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Abstract

Applications for the new generations of Global Navigation Satellite Systems
(GNSS) are developing rapidly and attract a great interest. Both US Global Po-
sitioning System (GPS) and European Galileo signals use Direct Sequence-Code
Division Multiple Access (DS-CDMA) technology, where code and frequency
synchronization are important stages at the receiver. The GNSS receivers esti-
mate jointly the code phase and the Doppler spread through a two-dimensional
searching process in time-frequency plane. Since both GPS and Galileo systems
will send several signals on the same carriers, a new modulation type - the Binary
Offset Carrier (BOC) modulation, has been selected. The main target of this mod-
ulation is to provide a better spectral separation with the existing BPSK-modulated
GPS signals, while allowing optimal usage of the available bandwidth for differ-
ent GNSS signals. The BOC modulation family includes several BOC variants,
such as sine BOC (SinBOC), cosine BOC (CosBOC), alternate BOC (AltBOC),
multiplexed BOC (MBOC), double BOC (DBOC) etc. The BOC-modulation trig-
gers new challenges in the acquisition and tracking processes, since the receiver
can acquire and lock incorrectly on a side-lobe peak around the maximum peak
of the correlation envelope. Reliable receiver positioning requires accurate esti-
mation of Line-of-Sight (LOS) propagation delays from different satellites to the
receiver. The propagation over wireless channel suffers adverse effects, such as
the environmental effects, the presence of multipath propagation, high level of
noise, partial or full or obstruction of LOS component, especially in indoor envi-
ronments. The synchronization process becomes even more challenging in such
conditions.

The research results presented in this thesis focus on acquisition and tracking
algorithms for Galileo and modernized GPS signals, analyzed in the context of
BOC modulations, for various static and fading multipath profiles. Also, the effect
of bandwidth limitation at various stages of the receiver was considered.

First, the performance at signal acquisition stage was analyzed, by considering
the impact of different receiver constraints and acquisition parameters. A compre-
hensive analysis of the choice of detection and false alarm probabilities at each
stage of a double-dwell structure, for a realistic Galileo signal was performed,
and the conditions under which a double-dwell structure is better than a single-
dwell structure were discussed. The design of bandwidth-limiting receiver filters
and the effect of the transition band, in the context of signal acquisition, were
studied. It was shown that the performance (in terms of root mean square error)
can be improved by using an asymmetric transition band between the passband
and stopband frequencies. Also the effects of over-sampling on BOC-modulated
pseudo-random codes during the code acquisition process were analyzed and it
was proven that sufficient performance can be achieved if the code-Doppler bin



size is designed properly.
The next results presented in this thesis concentrate on eliminating the BOC-

generated ambiguities by removing the effect of sub-carrier modulation using one
or a pair of single-sideband correlators. These techniques have the advantage that
they allow the use of a higher step of searching the timing hypotheses compared
with the ambiguous situation. Compared to other existing similar approaches,
the three methods proposed in this thesis provide a less complex implementation
and they can be generalized to every even and odd BOC modulation order. Also,
the complexity of different unambiguous BOC processing methods was studied,
taking into account both correlation and sideband selection in the receiver, when
different filtering structures are considered.

Another part of this work focus on the tracking stage, where a new unambigu-
ous approach, the Sidelobes Cancelation Method (SCM) was introduced. In order
to remove or diminish the side-peaks threat, the SCM technique can be applied
alone or in conjunction with other various tracking structures. This technique re-
moves the threat brought by the side-peak ambiguities, while keeping the same
sharp correlation of the main peak and, thus, it allows for better tracking perfor-
mance. Moreover, if the search step of time uncertainty is kept sufficiently small,
the SCM approach was also proved to be beneficial at acquisition stage. In con-
trast to other methods already introduced in literature for the same purpose, the
SCM has the advantage that it can be used with any BOC-modulated signal. In
order to cope with the side-peak ambiguities, a separate correlation function is
computed and stored in the receiver and the delay estimation is done according to
this stored correlation function.

The last part of this thesis includes a collection of nine original publications
that contain the main results of the author’s research work. New algorithms and
architectures for the code acquisition and tracking in static and multipath fading
channels were introduced and their performance was studied under various sce-
narios.
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Chapter 1

Introduction

For centuries, explorers and navigators have craved for a system that would allow
locating their position on the globe with the accuracy necessary to reach their
intended destinations. About two thousand years ago, the first lighthouses were
erected for navigational aid. Columbus and his contemporary sailors navigated
using an ancestor of the modern inertial navigation systems, by measuring the
course and distance from some known points.

In the early 1970s the Global satellite-based Positioning and navigation Sys-
tem (GPS) started to be developed by the United States Department of Defense,
initially for military purposes, but later made it also available to civilian users
[99], [149], [132]. The US GPS, the best-known and currently the only fully op-
erational Global Navigation Satellite System (GNSS), provides autonomous and
continuous geo-spatial positioning and timing information, anywhere in the world
[114]. The current GPS system is military operated, it has only a few signals for
civil users, and it does not offer any guarantee of integrity and quality of service.
Over the last decade, several improvements to the GPS service have been imple-
mented, including new signals for civil use and increased accuracy and integrity
for all users [192], [48], [76]. GPS is a billion-worth industry, saving lives and
helping society in countless ways, and nowadays most of the satellite positioning
applications are based on it. By the time the GPS became fully operational, the
predicting rise and advantages of such technology gave the initiative to other coun-
tries to pursue their own GNSS development. Russia runs its own GNSS, called
GLONASS, which is currently in the process of being restored to full operation
[39]. China has also indicated expansion of its regional Beidou navigation sys-
tem into a global system Compass, and India and Japan are developing their own
regional satellite navigation systems. The European countries aimed, in the first
phase, to provide an augmentation to the existing GPS/GLONASS constellation,
via the European Geostationary Navigation Overlay System (EGNOS) program,
while the next step will be to build a civilian owned and controlled system that
meets the requirements of all modes of transport. This system, referred to as the
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Galileo positioning system, is the next generation GNSS, still in the initial de-
ployment phase, and it is scheduled to be operational by 2013, according to [191]
and [51]. The Galileo services are primarily intended for civil users and should
be interoperable and compatible with civil GPS and with its augmentations [32],
[45], [49], [50], [67].

The combined use of both GNSS will improve the accuracy, integrity, avail-
ability and reliability through the use of a single common receiver design, espe-
cially in urban environments and it will provide system certification and guarantee
of service [157], [80], [48]. The benefits of more satellites in conjunction with im-
proved modernized signals will provide the potential for sub-meter positioning in
a standard handset and enhanced accuracy with shorter initialization time. The
users accessing data from multiple satellite systems can continue to operate if one
of the systems fails and will benefit from a more reliable signal tracking, also de-
signed for Safety-of-Life applications [67], [77], [69], [49]. In the next decade
considerable growth is expected in the use of GNSS, as the increased positioning
accuracy and system reliability provide cost savings and other benefits for a wide
range of economic and social activities that rely on location. With such a wide
variety of new signals and satellite systems, receiver designers discover the fact
that there are still many new design challenges from one end of the receiver (the
antenna) to the other (the software providing the user with position). An overview
of these challenges is well-discussed in [36], [34]. In this context, there is always
a continuous demand for efficient Digital Signal Processing (DSP) algorithms at
the GNSS receiver, in order to fulfill the required quality of service.

1.1 Background and motivation

The Galileo and GPS interoperability is realized by a partial frequency overlap
with different signal structures and/or different code sequences. Thus, in order
to accommodate several signals on the same carrier, a new modulation type, the
Binary Offset Carrier (BOC) modulation, has been proposed in [15]. Its split spec-
trum property allows moving the signal energy away from the band center, thus
achieving a higher degree of spectral separation between the BOC-modulated sig-
nals and other GPS legacy signals, such as the Coarse/Acquisition (C/A) code
[18], [19], [21]. Since its introduction, several BOC families have been consid-
ered, with characteristics defined by the spectral shaping and the width of the side
lobes [5], [180], [7], [79], [126]. The BOC modulation enables combined GNSS
receivers to outperform an equivalent Binary Phase Shift Keying (BPSK) mod-
ulation and to track the GPS and Galileo signals with higher accuracy, even in
challenging environments that include multipath, noise and narrow-band interfer-
ence [78], [77], [169]. Despite these advantages, BOC modulation triggers new
challenges in the delay estimation process, since the Auto-Correlation Function

2



(ACF) of BOC-modulated signals is characterized by multiple side-peaks with
non-negligible magnitudes within the range of two chips around the maximum
peak [116]. Since locking on a false lock point produces a biased measurement
and thus an erroneous navigation solution, the receiver should employ efficient
solutions in order to deal with these ambiguities.

At the receiver the incoming signal is first amplified and after a series of In-
termediate Frequency (IF) mixers, filters and down-conversion operations it is
brought to (or near) baseband for subsequent processing. While the GLONASS
system uses the Frequency Division Multiple Access (FDMA) scheme and car-
rier frequencies different from GPS [39], the GPS and Galileo receivers will use
direct-Code Division Multiple Access (CDMA) [137], [52], [77], [67]. In this
context, signal acquisition and tracking at the receiver play a crucial role in the
accuracy of the position solution [179], [199], [151]. The acquisition stage is
a searching process over the code-frequency search space. By performing cor-
relations of the received signal with the replica spreading code, the incoming
code phase and the Doppler frequency shift of a particular satellite are detected.
Each correlation calculation corresponds to a code-Doppler bin, which defines
the resolution of scanning the searching space [99]. The acquisition performance
is determined to a great extent by the size of the search space. Since one of
the main features of the Galileo system is the introduction of longer codes than
those used for GPS C/A signals, with an increased code uncertainty region, the
fully serial search would lead to high acquisition times values [153], [154], [155],
[95], while the parallel search will increase the implementation complexity [179],
[181], [184]. A scheme which can offer a successful trade-off between the low
complexity (the serial search) and the low acquisition time (parallel search), is a
hybrid serial-parallel approach [156], [12], [209] in which the full length code is
divided into several partial codes and the correlation is performed on each partial
code. Also, detector structures based on Fast Fourier Transform (FFT) have been
introduced for fast code acquisition [2], [23], [183], [204], [205], [211]. Such a
structure performs correlation in the frequency domain and provides better perfor-
mance over the wider correlation bandwidth of Doppler frequencies, in terms of
mean acquisition time, when compared to the time-domain correlators.

Besides the issues brought by BOC modulation, there are other challenges
which should be accounted at the receiver. In low Carrier-to-Noise Ratio (CNR)
environments (e.g. urban areas, indoors) the performance is deteriorated, since
the receiver gets the satellite signal via multiple paths and processes the combined
signal as if only the direct path were present [14], [178], [11]. A particularly
challenging problem is the situation of closely-spaced paths or short multipath
spacing, where different replicas of the transmitted signal arrive at the receiver at
sub-chip intervals [64], [106], [118]. The receiver performance is also affected by
pre-correlation band-limitation and by the resolution due to the sampling process,
since in time domain, the ACF becomes smoother around the peaks, and it is
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no longer piecewise linear, as in the case of infinite bandwidth [17], [26], [38].
This smoothing of the ACF produces a loss in resolution in a similar fashion with
lowering the sample rate and it is prone to increase the delay errors [29], [30].
One solution to enhance the timing accuracy and to lower the correlation losses
due to time quantization is to use oversampling at the chip or sub-chip interval (for
BOC-modulated signals) [149]. Also, intuitively, the performance also depends
on the spacing between the timing hypotheses or the time-bin step. If the grid of
scanning the possible code phases becomes less dense, the detection probability
is decreased. In a conventional hardware, the correlator spacing can be seen as
the resolution at which the correlation function is sampled [38]. Therefore the
time-bin step should be chosen in such a way to avoid to lock on additional peaks
which appear in the ACF within two-chip interval due to BOC-modulation and it
should be small enough in order to acquire the main lobe. However, on the other
hand, by reducing the time-bin step, the computational load and the acquisition
time are increasing [63].

In order to deal with these two conflicting situations, unambiguous acquisi-
tion techniques were introduced, which attempt to reconstruct the ’BPSK-like’
shape of the ACF envelope and therefore can enable the use of a higher time-
bin step. These so-called ’BPSK-like techniques’ [129], [81], [82] or ’sideband
techniques’ [10], [63], [20], [62], [113], [122] use sideband selection filters and
modified reference Pseudo-Random Noise (PRN) code at the receiver. The ef-
fect of sub-carrier modulation is removed by using a pair or a single sideband
correlator since the BOC-modulated signal can be obtained as one or the sum
of two BPSK modulated signals, located at positive and negative sub-carrier fre-
quencies. These methods tend to degrade the signal amplitude, due to filtering
and correlation losses. Moreover, they have been previously tested only for sine
BOC (SinBOC) cases and even BOC modulation orders. In this thesis we tested
them also for odd-BOC modulation orders, where we showed that the ’BPSK-
like’ techniques [129], [81] fail to work for odd-BOC modulation orders. A gen-
eralized class of frequency-based unambiguous acquisition methods, namely the
Filter Bank-Based (FBB) approaches, have been proposed and analyzed in [123],
[128]. This approach decreases the signal bandwidths before the correlation stage,
in order to increase the main lobe width of the correlation function, and thus, to
allow the use of time-bin steps higher than one chip.

Following the search stage, the correlation output is coherently and possi-
bly further non-coherently averaged in order to detect the presence or absence of
signal, and thus to decide if the received signal and the locally generated code
are synchronized or not [99]. The detection probability can be improved and
the side-peak ambiguities can be decreased if, instead of using the conventional
non-coherent integration, each current pre-detection sample is multiplied with the
complex conjugate of the previous one and these products are then accumulated
[173], [47], [88] [170], [91], [208]. This differential combining or differential
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correlation method diminishes the interference effects and can decrease the acqui-
sition time [142].

Based on the observations that most of the acquisition time is spent in testing
non-synchronous positions and that different approaches based on repeated obser-
vation of the same region may decrease the acquisition time, the idea of multiple
integration times (multiple-dwells) was introduced in [41]. A double-dwell struc-
ture has a first stage with a short integration time, followed by a verification stage
of previous decision with a longer integration time, which should give a smaller
global false alarm probability than a single-dwell structure. Different multiple-
dwell schemes are compared in [42]. Also, the detector can use either a fixed or a
variable dwell length from one position to another [99], [165].

After the signal acquisition, the code phase and Doppler shift need to be
tracked for (selected) visible satellites long enough in order to obtain accurate
estimates of the parameters. If the tracking module fails to track the code-phase
changes that occur over required time, the signal needs to be re-acquired. Since the
estimate of the Line-Of-Sight (LOS) code delay is used to calculate the pseudor-
ange, it consequently affects on the accuracy of the position solution. Therefore
the code-tracking stage is very critical in the context of GNSS receiver design.
The main algorithms used for GPS and Galileo code tracking (provided a suf-
ficiently small Doppler shift) are based on so-called feedback delay estimators,
which are implemented based on a feedback loop. The most known feedback
delay estimators are the Delay-Locked Loops (DLL) [9], [22], [61], [64], [110].

However, since the classical DLLs fail to deal with multipath propagation
[179], more efficient algorithms are needed, especially in the case of closely-
spaced multipath scenario. One class of these enhanced DLL techniques is based
on the idea of narrowing the spacing between early and late correlators (i.e., nar-
row correlator class) [193], [90], [130]. Another class of enhanced DLL structures
uses a modified reference waveform for the correlation at the receiver, which nar-
rows the main lobe of the cross-correlation function, at the expense of a deteriora-
tion of the signal power. Examples belonging to this class are the gated correlator
[130], the strobe correlators [65], [90], the pulse aperture correlator [60], and
the modified correlator reference waveform [90], [202]. Another category of im-
proved DLL techniques performs multipath interference cancelation by estimating
not only the delay of the LOS path, but also the delays, phases, and amplitudes
of the Non-LOS (NLOS) paths [195], [197], [64], [110]. There are also another
categories of feedback delay estimators, as for instance those based on the ex-
tended Kalman filters, which suffer from high complexity and high sensitivity
during the initialization phase [124]. An alternative to the above-mentioned feed-
back approach is based on the open-loop (or feedforward) solution, which makes
the delay estimation in a single step, without requiring a feedback loop. There
are several well-known alternatives for open-loop solutions, namely, the deconvo-
lution algorithms, the Teager-Kaiser (TK) based algorithms, the subspace-based
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approaches, the algorithms based on quadratic programming or the suboptimal
Maximum-Likelihood (ML) based algorithms [124].

