigation started in early 1970s with the Global

Positioning System (GPS) program after three U.S. projects were explored including

the U.S. Navy Navigation Satellite System also known as Transit, the U.S. Navy•s

Timation (TIMe navigATION) system and the U.S. Air Force project 621B [ 1]. Each

of these systems experimented separately with the Doppler shift e�ect on a continuous

wave signal, an atomic clock to predict satellite orbits and reduce ground control up-

date rate and a Pseudo-Random Noise (PRN) signal to modulate the carrier frequency.

In the same years, the Russian initiative was emerging and resulted in GLObalnaya

NAvigatsionnaya Sputnikovaya Sistema (GLONASS). Although the early motivations

and initiatives of such satellite based navigation were strictly coming from the military
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side, there has been a smooth transition towards providing civilian services as well as

Safety-of-Life (SoL) and commercial services. In fact, the recent trend of evermore

decreasing chip size with an increase of processing power as captured by Moore•s law,

has made the Location Based Services (LBS) an attractive and commercially promising

undertaking. As a consequence, indoor navigation has received considerable attention

in these last years.

Moreover, remote sensing is another “eld where Global Navigation Satellite System

(GNSS) has been rapidly gaining grounds in recent years. The latest trend is fo-

cused on the ionosphere scintillation impact not only on the “nal GNSS positioning

performance, but on the ability of GNSS receivers to maintain synchronization with

the incoming signals in order to solve the navigation equations. In this respect, it is

also possible to assess ionosphere scintillation severity through scintillation indices that

are basically measurements by the GNSS receiver as a product of its synchronization

process. Ionosphere scintillation monitoring by multi-GNSS constellations is a very

interesting subject indeed.

In both of these cases, the challenge is to maintain lock or synchronization with the in-

coming signal which is oftentimes buried in noise. The signal processing gain through

correlation processes is crucial for this goal, and increasing the coherent integration

interval over which the incoming signal is considered is the only solution for such a

feat. Therefore, the constituent elements of GNSS scalar tracking loops which are a

basic control instrument to maintain carrier phase and code synchronization, have to

be carefully designed to yield the desired estimated response.

1.1 Background and Motivation

GNSS is a highly complex navigation satellite system infrastructure based on three

segments: the space segment, the controlling ground segment and the user segment.

GNSS main function is to provide global (all over planet Earth) positioning and timing

capabilities through Time Of Arrival (TOA) measurements. GNSS does not only guar-

antee global positioning, navigation and time services but also extends to applications

in banking, agriculture, mapping, surveying, archeology, seismology, commerce, iono-

sphere scintillation monitoring, remote sensing (soil moisture, ocean salinity, type of

surface), wind speed monitoring, ocean surface monitoring, altimetry and many others.
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In the last decade, LBS have met signi“cant demand in the market where GNSS has

been coupled with technologies based on terrestrial communication links in order to

meet strict positioning accuracy requirements.

The reason behind this bundle of technology fusion is the shortcomings faced by the

GNSS when operating indoors where the typical signal power falls from -130 dBm to

-150 to -160 dBm which is approximately equivalent to a fall from 44 dB-Hz down to

24 and 14 dB-Hz [3]. In these conditions, a notable coherent gain through an increase

of the coherent integration interval is necessary to perform accurate carrier and code

synchronization also known as tracking. The objective of this kind of synchronization

lies in following or tracking the behavior of the received signal (both in terms of PRN

code and carrier). Tracking is performed by periodically correlating a local signal with

the incoming one and generating a correction to apply on the locally generated signal.

When the Signal-to-Noise Ratio (SNR) is lower than a certain threshold, it is highly

probable that the correction signal due to the correlation process is not reliable. In

this case, the receiver loses lock and a coarse tracking or acquisition of the signal is

needed. Acquisition is a coarse estimation counterpart of tracking and precedes it. A

false acquisition results in a penalty time that is incurred by carrier/code tracking loops

which are unable to lock. The Mean Acquisition Time (MAT) is a receiver acquisition

performance metric which takes into account this penalty time. This metric is an im-

portant parameter that de“nes the receiver performance given the fact that acquisition

can form a bottleneck for the start of the rest of the signal processing blocks that de-

pend on it. The challenges faced by real GNSS signals during the tracking stage are

its amplitude fading (indoor/ionosphere scintillation conditions) as well as its carrier

phase ”uctuations.

In conclusion, the motivation of this research activity is the ever-increasing importance

of using GNSS signals in harsh conditions. This importance stems from the growth of

indoor LBS catalyzed by market need and its potential due to the launch of multiple in-

ternational GNSS. Reliable GNSS services guaranteed by robust tracking can also pave

the way to ionosphere scintillation monitoring from a network of stations distributed

across the Earth with an emphasis around the equatorial and polar regions. Robust
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GNSS tracking would also yield early identi“cation of unexpected and abnormal activ-

ity of the Sun a�ecting the ionosphere. Guided by these motivations, this thesis will

undertake the design and analysis of the components comprising GNSS digital scalar

tracking loops with a focus on the Galileo Open Service (OS) pilot channels. This in

turn aims to provide robust and reliable tracking of weak GNSS signals in unfavor-

able conditions characterized by low signal power or Carrier-to-Noise Ratio (CNR) and

scintillation phenomena where both the amplitude and phase of the incoming signal

experience indeterministic ”uctuations.

1.2 Literature Review and Limitations of Previous Work

The limitations of previous work concentrate on the design of the tracking loop “lters

in analog domain and transformation to the digital domain instead of directly designing

in the digital domain. Although very recently the trend has been shifting towards a

design of tracking loops in the digital domain [4]-[5], the design of the phase detector

has been ignored in these studies by assuming it a simple constant gain independent

of the incoming CNR. In fact, it has been shown in [6] that the discriminator gain and

noise propagation through the discriminator can have a radical impact on the overall

performance of tracking loops especially in low CNR conditions. In addition, there is

no closed form solution relating the noise equivalent bandwidth of the loop “lter to

the appropriate loop “lter parameters. Nonetheless, there has not been any attempt to

bridge this gap by approximating the curve that de“nes the relationship between the

design speci“cation and loop “lter parameters by a linear piece-wise function.

In this thesis, Galileo receivers are the main focus and as such, Galileo speci“c code

tracking loops and in particular Galileo speci“c code discriminators or phase detectors

receive special attention. Galileo E1 OS signal features a multipeaked auto-correlation

function given its Composite Binary O�set Carrier (CBOC) nature. In this setting,

ambiguous tracking is a major threat encountered by Galileo E1 receivers inducing

a position error of the order of 150 meters. Previous literature has presented several

methods, each with its set of pros and cons, to tackle this issue. Some methods attempt

to get rid of the complexity brought about by the subcarrier signal, losing out the ac-

curacy that comes with it. The single side lobe or Single Side Band (SSB) technique [2]
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and the SubCarrier Cancellation (SCC) technique [7] are listed in this category. On the

other hand, other methods seek the enhanced code tracking accuracy o�ered by these

subcarriers. These methods include Binary O�set Carrier (BOC) tracking with mul-

tiple gate discriminators Multiple Gate Discriminator (MGD) [ 8], the bump jumping

algorithm, the Autocorrelation side peak cancellation technique (ASPeCT) algorithm

[9], the Double Estimator (DE) as explained in [2] - [10] and the two-step Galileo CBOC

tracking algorithm [ 11]. The bump jumping algorithm has the downside of taking too

long to converge while the ASPeCT and dual estimator which has a third tracking loop

dedicated to the subcarrier both yield a more complex loop implementation.

1.3 Research Objectives

The main objective of this thesis is to design GNSS speci“c scalar carrier/code tracking

loops tailored for pilot channel use and for extended integration intervals. Increasing

the integration interval to several tens of milliseconds is crucial in some applications

such as urban canyons, indoor environments, as well as ionosphere scintillation scenar-

ios characterized by a low signal-to-noise ratio and low phase ”uctuations.