Due to the narrow shape of the main peak, the innovation brought by the use
of BOC modulation leads to substantial improvement in tracking. However, a
false lock produces biased measurements and therefore will affect the accuracy
of the navigation solution. Various solutions have been found which minimize
tracking ambiguity, for example in [61], [116], [201]. Most of these methods try
to resolve the tracking ambiguity problem in the same fashion for all BOC fami-
lies. A recent tracking technique, dedicated to SinBOC(1,1) signals, is presented
in [74]. Also, an innovative tracking approach, which completely removes the
sidelobe ambiguities of SinBOC(n,n) signals and offers an improved resistance to
long-delay multipath, has been introduced in [96], [97]. However, this method
employs two correlation channels instead of one, as the used DLL discriminators
are a combination of BOC autocorrelation function and of BOC/PRN correlation
function [97]. In this context, low-complexity tracking algorithms, which have
both multipath mitigation as well as side-peaks reduction capabilities, are of high
demand.

To summarize, this thesis was motivated by the various challenges in acquisi-
tion and tracking of GNSS signals, such as the ambiguities introduced by the BOC
modulation, the transmission of signal over multipath channels and at low signal
conditions, the usage of higher code lengths in Galileo or various constraints at
the receiver front-end, such as bandwidth limitation or correlation resolution. The
algorithms introduced in this work aimed at achieving low errors and improved
performance (i.e., good detection probabilities, low false alarm rates and low ac-
quisition times), also in low CNR conditions.

1.2 Scope and contribution of the thesis

The core of this thesis is the design and analysis of signal processing algorithms
suitable for acquisition and tracking of European Galileo and modernized GPS
signals. As emphasized in the previous section, new proposals such as BOC-
modulated signals or longer spreading codes, as well as the continuous demand
for positioning in difficult environments trigger new challenges in the synchro-
nization process. The aim of this thesis is to analyze various receiver parameters
in the context of BOC-modulated signals and to introduce efficient methods for
acquiring and tracking these types of signals. The performance of the proposed al-
gorithms has been tested and validated through extensive simulations, performed
in various static and fading multipath channels.

Since the proposed code lengths for new GNSS systems are higher, the search-
ing strategy is of utmost concern for fast signal acquisition [67]. Typically, the
double-dwell serial search strategies have been preferred to single-dwell architec-
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tures for CDMA signal acquisition [27], [42], and until now, only few papers have
addressed the problem associated to hybrid or parallel search strategies. Com-
parisons between the double-dwell and single-dwell architectures are hard to find
in existing literature, especially for hybrid-search approaches [104], [119]. Also,
little is known about how to design the detection and false alarm probabilities at
each dwell stage, in order to attain the minimum acquisition time and under which
conditions the double dwell-structure is indeed better than a single-dwell one. We
have performed a comprehensive analysis about the choice of detection and false
alarm probabilities, as well as about the design of various parameters to be used
at each stage of a double-dwell structure. We also presented the conditions under
which a double-dwell architecture provides a lower acquisition time compared
with a single-dwell structure, for a realistically modeled Galileo signal [P2].

Since the absolute value of the autocorrelation function of a BOC-modulated
signal presents additional peaks, the acquisition and tracking of these signals pose
additional challenges, due to increased complexity and longer acquisition time.
An important part of this thesis is dedicated to analyzing and proposing improved
techniques for unambiguous acquisition and tracking of BOC-modulated signals.
First, we have investigated and developed further the unambiguous acquisition
algorithms, which allow the use of a higher search step compared with the am-
biguous solution [P4], [P5], [P6]. The effect of sub-carrier modulation is removed
by using a single or a pair of sideband correlators, thus reconstructing the BPSK-
like shape of autocorrelation function at the expense of signal power degradation.
Compared with the earlier works [129], [81], the proposed unambiguous methods
are significantly less complex and are also valid for both even and odd BOC-
modulation orders. Two of the proposed methods in this thesis are extensions of
the ’BPSK-like’ [129], [81] or ’sideband correlation’ [10], [20], [63] mentioned
techniques, while the third one, the Unsuppressed Adjacent Lobes technique, is
first introduced in the publication [P6]. These algorithms have been tested us-
ing both serial and hybrid search strategies, for various BOC-modulation orders
proposed in Galileo and modernized GPS specifications. In the previously intro-
duced unambiguous acquisition methods, the effect of different filtering structures
for sideband selection is not considered. We have also analyzed the filter design
issue and the implementation complexities of different unambiguous BOC acqui-
sition methods. We considered the impact of both the correlation and sideband
selection parts, for which different Finite Impulse Response (FIR) and Infinite
Impulse Response (IIR) filtering structures were used [P5], [P6].

The second class of unambiguous algorithms introduced and analyzed in pub-
lications [P7], [P8], [P9], namely the Sidelobes Cancelation Method (SCM), re-
moves or diminishes the sidelobe ambiguities. In contrast with other methods
introduced in the literature [96], [97], [13], [54], [201], this technique has the ad-
vantage that it can be extended to any sine or cosine, odd or even BOC-modulation
case, while maintaining a sharp and narrow main lobe, which is beneficial to the
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tracking process. Also it provides a less complex solution than other unambigu-
ous methods [96], [97], since it uses ideal reference correlation functions, which
are generated only once and can be stored at the receiver side. This technique
relies on subtracting the ideal reference correlation function from the ambiguous
one, and, if provided with the correct estimated delay, there is no decrease in the
signal power as in the case of the other unambiguous acquisition or tracking meth-
ods. After removing the sidelobe ambiguities through the SCM algorithm, other
tracking-loop structures can be used to alleviate the multipath effect [193], [65],
[130], [93], [195]. In contrast with the BPSK-like methods, the SCM was mainly
targeted to be used at the tracking stage, because it maintains the narrow width of
the main lobe. This approach was tested also during acquisition process, since the
re-use of some hardware blocks from the acquisition stage might be desirable in
the tracking stage [P9]. The SCM technique used in conjunction with two differ-
ential correlation methods [142], enhanced also the performance at the acquisition
stage, if the search step of time uncertainty was kept sufficiently small [P9].

In most of the earlier research studies, the effects of bandwidth limitation at
various stages of the receiver or the sampling process are not considered. The
sampling resolution is usually dictated by hardware constraints and various de-
signs are possible, either using sampling at the IF stage or close to the Radio
Frequency (RF) stage [4], [145]. In order to enhance the timing resolution of
the received signal, oversampling or interpolation may be used [149], [30]. We
have analyzed the effect of oversampling on BOC-modulated signals, considering
both integer and non-integer oversampling factors and we have shown the con-
dition that should be fulfilled by the time-bin step size in order to achieve good
performance [P1]. Since in context of GNSS systems, the frequency spectrum
represents the most important resource, spectrum shaping of received signal is of
utmost importance [77], [78]. In general, the ideal rectangular filtering is con-
sidered at the receiver and the effect of real filtering for bandwidth limitation is
ignored. However, real filtering depends on the filter design parameters and can
skew and delay the symmetrical correlation function, and thus, the signal suffers
additional performance degradation when compared with the case of rectangular
shaping [31], [29]. Therefore efficient filtering structures are needed when the
receiver bandwidth is limited. In this context, we have analyzed and compared
the impact of both FIR- and IIR filter structures, for target applications such as
Galileo or modernized GPS satellite systems and we have shown that the per-
formance can be improved by using an asymmetric transition band between the
passband and stopband frequencies [P3].

8



1.3 Outline of the thesis

The core of this thesis is in the area of BOC-modulated signal acquisition and
tracking for the Galileo and modernized GPS systems. It is composed of eight
chapters, an appendix and a compendium of nine publications referred in text as
[P1], [P2], ..., [P9]. These include six articles published in international confer-
ences, one article published in a national conference and two articles published
in international journals. The structure of the thesis has been chosen with the in-
tention to provide a comprehensive and unified framework of the challenges in
signal synchronization in GNSS systems and to point out the main contribution
of the author. The new algorithms and the main results of the thesis have been
originally presented in [P1]-[P9] and they are briefly referred in the text. In this
thesis, the presented acquisition and tracking algorithms are analyzed in static and
fading environments for BOC-modulated signals.

This introductory part has defined the challenges addressed in this work and
has illustrated the scope of the thesis including its motivations, objectives and
contributions, followed by the overall thesis outline. Chapter 2 gives an overview
of the satellite-based navigation technology and introduces briefly the GPS and
Galileo systems. Signal characteristics, services and spectrum allocation are pre-
sented based on the current public knowledge on standard developments. The
signal model of Galileo and modernized GPS signals is presented in Chapter 3.
The BOC modulation is discussed first, followed by a brief description on prop-
agation aspects and fading channel characteristics of wireless systems. A short
overview of the fading channels models with different fading types and distribu-
tions is provided. Also the impact on performance of different receiver archi-
tecture parameters is discussed. Chapter 4 introduces the code acquisition task,
presenting several search strategies and detection structures. Various unambigu-
ous acquisition methods for processing the BOC-modulated signals are presented
next. Chapter 5 is dedicated to the tracking of modernized GPS and Galileo sig-
nals, presenting the classical DLL-based methods, as well as various feedforward-
based structures. Unambiguous tracking approaches, such as the SCM algorithm,
are provided next. Chapter 6 presents the bandlimiting constraints and describes
different filter structures in the context of GNSS signals. An overview of the thesis
publications [P1]-[P9] is presented in Chapter 7, as well as the author’s contribu-
tion to them. The conclusions and remaining open issues are drawn in Chapter
8. More simulation results regarding the SCM techniques, in context of signal
acquistion, are presented in Appendix. Finally, the results of this work are given
in the attached publications.
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Chapter 2

Overview of Global Navigation
Satellite Systems

This chapter presents briefly the principles of satellite-based positioning and gives
an overview of two main GNSS, the Navstar GPS and the new European Galileo
system. The structures of GPS and Galileo signals are introduced, based on stan-
dardization documents, as well as the main differences between them, from signal
processing point of view.

2.1 Satellite-based positioning technology

The position location services have progressed remarkably during the last decade.
These services can use either satellite-based or network-based positioning tech-
nology. The scope of this thesis is limited to the satellite-based technology, e.g.,
GPS and Galileo, which computes the receiver position in time and space using the
Time Of Arrival (TOA) ranging broadcasted by a constellation of satellites. Even
if its implementation is complex, the principle behind TOA ranging is simple and
is based on the measurements of the time interval of the signal transmitted by an
emitter (i.e., satellite) at a known location to arrive at the receiver. The receiver
determines the time required for the transmitted signal to propagate from satellite
to receiver and determines the distance from emitter by multiplying this time by
the speed of light (approximately 3×108 m/s). The instant time of transmission of
the satellite signal is embedded in the navigation signals and, in order to achieve
the true time difference, the receiver and satellite clocks have to be synchronized.
In order to fix the receiver position in the three-dimensional space, the trilatera-
tion concept is used, which simultaneously performs three range measurements.
By intersecting three uncertainty spheres of the three satellites, the receiver nar-
rows its possible locations down to two points, from which one of these points
is actually on the surface of the Earth. A GNSS receiver requires computing the
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distance to the fourth satellite in order to correct the receiver clock bias. However,
the receivers generally look for more than four satellites, in order to improve the
accuracy. The receiver determines the satellite position by extracting the satellite
orbital parameters (i.e., satellite ephemeris) from the navigation signal [99].

The time offset between the GPS system time and the receiver clock induces
error which corrupts the ranging measurements. In addition to this timing error,
the measurements are also corrupted by incorrect or outdated values of satellite
ephemeris, tropospheric and ionospheric signal delays, receiver noise and multi-
path signal propagation [132]. Due to these error sources, the range measurement
is an estimate of the true distance between the satellite and the receiver (i.e., a
pseudorange measurement).

2.2 Global and Local Navigation Satellite Systems

Nowadays, most of the satellite positioning applications are based on Navstar
GPS, which was initially meant for military purposes, but, later, it has been en-
sured for the maximum civilian use [137], [192]. In mid of 70’s, the former So-
viet Union began the development of its own GNSS, called GLONASS, which
was declared operational in 1993 [39]. In contrast to all other CDMA-based satel-
lite navigation systems, GLONASS uses FDMA-based multiple access technique.
The system was never brought to completion, but its significance as an element
of the national security issue was recognized and is currently being updated and
modernized. The GLONASS modernization directive, issued at 18 January 2006,
stated a constellation of 18 satellites by the end of 2007, full constellation capa-
bility of 24 satellites by the end of 2009, and a comparable performance with that
of GPS and Galileo by 2010 [168].

In order to improve the performance of standalone GPS, besides the GPS mod-
ernization program itself, several Satellite-Based Augmentation Systems (SBAS)
have been or are in process to be developed in order to meet the demanding re-
quirements. These systems support wide-area or regional augmentation through
the use of additional satellite-broadcast messages and provide better position ac-
curacy, integrity and reliability by the correction of ephemeris errors. The EG-
NOS program is the precursor of Galileo which has been intended to provide a
European augmentation to the GPS and GLONASS systems. It consists of three
geostationary satellites and a network of ground stations. Its open service and
commercial data distribution service are currently available. The EGNOS system
started its initial operation in July 2005. The EGNOS Safety-of-Life service is
intended to be available upon certification of the service provider and final system
qualification in 2009 [50], [89]. The Wide Area Augmentation System (WAAS)
is a system that improves the precision and accuracy of GPS and is the US coun-
terpart of EGNOS. The WAAS is mainly available in North America. A Canadian
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WAAS system is also currently developed. The Japanese Satellite-Based Aug-
mentation System (SBAS) is a Multi-functional Satellite Augmentation System
(MSAS) which is designed to supplement the GPS system, by improving the re-
liability and accuracy of the provided solution. Similar service is provided by
the Chinese SBAS, named BEIDOU. India develops its own GPS-Aided GEO-
Augmented Navigation (GAGAN) system, with up to three satellites planned ini-
tially, which will be compatible with NAVSTAR GPS and with the upcoming
Indian Regional Navigational Satellite System (IRNSS). It is expected to be fully
operational by 2012 [89].

Nowadays, also stand-alone satellite navigation systems are developed, such
as Galileo (the future European satellite system) and Compass (in China).

The Chinese GNSS system was initially started as BEIDOU navigation sys-
tem (made up of 4 satellites) with limited coverage and application. China has
decided to upgrade its current BEIDOU system to a truly global navigation sys-
tem, named as Compass, which was originally meant as military system. Compass
is intended to offer open service with 10 meters location-tracking accuracy [89].
It is planned to work with at least 35 satellites, with both local and global cov-
erage. The Compass operational concept is based on the ’2-way active’ system,
which can institute user charges and limit the number of users. Japan also plans
a CDMA-based system, the regional Quasi-Zenith Satellite System (QZSS). The
QZSS is a proposed regional time transfer system and enhancement for the GPS,
which would be receivable within the Asia-Pacific region. The first satellite is cur-
rently scheduled to be launched in 2010. The QZSS system has initially started
with three satellites, with possibility of more extensive constellation afterwards.
QZSS can only provide limited accuracy on its own and is not currently required
in its specifications to work in a stand-alone mode [102].

The European Commission (EC) in a joint initiative with the European Space
Agency (ESA) aims to build its own independent global civilian controlled satel-
lite navigation system, referred as Galileo [32], [45], [49], [52]. The largest space
project to date, Galileo will be an autonomous system, interoperable with GPS
and globally available. It is based on the CDMA technology, as the GPS, and it is
meant to provide similar or higher degree of precision and to guarantee the conti-
nuity of public service provision for specific applications [50]. In order to manage
the development phases of the Galileo Programme, the EC and ESA have jointly
set up the Galileo Joint Undertaking (GJU) in 2003 - the European Programme for
Global Navigation Services [67]. Galileo has been designed to be interoperable
with other navigation systems (GPS, GLONASS, SBAS) or non-GNSS systems
(GSM, UMTS, INMARSAT, motion sensors, etc.), in order to meet the demand
for high-precision user applications [72], [78], [80], [35], [157].