In this respect, various carrier frequency/phase discriminators are to be analyzed in-

depth in order to select an appropriate integration interval to be used together with the

optimum Phase Detector (PD) given a certain scenario and an input SNR. Moreover,

novel Galileo code discriminators are to be designed to exploit the full potential o�ered

by CBOC modulated signals without adding much complexity. In fact, considering that

both SSB and SCC do not either fully or e�ciently exploit the subcarrier presence, and

that Bump Jumping (BJ), ASPeCT and DE are either not e�cient or add too much

complexity, the MGD is considered to be a good alternative. The focus will be directed

in the design of a four taps Very Early Minus Late Envelope (VEMLE) discrimina-

tor that yields an unambiguous curve by using two pairs of early and late correlators,

i.e. the usual early and late correlators and two additional very early and very late

correlators. In addition, the DE is to be explored designing appropriate discriminator

functions for the delay and subcarrier locked loops.

Another objective is to provide a methodology for loop “lter design that minimizes
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both the energy in the transient response of the loop error and the loop output ther-

mal noise power or tracking jitter, taking into account various discriminator models

as mentioned previously. In addition, the derivation of the loop “lter expression and

parameters are to be derived following an approximate linear function that relates the

latter with the loop “lter design metrics, such as the integration interval and loop “lter

noise equivalent bandwidth. The theoretical performance of such loop “lters is to be

assessed and compared with classical digital loop “lters designed in the analog domain.

The robustness of the design of such GNSS carrier/code tracking loops is in turn to be

veri“ed by Galileo simulated and real signals as well as ionosphere scintillation a�ected

signals.

1.4 Thesis Outline

An introduction and history of navigation and satellite based navigation systems has

been put forward in this chapter. The current scope of GNSS services targeted for

civilian use and their respective challenges are presented, mainly indoor navigation

and tracking of ionosphere scintillation a�ected GNSS signals. The motivation and

background surrounding these challenges as well as previous work and its limitations

are explored. Based on these limitations, the research objectives are formulated and

carried out in the next chapters.

Chapter 2 o�ers a global view of the modern multi-constellation GNSS infrastruc-

ture, frequency plan and its diverse applications. A special attention is given to the

European GNSS initiative known as Galileo, where its OS signals and properties are

studied. The basic correlation operation in GNSS receivers is studied and synchroniza-

tion performance metrics are presented. Ionosphere scintillation indices or scintillation

estimation metrics are also de“ned.

The main contribution of this chapter is the implementation of a Galileo OS signal and

ionosphere scintillation software simulation tool along with several design parameters

to be speci“ed to control the resulting output signal. Finally, a general overview of

the typical signal processing blocks of a GNSS receiver is presented starting from the

Front-End (FE) down to the tracking stage.
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Chapter 3 introduces the basic concepts to be considered for robust tracking of GNSS

and speci“cally Galileo OS signals. The design accounts for weak signals with a low

CNR where long integration intervals is a must for successful tracking in terms of car-

rier frequency/phase as well as code delay. The main considerations are in terms of the

phase detector (PD), the loop “lter and the Numerically Controlled Oscillator (NCO),

all of which are designed in digital domain.

In this respect, various coherent and noncoherent carrier frequency and phase discrim-

inators are analyzed in-depth. A performance comparison is carried out for di�erent

SNR inputs to yield the optimum integration interval for a speci“c discriminator, tak-

ing into account the corresponding frequency/phase range that it is able to estimate

reliably.

In addition, code phase discriminators speci“c to Galileo CBOC signals are explored.

A MGD structure is considered to be a good alternative considering that other tech-

niques in the literature do not either fully or e�ciently exploit the subcarrier presence

or add too much complexity. A two-steps normalized four taps VEMLE discriminator

is presented that yields an unambiguous curve by using two pairs of early and late

correlators, i.e. the usual early and late correlators and two additional very early and

very late correlators.

Moving to the loop “lter component of scalar tracking loops, a comprehensive set of

loop “lters that are considered in literature are collected. These classical loop “lters

are designed in the analog domain and then mapped to the digital domain. Due to the

shortcomings of such “lters when coupled with long integration intervals, a detailed

derivation of the optimum loop “lters designed in the digital domain is undertaken to

minimize the phase output noise power and transient energy induced by di�erent phase

input signals (phase step, frequency step and frequency ramp). Moreover, a simple line

approximation is performed to yield these optimum loop “lters given a set of desired

loop “lter speci“cations and integration intervals.

The theoretical performance of such optimum loop “lters is then assessed and com-

pared with classical digital loop “lters designed in the analog domain. The stability

degree is tested through Bode plots and root locus plots where the loop gain is chosen

to be the varying parameter. Gain and phase margins are also visited to analyze the

system degree of stability for a range of frequencies. Finally, the performance of all

the aforementioned loop “lters is compared through simulation of the designed GNSS
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scalar tracking loops designed all along this chapter.

The last analysis in this chapter concerns the receiver bandlimiting e�ects on the track-

ing performance in terms of both carrier and code phase thermal noise tracking jitter

where the main focus is on the CBOC and Binary Phase Shift Keying (BPSK) modu-

lated Galileo E1 and E5a/b OS signals.

Chapter 4 considers two experimental applications of the GNSS pilot channel track-

ing loop design presented in Chapter3. It applies the acquired concepts on simulated

Galileo OS signals a�ected by ionosphere scintillation amplitude and phase ”uctuations.

A performance assessment is carried out in terms of frequency and phase tracking error

given that the signals are simulated and the correct frequency and phase values are

known at each integration interval. Furthermore, Galileo real signals collected in the

equatorial region of Ascension Islands are tested with the aforementioned design of

Galileo scalar tracking loop. The second part of the chapter presents results obtained

during a re”ectometry experiment where carrier phase measurements are used in order

to perform altimetry measurements of a ”ying aircraft on top of rivers in the Italian

Piemonte region.

Finally, appendices A and B explore the MAT performance metric in standard and

collaborative Peer to Peer (P2P) networks. An intuitive technique to derive the MAT

is developed for the serial search case where a special algorithm that follows a speci“c

search order is developed and analyzed. Di�erent search strategies are considered in

appendix B and a comparison of standard versus P2P acquisition engines is performed

after choosing the best search strategy relative to each case.

Moreover, here is a list of publications that are the fruit of my PhD study:

€ Technique for MAT analysis and performance assessment of P2P Acquisition

Engines [12] published on IEEE.

€ Mean acquisition time of GNSS peer-to-peer networks [13] published on IEEE.

€ First Joint GPS/IOV-PFM Galileo PVT estimation using carrier phase measure-

ments [14].
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€ A ”ight in the Piedmont region for water surface detection and altimetry experi-

mentation [15] published on IEEE.

€ Galileo Tracking Performance Under Ionosphere Scintillation [16] won the best

paper award in the Fourth International Colloquium on Scienti“c and Fundamen-

tal Aspects of the Galileo Programme, session 3A: Ionosphere 2.

€ Extended Integration Time for Galileo Tracking Robustness Under Ionosphere

Scintillation [ 17] published on IEEE.

€ Assessment of Galileo OS Signals and Tracking Algorithms during Equatorial

Ionosphere Scintillation [18] to be submitted to the IEEE transactions on AES.
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Chapter 2

GNSS, signals and receivers

This is an introductory chapter to present a global view of the modern GNSS, its in-

frastructure both in space and on ground as well as the spectrums used and diverse

applications that stem from GNSS. In addition, the European GNSS initiative known

as Galileo is the main focus of this work and thus Galileo OS signal structure is studied

together with its spectrum and auto-correlation properties. The basic correlation oper-

ation that lies behind the successful synchronization of the GNSS signals is explained,

together with standard metrics used to assess the resulting performance. Ionosphere

scintillation indices or scintillation estimation metrics are also presented. A Galileo OS

signal and ionosphere scintillation software simulation tool is implemented with several

design parameters to be speci“ed to control the resulting output signal. In addition, a

general overview of the typical signal processing blocks of a GNSS receiver is presented

starting from the FE down to the Position Velocity Time (PVT) computation block.