The following sections provide detailed information about GPS and Galileo
systems from signal processing perspective, focusing on signal structures and on
the most relevant characteristics for the algorithms presented in this thesis.
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2.3 Global Positioning System

GPS is a complex system, which from architectural point of view, consists of
three elements. The first element is the space segment, which consists of a con-
stellation of 24 satellites in six orbital planes. The second GPS component is the
control segment, which monitors the satellites through checking their operational
health and determining their position in space. It consists of the master control sta-
tion, monitor stations and ground antenna for uploading information to the GPS
satellites. The master control station receives GPS observations from the moni-
tor stations and processes them in order to estimate navigation data parameters,
such as satellite orbits and clock errors. The third component is the user seg-
ment, which comprises the GPS receiver equipment [99], [114]. The user position
is determined using the method of trilateration, by solving the four pseudorange
equations, as explained in the previous section.

The Direct Sequence - Spread Spectrum (DS-SS) technique, based on CDMA
scheme, allows the user to receive multiple signals on the same frequency band,
with minimum mutual interference. The transmitted signal is modulated by its
own PRN code and has a spectrum much wider than the bandwidth of the modu-
lating data message. As a consequence, better resistance to interference and jam-
ming is achieved, as well as rejection of detection for unauthorized users. Each
satellite broadcasts continuously the navigation message over two L-band carri-
ers, L1 with center frequency at 1575.42 MHz, and L2 at 1227.60 MHz. The
L1 frequency is Binary Phase Shift Keying (BPSK) modulated by the C/A code
and in quadrature by the Precision Encrypted P(Y) code. The L2 frequency is
only BPSK-modulated by the P(Y) code. The C/A code is freely available for
civilian use and is the basis for the Standard Positioning Service (SPS). The C/A
code has a length of 1023 chips, with a transmission code rate (chip rate) of 1.023
Mchips/s, resulting in a code duration of 1 ms. Each satellite is identified by a
unique PRN code, which is a Gold code chosen in such a way to reduce cross-
correlation among signals. On the other hand, the P(Y) codes are permitted only
to US Department of Defense (DoD) authorized users, which have access to the
encoded Precise Positioning Service (PPS) [192]. The P(Y) code adopts very long
sequences, with chip rate ten times higher than the C/A code chip rate, and has a
code length of 6.1871 × 1012 chips [99].

Each transmitted signal is composed of the carrier (L1 or L2), the PRN code
(C/A or P(Y)) that serves as ranging codes, and of navigation message, transmitted
at a bit rate of 50 bps. The navigation message includes precise satellite ephemeris
as a function of time, atmospheric and almanac data [157]. The GPS system per-
formance is mainly reported in terms of accuracy, which implies the conformance
between the measured and true positioning, velocity and timing information. The
last SPS accuracy specification standard defined by DoD on October 4, 2001 [192]
is shown in Table 2.1.
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Table 2.1: SPS Positioning and Timing Accuracy Standard (95 % Probability)

Horizontal Vertical Time Transfer
Error Error Error

Global average positioning ≤13 m ≤22 m ≤ 40 ns
domain accuracy
Worst site positioning ≤36 m ≤77 m ≤ 40 ns
domain accuracy

The limitations of current GPS and the new range of GNSS applications trig-
ger the design of new modernized GPS signals, which will provide an improve-
ment in system accuracy, availability and integrity. The GPS modernization im-
plies new signal structures, new modulation types, use of longer codes, introduc-
tion of forward error correction scheme on signals, faster transmission rates and
availability of data-free components [157], [211]. One of the first announcements
was the addition of a new civilian signal to be transmitted on a frequency other
than the L1 frequency. This new civilian signal is known as L2C signal as it is
broadcasted on the L2 frequency (1227.6 MHz). The L2C signal is meant to im-
prove the navigation accuracy, providing an easy-to-track signal and acting as a
redundant signal in case of localized interference. In order to comply with safety-
critical applications, a new civilian L5 signal was introduced in the aeronautical
radio-navigation services at 1176.45 MHz. It has higher transmission power than
L1 or L2C signal and improves the signal structure for enhanced performance.
Another new signal, the L1C signal, targeted for civilian use, will be available
from the year 2013, at the time when GPS III block is scheduled to launch. Its
implementation will provide backward compatibility with the C/A signal and will
enable greater civil interoperability with Galileo L1 signal.

A major component of the modernization process is the new military signal,
called M-code, which was designed for further improvement of the anti-jamming
and secure access of the military GPS signals. The M-code is transmitted in the
same L1 and L2 frequencies, already in use by the P(Y) code. It is modulated
by a BOC modulation, with a sub-carrier frequency of 10.23 MHz and spreading
code rate of 5.115 Mchips/s, also referred as sine BOC(10,5) [10], [48]. The
new BOC modulation scheme allows compatibility with existing C/A and P(Y)
signals, without producing interference problems. More details about the BOC
modulation will be provided in Section 3.1.

2.4 European Galileo System

The upcoming European GNSS system, Galileo will provide high accuracy and
guaranteed global positioning service under civilian control. It is designed to be
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interoperable with GPS and GLONASS systems [67]. When fully deployed, the
Galileo system will use a constellation of 30 satellites, positioned in three circular
Medium Earth Orbit planes at an altitude around 23000 km with an inclination of
56 degree relative to the equatorial plane. The Galileo ground segment will consist
of a Navigation System Control Center, a network of stations monitoring Galileo
satellite orbits and synchronization, and several tracking, telemetry and command
ground stations. The Galileo Control Centers, which will be located in Europe,
will receive data from a global network of Galileo Sensor Stations. This will al-
low to synchronize the time signals of satellites with the ground station clocks and
to calculate data for system integrity. The five S-band (2-4 GHz) and ten C-band
(4-8 GHz) uplink stations around the globe will manage the flow of data between
the satellites and the Galileo Control Centers. The first spacecraft in the system,
GIOVE-A was launched in 2005 and a second one, named GIOVE-B was sent
to the orbit in Spring 2008 (GIOVE stands for "Galileo In-Orbit Validation Ele-
ment"). The two satellites in together test and verify the atomic clocks, navigation
signals and other technologies needed to run the positioning system in orbit. As
test satellites, GIOVE-A and GIOVE-B broadcast the first Galileo signals from
space, but they will not be part of the final Galileo system. In order to complete
the testing phase, two more GIOVE satellites will be launched by 2010 and four
satellites should be in the orbit for the system, in order to deliver an exact position
anywhere on Earth. The Galileo service to the general public is expected to start
around the end of 2012, when 12 satellites will be in orbit [50].

Compared to the traditional GPS, the Galileo system will offer a series of
advantages, which will be highlighted next. While it will provide the same secu-
rity features as GPS, Galileo will offer a guarantee of quality and a high level of
continuity, which are essential for many sensitive applications, such as aviation,
railway transportation or rescue operations. It will provide a similar (or possi-
bly higher) degree of precision and will be more reliable, since it will include
a signal integrity message, informing users immediately of any errors. In addi-
tion, the Galileo and GPS systems will be complementary to each other, since the
users could benefit from two independent infrastructures in a coordinated man-
ner, which will ensure improved availability and security. Thus Galileo should be
compatible and interoperable with GPS and it should not cause any degradation
for GPS users. A combined GPS-Galileo receiver should be able to achieve posi-
tion, navigation and timing solutions equal or better than those achieved by either
system alone. Ideally, the goal is to get benefit from a larger number of satellites
and to use the satellites interchangeably, in order to derive an optimal position
solution [157]. Thus, Galileo can be considered as an evolution of the navigation
systems, which pays more attention to the user needs.
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2.4.1 Galileo Services

Some of the Galileo services will be provided independently by the Galileo sys-
tem, while the other services will result from the combination with the other
systems. The first category, referring to Galileo satellite-only services, has been
grouped into the following five service levels [67], [157].

TheOpen Service (OS) is dedicated to consumer applications and will provide
positioning, velocity and timing information that can be accessed free of charge.
The Safety of Life Service (SoL) is meant to increase safety of professional appli-
cations. It will be offered openly and will have the capability of authenticating the
received signal as being an actual Galileo signal. The main characteristic of SoL
service as compared to the OS is the provision of integrity information at global
level. The Commercial Service (CS) is a restricted-access service for commercial
and professional applications. The CS service has guaranteed service and it is
based on adding to the open access signals two signals protected by commercial
encryption. It will allow for a higher data throughput rate, and thus, improved
accuracy. The Public Regulated Service (PRS), another restricted service, will be
devoted to government-regulated applications which require high continuity and
availability. Through the use of appropriate interference mitigation techniques
and controlled access, the PRS will provide a higher level of protection against
the interfering threats to the Galileo signal-in-space.

Table 2.2: Galileo services performance

Open Commercial Public Regulated Safety-of-Life
Services Services Services Services

(OS) (CS) (PS) (SoL)
Coverage Global Global Local Global Local Global
Accuracy DF:

H: 4 m
- horizontal(H) V: 8 m DF: ≤10 cm H: 6.5 m 1 m DF:
- vertical(V) SF: ≤1 m locally V: 12 m locally 4-6 m
- dual frequency(DF) H: 15 m augmented augmented
- single frequency(SF) V: 35 m signals signals
Availability 99.8 % 99.8 % 99-99.9 % 99.8 %
Integrity No Value-added service Yes Yes

The Search and Rescue (SAR) service will support the humanitarian search
and rescue activities, by accurately pinpointing the distress messages from any-
where across the Earth. The SAR will be backward compatible and will improve
the existing COSPAS-SARSAT (Search And Rescue Satellite-Aided Tracking)
system, by becoming near real time and more precise, and by improving the aver-
age waiting time of distress messages [33]. In addition, the Galileo SAR service
will have the return link feasibility from the SAR operator to the distress emitting
source, thus helping in identification of false alarms [157]. The Galileo system is
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expected to provide an accuracy of less than 1 meter for some services, as shown
in Table 2.2 [49], [157]. Other Galileo-related services are locally assisted ser-
vices which use some local elements to improve performance, e.g., differential
encoding, more carriers or additional pilot tones.

2.4.2 Galileo Spectrum Allocation

As proposed in the standardization document from 2005 [67], [167], the Galileo
Navigation Signals are to be transmitted in the four frequency bands, illustrated
in Fig. 2.1. These four frequency bands are the E5a band (with frequency ranges
of 1164 - 1191.795 MHz), the E5b band (1191.795 - 1214 MHz), the E6 band
(1260 - 1300 MHz) and the E2-L1-E1 band (1559 - 1591 MHz). They provide
a wide bandwidth for the transmission of the Galileo Signals. The frequency
bands have been selected in the allocated spectrum for Radio Navigation Satellite
Services (RNSS) and in addition to that, E5a, E5b and L1 bands were included
in the allocated spectrum for Aeronautical Radio Navigation Services (ARNS),
employed by Civil-Aviation users [67]. Some Galileo frequencies are overlapping
with GPS in E5/L5 and L1 bands [72], [77], thus attaining the interoperability
between the two systems [78].

E5a signal:

OS/CS/SoL
services

Data+Pilot
BPSK mod.
Rc=10.23 Mcps
Rs=50 sps

E5b signal:

OS/CS/SoL
services

Data+Pilot
BPSK mod.
Rc=10.23 Mcps
Rs=250 sps

90x1.023 MHz 40x1.023 MHz 40x1.023 MHz

E6P signal:

PRS Service

CosBOC(10,5) mod.
Rc=5.115 Mcps

E6C signal:

CS Service

Data+Pilot
BPSK mod.
Rc=5.115 Mcps
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PRS Service
CosBOC(15,2.5) mod.
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Figure 2.1: Galileo frequency plan GJU 2005 [67].

Table 2.3 shows a summary of Galileo signal specifications, as proposed in
2005 and specified in Galileo Joint Undertaking documents [68], such as the mod-
ulation types, chip rates, possible availability of pilot signals, data symbol rates
and the code length for each Galileo signal. Compared to GPS, the code length
for the OS signal was chosen as 4092 chips (i.e., four times longer than the GPS
C/A code length), while for the E5 signals, the code length was proposed to be
10230 chips. Also, higher data symbol rates have been specified for Galileo (i.e.,
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Table 2.3: Galileo signal structures (as of 2005).

Galileo RF Modulation Chip Pilot Data Code
signals type rate availab. symb. length

[MHz] rate [chips]
L1F (OS/ L1 SinBOC 1.023 Yes 250 sps 4092
CS/SoL) (1,1)

L1P L1 CosBOC 2.5575 N/A N/A N/A
(PRS) (15,2.5)
E6C E6 BPSK 5.115 Yes 1000 sps N/A
(CS) (5)
E6P E6 CosBOC 5.115 N/A 250 sps N/A

(PRS) (10,5)
E5A (OS/ E5 BPSK 10.23 Yes 50 sps 10230
CS/PRS) (10)
E5B (OS/ E5 BPSK 10.23 Yes 250 sps 10230
CS/PRS) (10)

between 50 and 1000 sps) and the presence of data-less signals (pilot signals). A
new multiplexing scheme (which represents the modulation type by which two
signals are combined), the Alternate BOC (AltBOC) multiplexing, was proposed
for E5 signals [67]. The modulation type proposed for L1F OS signal (as of 2005)
was the SinBOC(1,1) [68]. For L1P PRS signals the cosine BOC(15,2.5) (denoted
as CosBOC(15,2.5)) was chosen.

In accordance with the July 2007 agreement between the EU and the US, a
Multiplexed Binary Offset Carrier (MBOC) waveform was selected as the candi-
date for Galileo OS signal and the future GPS L1C signal [70], [89]. The MBOC
modulation ensures a better spectral separation with C/A codes and increases the
tracking abilities of Galileo OS and GPS L1 civil signals [69], [79], [44], [127].
The MBOC modulation outperforms the SinBOC(1,1)-modulation on the L1 (data
+ pilot channels) frequency in mitigating the effects of multipath or reflected sig-
nals [89]. The MBOC is implemented either as a Composite BOC (CBOC) modu-
lation (in the case of Galileo), with a superposition of BOC(1,1) and BOC(6,1), or
as Time-Multiplexed BOC (TMBOC) modulation, as is planned for the GPS L1C
signal [89]. Various characteristics of MBOC signal are described in [5], [7], [79].
According to the new standardization proposals [70], the MBOC modulation has
been proposed to replace the SinBOC(1,1) modulation for OS signal.

The algorithms presented in this thesis focus on the sine- and cosine-types of
BOC modulations, chosen as representative according to the current standardiza-
tion documents at the time when the research was done [68]. These modulation
types are illustrated in the next chapter.

18



Chapter 3

Modulation families and signal
model for Galileo and
modernized GPS signals

In this chapter, the BOC modulation concept is explained and exemplified, and the
challenges brought in the synchronization process by this modulation are high-
lighted. An overview of received baseband signal model for Galileo and GPS
signals is briefly presented, in context of transmission over multipath fading chan-
nels.

3.1 Binary Offset Carrier (BOC) modulated signal

The BOC modulation was introduced by Betz [15], [16] for the modernized GPS
system. Since then, other variants of BOC modulation have also been considered,
including SinBOC and CosBOC modulations types [15], [19], AltBOC modula-
tion [78], Complex Double BOC modulation (CDBOC) [126] and Multiplexed
BOC (MBOC) modulation [7], [79]. The negotiations for Galileo system struc-
ture under the terms of US/EC agreement in 2005 [68], proposed the use of Sin-
BOC(1,1) for the L1 OS signal, which was one of the BOC modulations consid-
ered during this work.

A BOC-modulated signal is the product of a Non-Return-to-Zero (NRZ) spread-
ing code [83] with a synchronized square wave subcarrier, which can be either sine
or cosine phased. The typical notation of a BOC-modulated signal is BOC(fsc,fc),
where fsc is the subcarrier frequency in MHz and fc is the chip rate in MHz [15].
For Galileo signals, the BOC(m1,m2) notation is also used , where m1 and m2 are
two parameters computed from fsc and fc with respect to the reference frequency
fref = 1.023 MHz, m1 = fsc

fref
and m2 = fc

fref
.

The ratio NBOC1
= 2m1

m2
= 2fsc

fc
denotes the BOC modulation order and is a
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positive integer [125]. For example, NBOC1
= 2 represents BOC(1,1) modulation

case, while NBOC1
= 12 represents BOC(15,2.5) modulation. A special case of

BOC modulation is the BPSK modulation with NBOC1
= 1. In order to consider

the CosBOC modulation case, a second BOC modulation order NBOC2
has been

introduced, such that the SinBOC modulation corresponds to NBOC2
= 1 and

CosBOC modulation corresponds to NBOC2
= 2 [125].

According to its original definition from [15] the SinBOC sSinBOC(t) wave-
form is defined as:

sSinBOC(t) � sign

(
sin

(
NBOC1

πt

Tc

))
, 0 ≤ t < Tc (3.1)

where sign(·) is the signum operator and Tc = 1/fc is the chip period. Since the
above waveform is a sequence of +1 and -1, the eq. (3.1) can be also re-written as
in eq. (3.2), as explained in [125].

sSinBOC(t) = pTB1
(t) �

NBOC1
−1∑

i=0

(−1)iδ(t− iTB1
), (3.2)

where δ(·) is the Dirac pulse, � is the convolution operator and pTB1
(·) is the

rectangular pulse of amplitude 1 and support TB1
= Tc/NBOC1

.
The CosBOC-modulated signal can be expressed similarly, as the convolution

between the modulating signal and the sCosBOC(t) waveform [125]:

sCosBOC(t) � sign

(
cos

(
NBOC1

πt

Tc

))
, 0 ≤ t < Tc (3.3)

This can be re-written, equivalently:

sCosBOC(t) = pTB1
(t) �

1∑
k=0

NBOC1
−1∑

i=0

(−1)i+k

× δ(t− iTB1
−

kTB1

2
), (3.4)

As follows from eq. (3.4), the CosBOC modulation acts as a two-stage BOC
modulation, in which the signal is first SinBOC modulated, and then, the sub-chip
is further split into two parts. The following generation can be straightforwardly
inferred [125], [126]:
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sDBOC(t) � pTB
(t) �

NBOC2
−1∑

k=0

NBOC1
−1∑

i=0

(−1)i+k

× δ(t− iTB1
− kTB), (3.5)

where DBOC stands for Double-BOC modulation [125] and pTB
(·) is the rect-

angular pulse of amplitude 1 and support TB = Tc/(NBOC1
NBOC2

), expressed
as:

pTB
�

{
1, if 0 ≤ t < Tc

NBOC1
NBOC2

0, otherwise
(3.6)
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Figure 3.1: Examples of time-domain waveforms for SinBOC- and CosBOC-
modulated signals.

The DBOC concept covers both SinBOC and CosBOC modulations, which
are particular cases of eq. (3.5), where NBOC2

=1 represents the SinBOC case
and NBOC2

=2 represents the CosBOC case. Thus the NBOC2
can be seen as

the BOC-modulation order of the second stage, which, together with NBOC1
and

fc parameters generalizes the DBOC modulation for both SinBOC and CosBOC
cases [125]:

⎧⎨⎩
NBOC1

= 1, NBOC2
= 1, ⇒ DBOC ≡ BPSK

NBOC1
> 1, NBOC2

= 1, ⇒ DBOC ≡ SinBOC
NBOC1

> 1, NBOC2
= 2, ⇒ DBOC ≡ CosBOC

(3.7)
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Examples of time-domain waveforms for SinBOC (NBOC2
=1) and CosBOC-

modulated signals (NBOC2
=2) are shown in Fig. 3.1.

A DBOC-modulated signal x(t) can thus be seen as the convolution between
a DBOC waveform sDBOC(t) and a spread data modulated sequence d(t) as in
eq. (3.8) [126].

x(t) =
+∞∑

n=−∞

bn

SF∑
k=1

ck,nsDBOC(t− nTsym − kTc)

= sDBOC(t) �

+∞∑
n=−∞

SF∑
k=1

bnck,nδ(t− nTsym − kTc)

� sDBOC(t) � d(t), (3.8)

where bn is the complex data symbol corresponding to the n-th code symbol, Tsym

is the symbol period, ck,n is the k-th chip corresponding to the n-th symbol, SF

is the spreading factor (SF = Tsym/Tc), δ(t) is the Dirac pulse and sDBOC is the
DBOC waveform defined in eq. (3.5).

A generic way to express the normalized Power Spectral Density (PSD) for
BPSK, SinBOC and CosBOC cases is provided in [125]. The PSDs PDBOC(f)
of DBOC-modulation family are computed, using eq. (3.5), as follows:

1. If NBOC1
= even and NBOC2

= odd :

PDBOC(f) =

(
sin
(
πfTB

)
sin
(
πfTc

)
πfcos

(
πfTB

) )2

(3.9)

2. If NBOC1
= even and NBOC2

= even :

PDBOC(f) =

(
sin
(
πfTB

)
sin
(
πfTB1

)
sin
(
πfTc

)
πfcos

(
πfTB

)
cos
(
πfTB1

) )2

(3.10)

3. If NBOC1
= odd and NBOC2

= odd :

PDBOC(f) =

(
sin
(
πfTB

)
cos
(
πfTc

)
πfcos

(
πfTB

) )2

(3.11)

4. If NBOC1
= odd and NBOC2

= even :

PDBOC(f) =

(
sin
(
πfTB

)
sin
(
πfTB1

)
cos
(
πfTc

)
πfcos

(
πfTB

)
cos
(
πfTB1

) )2

(3.12)

where TB = Tc

NBOC1
NBOC2

and TB1
= Tc

NBOC1

.
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An alternative way of defining PSD (instead of PDBOC(f)) is to normalize it
with the chip period (or, equivalently, the signal power over infinite bandwidth),
similar with [78], [15], [16]:

PDBOC,norm(f) =
PDBOC(f)

Tc
(3.13)

Using the normalized expression of eq. (3.13), for NBOC2
= 1, the same

expressions as reported in [78], [15] are obtained for SinBOC modulation.
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Figure 3.2: Examples of power spectral densities for BOC-modulated signals.

Fig. 3.2 illustrates some examples of the normalized PSD, computed accord-
ing to [125]. It can be observed that for even NBOC1

modulation orders, the
spectrum is symmetrically split into two parts, thus the signal energy is moved
away from the band center. Therefore, there is less interference with the C/A GPS
band (i.e., BPSK case) and the desired spectral separation is obtained [166]. Also,
it should be mentioned here that in case of odd BOC modulations, the interference
around DC frequency is not completely suppressed.

The ACF of a DBOC waveform can be derived based on eq. (3.5) [121]:

RDBOC � sDBOC(t) � sDBOC(t)

= ΛTB
(t) �

NBOC2
−1∑

k=0

NBOC2
−1∑

j=0

NBOC1
−1∑

i=0

NBOC1
−1∑

l=0

(−1)k+j+i+l

× δ(t− iTB1
+ lTB1

− kTB + jTB), (3.14)

where ΛTB
(t) is the triangular pulse of support 2TB (i.e., the ACF of a rectangular

pulse of support TB).
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Figure 3.3: Examples of absolute value of ACF for BPSK and BOC-modulated
signals.

Illustration of absolute values of the ideal ACF (i.e., without noise and multi-
path), for several BOC-modulated PRN sequences, together with the BPSK case,
are shown in Fig. 3.3. As illustrated, for any BOC-modulated signal, there are
multiple peaks with significant magnitudes compared with the magnitude of the
central peak. For example, the sidelobes of a SinBOC-modulated signal appear

at the delays given by τsidelobes = arg max
τ

(
sDBOC(τ)

)
, where sDBOC(τ)is

defined as in eq. (3.5). Compared to the BPSK situation, the envelope of a
SinBOC(1,1)-modulated signal posses two additional peaks at about ±0.5 chips
apart from the maximum peak, as it can be observed from Fig. 3.3. In general,
there are 2NBOC1

−1 sidelobes in the correlation function for SinBOC-modulated
signals and 2NBOC1

+ 1 for CosBOC-modulated signals. These sidelobes inter-
fere with the channel paths and may create ambiguities, the most significant ones
being those with the smallest delay relative to the global maximum [124]. The
additional peaks which appear in ACF envelope within the two-chip interval may
induce a missed detection due to a zero (or very low sampling point) and may thus
lead to a longer acquisition time.

3.2 Baseband signal model in multipath-fading channels

Besides the challenges introduced by BOC modulation and the thermal noise
added at the receiver front end, the transmission through the wireless channel adds
other impairments, which should be accounted [158]. In an optimal transmission
channel, without any reflections, there is one direct LOS path between the receiver
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and transmitter. However, due to various obstacles encountered in the propagation
environment, the components of transmitted signal reach the receiver’s antenna
through different paths. Thus, the received signal is the superposition of multi-
ple copies of the transmitted signal. Each signal copy will experience differences
in attenuation, delay and phase shift and this can result in either constructive or
destructive interference, amplifying or attenuating the signal power seen at the re-
ceiver [178], [75], [150], [174]. The fluctuations in the envelope of a transmitted
radio signal are referred either as small-scale or as large-scale fading. The large-
scale fading propagation models refer mainly to path loss and shadowing. The
path loss is the difference between the transmitted power and the average received
power and it represents the signal level attenuation caused by free space propa-
gation, reflection, diffraction and scattering [163]. Shadowing or slow shadow
fading is a result of obscuration by i.e., buildings, hills or trees, which weaken
or even block the transmitted signal [163]. The small-scale fading, often referred
as fading, is used to describe the rapid fluctuations of the amplitude of a radio
signal over a short period of time or travel distance, so that large-scale path loss
effects may be ignored. The fading is affected by multipath propagation, since
the instantaneous received signal strength is a sum of many contributions coming
from different directions due to many reflections of the transmitted signal reach-
ing the receiver. Also the movement of the satellite in comparison with the GNSS
receiver creates some frequency or Doppler shift to the code and carrier frequen-
cies of the received signal [99]. Another factor which influences over fading is
the transmission bandwidth of the signal. If the transmitted signal bandwidth is
greater than the bandwidth of the multipath channel, the received signal will be
distorted, but the fast fading in the received signal strength is not significant. The
bandwidth of the multipath channel is characterized by the coherence bandwidth,
which is a measure of the maximum frequency difference for which signals are
still strongly correlated in amplitude. For example, if the transmitted signal has a
narrower bandwidth as compared to the channel, the amplitude of the signal might
change rapidly but the signal will not be distorted in time. Thus, in addition to the
bandwidth of the transmitted signal, the statistics of fast fading are very much
related to the specific amplitudes and delays of multipath channels.

In this work, the discrete linear time-variant model for the channel impulse
response is used. The motivation came from the fact that linear models are much
simpler to simulate and analyze than the non-linear ones. Moreover, the channel
modeling with a finite number of taps is more convenient and natural for computer
simulations and has been proved to cover a multitude of wireless propagation sce-
narios [139], [133]. Fading phenomenon can be modeled via the so-called fading
channel coefficients for linear time-variant model, which reflect the severity of
the fading phenomenon. Depending on the environment of the signal propaga-
tion, these coefficients follow different distribution models. In the case of at least
one strong LOS signal path and possible weaker NLOS paths, the fading channel
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distribution is typically assumed to be Rician [178]. However, in case of NLOS
propagation paths, the received signal fading typically follows a Rayleigh distri-
bution [139]. This distribution has deeper fading fluctuation than Rician fading
and is used to characterize dense urban area or indoor environments. A generic
model of fade statistics used in the study of mobile radio communications is the
Nakagami or m-distribution [136]. This fading distribution often gives the best
fit to land-mobile and indoor mobile multipath propagation as well as scintillat-
ing ionospheric radio links [178]. More recent studies showed that Nakagami-m
distribution gives the best fit for satellite-to-indoor radio wave propagation [107],
[108].

If one of the reflected signals components is added constructively to one of
the sidelobes peaks, which are due to BOC modulation, the amplitude of this
sum might be larger than the LOS component and might be wrongly detected
instead of the peak at the correct delay. Also, the arriving paths may overlap or
be closely-spaced (i.e., at less than one chip apart), thus more strain is imposed
on the acquisition process, since a resolution less than half of a chip is needed in
order to locate correctly the mobile receiver.

The baseband equivalent model of a signal received over a static or fading
multipath channel, assuming a single-user model, can be expressed as:

r(t) =

L∑
l=1

αlx(t− τl)e
−j2πfDt + η(t), (3.15)

where fD is the Doppler shift introduced by channel, L is the number of chan-
nel paths, αl is the complex time-varying coefficient of the l-th path during n-th
code epoch, τl is the corresponding path delay, assumed to be constant or slowly
varying during the observation interval and x(·) is the DBOC-modulated data se-
quence (given in eq. 3.8). One symbol is equivalent with a code epoch and typ-
ically has a duration of 1 ms. For Galileo signals, a separate pilot channel with
data bits is transmitted, thus the modulation data is known at the receiver [67].
Due to both satellite and user dynamics, the incoming signal is distorted by a
Doppler shift. The variation of ranging code chip rate due to this code phase error
produces an additional error in the pseudorange and carrier phase measurements.
The degradation of the code phase measurements due to this code Doppler offset
is not considered in this model. All interference sources, except the multipath, are
incorporated into the Additive White Gaussian Noise (AWGN) term η(t). Usu-
ally, in GNSS applications the Signal-to-Noise Ratios (SNR) are expressed using
the Carrier-to-Noise Ratios (CNR) term [24], which is used to report the signal
quality and can be expressed in dB-Hz units (eq. 3.16) or in dBm units (eq. 3.17):

CNR[dB −Hz] =
Eb

N0
+ 10log10(BW ), (3.16)
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CNR[dBm] =
Eb

N0
+ 20log10(BW ) + 10log10(kT0), (3.17)

where Eb represents the bit energy or signal power, N0 is the two-sided PSD of
the additive Gaussian noise, BW is the signal bandwidth after despreading, k is
the Boltzmann constant(k = 1.3806503×10−23 Joule/Kelvin) and T0 is the room
temperature in Kelvin (T ≈ 290K).

The SNR is usually defined as the SNR at the receiver’s antenna input. In this
thesis we consider the SNR after integration of 1 ms (in narrowband domain, i.e.
at a rate of 1 kHz). Normalizing double-sided noise bandwidth to 1 Hz, we get
a 10log10(1000)=30 dB offset. Therefore, the relationship between the CNR (in
dB-Hz) and narrowband PSD N0 is:

CNR[dB −Hz] =
Eb

N0
+ 30dB, (3.18)

At the receiver, both acquisition and delay tracking stages are based on code
epoch-by-epoch correlationR(·) of received signal with a reference BOC-modulated
PRN code sref (·), with a certain candidate of Doppler frequency f̂D and code de-
lay τ̂l:

R(τ̂l, f̂D,m) = E

(
1

Tsym

∫ mTsym

(m−1)Tsym

r(t)sref(τ̂l, f̂D)dt

)
, (3.19)

where m is the code epoch index, Tsym is the code symbol period, E(·) is the
expectation operator with respect to the PRN code and the reference code sref (·)
is given as:

sref(τ̂l, f̂D) =

(
sDBOC(t) �

+∞∑
n=−∞

SF∑
k=1

b̂nck,nδ(t− nTsym

− kTc) � pTB
(t)

)
e+j2πf̂Dt, (3.20)

where b̂n are the estimated data bits. The noise level can be further reduced by
typically performing coherent and non-coherent integrations. The averaged non-
coherent correlation function R(·) can be expressed as:

R̄(τ̂l, f̂D) =
1

Nnc

∑
Nnc

∣∣∣∣ 1

Nc

Nc∑
m=1

R(τ̂l, f̂D,m)

∣∣∣∣2, (3.21)
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where Nc is the coherent integration time (expressed in code epochs or ms for
GPS/Galileo signals) and Nnc is the non-coherent integration time, expressed in
blocks of length Nc ms.