2.1 Satellite Navigation Systems

GNSS is a general term to indicate a global navigation satellite system that provides

continuous positioning, navigation, timing and many other capabilities over the entire

terrestrial globe. It encompasses three large segments that de“ne any GNSS system,

mainly the space, ground and user segments.

The space segment comprises a constellation of satellites orbiting the Earth at a certain

altitude and orbital characteristics such as orbital inclination, orbital plane and nominal

revolution period. These satellites are equipped with highly specialized instruments
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including very stable atomic clocks that drive the signals transmission and which form

the core of the satellite navigation concept. The main functions of the space segment

are [19]:

€ Constantly generating and transmitting code and carrier phase signals.

€ Storing and broadcasting the navigation message uploaded by the control seg-

ment.

The space segment is undergoing extensive modernization and in particular the two

current legacy systems. The U.S. GPS system is in constant modernization, and the

Russian GLONASS system is restoring its system to a full 24-satellite constellation with

plans to transmit Code Division Multiple Access (CDMA) instead of Frequency Divi-

sion Multiple Access (FDMA) signals and considering a new frequency band (L5/G3).

On the other hand, the two new GNSS systems represented by the European Galileo

and the Chinese Compass systems have started launching their satellites in recent years.

It is estimated that in 2020 when all four of these global navigation systems reach their

full deployment, a total of 113 satellites will be present in space [20].

In addition to global navigation satellite systems, there are regional navigation satellite

systems providing regional coverage and designed for general use, such as the Indian

Regional Navigation Satellite System (IRNSS), the Japanese Quasi Zenith Satellite Sys-

tems (QZSS), and the Chinese Beidou-1 which will evolve from the regional system into

the global system Beidou-2 or COMPASS. Moreover, aviation-speci“c regional systems

represented by Satellite Based Augmentation Systems (SBAS) systems such as the Eu-

ropean European Geostationary Navigation Overlay System (EGNOS), the U.S. Wide

Area Augmentation System (WAAS), the Japanese Multi-functional Satellite Based

Augmentation System (MSBAS), and the Indian GPS Aided Geo Augmented Naviga-

tion (GAGAN) o�er extra satellites that o�er better signal accuracy, availability and

integrity for civilian aviations users.

The ground segment is the brain of the GNSS system. It has the following functions

[19]:

€ Control and maintain the status and orbital con“guration of the satellite constel-

lation.
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€ Predict the ephemeris or satellite position information as well as satellite clock

evolution.

€ Keep track of the GNSS time scale.

€ Update the navigation message to be uploaded to the satellites.

Each of the aforementioned four GNSS systems has a speci“c ground segment struc-

ture, but let us mention that the Galileo Full Operational Capability (FOC) phase will

involve two redundant ground control centers, “ve Telemetry Tracking and Control

(TTC) stations, nine Mission Up-Link Stations (ULS) and a world-wide network of

Galileo sensor stations. Further details on the Galileo ground segment as well as the

structure of each of the remaining three GNSS ground segments can be found in [19].

In conclusion, the user segment is comprised of GNSS receivers which process the trans-

mitted signals, compute pseudoranges which are estimates of the distance between the

receiver antenna and the satellite. The next step is to solve the navigation equations

and compute their relative position and very accurate time to “nally provide naviga-

tion services by the use of appropriate maps. The basic elements of a GNSS receiver

include a dedicated single or multiple frequency antenna, a radio front-end, a baseband

signal processing module, and a human/machine interface. Further details are found

in Section 2.4.

2.1.1 GNSS concept

GNSS satellites transmit code modulated carrier phase signals. Systems based on

CDMA transmission use the same carrier frequency but use a di�erent PRN code se-

quence to enable the user receiver to distinguish between di�erent satellites signals.

Through various signal synchronization modules including acquisition, tracking and

data demodulation, it is possible to compute the time it takes for the satellite trans-

mitted signal to reach the user receiver. This time interval is converted to a distance

range by assuming a constant signal travel speed equal to the speed of light. In a

three-dimensional world, it is possible to use three such measurements to construct

three spheres and deduce two intersecting points. However, one of the intersecting

points is close to the Earth•s surface while the other is not and the user receiver posi-

tion can easily be deduced. Moreover, the time that is measured on board of satellites
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is not synchronized to the time that is measured by the user receiver, and thus a fourth

measurement obtained by a fourth satellite is necessary to deduce the user position es-

timate with an acceptable error. This is possible thanks to the knowledge and tracking

of the satellites position in space.

2.1.2 Frequency plans

As previously mentioned, the GNSS space segment is going through an extensive mod-

ernization process. The GPS system which currently occupies the three frequency

bands denoted by L5, L2 and L1 bands as shown in Figure2.1, launched the new Block

II-R modernized satellites as early as 26 September 2005. These satellites transmit the

new military signal and the more robust civil signal L2C. By 28 May 2010, one of the

GPS Block II-F modernized satellites was launched which was designed to transmit the

third civil signal on the SoL L5 frequency band. The GPS Block III satellites on the

other hand are designed to transmit the fourth civil signal, the L1C signal on the L1

frequency band.

The GLONASS system which currently occupies the three frequency bands L5/G3,

G2 and G1 bands as shown in Figure2.1, launched the second generation GLONASS-

M (or Uragan-M) satellites as early as 2001. These satellites started transmission of a

second civil signal on the G2 band. By 26 February 2011, one of the GLONASS-K (or

Uragan-K) third generation satellites were launched which was designed to transmit

CDMA signals for civilian applications on the new L5/G3 band as well as the G2 and

G1 bands which also transmit using the FDMA technique.

Figure 2.2 shows that the Galileo system occupies the three frequency bands denoted

by E5, E6 and E1 bands with di�erent modulation types and covering di�erent services.

The Beidou system also occupies the three frequency bands denoted by B2, B3 and B1

bands as shown in Figure2.1.

2.2 Galileo OS signal structure

The Galileo OS signals are open source free of charge signals designed to provide com-

petitive position and timing performance for the user community. The Galileo OS
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Figure 2.1: GNSS frequency plan and modulations for the GPS, GLONASS,
Galileo and Beidou (Compass) systems - showing the legacy and proposed version of
GLONASS as well as Compass versions II and III (Source: Stefan Wallner)
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Figure 2.2: GPS and Galileo frequency plan - with respect to Aeronautical Radio
Navigation Services (ARNS) and Radio Navigation Satellite Services (RNSS) frequency
bands.

mainly consists of three frequency bands, E1 and E5a/b as described in the Galileo

OS Interface Control Document (ICD) [21]. The transmitted power on both of these

frequency bands is divided onto two channels, the data and pilot channels. Due to

plans to extend the integration time to more than one code period, only one of these

channels is considered in this thesis, the pilot channel.

2.2.1 Galileo E1 OS signal

The Galileo E1 frequency band is found in the upper L-Band in the allocated spec-

trum for RNSS as well as the ARNS [21]. It is centered around 1575.42 MHz, the

same center frequency as that of the GPS L1 frequency band. The signal modu-

lation scheme for Galileo E1 is shown in Figure2.3 where sE 1(t) is the Galileo E1

OS band-pass signal as transmitted from present and future Galileo satellites. It is

modulated by a spreading codeCE 1Š B (t) and a navigation data messageDE 1Š B (t)

in the data channel and a di�erent spreading codeCE 1Š C (t) which includes the sec-

ondary code in the pilot channel, as well as a weighted sum of two subcarrier signals

�sc E 1Š BOC (1,1)(t) ± �sc E 1Š BOC (6,1)(t) (higher weight � = 10/ 11 to the lower rate sub-

carrier and lower weight � = 1 / 11 to the higher rate subcarrier).