Two examples of averaged correlation function as expressed by eq. (3.21), for
two BOC-modulated signals (SinBOC(1,1), left plot, and CosBOC(10,5), right
plot) are shown in Fig. 3.4. In the upper figures, the signal is sent through a
2-paths Rayleigh channel with average path powers 0 and -1 dB, and assuming
infinite bandwidth. The successive channel path delays have a random spacing
with respect to the precedent delay, with the separation between the two succes-
sive paths fixed at 0.5 chips in the left plot and at 0.25 chips in the right plot,
respectively. The same signals, not affected by multipath, are shown for reference
in the lower plots. As it can be observed, besides the sidelobe ambiguities brought
by BOC modulation process, the estimation delay is also strained by the multipath
effect which may skew the triangular shape of the ACF pulse.
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Figure 3.4: Illustration of multipath effect on BOC-modulated correlation func-
tion, 2-paths Rayleigh fading channel (upper plots) and no multipath (lower plots).
Left plots: SinBOC(1,1). Right plots: CosBOC(10,5).

A basic Galileo or GPS receiver block diagram is shown in Fig. 3.5. The
antenna receives the satellite signal and passes it to the RF chain, where a com-
bination of amplifiers, mixers and filters is used to condition the incident voltage
of the antenna and to perform the desired frequency translation. The final com-
ponent in the front-end path is the Analog-to-Digital Converter (ADC), which
is used to convert the analog signal to digital samples. Although not depicted,
many GNSS front-end designs use an automatic gain control, which is a feedback
monitoring of sampled data stream in order to minimize the impact of narrow-
band interference [23]. In order to preserve transmitted information, the sampling
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process is of crucial importance, since the sampling resolution affects further the
timing accuracy. Sampling the received signal using low-pass sampling, the usual
interpretation of Nyquist sampling theorem, requires a sampling rate of twice the
maximum frequency of interest. When designing the frequency plan of the re-
ceiver, the sampling rate is restricted by the maximum IF frequency that can be
generated by the carrier Numeric Controlled Oscillator (NCO) in order to mix the
incoming signal to baseband and by the maximum signal bandwidth [23].

RF
chain

ADC Aquisition Tracking Navigation
data extraction

Antenna

Figure 3.5: Basic block diagram of a Galileo/GPS receiver.

In order to capture the necessary signal power, the minimal signal plus noise
bandwidth should contain at least the main lobes, where the most signal energy
is concentrated. As it can be seen in Fig. 3.2, for higher BOC orders, the sig-
nal needs extremely large bandwidths. This leads to a more complex design, the
goal being to minimize the number of intermediate stages, therefore minimizing
the required RF and IF local oscillators [26], [34]. In advanced software receiver
designs, the ADC should be placed as near as possible to antenna, being a key
component of any architecture which uses direct digitization of RF signal, or af-
ter an initial down-conversion to an intermediate frequency. Since the ADC will
operate at high frequencies, it consumes a great deal of power and it has limited
real-time performance. More efficient conversion methods have been employed,
such as bandpass sampling, which intentionally alias the information bandwidth of
RF signal to a desired intermediate frequency [4]. A direct RF sampling front-end
design for multiple frequency receiver is presented in [187], which intentionally
uses aliasing, instead of frequency down conversion. In [144], [145], [146] it is
shown that the Nyquist criterion does not need to be fulfilled when tracking the
navigation signals. Instead, it is sufficient to reconstruct the signal autocorrelation
function, at the cost of a higher tracking error due to thermal noise. In this work,
the translation of RF carrier to lower IF is not considered and instead of the band-
pass signal model, a baseband-equivalent signal is assumed. For this simplified
receiver structure, the sampling process is considered to take place at baseband.

Even if, due to a lower computational complexity, low sample rates are often
used, lowering the sample rate to the Nyquist rate will increase the additional mul-
tipath error, which is inversely proportional to the sample rate [29]. Besides the
BOC modulation and multipath, the frequency bandwidth limitation also affects
the shape of correlation function, by smoothing or flattening it around peaks. This
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smoothing is prone to increase the delay errors in a similar way as lowering the
sampling rate [29]. A low sampling frequency receiver would be more likely to
have serious ACF distortion (due to low resolution in time domain) and higher
background noise that will eventually pass into the tracking loop [203]. Also, the
application of minimum-phase-type filters can impact on ACF shape, by skew-
ing and delaying it [31]. The bandlimiting filtering effects and filter’s design for
BOC-modulated signals are described in detail in Chapter 6.

Since not all samples would fall on the peak of correlation function, correla-
tion losses will occur due to time quantization of the correlation function [38]. If
the time quantization effects are not eliminated, the introduced self-interference
time errors will degrade the receiver’s final positioning performance [30]. There-
fore, one important parameter, which affects the timing accuracy and hence the
receiver performance, is the sampling resolution of correlation function. In order
to achieve the desired delay accuracy in acquisition and tracking processes, over-
sampling may be used. One alternative solution to oversampling is interpolation
[30]. Oversampling improves the time domain resolution of the amplitude and
phase of the sampled signal. The continuous-time signal model approximates the
equivalent discrete-time model fairly well when the signal is oversampled [149].
For a GPS receiver (which typically uses a time-bin step of half of chip), in the
best case, the signal is sampled at minus one-half chip error, at no error and at
plus one-half chip error. Since one sample is on the peak (zero error), there is no
loss in this case. However, the worst case is when the signal is sampled at minus
one-fourth chip error and plus one-fourth chip error and in this case there is a loss
of the two samples of 2.5 dB, when an unfiltered correlation curve is considered
[38].

The sample rate can be expressed in terms of samples-per-chip. For a DBOC-
modulated signal, one chip consists of NBOC1

NBOC2
Ns samples [126], where

Ns denotes the oversampling factor or the number of sub-samples per BOC sub-
chip interval, which can be an integer or fractional number and BOC sub-chip
interval has a duration Tc/(NBOC1

NBOC2
). The normalized sampling rate corre-

sponds to NBOC1
NBOC2

Nsfc bandwidth. As stated in [29], the least multipath
error contribution situation will originate when the highest possible oversampling
is applied, while using a receiver filter that lets to pass only the signal-in-space
spectrum. The acquisition speed and performance depend on the step of scanning
all possible code phases (i.e., the time-bin step). In a conventional hardware im-
plementation the correlation spacing can also be seen as the resolution at which
the correlation function is sampled [38]. The behavior of BOC-modulated signals
in the presence of oversampling has been analyzed in [P1], where it was shown
that the performance is deteriorated if non-integers factors are used. In the pres-
ence of BOC modulation, there are always periodical deep gaps in the ACF at
certain delay-lags, which depends on the time-bin step and on BOC modulation
order. Sufficient performance can be obtained if these parameters are chosen ac-
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cordingly.
The next two chapters will address the challenges triggered by the BOC mod-

ulation and by transmission over multipath fading channels, considering the signal
acquisition and tracking stages, respectively.
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Chapter 4

Acquisition of Galileo and GPS
signals

In order to determine the difference between the transmission time from the satel-
lite and the signal reception time, a GNSS receiver has to synchronize a locally
generated reference code with the received signal. Thus, in any spread spectrum
system, such as GPS or Galileo, in order to despread and demodulate the sent data,
it is necessary to estimate the timing and frequency shift of the received signal.
The synchronization process consists of two steps: acquisition and tracking [71],
[179]. The purpose of signal acquisition process is to determine visible satellites
and to achieve coarse values of the carrier frequency and code phase of the satel-
lite signals. Similar with any CDMA-based receiver, the essential operations of
signal acquisition are: achieving the acquisition state (this phase is also known as
search strategy) and identifying the presence or absence of the signal, known also
as detection stage.

This chapter provides an overview of the acquisition process in context of
Galileo BOC-modulated signals and presents novel acquisition algorithms which
deal with the BOC modulation ambiguities. Different search methods and detec-
tor structures are presented and the novel acquisition algorithms proposed in the
papers [P4], [P5] and [P6] are then summarized.

4.1 Signal searching stage

The satellites are differentiated by different PRN sequences and the reference PRN
code should be aligned with the incoming signal in order to determine the correct
time alignment (i.e., the code phase) of PRN code. The PRN codes have high cor-
relations near zero delay error. Therefore, the searching process is done through
correlations, which measure the similarity of the code and its delayed replica. In
an ideal case, without interference and noise, the correlation function would ap-
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pear just as an impulse at the correct delay and would have zero values elsewhere.
However, in practice, signal obstructions (buildings, trees, ice on antenna etc.),
RF interference, and antenna gain roll-off affect significantly on the correlation
output. The minimum expected CNR can be predicted if the receiver is equipped
to measure the input signal noise and the RF interference, and the antenna gain
pattern is stored in its memory [99].

The LOS velocity of the satellite with respect to the receiver causes a Doppler
effect on transmitted signal. In the worst case, the frequency of a GPS receiver,
moving at high speed, can deviate up to ±10 KHz [23] from the carrier frequency
fc. Therefore, the search process is two-dimensional, and both the time shift (code
phase) τ̂l of the transmitted signal and the Doppler frequency f̂D should be de-
termined [99]. The search space is given by the length of the spreading code and
by the Doppler frequencies uncertainties. Each tentative code phase is denoted
as a code (or time) bin, each tentative frequency shift is referred to as a Doppler
(or frequency) bin, and the combination of one code and frequency bin forms one
cell. Depending on the searching methods, the whole code-frequency uncertainty
space can be divided into several search windows and each window can contain
several time-frequency bins. The time-frequency search window defines the de-
cision region, over which the decision statistics are calculated [99]. A correct
time-frequency window contains at least one correct bin, given that the reference
code is aligned with less than one chip error to the incoming signal [153]. The
search process starts with a certain tentative Doppler frequency and tentative de-
lay, and all delays and frequencies of the search windows are covered, with a
predefined search step. From the correlation output, it can be determined whether
the search window is correct via a correlation peak, which appears for the correct
τ̂l and f̂D [71]. Fig. 4.1 illustrates the two-dimensional correlation function for
incorrect (i.e., signal not present, left plot) and correct (i.e., signal is present, right
plot) search windows, for a static, single-path channel and a CNR of 30 dB-Hz.

The correlation output is tested in the detection stage, via a threshold compar-
ison, in order to determine if a correct code-frequency combination is found. In
noisy scenarios, the correlation peak may be lost in background noise. Another
challenge in the acquisition process is given by the multipath propagation phe-
nomenon. As explained in Section 3.2, due to different lengths of the propagation
paths, the components of the same signal arrive at the receiver with different de-
lays. The correlation output for a correct window and for a two-path Rayleigh
fading channel is illustrated in Fig. 4.2, where a CNR of 30 dB-Hz was consid-
ered.

The acquisition is referred to as "cold start", if the receiver does not rely on
any stored information and starts to search the satellites from scratch. If there is
information regarding the almanac data, the last computed position and the current
time, the acquisition is referred as "warm start". In this case, if the almanac data
is outdated and the found satellites do not match the actual visible satellites, the
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Figure 4.1: Examples of correlation outputs, single-path static channel.

receiver has to make a cold start [23].
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Figure 4.2: Example of correct time-frequency window, in the presence of fading
multipath.

4.2 Serial search versus hybrid or parallel search

As mentioned in Chapter 2, the proposed PRN codes for Galileo system have
higher lengths than those used by GPS C/A signals (i.e., 4092 chips for L1F sig-
nal). The use of longer codes leads to an increase in the uncertainty space, thus the
search process becomes more time consuming. In order to obtain a more efficient
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and faster signal acquisition in time-domain, various search methods have been
developed, which can be classified as serial search, parallel search or combined
(hybrid) serial/parallel search techniques.

The serial search explores in a sequential fashion all the possible values of
frequency and time bins, to check if there is an alignment or not, by using a single
correlating element at a time. Thus, this search method can take a long time if
the uncertainty region is large and it is mostly used when there is some assistance
information about the expected Doppler frequency and code delay [100]. A struc-
tured classification of serial strategies of CDMA signals and their analysis can
be found, for example, in [143], [95], [153], [154] and [155]. Serial acquisition
methods were also proposed in [129], which were specifically designed for BOC-
modulated signals. Also, in [124], fast serial acquisition methods were introduced,
which employed FFB processing.

In parallel search techniques based on parallel matched-filter (MF) imple-
mentation, more than one correlating element is used to explore simultaneously
different regions and in an extreme case, there is one correlating element for every
searching position (fully parallel search). A bank of matched filters is used, each
matched to a different waveform pattern of PRN code, for all possible code phases
and Doppler uncertainties [46]. The decision statistic is based on all outputs from
all filters. Obviously, this approach will reduce largely the acquisition time, but it
will increase the implementation complexity. Parallel code acquisition with MF
in static channels and frequency non-selective or selective fading channels was
studied in [181], [182], [184], [38].

More recent research studies have focused on the hybrid search strategies, as
a better trade-off between the parallel and serial search strategies. The choice
of a hybrid search structure is self imposing for CDMA systems with high code
lengths, since it allows to achieve a proper balance between the acquisition speed
and the hardware complexity, and it covers the serial- and parallel-search situ-
ations as two extreme cases [141], [156], [209]. In fully parallel search, there
is only one window in the whole uncertainty space, while in serial search only
one bin is used per window. Therefore, in case of maximum searching uncer-
tainty (i.e., cold case), the fully serial-search would be too slow, while a fully
parallel-search would be prohibitively expensive. In hybrid-search, it is assumed
that the whole code-Doppler uncertainty space (Δt)max × (Δf)max is divided in
several time-frequency windows, each containing Nbins. Here (Δt)max denotes
the maximum code uncertainty in chips and (Δf)max represents the Doppler un-
certainty in Hz. The number of time-frequency windows is given by Qwin =
(Δt)max×(Δf)max

Wt×Wf
, where Wt and Wf are the time and frequency window lengths.

The window size is a trade-off between the mean acquisition time and the avail-
able number of correlators. In the hybrid search strategy, the number of bins
per window is still limited by the available number of correlators that may be
used to form the decision statistic [12]. Assuming that each correlator is used
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once to form a decision statistic, the number of complex correlators per window
Ncorr = Wt

(Δt)bin
×

Wf

(Δf)bin
is equal to the number of bins per window. The (Δt)bin

and (Δf)bin denote the lengths of a time bin and of a frequency bin, respectively,
or equivalently, represent the search step resolutions in time and frequency dimen-
sions.

The usage of Fourier transform enables a faster and more effective acquisi-
tion, by parallel searching in either (or in both) code-phase and frequency dimen-
sions. Instead of multiplying the input signal with the PRN code with different
code-phases, as in serial search, it is more convenient to make a circular cross-
correlation between the received signal and the PRN code without shifting the
code phase [23]. Thus, the correlation with the reference code over one code
epoch can be performed either in time domain [105], [3] or in frequency domain,
using the Fast Fourier Transform (FFT) structure [204], [2], [160]. The FFT pro-
cessing can be used also as a coherent integration method [1]. Different correla-
tion structures, based on time-domain and/or FFT-based processing, are described
in [140], where it is stated that the FFT correlation structures are the best choice
for full search space in terms of complexity and performance. A new receiver ar-
chitecture for acquisition of signals with high Doppler shifts is proposed in [183],
in which, the partially correlated outputs are subject to FFT processing before
being summed in a serial section.

4.3 Classical acquisition model
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I&D
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Reference code with tentative
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Figure 4.3: Simplified block diagram of an acquisition model.

Fig. 4.3 shows a simplified block diagram of the classical acquisition model.
The incoming signal is multiplied by a locally generated PRN sequence, then mul-
tiplied by a locally generated carrier signal. The noise level can be further reduced
by typically performing coherent and non-coherent integrations. The In-phase (I)
and Quadrature-phase (Q) signals are integrated coherently over Nc code epochs
(where Nc is the coherent integration period or coherent integration length). Inte-
gration is performed by the Integrate and Dump (I&D) block, which acts as a Low
Pass Filter (LPF), by removing the higher frequency components from the signal.
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For strong signals, a coherent integration period of 1ms (i.e., for C/A code) might
be sufficient, but in order to improve the signal sensitivity, it is desirable to max-
imize the integration period and to get a higher correlation gain [211]. Extending
the coherent integration time is ideal for improving the sensitivity, as it fully uti-
lizes the potential of CDMA despreading gain [208]. Coherent integration allows
for a narrow pre-detection signal bandwidth, thus enhancing the acquisition of
weak signals in the presence of strong in-band interferers [210]. However, large
frequency errors due to GPS receiver, satellites motions and oscillators drift de-
grade the CNR and may render long integration useless. Hence, when performing
signal acquisition using long coherent integration, the receiver must use small fre-
quency bins, thus the receiver would have to search a large number of frequency
hypotheses. Moreover, due to data bit transition (i.e., in conventional GPS re-
ceivers) and large frequency errors, longer coherent integration is not possible. In
GPS, coherent integration period is limited, in order to avoid crossing navigation
message bit boundaries, data bit being 20 ms long. If the bit transition instant is
known but not the polarity, the maximum coherent integration would be limited
to 20 ms and consecutive non-coherent summations must be performed.

Normally, non-coherent integration is required after the coherent integration to
detect weak signals. The advantage of non-coherently integrating the signal is that
it requires neither knowledge of carrier phase nor precise carrier frequency, both
of which are not available before the signal has been acquired [99]. However, with
this approach the noise is also squared, resulting in what is known as squaring loss.
The acquisition time varies directly proportional to the product of the coherent
integration interval Nc, and to the number of non-coherent accumulations Nnc.
The NcNnc product is sometimes referred to as the dwell time per bin for a single
search frequency.

4.4 Signal detection

The aim of the detection stage is to declare if the signal is present or absent, i.e., if
there is coarse synchronization between the reference code and the received sig-
nal. The detection stage is a statistical process and in each time-frequency bin,
the correlation output is a random variable which is characterized by a certain
Probability Density Function (PDF). If the signal is absent, the decision variable
contains only noise and the random variable, distributed according to this PDF,
has zero mean under the assumption of zero-mean additive Gaussian distributed
noise; if the signal is present, the random variable has a non-zero mean [101]. The
test statistic is based on comparing the global correlation peak against a predefined
threshold γ and a decision is taken whether the signal was acquired or not. If the
signal energy in a time-frequency cell is greater than γ, then the signal is decided
to be present in that cell. The signal is acquired correctly if at least one path delay
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is detected within less than one chip error. The probability of a signal being de-
tected correctly is denoted as probability of detection Pd, i.e., the probability that
correlation output exceeds the threshold γ, under hypothesis that signal is present.
A false alarm Pfa happens when the signal is declared present in an incorrect win-
dow, i.e., probability that the correlation output still exceeds the threshold γ, under
hypothesis that the signal is absent. Assuming the situation of a hybrid acquisition
search, the decision is taken over Nbins (forming a window), i.e., a single decision
variable is formed per Nbins. If Nbins=1 then we have serial acquisition. The cor-
relation outputs in N1bins

correct bins are distributed according to a non-central
χ2-distributed variables with Cumulative Distribution Function (CDF) Fnc(γ, λi).
Here λi is the non-centrality parameter, which depends on CNR, on BOC modula-
tion order and how far the sampling point i is from the maximum correlation value
[104]. The ACF outputs in an incorrect bin are distributed according to a central
χ2-distributed variables with CDF Fc(γ) [27]. Assuming that there are no false
alarms in a correct window, the global false alarm probability can be computed as
the probability that at least one central χ2-distributed variable is higher than the
detection threshold γ [27]. Therefore the false alarms and detection probabilities
are given as [119]:

⎧⎪⎨⎪⎩
Pfa = 1− (Fc(γ))Nbins

Pd = Eλ

(
1−

(
Fc(λ)

)Nbins−N1bins ∏N1bins

i=1 Fnc(γ, λi)

)
(4.1)

where N1bins
is the number of correct bins in correct window, Eλ(·) is the ex-

pectation operator with respect to the sequence of non-centrality parameters λi,
i = 1, ..., N1bins [119]. The definitions for CDFs χ2-distributed variables are
expressed as [179]:

⎧⎪⎪⎨⎪⎪⎩
Fnc(γ, λ) = 1−QNnc

(√
λNcNnc

N0
,
√

γNcNnc

N0

)
Fc(γ) = 1−

∑Nnc−1
k=0 exp

(
−

γNcNnc

2N0

)(
γNcNnc

2N0

)k
1
k!

(4.2)

where QNnc(·) is the generalized Marcum Q-function of order Nnc.
A miss of detection occurs when the decision statistic falls below the threshold

for a correct window and this might happen if the threshold is set too high or if
the signal is lost into the background noise [101]. It follows that the choice of
a suitable threshold value has a significant role in the acquisition process; it can
be either a fixed value, selected based on the estimated signal power, or it can be
computed adaptively, based on transmission channel conditions [140], [178]. A
comparative study of different threshold setting techniques for DS-SS signals can
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be found in [87] and the use of multiple thresholds has been also investigated in
[111].

Besides the probabilities of detection and false alarm, one performance crite-
rion, which can be employed also at acquisition stages, is the Root Mean Square
Error (RMSE). The RMSE is selected for the comparison between the actual and
the predicted delay and it is often used as performance measure in the delay es-
timation literature. If the RMSE of delay estimate is smaller than half of a chip,
it can be concluded that code acquisition succeeds, but it does not tell how much
time this takes. If there is no interest in how much time it takes to perform the
acquisition, but rather in the success of the acquisition process, then the best
performance measure for the time delay estimate, when comparing various ac-
quisition algorithms, is the RMSE error. This fact has been recently argued in
[159]. Also, RMSE has been traditionally used in many papers related to code
synchronization (i.e., acquisition or acquisition plus tracking) in CDMA studies
[117], [115], [206]. Sometimes, the RMSE is indeed conditional only to the points
where acquisition was successful (e.g., less than half chip), but RMSE can be still
a powerful criterion to compare the performance of various acquisition algorithms
(either only for the points where they are ’successful’, or for all the points, if no
condition is imposed on the delay error).

Another representative measure of performance at acquisition stage is the
Mean Acquisition Time (MAT), which is the average time to acquire the syn-
chronization between the received signal and the spreading code. For example,
the MAT for a serial search can be computed as in eq. (4.3), according to the
global detection probability Pd, the false alarm probability Pfa, the penalty time
Kp and the total number of windows in the search space Qwin [154]:

MAT =
1 + (2− Pd)(Qwin − 1)(1 + KpPfa)

2Pd

τd, (4.3)

where τd = NcNnc is the dwell time, if the code epoch is 1 ms as for Galileo and
GPS [77] and N0 is the noise variance after 1 ms integration. In order to compute
the MAT, the false alarm probability is associated with some penalty factor Kp,
which represents the time lost if a false alarm occur. A generic method to estimate
the penalty factor according to the application has not been documented yet in the
literature, a typical addressed range being between 1 and 106 [153], [147], [156].

If the SNR is high, it is easy to set a threshold that provides a low probabil-
ity of false alarm (denoted here by Pfa) and also a low risk of missed detection.
As the SNR is reduced, this is no longer possible due to significant overlap of
signal distributions. One possible solution to decrease the acquisition time, is
to dismiss the impossible code as soon as possible, by repeated observation on
the same region, i.e., a multiple-dwell scheme. By introducing a second integra-
tion time (or multiple integration time), the correctness of the previous decision
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can be verified, and hence, the false alarm case can be avoided more effectively.
This multiple integration time (multiple-dwell) based idea was introduced in [41]
and a comprehensive comparison between different multiple-dwell schemes was
presented in [42], [53]. It was shown in [42] that the multiple-dwell approach typ-
ically yields a shorter mean and standard deviation acquisition time than the single
dwell scheme, and this performance is enhanced when the false alarm penalty time
is increased. Another approach is to use either a fixed or a variable dwell time de-
tector [99]. A fixed dwell serial search, such as the M of N search detector [99]
does not take advantage of any a priori knowledge of noise statistics in the chan-
nel and the same time is spent investigating synchronous cells as non-synchronous
cells. A variable dwell time detector (known also as sequential detector) makes
a Boolean decision that a signal is present based on predefined criteria, thus the
integration time is a random variable, being short for non-synchronous cells and
longer for synchronous cells. Therefore, using a variable dwell time serial search
strategy, the time to dismiss each wrong epoch is usually less than the dwell time
of a fixed dwell serial search synchronizer [165], [200], [84].
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Figure 4.4: Block diagram of the multiple-dwell acquisition structure.

The block diagram of a multiple K-dwell acquisition structure is shown in
Fig. 4.4. The coherent integration is performed in frequency domain, via an FFT
block, for a faster scanning, in order to cover 1 kHz window length in frequency.
The coherent Nck

and non-coherent Nnck
integration intervals may take different

values for each dwell stage k = 1, ... ,K.
In [104] and [119], the choice of the best number of dwells for a hybrid-search

strategy was discussed. In [104], it was shown that single-dwell architectures
may still perform better than double-dwell structures, for some values of penalty
factors associated with the false alarm rate. The same conclusion has been drawn
also in [119], where it was stated that for low to moderate penalty factors, even a
single dwell structure can provide sufficient good results, keeping thus the system
complexity at minim. Moreover, besides aiming at a low acquisition time, there
are constraints for the receiver system in order to attain a target global detection
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probability and a target global false alarm, for any number of dwells K , i.e., Pd =∏K
k=1 P

(k)
d and Pfa =

∏K
k=1 P

(k)
fa . In some applications, it is interesting to fix

both the detection and the false alarm probabilities from the beginning, and to
vary the dwell time until the target performance (i.e., the target Pd and Pfa pair)
is achieved. Therefore, the optimum detection and false alarm probabilities at
each stage should be chosen in such a way to achieve a minimum MAT.

In this context, a comprehensive analysis of the choice of detection and false
alarm probabilities at each stage of a double-dwell structure was proposed in [P2],
by studying the average and maximum MAT behavior for different possible com-
binations of detection and false alarm probabilities at each dwell stage. If the
P

(k)
d and P

(k)
fa parameters of a double-dwell structure are properly designed, the

double-dwell structure is typically better in terms of MAT than a single dwell
structure, when high penalty factors and low time-bin steps are used. For hybrid-
search and multiple dwells, closed-form expressions of MAT are hard to find in
literature. In [119] is one example, where MAT for multiple-dwells hybrid-search
is derived. The traditional acquisition has been addressed until now, while the
next two sections will present enhanced algorithms and methods that can be used
to improve the acquisition performance.

4.5 Differential correlation methods

The Differential Correlation (DC) method has been proposed in the context of
CDMA-based wireless communication systems in order to improve the acqui-
sition process. Since the performance of non-coherent processing may be poor
due to combining loss when correlation of matched filter is high, the differential
method can be seen as a phase compensation method. A phase reference of the
current matched filter output is provided by the previous matched filter output
in the differential detection [91]. This approach offers an improved suppression
of any temporally uncorrelated interferences, such as background noise and multi-
access interference. Either coherent [91], [173], [208], [47], [175] or non-coherent
differentially combining is used [142], depending on how the test statistic is con-
structed. For instance, one variant of differential correlation method multiplies
each current predetection sample with the complex conjugate of the previous pre-
detection sample, accumulates these products and takes the squared envelope at
the very end, leading to the test statistic:

zDC =

∣∣∣∣ 1

M − 1

M−1∑
k=1

yk
�yk+1

∣∣∣∣2, (4.4)

where yk are the outputs of coherent integration and M is the differential cor-
relation length. For a fair comparison between conventional non-coherent and
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differential correlation method, M needs to be set equal to Nnc, where Nnc is the
non-coherent integration length. If prior differential processing, the coherent inte-
gration time is small enough, long time differential correlations can be exploited
[142]. The acquisition variable of an enhanced method which takes advantage
of the above property is given by eq. (4.5). Over the previous mentioned differ-
ential correlation method, this approach offers an improved suppression of any
temporally uncorrelated interference [142].

zDC2
=

∣∣∣∣ 1

M − 2

M−2∑
k=1

yk
�yk+1 + yk

�yk+2

∣∣∣∣2, (4.5)

The acquisition of BOC-modulated signals using differential correlation meth-
ods, in conjunction with the Sidelobes Cancelation Methods (SCM), were studied
in publication [P9], where it was shown that these methods enhance further the
performance when comparing to the traditional non-coherent processing. The per-
formance of the non-coherent differential correlation methods is also presented in
Appendix. The SCM method will be described in Chapter 5, Section 5.3.

4.6 Unambiguous acquisition of BOC-modulated signals

As shown in Chapter 2, the acquisition of BOC-modulated signals, based on the
ambiguous correlation function, poses some challenges, which can be overcome
by decreasing the search step of timing hypotheses. In order to detect the main
peak of absolute value of ACF, the search step should be typically a quarter (or at
most half) of the width of the main lobe. As this width is dependent on the NBOC1

and NBOC2
modulation orders, the acquisition becomes computationally expen-

sive for higher BOC modulation orders. As an example, for CosBOC(15,2.5) case,
proposed for Galileo PRS services, the width of the main lobe of ACF envelope
is 0.08 chips, therefore a search step smaller than 0.04 chips should be used for
accurate acquisition. Therefore the acquisition time will increase tremendously
compared to the BPSK modulation case, where a step of 0.5 chips is typically
used. In order to deal with the ambiguities of the ACF envelope and to allow the
usage of a higher step in the acquisition process, various unambiguous acquisition
techniques have been proposed recently. Among these there are: the ’Sideband
correlation’ or ’BPSK-like’ approaches [10], [20], [63], [129], [81], and the Filter
Bank-Based method [128], [123], which are detailed next. A SubCarrier Phase
Cancelation Method (SCPC) was also proposed in [81] and extended in [177] to a
Full-band Independent Code acquisition (FIC). The SCPC method is based on the
idea of removing the sub-carrier from the received signal, after carrier removal.
The FIC method was further analyzed in [176]. The SCPC method was imple-
mented on a FPGA/DSP board in [28], which shows that this method offers lower
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time to first fix compared with the ’BPSK-like’ (or the ’Sideband Correlation’)
method. Another approach mentioned in [81] is the Very Early + Prompt method,
which works on the basis that if the magnitudes of two correlation values of the
BOC signal, separated by an appropriate delay, are combined, then it results in a
correlation waveform whose shape is similar to the BPSK triangle.

4.6.1 ’Sideband correlation’ or ’BPSK-like’ techniques

One of the families of unambiguous acquisition techniques introduced so far in
literature uses single- or dual- sideband correlation and it was proposed by Betz,
Fishman&al. (B&F) [10], [20], [63] and analyzed in [62], [122], [177]. The block
diagram of the dual sideband correlation method (B&F) is shown in Fig. 4.5, with
the spectrum exemplified for SinBOC(1,1) modulation case. The main lobe of
one of sidebands of the received signal is selected via filtering and is correlated
with the filtered BOC-modulated reference code, which is assumed to be real.
In single sideband (SSB) processing approach, only one of the bands (upper or
lower) is used. The SSB correlation method needs one complex sideband selection
filter for the real reference code and two complex sideband selection filters for the
received signal, which is complex. However, since the SSB approach suffers of
SNR degradation and non-coherent integration losses [63], in order to compensate
these losses, dual sideband processing (DSB) might be used, where both sidebands
are kept and combined non-coherently. On the other hand, the DSB approach
leads to a higher complexity, since the required number of filters is twice than in
SSB processing. Since the effect of sub-carrier modulation is removed by using
a pair (or a single) sideband correlators, the correlation function is no longer of a
BOC-modulated signal, but it will resemble the ACF of a BPSK-modulated signal.
However, due to filtering and correlation losses, there is a power degradation in
the signal level compared to the BPSK case.