The combination of these two subcarriers make up the CBOC modulation CBOC(6,1,1/11)
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in the time domain. In fact, the data and pilot channel subcarriers are equal to

the weighted sum and di�erence between the narrowband and the wideband signals

BOC(1,1) and BOC(6,1) respectively [21]. As a consequence, a certain orthogonality

exists to separate the data channel from the pilot channel. The subcarrier and spreading

code are perfectly time aligned so that a rising edge in the spreading code corresponds

to a possible rising edge in the subcarrier signal, and in any case to a di�erent subchip.

This is the cornerstone of tracking the delay of the spreading code and subcarrier signal

product considering it a single unique variable for both of the signals. This concept is

further discussed in detail in Section3.4.4.1.

Figure 2.3: Galileo E1 OS modulation scheme - on both data and pilot channels
down to the pass-band signal as generated on board Galileo satellites.

In the frequency domain, it is known as the modi“ed binary o�set carrier MBOC(6,1,1/11)

and its power spectral density Power Spectral Density (PSD) is de“ned as:

Gs(f ) =
10
11

G1(f ) +
1
11

G6(f ) (2.1)

whereG1(f ) and G6(f ) are the PSD of the binary o�set carrier BOC(1,1) and BOC(6,1)

signals. This is the total PSD of the Galileo E1 in-phase channel. In fact, the E1 signal

allocates data/pilot channels on the same in-phase I channel while the quadra-phase Q

channel is reserved for the Public Regulated Service (PRS) which has a wider frequency
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bandwidth as shown in Figure2.1. The Galileo OS E1 reference bandwidth is speci“ed

to be � = 24.552 MHz as compared to the GPS L1, L5 and Galileo E5a/b reference

bandwidths of 20.46 MHz. However, correlation losses due to bandlimiting is discussed

in Section 3.6 where it is shown that a two-sided bandwidth of 14.322 MHz is enough

to guarantee the improved accuracy brought about by the design of the Galileo E1

ranging code including its data and pilot channel subcarriers.

The Galileo E1 di�ers from the GPS L1 signal modulation scheme in that it has an

additional subcarrier de“ned in the time domain as CBOC modulation, more speci“-

cally CBOC(6,1,1/11). Figure 2.4 shows 5 sampled chips of Galileo E1 signal•s pure

spreading code relative to PRN 1 in the top, and then the product of that spreading

code with the pilot channel subcarrier using a sampling frequency of 16.3676 MHz.

As a consequence of the CBOC subcarrier, and the BOC subcarrier in general, the

code auto-correlation function R(	 ) exhibits two side peaks around zero code phase as

seen in Figure2.5. Moreover, it is shown that the Galileo E1 pilot channel exhibits a

sharper peak than the corresponding data channel. This is due to the orthogonal pilot

channel subcarrier that is in anti-phase with respect to the data channel.

The GPS L1 signal on the other hand, is a CDMA signal as well but is characterized

by a triangular shape normalized auto-correlation function as seen in Figure2.6(b).

Figure 2.6 shows the sampled and non-sampled versions of a portion of the GPS CDMA

spreading signal relative to PRN 1. In Figure 2.6(a), the “rst 50 chips are plotted and

the relative auto-correlation values for the range of lags between± 50 chips from the

true code delay.

The Galileo E1 OS signal ranging codes are built of primary and secondary codes by

using a tiered code construction [21]. The primary code chip rate is 1.023 Mcps, similar

to the GPS L1 C/A and GPS L1C signals. The primary code length is 4 ms and its

length is 4092 chips. The primary codes of the data/pilot channels are long pseudoran-

dom noise PRN optimized memory codes and are published in the Galileo OS ICD [21].

The secondary code on the pilot channel is unique for all satellites. The data channel

is deprived of a secondary code but instead is multiplied by the navigation data, while

the pilot channel is deprived of the navigation data and multiplied by a secondary code

of length 25 chips and duration 100 ms.
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Figure 2.4: Galileo E1 spreading sequence and subcarrier - the CBOC(6,1,1/11)
modulation for PRN 1 using a sampling frequency of 16.3676 MHz.
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2.2 Galileo OS signal structure

Due to the overlaying secondary code on the primary code, the auto-correlation func-

tion of the Galileo E1 pilot channel signal considered over several code periods, presents

several side peaks at the boundaries of the secondary code chips as shown in Figure

2.7. The data channel on the other hand shows a periodic nature due to absence of

secondary code chips.

Figure 2.7: Galileo E1 tiered code auto-correlation function - on both data and
pilot channels with a sampling rate of 16.3676 MHz.

2.2.2 Galileo E5 OS signal

The Galileo E5a frequency band is found in the lower L-Band and is centered around

1176.45 MHz, the same center frequency as that of the GPS L5 frequency band as can

be seen in Figure2.1. Similarly, it can be seen that the Galileo E5b frequency band is

also found in the lower L-Band and is centered around 1207.14 MHz. Both frequency

bands have a bandwidth of 20.46 MHz and are situated in the allocated spectrum for

RNSS as well as the ARNS used by civil aviation users [21].

If the entire E5 wideband signal is considered as in an Alternative Binary O�set Carrier

AltBOC(15,10) modulation, then the existence of subcarriers is imperative. However,

the E5a/b signals, when considered as separate frequency bands, are Quadrature Phase
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Shift Keying (QPSK) signals, or even BPSK(10) signals when one of the data/pilot or-

thogonal channels is taken into account. The value 10 is present in BPSK(10) and

AltBOC(15,10) because the E5a/b chipping rate is 10.23 MHz. The signal modulation

scheme of Galileo E5a signal is shown in Figure2.8 where sE 5a(t) is the Galileo E5a

OS band-pass signal as transmitted from present and future Galileo satellites.

Figure 2.8: Galileo E5a OS modulation scheme - on both data and pilot channels
down to the pass-band signal as generated on board Galileo satellites.

The E5a signal is modulated by a spreading codeCE 5aŠ I (t) and a navigation data

messageDE 5aŠ I (t) in the data channel and a di�erent spreading codeCE 5aŠ Q(t) in the

pilot channel. Both data and pilot channel spreading codes include the secondary code

and each of the channels is multiplied by cosine and sine of the center frequency of

the E5a band. Due to a chipping rate of 10.23 MHz, the minimum sampling frequency

that satis“es the Nyquist sampling theorem at baseband is 20.46 MHz. Moreover, un-

like the Galileo E1 OS channels, the E5a/b data/pilot channels are characterized by

orthogonality.

Both of these channels primary PRN codes can be generated using linear feedback

shift registers and last 1ms while the secondary codes are published in hexadecimal

format in [21]. The data channel o�ers a unique secondary code for all satellites (20
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ms for E5a data channel and 4 ms for E5b data channel) while a di�erent secondary

code of 100 ms is used for every satellite on the pilot channel.

The auto-correlation function of a single code period of the E5a/b Galileo signals shown

in Figure 2.9 is the typical BPSK auto-correlation function (similar to that of GPS L1

C/A code) where a single peak is present at zero phase lag. Due to the overlaying sec-

ondary code on the primary code, the auto-correlation function of the Galileo E5a/E5b

pilot channel signal considered on several code periods, presents several side peaks at

the boundaries of the secondary code chips as shown in Figure2.10. The Galileo E5a

data channel on the other hand shows a periodic nature due to the lower number of

secondary code chips with respect to the pilot channel (20 instead of 100) such that

the unity peak is repeated 5 times at di�erent code delay values.
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Figure 2.9: Galileo E5a total code auto-correlation function - relative to PRN 1
showing a few chips around the true code delay and using a sampling frequency of 20.46
MHz.