Another ’BPSK-like’ method (M&H) proposed by Martin&al. [129] and by
Heiries&al. [81], [82] selects both the main lobes and the lobes between them (if
any), as shown in Fig. 4.6, for a SinBOC(1,1)-modulated signal and DSB pro-
cessing. The reference code is the BPSK-modulated code, held at sub-sample rate
and shifted with a quantity equal to the sub-carrier frequency ±fsc, or equiva-
lently with ±NBOC1

2 fc, and not the filtered BOC-modulated reference code, as in
the B&F approach. Compared to the sideband correlation method of B&F, this
technique has the advantage that uses only one real filter for the complex received
signal, for both SSB and DSB processing. This is equivalent with two real filters,
one for the in-phase component and one for the quadrature-phase component. On
the other hand, simulation results showed that, due to an improper shifting factor,
the ’BPSK-like method’ (M&H) is unable to cope with odd NBOC1

modulation
orders [P4], [P5], [P6].

The performance of the unambiguous acquisition techniques depends, on one
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hand, on the correlation part, and on the other part, on the number of filters used
for band selection. If the correlation is performed in time-domain and the refer-
ence code is a sequence of ±1, the complex multiplication between the received
signal and the reference code can be performed just by additions and sign inver-
sions, as explained in [105].
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Figure 4.7: Block diagrams of proposed unambiguous acquisition methods.

Taking advantage of this time-domain correlation method, low complex un-
ambiguous acquisition approaches have been proposed, which are modifications
of B&F and M&H techniques [P4], [P5], [P6]. Besides reducing the complexity at
correlation part, these unambiguous acquisition techniques attempt also to reduce
the number of used filters. Their generic architecture is illustrated in Fig. 4.7 and
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they are briefly revised in what follows. In order to take advantage of the correla-
tion method from [105], these unambiguous algorithms use the BPSK-modulated
PRN reference code of ±1. In contrast with B&F method, in the modified vari-
ant the main upper or lower lobes of the received signal are first shifted to zero
frequency (with a shifting factor dependent on BOC-modulation order), then the
upper and/or lower bands are selected via filtering. In the modified M&H method,
the same processing is used, with the difference that both the main lobes and ev-
erything between them (if any) are selected [P4], [P5]. Using similar processing,
but removing completely the filtering part, a third approach, the Unsuppressed Ad-
jacent Lobes (UAL) method, was introduced in [P6]. This technique provides the
lowest complexity, since no side-lobe filtering is needed, but on the other hand, the
unsuppressed adjacent lobes may affect the performance of the acquisition block.
Unlike the M&H method, the proposed unambiguous acquisition algorithms in-
troduced in [P4], [P5] and [P6] can be applied to any sine and cosine, even and
odd BOC-modulation order. Moreover, a improved acquisition structure can be
obtained by inter-changing the places of the shifting unit with the filtering unit,
since the number of filters used for sideband selection is thus reduced [P5].
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Figure 4.8: Illustration of normalized envelope of correlation functions after pro-
cessing with the proposed low-complexity unambiguous methods.

The envelopes of normalized correlation functions after processing with the
proposed low-complexity unambiguous methods are illustrated in Fig. 4.8, for
an even BOC modulation order (SinBOC(1,1), left plot) and for an odd BOC
modulation order (SinBOC(15,10), right plot), respectively. Both SSB and DSB
processing are represented. As it can be observed, the ’re-constructed’ BPSK-
like shape of correlation function eliminates the ambiguities introduced by BOC
modulation and allows the use of a higher step in sweeping the uncertainty time,
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which may speed up the acquisition process.
The complexity of the unambiguous acquisition methods depends on both cor-

relation and filtering (sideband selection) parts. A detailed comparison of the
estimated complexity of existing and proposed unambiguous acquisition meth-
ods was performed in publications [P5] and [P6]. In order to take advantage of
the method proposed in [105], the correlation was considered to be performed in
time-domain. The reference code was considered to be a sequence of ±1 and
due to this code structure, there were no multiplications involved, only additions
and sign inversions were required [105]. As shown in [P5] and [P6], there is a
trade-off between the complexity of the acquisition unit and the algorithm per-
formance. For example, the B&F method has the best performance, but also the
highest complexity, and the complexity of M&H approach is only slightly smaller
than that of B&F algorithm. All three proposed algorithms (i.e., modified B&F,
modified M&H and UAL) provide a significant decrease in complexity. The gap
between the proposed and the existing methods’ complexity increases with the
assumed maximum delay search range. If the NBOC1

order is sufficiently high,
the best trade-off between the performance (in terms of detection probability and
mean acquisition time) and the complexity is given by SSB UAL method [P6].
For lower NBOC1

orders, the modified B&F approach has a similar performance
with the original B&F method, while its complexity is significantly lower. Even
if the most part in complexity reduction is due to correlation method, a further de-
crease in complexity can be obtained by choosing suitable filtering structures for
sideband selection. The filtering impact in context of unambiguous acquisition
method will be considered in Chapter 6.

4.6.2 Filter Bank-Based approaches

A generalized class of frequency-based unambiguous acquisition methods, the
Filter-Bank-Based (FBB) approaches have been introduced and analyzed in [128]
and [123]. The block diagram of the FBB method is shown in Fig. 4.9. There
are 2Nfb filters used in the filter bank (with adjustable center frequency, and, pos-
sibly, adjustable width) to filter both the received signal and the reference BOC-
modulated PRN code. After coherent and non-coherent averaging, the correlation
outputs are added non-coherently and a test statistic is formed, which is compared
with a threshold, in order to determine the presence or absence of signal. Each
of the two main frequency lobes (positive and negative) of the BOC-modulated
signal and of the reference code can be split into several sub-bands (or pieces),
with the help of the bandpass filters. Since most of the signal power is contained
in the main spectral lobe, in [123] the filter banks were applied in order to select
the main lobe content only. Either one or both bands may be used in the com-
bining, having thus either SSB or DSB FBB methods. If SSB FBB is used, the
number of bandpass filters Nfb and the number of pieces Npieces are equal. If
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DSB processing is employed then Nfb = 2Npieces.
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Figure 4.9: Block diagram of the Filter-Bank-Based acquisition method.

The FBB method may be implemented in two ways, which are described next.
In the ’equal frequency width’ FBB method (denoted by FBBefw), all filters from
the filter bank have equal frequency bandwidths. The division into frequency
bands for FBBefw method is illustrated in Fig. 4.10 (left plot) for SinBOC(10,5)
modulation and DSB processing. The same filters are applied to both received
signal and reference code, as illustrated in Fig. 4.9. The correlation was done
piece by piece and a single ideal rectangular filter with adjustable center frequency
was used to scan the useful frequency range. However, the correlator outputs will
have unequal powers since the selected part of frequency spectrum have unequal
powers. In both cases Npieces=4. In the ’equal power’ FBB (FBBep), the filters
have variable width, chosen in such a way to let the same power to be passed
through them (Fig. 4.10, right plot). Thus, wider filters are used in the low power
frequency regions and narrower filters in the high-power frequency regions. Since
most of the signal power is contained in the main spectral lobe, both filter bank
methods have been applied in such a way to select the main lobe content only, but
optimal frequency band to be passed is a topic of further research [123]. It should
be noted that when Npieces=1 and BOC modulation is used, both equal-frequency
width and equal-power FBB methods are similar with the sideband correlation
method of Betz&Fishman.

The effect of FBB on correlation function is illustrated in Fig. 4.11, for DSB
processing and Npieces=4. Both un-normalized (left plot) and normalized by the
maximum signal amplitude (right plot) cases are presented. The ACF here refers
to the absolute value of the correlation function. The signal is SinBOC(1,1)-
modulated in left plot and SinBOC(15,10)-modulated in right plot. Since the
frequency bandwidth before correlation decreases, the width of the main lobe of
correlation function will increase. Compared to the ambiguous-BOC processing,
after FBB processing the theoretical increase in the width of the main lobe is about
Npieces, but due to the noise and multipath effects, this increase may be actually
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Figure 4.10: Illustration of division into frequency bands for the equal-frequency-
width, respectively equal-power FBB acquisition techniques.
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lower [123]. On the other hand, it can be observed from the left plot of Fig. 4.11
that there is also a strong degradation in signal power at correlation output.
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Figure 4.12: Time-step bins needed to achieve a target detection probability, for
FBB and B&F unambiguous acquisition methods, average (left plot) and worst
(right plot) cases.

In order to have a fair comparison between the FBB and other unambigu-
ous methods (i.e., B&F), it is necessary to determine the time-bin step needed to
achieve a target detection probability, at fixed CNR and fixed false alarm. Fig.
4.12 illustrates the time-step bins necessary in order to meet a certain Pd at a false
alarm probability of Pfa = 10−3, for a SinBOC(1,1)-modulated signal. Also, the
MAT values are shown for both average and worst detection probabilities cases,
considering a penalty factor Kpenalty=1. The DSB B&F method is compared with
the DSB FBB, with 2 equal-power filters per sideband (i.e., Npieces=2). For ex-
ample, at CNR=31 dB-Hz, in order to achieve an average Pd ≈0.9, the DSB B&F
needs a step of (Δt)bin ≈1.3 chips, which corresponds to a MAT of 70.62 s, for
a single-frequency serial search and 4092 chip length code. To meet the same
target, the DSB FBB method needs a (Δt)bin ≈2 chips, which corresponds to a
MAT of 48.96 s. Thus, the time-step bin can be about 38 % higher for DSB FBB
than for DSB B&F case and about 44 % in the acquisition speed could be gained.
However, these values hold for high enough CNR, and below a certain CNR limit
the B&F method is better than the FBB method [128].

It should be noted here that the unambiguous approaches presented in this
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chapter can be employed also, to a certain extent, at tracking stage. However,
they tend to round and widen the main lobe of ACF and, since for accurate delay
tracking, preserving a sharp peak of ACF is a pre-requisite, these methods are
better suited to be used at acquisition stage. Unambiguous tracking methods of
BOC-modulated signals are presented in the next chapter.
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Chapter 5

Tracking of Galileo and GPS
signals

After initial acquisition of rough estimates of frequency and code phase parame-
ters, perfectly aligned carrier and code replicas are necessary to be tracked long
enough in order to be able to demodulate the signal. Two tracking loops, one for
the carrier and one for the code are used to track these carrier and code replicas.
In closed loop operation, the carrier NCO is controlled by the carrier tracking
loop, which can be a frequency and/or a phase locked loop. In Phase Lock Loop
(PLL) operation, the carrier tracking loop tries to keep zero phase error between
the replica carrier and the incoming carrier signal. Any misalignment produces a
non-zero phase angle of the prompt In-phase (I) and Quadrature-phase (Q) vec-
tor magnitudes, which drives the carrier tracking loop to correct the amount and
direction of phase [92]. A very commonly used PLL is known as Costas loop,
which is typically preferred since its performance does not depend on the phase
shifts caused by the data bits [103]. The Frequency Lock Loop (FLL) performs
the carrier wipe-off by replicating the approximate frequency, which is preferred
until the receiver closes its carrier tracking loop. In general, a well-designed re-
ceiver starts tracking using a FLL discriminator and a wide band carrier loop filter.
It gradually moves to a wideband PLL and finally, when tracking is stable, it is
translated to a narrow PLL [99]. Then the I and Q signals are correlated with the
replica codes and the code NCO is controlled by the code tracking loop, typically
in a closed loop operation. In what follows, an overview of the code tracking
process is provided, starting with a discussion regarding the main feedback algo-
rithms and continuing with feedforward tracking algorithms. Next, a comprehen-
sive description of the advanced unambiguous multipath mitigation algorithms is
provided.
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5.1 DLL-based methods

In the code acquisition process, the delay error between the input signal and the
locally generated replica code is reduced to less than one chip. The goal of the
code tracking loop is to further reduce this error to zero as close as possible and
to track any changes in the code delay. In general, code delay estimators (or
code tracking algorithms) can be categorized as either feedback or feedforward
estimators [118], [124]. The main characteristic of feedback estimators is that the
estimated delay is fed back to the tracking loop so that it can be used to the next
estimation stage. Feedforward methods use an open loop structure, without any
feedback information and they are based on a threshold computation which should
be determined according to the channel condition [118], [124], [120].

The main algorithms usually used for GPS and Galileo code tracking, pro-
vided a sufficiently small Doppler shift, are based on a feedback delay estimator
and they are implemented based on a feedback loop. The most known feedback
delay estimators are the DLLs [10], [16], [17], [9]. The DLL can be designed as
either coherent or non-coherent [109], [118], [120]. The coherent DLL requires
the PLL to be in lock [23]. Non-coherent DLL uses nonlinear devices, such as
squaring or absolute value, in order to remove the effect of data modulations and
channel variations [118] and it is typically preferred, since it is able to track the
code with the navigation data bit present and it is independent of the phase of the
local carrier wave [23].
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Figure 5.1: DLL block diagram.

A DLL block diagram is presented in Fig. 5.1 [23]. The input signal is multi-
plied (in three branches) with an early, an in-prompt and a delayed replica of the
PRN code, nominally generated with a spacing of ±Δ chip. The discriminator
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correlator spacing Δ between the in-prompt and early codes determines the noise
bandwidth in the DLL. If Δ is larger than half of the chip, the DLL would be able
to handle wider dynamics [23]. On the other hand, narrower spacing will provide
reduction of tracking errors in the presence of multipath [193]. The outputs of
early, prompt and late correlation channels are integrated and dumped and these
integrations indicate how much the code replicas correlate with the code in the
incoming signal. When there is a phase error on the local carrier, i.e., the local
carrier drifts compared to input signal, the signal energy will be in both in-phase
and quadrature arms. In this case, the tracking loop has to use both the in-phase
and quadrature arms to track the code [23]. The difference between the early and
late correlations is referred to as discriminator function and produces an error sig-
nal which is driven to zero by the DLL in normal tracking operation. The most
common DLL structure is the so-called Early-Minus-Late (EML) discriminator.
For example, a non-coherent EML power discriminator function is given as:

DEML(τ) = (IE
2 + QE

2)− (IL
2 + QL

2), (5.1)

where IE , IL, are the in-phase, and QE , QL are the quadrature-phase early and
late correlation outputs, respectively.
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Figure 5.2: Code tracking exemplification for EML discriminator.

Fig. 5.2 [23] exemplifies the code tracking process for an EML DLL discrim-
inator, with a correlator spacing Δ of half of the chip. In Fig. 5.2(a) the late code
has the highest correlation, so the code-phase should be delayed. In Fig. 5.2(b)
the code phase is properly tracked, since the highest peak is located at the prompt
replica and the early and the late replicas have equal correlation output. The clas-
sical tracking structure for spread spectrum systems is the wide correlator, where
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the two correlators used to form the discriminator function as in eq. (5.1) are
spaced at 0.5 chips or 1 chip from each other [193], [194], [189].

5.2 Enhanced feedback tracking algorithms

In order to mitigate the effect of multipath, especially in closely-spaced multi-
path scenarios (i.e., successive paths are spaced at most one chip apart), several
enhanced DLLs techniques have been proposed. One of the first approaches to
reduce the influence of multipath is the Narrow Early Minus Late (NEML) tech-
nique, introduced for GPS receivers by NovAtel [193], [58], [59], [24]. The
NEML method uses the same discriminator function as the wide correlator, but
reduces the tracking errors in the presence of both noise and multipath by reduc-
ing the spacing between the early and the late codes to less than 1 chip. Multipath
effects are reduced since the narrow DLL discriminator is less distorted by the de-
layed multipath signal [193], but the narrow correlator performance is somehow
limited in closely-spaced multipath scenarios [90]. Correlator spacings of 0.1
or 0.05 chips are commercially available for GPS. This approach requires wider
precorrelation bandwidth and higher sampling rates [193]. However, if available
bandwidth is BW , then there will be no gain in delay tracking performance by
decreasing Δ below 1/BW [196]. On the other hand, the linear range of the dis-
criminator, which establishes the maximum delay error acceptable from the ac-
quisition stage/the pull-in range (and thus the Mean Time to Lose Lock (MTTL)),
has better performance with higher Δ spacing. Also, the noise loop performance
is affected by Δ spacing and a good delay-tracker should operate until very low
CNR.

Another DLL with a potential of multipath error reduction higher than the
classical EML discriminator is the Dot-Product (DP) discriminator [193], [24].
The discriminator function for a non-coherent DP DLL can be expressed as [23]:

DDP (τ) = IP (IE − IL) + QP (QE −QL), (5.2)

where IP and QP are the in-phase and quadrature-phase prompt correlation out-
puts.