2.3 Simulation/estimation of Galileo signals/CNR and iono-

sphere scintillation signals/indices

Simulation of Galileo signals follows the same basic scheme used to simulate GNSS

signals with some peculiarities mainly the primary/secondary codes speci“c to Galileo
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Figure 2.10: Galileo E5a tiered code auto-correlation function - on both data and
pilot channels with a sampling rate of 20.46 MHz.

with the corresponding chip rate and code period as well as the characteristic mod-

ulation scheme, including the subcarriers, the data/pilot channels and the navigation

data bits speci“ed in the Galileo ICD [21]. It is widely known that it is possible to esti-

mate the CNR of the signal at the output of a GNSS receiver antenna, by considering

the in-phase and quadra-phase correlator outputs using two techniques Power Ratio

Method (PRM) and Variance Summing Method (VSM) widely used in the literature.

Ionosphere scintillation signals are simulated in terms of multiplicative amplitude time

histories and additive phase time histories using the Cornell model [22]. The scintil-

lation severity is assessed by two scintillation indicesS4 and � � � which make use of

the in-phase and quadra-phase correlator outputs as well as incoming carrier frequency

and phase estimates.

2.3.1 GNSS signal de“nition

The received or Intermediate Frequency (IF) signal from a single Space Vehicle (SV) or

satellite at the input of a GNSS receiver is denoted ass[n] and is generically expressed

as:

s[n] =
�

P cs[n Š 	 ]ej (2�f 0nTS + � [n]) + nA [n] (2.2)
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where P is the total received signal power,cs[n Š 	 ] is the spreading code delayed by

	 expressed in samples (and which includes a synchronized subcarrier signalsc[n Š 	 ]

in the case of BOC modulated signals, i.e. Galileo),f 0 is the incoming signal true

carrier frequency including the front-end intermediate frequency as well as the Doppler

frequency,TS is the analog to digital sampling period, � [n] is the instantaneous carrier

partial phase and nA [n] is an additive Gaussian complex noise term which represents

thermal noise and is assumed to be white with a single sided PSD ofN0 Watts/Hz. It

is worth mentioning that the binary data sequence holding the navigation messaged[n]

is present on the data channel or the in-phase part of the signal but has been omitted

in this representation for simplicity.

2.3.2 GNSS signal recovery: correlations

In a typical GNSS receiver, the received signal is correlated with a locally generated

signal with appropriate code, carrier frequency and carrier phase delay �	 , �� and ��

respectively. As mentioned earlier, the resulting in-phase and quadra-phase correlations

are used to measure the SNR as well as to estimate the carrier Phase Lock Indicator

(PLI) and CNR, which is a code delay lock indicator. It is worth noting that the

SNR is a GNSS receiver estimate by de“nition and mainly depends on the integration

time while the CNR is intrinsic to the input signal power and the Radio Frequency

(RF) front-end thermal noise. The in-phase and quadra-phase correlations at each

integration interval or epoch k yield [6]:

I [k] =
�

P d[k]R(	 [k])sinc
�

�� [k]TI

2

�
cos(�� [k]) + nI [k] (2.3)

Q[k] =
�

P d[k]R(	 [k])sinc
�

�� [k]TI

2

�
sin(�� [k]) + nQ[k] (2.4)

where R(.) is the correlation function between the incoming and the locally generated

PRN signals, �� = � Š �� and �� = � Š �� are respectively the estimated phase and

frequency error at a given epochk and nI [k] and nQ[k] are the instantaneous noise on

in-phase and quadra-phase correlations.

It is stated in [ 23] that the CNR estimates are considered in code phase lock detectors

while PLI are used by carrier phase lock detectors. Moreover, [23] states that PLI are

normalized estimates of the cosine of twice the carrier phase error and hence the closer
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the error is to zero, the closer the PLI is to unity. In fact, it is proven in [ 24] that

phase lock requires that input and output signals or voltages be in quadrature, that is,

manually shifted by �/ 2 inducing a zero carrier phase error estimate.

2.3.3 Carrier phase and code delay lock indicators

A common metric used in the GNSS literature to express the incoming signal power with

respect to noise present in the measurement or processing GNSS receiver is the CNR.

It gives an idea of the di�culty and likelihood of successfully using the received signal

with acceptable positioning accuracy. Unlike the signal to noise ratio which uses GNSS

receiver correlator outputs, discussed shortly after, the CNR is not a measurement by

the receiver but rather an expected value given the receiver hardware architecture as

well as the antenna incident signal power. The CNR refers to the output of a GNSS

receiver•s RF front-end and is de“ned as:

C
N0

= 10log10P Š 10log10N0 (2.5)

whereP, as previously mentioned, is the power of the received signal or signal strength

and N0 expressed in W/Hz depends on the e�ective RF front-end temperature which

includes the antenna temperature and the RF front-end temperature and consequently

noise “gure in the following manner [3]:

N0 = K B Teff (2.6)

Although the CNR is strictly dependent on the receiver and signal characteristics, it

is possible to obtain CNR estimates by using correlator outputs to measure the signal

power in narrow and wide bandwidths. In fact, there are at least two methods to

estimate the CNR [25], the PRM and the VSM both of which are widely used in

literature. The PRM uses wideband and narrowband power measurements while the

VSM method only makes use of raw power measurements at a rate corresponding

to the integration intervals. NarrowBand power (NBP) measurements are obtained by

integrating the raw correlator output measurements and squaring at the next step, while

the WideBand Power (WBP) measurements consist in integrating the squared values

of the correlator outputs. The expressions ofNBP m and W BPm at time tm = m.M.T I
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with m = 1 , 2, ... where M is the number of integration intervals over which they are

estimated [23]:

NBP m =

�
M�

k=1

I [k]

� 2

+

�
M�

k=1

Q[k]

� 2

(2.7)

W BPm =
M�

k=1

�
I 2[k] + Q2[k]

�
(2.8)

It should be noted that the NBP measurements rely on the integration of raw correlator

outputs and as such have to be stripped of any modulation including the navigation

data bits and secondary code chips. In this thesis, the pilot channel is considered so

that data bits are of no concern and the secondary code chips present at each primary

code period are wiped o� after computing the secondary code delay in the acquisition

engine. Integration intervals TI have to be chosen to be a multiple of the primary code

period, i.e. 4 ms and 1 ms for Galileo E1 and E5a/b signals respectively.

The CNR estimate is derived using the ratio of these power measurementsNPm and

its corresponding averageµNP in the following manner:
	
	
	
	
	

�C
N0

	
	
	
	
	
P RM

= 10 log10

�
1
TI

µNP Š 1
M Š µNP

�
(2.9)

where

µNP =
1
h

h�

m=1

NPm (2.10)

is the average noise power overh = K/M values, K being a multiple of M representing

the number of integration intervals over which the CNR is estimated and the estimated

noise power is :

NPm =
NBP m

W BPm
(2.11)

The VSM method on the other hand only uses the meanP̄ and variance� P of the raw

power estimatesPx [k] = I 2[k]+ Q2[k] without any accumulation and the CNR estimate

is: 	
	
	
	
	

�C
N0

	
	
	
	
	
V SM

= 10 log10

�
1

2TI

µP

µN

�
(2.12)

where

µP =



P̄2 Š � P (2.13)
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and

µN =
1
2

(P̄ Š µP ) (2.14)

As previously mentioned the CNR estimate is a code delay lock indicator used inside a

code lock detector. Carrier lock detectors on the other hand use PLI which estimates the

cosine of twice the carrier phase error by using two variables, the NBP as previously

de“ned and NarrowBand Di�erence NBD measurements de“ned as the narrowband

power di�erence of in-phase and quadra-phase correlator outputs at timetm :

NBD m =

�
M�

k=1

I [k]

� 2

Š

�
M�

k=1

Q[k]

� 2

(2.15)

The carrier PLI is then given at time tm by the ratio of these two variables:

C2� m =
NBD m

NBP m
(2.16)

2.3.4 Galileo OS signal simulation

Galileo E1 and E5a/b OS signal (data and pilot channels) simulation routine is devel-

oped and written in Matlab language. Taking into consideration the generic expression

of the received signal at the input of a GNSS receiver in Equation2.2, a set of pa-

rameters can be speci“ed to generate the desired simulated signals. These parameters

include:

€ the frequency band to be generated speci“ed by band,

€ the intermediate frequencyFIF ,

€ the sampling frequencyFS,

€ the Doppler frequencyf D ,

€ the Doppler rate AD ,

€ the PRN or SV number,

€ the spreading code phase or code delay	 ,

€ the CNR C/N 0,

€ the signal bandwidth,
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€ the data type (bit4, int, double),

€ the time duration over which the signal is to be simulatedTg.

There is also the option to exclude any of the code, carrier and noise signals giving

the opportunity to test and analyze the mechanisms at the heart of carrier phase and

code delay tracking. Given the aforementioned two-sided reference bandwidth values

of 24.552 and 20.46 MHz of the Galileo E1 and E5a/b OS signals, the intermediate

frequency should be carefully chosen so as to be greater than the single sided reference

bandwidth values 12.276 MHz and 10.23 MHz respectively so as to avoid aliasing with

the negative side of the spectrum. The sampling frequency should then be chosen so

as to satisfy the Nyquist sampling theorem (twice the bandwidth). The methodology

followed in generating the simulated signals is a structured approach where modular

functions perform unique duties as shown in Figure2.11:

Figure 2.11: Galileo signal simulation scheme including scintillation signal -
where the sampling of the tiered code is performed periodically to take into account the
Doppler e�ect, the carrier signal takes into account the scintillation amplitude and phase
time histories, goes into a Low Pass Filter (LPF), and an Analog to Digital Converter
(ADC) after adding Additive White Gaussian Noise (AWGN).

the “rst block further shown in detail in Figure 2.12 generates the baseband code in

terms of chips over the period of a secondary code which is 100 ms for both E1 and

E5a/b pilot channels; the data channel is generated by repeating the primary code
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until the same length is reached. Basically, this step involves the multiplication of the

primary and secondary codes following a tiered code structure. A Non Return to Zero

(NRZ) signal is generated by mapping the logical binary values 0 and 1 to +1 and

-1 respectively. The next step for the E1 OS signal is to multiply each chip by the

12 sub-chips of the corresponding CBOC subcarrier. The E5a/b signals skip this step

because there is no subcarrier. After that step, it is necessary to shift the code by

the complement of the desired code phase, and then to sample with the desiredFS

taking into account the desired Doppler frequency and rate by introducing a new time

vector. The reason for introducing the code phase shift in terms of chips rather than

samples and hence the process of shifting before sampling, is because with a nonzero

Doppler frequency, the e�ective code phase in samples changes at every block of signal

simulation, i.e. 100 ms in our case. Finally the data message is generated using the

random function and with the speci“ed data rate in the Galileo ICD [21]. Moreover,

the front-end is simulated by multiplying the real and imaginary part of the baseband

signal by the cosine and sine of the appropriate carrier frequency (including the Doppler

frequency and rate) as in Equation2.2, setting the frequency as:

f 0 = FIF + f D + AD nTS (2.17)

The last steps involve passing the resulting signal through a Low Pass Filter LPF,

adding an AWGN and applying an ADC to limit the signal resolution to a few bits.

This procedure is repeated until the time variable reaches the signal simulation period

Tg.

In the following, the intermediate frequency is set to 0 Hz and the sampling frequency

is chosen to be 25 Msamples/s. A sample noiseless Galileo E1 OS signal is generated

setting the input parameters to some arbitrary values, i.e. f D = 2 kHz, AD = -0.2

Hz/s, a code delay of 20560 chips (5 secondary chips and 100 primary chips), and a

time duration Tg = 2 seconds. Since there is no noise in this signal, it is possible to

verify the shape of the MBOC(6,1,1/11) signal spectrum as shown in Figure2.13. A

sample noiseless Galileo E5a signal with similar parameters is generated to verify the

E5a PSD in Figure 2.14.
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Figure 2.12: Galileo tiered code signal generation - mapping it to a NRZ signal,
multiplying by any subcarrier, shifting by any code delay and “nally sampling it with a
new time vector that includes the Doppler frequency and rate e�ect.
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Figure 2.13: Noiseless Galileo E1 OS PSD - over the ICD speci“ed reference band-
width of 24.552 MHz.
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Figure 2.14: Noiseless Galileo E5a OS PSD - over the ICD speci“ed reference band-
width of 20.46 MHz.
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2.3.5 Ionosphere scintillation simulation

The ionosphere scintillation is simulated in addition to the Galileo OS signals, taking

into account the impact over the amplitude and phase of the original Galileo signal.

The ionosphere scintillation model described in [22] is used to simulate ionosphere

scintillation where two inputs, the standard scintillation amplitude index S4 and the

channel decorrelation time	 0, determine the amplitude and phase disturbance over the

ultra high frequency Ultra High Frequency (UHF) L-band signals. These two parameter

inputs indicate the severity and speed of the scintillation in terms of amplitude and

phase ”uctuations. A possible improvement to this model would be to control the speed

of the ”uctuations in the amplitude and phase time history separately. The model in

[22] is used in this work and is deemed realistic as it draws on an extensive set of

equatorial scintillation data to approximate the signal propagation channel, namely

by estimating both the scintillation amplitude distribution as well as the spectrum of

the complex scintillation signal. A relatively medium scintillation characterized by a

large S4 index value of 0.6 and a low	 0 value of 0.8 seconds is simulated where the

corresponding amplitude and phase of the scintillation signal are shown in Figure2.15.

2.3.6 Ionosphere scintillation indices estimation

As was previously shown, the I and Q prompt correlator measurements are crucial in

the estimation of the CNR of the received signal. Similarly theS4 index estimation is

based on the signal intensity (SI) which is equal to the di�erence of narrowband and

wideband power estimates [26] as expressed in Section2.3.3.

S4 =

�
< S I

2 > Š < S I > 2

< S I > 2 (2.18)

where < . > is the expected value. In fact,S4 is a normalized standard deviation of

signal intensity and is normally computed on 60 second intervals. Typically narrow-

band and wideband power values are computed every 20 ms using multiple I and Q

correlator values following Equations2.7 and 2.8, i.e. M=5 for Galileo E1 OS and 20

for Galileo E5a/b signals. This is due to the di�erent accumulation intervals used on

the two frequency bands respectively which is determined by their code periods, i.e. 4

ms for Galileo E1 OS and 1 ms for Galileo E5a/b. However, this does not prevent a fair
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Figure 2.15: Simulated scintillation signal amplitude and phase - using anS4 = 0 .6
and a 	 0 = 0 .8 to be multiplied and added respectively to the raw Galileo simulated signal.
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comparison between the two signals as it has been proved in [27] that using the nor-

malization in the S4 computation, removes any dependence ofS4 on the accumulation

interval TI . Finally, the need for detrending arises due to the dependence of the signal

intensity measurements on the satellite receiver Dynamics, the receiver Oscillator phase

error, the Ionosphere and Troposphere errors, collectively known as the (DOIT) terms.

For that end, a 6th order Butterworth low pass “lter is used with a cuto� frequency

of 0.05 Hz instead of the traditional 0.1 Hz [27]. The detrended signal intensity is

obtained by dividing the raw signal intensity by the low pass “lter output adjusted by

the “lter group delay:

SI =
NBP Š W BP

(NBP Š W BP )LP F
(2.19)

Moreover, the S4 due to ambient noise has to be removed from the squared value of

the raw S4 index:

S4N0 =
100
�C/N 0

�

1 +
500

19�C/N 0

�

(2.20)

where �C/N 0 estimates are derived using either the PRM or the VSM expressions as

desribed in the previous subsections.

On the other hand, the traditional phase scintillation index � � � is the standard de-

viation of the Accumulated Doppler Range (ADR) which is the accumulation of the

estimated phase by the Phase Locked Loop (PLL) during the kth integration interval

and the carrier discriminator estimated phase errorep[k]:

� � � = std(
�

k

2� �f [k]TI + ep[k]) (2.21)

However, before computing the standard deviation, the carrier phase measurements

as the signal intensity measurements, should be detrended as well to ward o� DOIT

trends. The detrending is applied at post-processing through a 6th order Butterworth

high pass “lter with a cuto� frequency of 0.05 Hz [27]. Consequently, the standard

deviation of the detrended carrier phase measurements is computed every 30 seconds.
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2.4 Receiver blocks

GNSS receivers architecture has gone through signi“cant change over the last few

decades, especially with the advance of Field Programmable Gate Arrays (FPGA)

technology and subsequently with the speed of software processing. In fact, conven-

tial GNSS receivers which were once built according to Application Speci“c Integrated

Circuits (ASIC) and FPGA technology relying mostly on hard-wired platforms, are

more often pushing towards a Software De“ned Radio (SDR) based technology. This is

quite helpful for signal processing engineers nowadays, as it releases the full potential of

post-processing in order to analyze a range of acquisition/tracking/demodulation and

position techniques and algorithms tailored for speci“c applications and signal struc-

tures [2].

Throughout this dissertation, GNSS SDR technology is considered where the software

capability is moved as close as possible to the antenna. Nonetheless, the FE separates

the software de“ned baseband signal processing blocks from the antenna where the

Signal In Space (SIS) is captured. Indeed, the front-end is a hardware module which

comes after the antenna, and includes any Low Noise Ampli“er (LNA), mixers/“lters

designed to down-convert the RF signal into an IF signal, ADC and baseband conver-

sion. Figure 2.16presents the IF baseband signal processing scheme which can be fully

implemented in software. It encompasses several key stages of a GNSS receiver, includ-

ing acquisition, tracking, bit synchronization, data demodulation and PVT estimation.

A bundle of signals as a result of the transmission of several satellites are summed

up at the input of the receiver. One such signal denoteds[n] is the result of a single

satellite contribution. The acquisition engine is responsible of delivering rough esti-

mates of the incoming signal carrier frequency�f 0 and spreading/ranging code phase �	 0

relative to a single satellite. This can be achieved thanks to the CDMA nature of most

of GNSS signals. The tracking engine further re“nes these estimates, and prepares for

the bit synchronization and data demodulation stages in order to set up the parameters

for solving the position/velocity/time of the user receiver. Figure 2.17 further shows

the two tracking loops PLL and Delay Locked Loop (DLL) that work in parallel to

estimate the carrier frequency/phase and ranging code delay.

36



2.4 Receiver blocks

Figure 2.16: A general scheme depicting GNSS receiver blocks - starting from
the input digital signal down to the position solution estimation.
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Figure 2.17: A general view of the “ne estimation process - also known as tracking.
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2.4.1 Acquisition

The acquisition block is the “rst block in a GNSS receiver signal processing chain as

shown in Figure2.16. It performs a rough estimation of the received signals parameters,

mainly the spreading code delay and Doppler frequency. It then passes it on to a more

re“ned estimation block, the tracking block in view of demodulation and positioning

capabilities. As such, the acquisition engine is an important block to analyze as it

can represent a bottleneck for the start of the rest of the blocks in the overall GNSS

receiver. In fact, the Mean Acquisition Time (MAT) is a performance metric very of-

ten used in the literature to indicate together with the Time To First Fix (TTFF) the

performance of a GNSS receiver. It is often relative to a single satellite signal rather

than a minimum number of signals needed for positioning capibilities, and is studied

as such in the following.

Almost all literature on the computation of the MAT is either focused on the stan-

dard serial search Threshold Crossing (TC) criterion [28], [29], a Maximum Threshold

Crossing (MAX/TC) criterion [ 30] or a hybrid MAX/TC criterion [ 31], with no par-

ticular interest in the potential aidings received by a network of peers. AppendixA

focuses on the serial TC criterion in light of the P2P context and an analysis of the

MAT is performed under weak and strong signal conditions. AppendixB on the other

hand, considers all search strategies and conducts a performance comparison between

standard and P2P acquisition engines in light of the corresponding most appropriate

search strategy. Moreover, a veri“cation procedure is included together with a CNR

aiding as a P2P network aiding information.

2.4.1.1 Galileo acquisition

Due to the Galileo signal structure which includes a secondary code, special care must

be taken if signal acquisition is to be performed through coherent integration on several

code periods. In fact, each code period is multiplied by a secondary code chip for both

E1 and E5a Galileo OS signals except for the E1 data channel. The secondary code

ensures good cross-correlation properties by extending the length of ranging/spreading

codes. During coherent integration over several code periods, the presence of the sec-

ondary code modulation results in a destruction of the energy peak built in one code
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period by other code periods. Therefore, it is essential to identify the delay or phase

of the secondary code in addition to the primary code, in order to wipe it o� when

performing coherent integration over extended code periods.

It is worth noting that the coherent integration is of special use when dealing with

weak signal conditions. In fact, it increases the post-correlation signal to noise ratio

without a concurrent increase of the noise ”oor as is evident in case of noncoherent ac-

cumulations. Several techniques exist to solve for the secondary code phase, including

the exhaustive approach by testing all possible secondary code phase positions after

having solved for the primary code phase. Another technique considers the character-

istic length approach [32] which identi“es the minimum length of a sequence needed

to solve for the chip position or phase. The minimum characteristic length is then

evaluated for both Galileo E1 and E5 OS signals with 7 being the characteristic length

of the 25 chips long secondary code present on the E1 pilot channel. On the other

hand, the Galileo E5a/b pilot channels exhibit a di�erent secondary code for each PRN

and thus also yield a di�erent characteristic length ranging from 9 to 18 but always

less than 20 as shown in [32]. This approach is tailored to save memory and decrease

power requirements as well as to deliver faster response by minimizing the number of

operations needed to solve for the secondary code phase.

In conclusion, in order to perform coherent integration over several code periods (over

1 and 4 ms for Galileo E5a/b and E1 signals respectively), it is necessary to identify the

secondary code phase. Consequently, a minimum integration timeTI � 7 · 4 ms equiv-

alent to 28 ms is to be used while performing acquisition of Galileo E1 pilot channel

signals. Conversely, an integration timeTI � 20· 1 ms or 20 ms during pilot channel

acquisition, guarantees identi“cation of the secondary code phase for all PRNs on the

Galileo E5a/b frequency band.

2.4.2 Tracking

As mentioned in the previous section, tracking is the “ne counterpart of acquisition.

It uses the output raw parameters estimated by the acquisition engine, and performs

a “ne estimation of the same parameters, i.e. the spreading code delay and Doppler
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frequency. This is crucial to synchronize the incoming signal to the locally generated ref-

erence signal and perform navigation message demodulation and position/velocity/time

computation in a reliable way.

The tracking stage paradox has always been center to a compromise between dynamic

stress tolerance, and accuracy provided by the tracking loops. To accommodate for

dynamic stress tolerance, the Pre Detection Integration Interval (PDI) denoted by TI

should be small, and a Frequency Locked Loop (FLL) discriminator should be used

with a wide loop “lter bandwidth. On the contrary, to increase accuracy and sensi-

tivity, larger PDI should be used, possibly with a PLL discriminator and a narrow

loop “lter bandwidth. It has been shown by Ward [33] that the best solution for this

dilemma, is to use FLL in the beginning and then FLL assisted PLL carrier tracking

mode with a transition criteria involving a carrier-to-noise ratio meter and a phase lock

detector.

A head to head comparison between FLLs and PLLs yields no particular winner but

some characteristics are worth mentioning.

€ An FLL discriminator makes use of current and previous phase values to estimate

absolute phase di�erence between two epochs while a PLL discriminator makes

use of current phase value only to estimate absolute phase in a single epoch.

Consequently, in case the navigation message duration is 20 ms, the maximum

PDI for an FLL is 10 ms compared to 20 ms for a PLL, in order not to straddle

with data transition bits. However, the navigation message is absent in pilot

channels, and therefore the maximum PDI can be increased irrespectively of the

use of an FLL or a PLL without taking care of data bit transitions.

€ The FLL is more robust compared to a PLL in terms of noise rejection. It has been

shown in [34] that FLLs are able to track signals lower than 17 dB-Hz in static

conditions, the limit at which PLLs loose lock. In dynamic conditions, FLLs

track signals as low as 15 dB-Hz compared to 23 dB-Hz for PLLs in unaided

conditions. With Doppler aiding, that “gure goes down as low as 10 dB-Hz

compared to 19 dB-Hz for PLLs, that is of course after accommodating the loop

equivalent bandwidth. All these threshold values are derived in a statistical sense.
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€ The PLL is more accurate in the sense that it provides up to 2 orders of magnitude

smaller delta range measurement errors than the FLL. Unlike the FLL, the PLL

also provides a precise carrier phase solution.

€ The FLL is less sensitive to colored noise (satellite clock, receiver clock phase

jitter which is high with small BN values, vibration, propagation delay due to

ionosphere).

€ The FLL•s minimum achievable noise bandwidth BN is smaller when dynamic

stress e�ect is mitigated by Doppler aiding while it requires a noncoherent code

tracking loop to maintain code synchronization.

€ The recovery of navigation data bits inside the FLL is complicated if not impos-

sible.

Chapter 3 presents the basic blocks inside a tracking control loop and analyzes the

design of each of these blocks with respect to a pilot channel tracking scheme in view

of processing Galileo OS E1 and E5a/b signals.
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Chapter 3

GNSS pilot channel tracking

This chapter introduces the basic concepts to be considered for robust tracking of GNSS

and speci“cally Galileo OS signals. The design accounts for weak signals with a low

CNR where long integration time is a must for a successful tracking of these signals in

terms of carrier frequency/phase as well as code delay. The main considerations are in

terms of the phase detector (PD), the loop “lter and the NCO, all of which are designed

in digital domain. An analysis of the bandlimiting e�ects on the tracking performance

in terms of thermal noise tracking jitter is presented where the main focus is on the

CBOC and BPSK modulated Galileo E1 and E5a/b OS signals.

3.1 FLL/PLL/DLL structure

A standard frequency/phase/delay locked loop is a feedback control loop designed to

track either carrier frequency and phase or code delay using a control signal which is an

estimate of the tracking or estimation error. Its task is to maintain coherence between

the input signal frequency/phase and the estimated output frequency/phase using phase

comparison [24]. It consists of a pair of in-phase and quadra-phase correlators which

process the product of the incoming signal and the output of the Reference Generator

(RG), a PD or discriminator, a loop “lter and a NCO. In this sense, a digital PLL

(DPLL) is a proportional integral (PI) control loop which tracks the carrier phase of the

input signal such that it maintains a zero steady state phase error. A digital frequency

locked loop (DFLL) and a delay locked loop (DDLL) are the frequency and spreading

code phase counterpart. GNSS carrier tracking loops typically use a second/third order
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DPLL while the code tracking loop can be either a “rst order carrier aided DDLL or a

second order unaided DDLL. A generic scheme of a GNSS FLL/PLL digital tracking

loop is shown in Figure3.1 and features the aforementioned three basic blocks:

€ RG that is the NCO

€ PD or discriminator

€ Loop “lter

Figure 3.1: General scheme of a discrete phase tracking loop - is applicable for
both FLL and PLL.

The incoming received signals[n] is “rst correlated with a locally generated PRN code

cs[n Š �	 ] that tries to mimic the behavior of the incoming PRN code (with an estimated

code delay and code frequency which can vary depending on the Doppler frequency).

These two parameters, code delay and code frequency are the by-products of the DLL.

Subsequently, the integrators correlate the resulting signal from the products[n]cs[nŠ �	 ]

with the in-phase and quadra-phase of the carrier signal, and the result is summed over

the total samples in an integration interval TI . The resulting I [k] and Q[k] correlation

values are then fed into the PD to estimate the phase error. The loop “lter estimates

the phase rate ��� [k] at which the NCO has to function in order to generate a phase
�� k [n] which minimizes the phase error between the received and local signals.

It should be noted that the same scheme shown in Figure3.1 can represent a DLL
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where the NCO outputs are replaced by early, prompt and late local PRN code repli-

cas. The locally generated codecs[n] should also be replaced by the in-phase and

quadrature phase carrier signal with the correct phase and frequency returned by the

FLL/PLL. The DLL would then output an estimated code delay and code frequency.

Figure 3.2 shows a global general scheme of a FLL/PLL/DLL mutually working to

minimize the phase error and achieve lock.

It is more e�cient and convenient to analyze the digital locked loop presented in 3.1

in its linear form in the frequency domain as can be seen in Figure3.3. This linear

version is applicable when the phase error between the reference and output signal is

relatively low, that is when the loop is already locked.

Figure 3.2: Global scheme of an FLL/PLL/DLL - Di�erent discriminators and
di�erent NCOs are used.

The discriminator is expressed in terms of its z-transformD(z) in ideal conditions,

a multiplicative gain K D and an additive noise term NW (z), both of which are func-

tion of the reference or incoming signal SNR [6]. The loop “lter and NCO are expressed

in the z-domain asF (z) and N (z). The next block zŠ D expresses any delay in the loop
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coming from the integration process to evaluate the phase error, whereD indicates

the number of delay units in terms of loop sample intervalTL . If the non-unity PD

multiplicative gain K D is compensated by some estimation mechanism like CNR esti-

mation, and assuming a minimum delay ofD = 1, the open loop transfer function can

be expressed as:

G(z) = D(z)F (z)N (z) (3.1)

which is used to determine the system transfer functionH (z) [35] and [24] as well as

the system noise transfer functionHN (z) by taking into account the noise e�ect in the

expression of the estimated phase:

�� (z) = ( � (z) Š �� (z))G(z) + NW (z)G(z)/D (z)

�� (z)(1 + G(z)) = � (z)G(z) + NW (z)G(z)/D (z)

�� (z) = H (z)� (z) + HN (z)NW (z) (3.2)

whereH (z) is the system transfer function describing in the z-domain the estimated

output phase given the input phase:

H (z) =
�� (z)
� (z)

=
G(z)

1 + G(z)
(3.3)

and HN (z) is the system noise transfer function yielding the contribution of the input

additive noise term NW (z) to the estimated output phase:

HN (z) =
�� (z)

NW (z)
=

G(z)/D (z)
1 + G(z)

(3.4)

noting that

H (z) = D(z)HN (z) (3.5)

Similarly, the system error function He(z) and the system error noise transfer func-

tion HeN (z) can be derived substituting Equation 3.2 into the de“nition of the estima-

tion error:

� (z) Š �� (z) = � (z) Š H (z)� (z) Š HN (z)NW (z)

� (z) Š �� (z) = � (z)(1 Š H (z)) Š HN (z)NW (z)

� (z) Š �� (z) = He(z)� (z) + HeN (z)NW (z) (3.6)
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