In [57], it is shown that, for moderate correlator spacing, a DP DLL dis-
criminator offers a larger potential of multipath error reduction than an EML dis-
criminator due to significantly smaller mean code phase tracking error. However,
there is a tendency that the difference between the mean code phase tracking error
obtained by an EML and DP discriminator decreases with decreasing correlator
spacing Δ [57].

The performance of a DLL is well-characterized by the so-called S-curve,
which presents the expected value of the error signal as a function of the code
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Figure 5.3: S-curves for non-coherent EML, single-path channel.

mismatch [71], [179], [120]. The S-curve illustrates the fact that searching for
maxima in the correlation function is equivalent to finding the zeros of the gradi-
ent, which can be approximated by first-order differences [118]. Examples of S-
curve for a wide (Δ = 0.5 chips) and a narrow (Δ = 0.05 chips) non-coherent EML
discriminators are illustrated in Fig. 5.3. The channel is assumed static and the
signal is SinBOC(1,1)-modulated in the left plot and CosBOC(10,5)-modulated
in the right plot. The correct delay of the LOS path can be estimated by finding
the zero-crossing [118]. As it can be observed, due to side-lobes peaks ambigu-
ities brought by BOC modulation, there are some false lock points which may
be tracked erroneously. Therefore, for BOC-modulated signals, the search range
should be decreased to less than two chips, as it is for BPSK modulation. For
example, as seen in Fig. 5.3, for SinBOC(1,1), the search range should be be-
tween -1/(2NBOC1

) and +1/(2NBOC1
) chips, in order to avoid the risk of false

lock tracking. This situation becomes even more challenging in the presence of
randomly separated multipaths, as the tracking algorithms should deal with both
ambiguities and multipath propagation problems.

In the ideal case, for the LOS path, the discriminator function passes through
zero when local code-delay is zero. However, when multipath is present, the in-
coming code, correlation function and consequently discriminator function are
distorted. Two examples of S-curve behavior of a non-coherent narrow (Δ=0.05
chip) EML discriminator, in the presence of distant and closely-spaced paths, are
shown in Fig. 5.4. In this example, the signal is SinBOC(1,1)-modulated. The
presence of a multipath component is signalled here by the zero-crossing from be-
low in the S-curve [118]. Equivalently, the zero-crossings from above are some-
times used [73]. In Fig. 5.4 a two-path Rayleigh fading channel was assumed,
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Figure 5.4: S-curves for non-coherent EML with SinBOC(1,1) modulation, in
presence of distant paths (left plot) and in presence of closely-spaced paths (right
plot).

with average tap power of 0 and -1 dB, with multipath spacings equal to 1.5Tc

(distant paths) and to 0.5Tc (closely spaced paths), respectively. When channel
paths are sufficiently apart (as in Fig. 5.4, left plot) the zero crossing show cor-
rectly the presence of multipath components, the extra-zero crossings being due to
BOC-modulation effect. When the paths are closely-spaced (as in Fig. 5.4, right
plot), the correct path delay cannot be distinguished any more from the S-curve
output.

In this context, advanced code tracking algorithms, which offer both multi-
path error reduction and unambiguous tracking, are needed. One family of track-
ing loops for Galileo and GPS are the so-called Double Delta (ΔΔ) correlators
which use more than three correlators in the tracking loops. Typically, four in-
phase/quadrature-phase correlators are formed: two early and two late (with re-
gard to the sampling point of interest), denoted in what follows as VE (very early),
E (early), L (late) and VL (very late). The generic name comes from the design of
ΔΔ technique, where the spacing between the wider correlator pairs (i.e. VE and
VL) is usually twice the spacing between the narrow correlators pair (i.e. E and
L). The discriminator function for ΔΔ method can be expressed as:

DΔΔ(τ) = a

(
(I2

E + Q2
E)− (I2

L + Q2
L)

)
− b

(
(I2

V E + Q2
V E)− (I2

V L + Q2
V L)

)
, (5.3)

where a and b are two variables of the model. The ΔΔ concept is known under
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different designs and several code discriminators may be set up by forming linear
combinations out of the four correlators. For example, in [130], the values for a
and b are set to 1 and 1

2 , respectively, which is well-known as High Resolution
Correlator (HRC). Also, the Strobe Correlator of Ashtec [65], [25], [202] the
Pulse Aperture Correlator of NovAtel [93] or the Multipath Mitigation of Leica
[185] have the similar performance as HRC and they slightly differ with respect
to their actual implementation and parameters [90]. Similar with the ΔΔ concept
is the Shaping Correlator family, which uses a linear combination of multiple
correlators, by shaping the reference sequence in order to narrow down the main
lobe and to eliminate the multipath effects [66].

Another correlator structure closely related with ΔΔ correlators class is the
Early1/Early2 tracker [194], [90] which uses two correlators located on the early
slope of correlation function with an arbitrary spacing. The corresponding ampli-
tudes are compared with the amplitudes of an ideal reference correlation function
and some delay correction factor is computed by comparing the measured and
reference amplitudes. This method brings some improvement over HRC or strobe
correlators for very short delays [90]. Compared to the narrow correlator, the
ΔΔ correlators approach brings an visible gain in positioning accuracy for both
Galileo and GPS, [6] and it represents the current state of the art in many current
receivers.

In contrast with the discriminator-based multipath mitigation methods, other
DLL methods use some form of multipath interference cancelation, by estimating
not only the delay of the LOS path, but also the delays, phases, and amplitudes of
the NLOS paths. One example is the Rake DLL [64], [110], which uses a sepa-
rate multipath channel estimation unit to estimate the interfering path parameters
[124]. Another algorithm which is conceptually close to Rake DLL is the DLL
with Interference Cancelation (IC). The DLL with IC estimates the interfering
path effect and subtracts it from the output of the finger, tracking the path of in-
terest [124]. Also, DLL with interference minimization has been proposed, which
filters adaptively the outputs of correlators in order to minimize the multipath ef-
fect [124].

A typical measure of performance for the ability of a delay tracking loop to
deal with multipath errors is the so-called Multipath Error Envelope (MEE) [25],
[130], [90], [202], [164]. The MEE is typically computed for two channel paths
(one direct path and one reflected path, with a certain variable spacing). For ex-
ample, in Fig. 5.4, the multipath error is the distance on x-axis between the zero-
crossing point which would happen in single-path case and the zero crossing point
which really happens due to multipath. In order to find out the MEE, the multipath
errors are computed for worst-case multipath scenario, meaning that, in one case
when the two paths are added in-phase, the relative multipath phase is 0 (upper
MEE), and in the other case, when the two paths are out-of-phase, the relative
multipath phase is π radians (lower MEE) [25]. For more than two paths, the
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worst cases needed for MEE computation are not so easy to be determined, but,
they can be obtained via a maximum likelihood search.
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Figure 5.5: Multipath error envelopes for non-coherent wide EML, narrow EML
and HRC code tracking algorithms.

The semi-analytical MEEs computed for two paths, with the second path
power being 3 dB less than the first path are presented in Fig. 5.5. The de-
lay error in chips is converted in meters, for a SinBOC(1,1)-modulated signal
with one chip corresponds to 293.2551 meters [74]. For the wide EML dis-
criminator, the correlator spacing is set to Δ=0.5 chips, while both narrow EML
and HRC discriminators use Δ=0.05 chips. The SinBOC modulation order is
NBOC1

=2 and the oversampling factor is Ns=60. Therefore, an error less than
1

Ns×NBOC1

× 293.2551=2.4438 meters cannot be detected. As it can be observed
from Fig. 5.5, the narrow EML and HRC code tracking algorithms provide smaller
multipath errors than the wide correlator.

The feedback DLL-based methods perform well in single-path or multiple dis-
tant paths environment. In addition, feedback methods do not require to compute
thresholds as is the case for feedforward methods. The feedback DLL is still the
tracking structure of choice for many receivers nowadays, since only 3 correlators
are typically needed (or at most 5, e.g., for HRC or similar structures). How-
ever, the main drawbacks of the DLL-based methods include their reduced per-
formance in closely-spaced multipath scenarios under realistic assumptions (such
as the presence of error in the channel estimation process) [124]. They also have
relatively slow convergence [71], as well as the possibility to estimate the delays
with high estimation error due to feedback error propagation (i.e. the loss-of-lock
situation) [179], [118].
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5.3 Feedforward-based methods

The purpose of feedback methods is to keep the initial delay estimate as accurate
as possible, but once the lock is lost, the signal should be re-acquired. Feedfor-
ward delay estimators may be feasible alternatives to feedback tracking loops, in
terms of accuracy and reasonable complexity. Feedforward-based methods use an
open loop structure, where the estimation is done in a single step, without the need
of very accurate initial delay estimates from the acquisition process (delay errors
in the order of chips) [124], [120]. A general description of open-loop solution
for wideband CDMA application is provided in [118], [120]. The feedforward
methods are usually more complex than the feedback methods, since they usually
are based on a threshold computation (which should be determined according to
the channel condition) and they require a higher number of correlators and addi-
tional processing at the receiver [118]. However, it is possible to combine both
the feedback and feedforward delay estimation techniques in order to utilize the
advantages inherent in both the approaches [74].

The simplest feedforward delay estimators is the correlator or Matched Filter
(MF) method, where the LOS is determined based on the threshold computation,
computed according to channel conditions [86], [94], [124]. The threshold is
computed based on the ideal ACF of BOC-modulated signal by adding the sec-
ond highest peak with the estimate of the noise variance [124]. The LOS delay is
estimated as the first local maximum of the averaged correlation function which
is higher than the computed threshold. Another feedforward delay estimator uses
the non-linear quadratic TK operator, which was initially introduced for measur-
ing the real physical energy of a system and it has been recently used in CDMA
applications due to its good performance in multipath channels [73], [118], [120].
This method is similar with the MF estimator, with the difference that the thresh-
old computation and the delay estimation are performed on correlation function
after the TK operator has been applied [120]. The best results are obtained when
TK operator is applied after non-coherent integration, on the squared-absolute
value of the averaged correlation function [124]. This method is able to distin-
guish the peak corresponding to zero delay error among spurious sidelobes, which
are not completely canceled, but are much diminished after applying TK operator
[124]. One recent approach is based on the 2nd-order derivative of the correlation
function [112], [74]. This algorithm uses an adaptive threshold based on the cor-
relation function and the estimated noise level, and it could estimate the first path
delay even in multipath profiles where the first path power is less than or equal to
the consecutive path powers [74].

A technique which attempts to cancel the multipath errors by measuring the
distortion of correlation function is the Multipath Elimination Technique [188], re-
ferred also as Early-Late Slope technique [202], [90]. This method uses multiple
correlators spaced symmetrically, as closely as possible at the top of correlation
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peak and since it is not based on S-curve, it can work in both feedforward and
feedback configurations. The slopes at both sides of the central peak of the corre-
lation function are used to compute a pseudorange correction that can be applied
to the measured pseudorange [90].

A different approach is used by the maximum-likelihood methods, which try
to cancel the multipath interference via subtraction from the correlation function
of a certain reference pulse. One fine example of this approach is the Multipath
Estimation Delay-Lock-Loop (MEDLL) which attempts to reduce both the code
and carrier multipath errors by using several correlators (e.g., 6 to 10) per chan-
nel in order to determine accurately the shape of multipath-corrupted correlation
function [195], [197]. This algorithm also can be used in both feedforward and
feedback configurations. The MEDLL method decomposes the received signal
into their direct path and multipath components by determining the delays, phases
and amplitudes of each of the composite signals. Each estimated multipath cor-
relation function is in turn subtracted from the measured correlation function. A
reference correlation is used in order to determine the best combination of LOS
and NLOS components (i.e., the number of paths, delays, phases and amplitudes)
which would have produced the measured correlation function. Once this pro-
cess is complete, an estimate of the direct path of correlation function is obtained.
Finally, a standard early-late DLL may be applied to the direct path component
and an optimal estimate of the code loop tracking error is obtained [189], [190].
One important issue in implementing the MEDLL algorithm is an adequate refer-
ence correlation function which could be measured in the absence of any noise or
multipath, using a signal simulator and then stored in the memory of the receiver
[198].

Since the feedforward estimators do not depend on the previous estimates,
possibly erroneous, they have the advantage that they are less affected by the
residual initial error coming from the acquisition stage and by the cumulative error
propagation, as it is the case in feedback loops. However, compared to feedback
methods, they are more complex since they usually require more correlators and
are also sensitive to thresholds.

5.4 State-of-art unambiguous tracking algorithms

The BOC modulation gives a narrower center peak of the correlation function,
which offers a more accurate code tracking, compared with the case of BPSK-
modulated signals. However, as mentioned before, the side-peak ambiguity trig-
gers a new challenge in the delay estimation process which should be taken into
account together with the multipath problem. In order to cope with the sidelobe
ambiguity at the tracking stage, it is desired to remove the sidelobes while pre-
serving the narrow width of the main lobe. An unambiguous tracking algorithm

61



is introduced in [61]. This ’bump-jumping’ method performs amplitude compari-
son of the prompt peak with the neighboring peaks, assuming they are very-early
and very-late samples separated from the prompt one (i.e. one peak apart). If the
prompt peak is not the largest one, the tracker jumps to the largest values between
the other two gates and repeats the procedure until the prompt gate has the largest
amplitude. This algorithm does not always resolve the ambiguity issue [201] and,
in order to make the detection of incorrect tracking at low CNR, a long smoothing
time is needed [116]. This ’bump-jumping’ method is, to some extent, concep-
tually similar (from hardware implementation point of view), to HRC algorithm.
However, here the additional correlators are used only to check that the main peak
is on the prompt, but they are not used directly in the tracking [10]. A unam-
biguous tracker for GPS M-code signal was introduced in [54], [55], [56], [13].
Very similar with ΔΔ correlators, this Multiple Gate Delay (MGD) approach has
a larger number of early and late gates and appropriately chosen weighting fac-
tors used to combine them in the discriminator. By a judicious choice of number
of correlators, gate spacing and weighting coefficients, this method synthesizes a
tracker which is monotonic over the entire range of delays where ACF has sig-
nificant support [54]. It should be noticed that the term MGD was used also in
[85], where the unambiguous performance of MGD discriminator was not con-
sidered, but different design parameters, such as the weighting factors or gates
spacing were optimized. Another type of unambiguous tracking method is the
Partial Sideband discriminator which uses a linear weighted combination of the
upper and lower sidebands of the received signal [13]. However, these Partial
Sideband and MGD classes are very sensitive to the weighting factors and the
number of correlators, especially in the case of multipath distortion and may have
poorer performance than the narrow EML [74].

In order to be able to get rid of the false lock points due to BOC sidelobes, a
combination of narrow correlator and unambiguous wideband correlator was pro-
posed in [116], for SinBOC(10,5)-modulated signals. The unambiguous correla-
tion is obtained via sideband processing, by selecting the upper and lower side-
bands via filtering, and combining them non-coherently. This discriminator has
the advantages of less zero-crossings, while preserving a narrow linear region, but
it also suffers of noise penalty which increases as CNR decreases [116]. Another
unambiguous tracking and acquisition approach, described in [201], introduced a
novel replica code, which is used in various discriminator combinations in order
to eliminate the sidelobe ambiguities.

The above mentioned unambiguous tracking methods tend to destroy the nar-
row shape of the main lobe of correlation function, which may impair the tracking
process. An innovative unambiguous tracking method was introduced and studied
in [96], [97], [98], [43]. This method emerged while observing that by cross-
correlating a SinBOC(1,1) signal with its spreading pseudorandom sequence, the
shape of the sidelobe can be reconstructed. By subtracting this BOC/PRN corre-
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lation function from the ambiguous ACF, the sidelobe ambiguities can be com-
pletely removed while preserving the narrow width of the main lobe. Since the
correlation values spaced at more than 0.5 chips are very close to zero, this ap-
proach offers an improved resistance to long-delay multipath [96]. This unam-
biguous scheme has the disadvantage that it can only be applied to SinBOC(n,n)
signals. Also, in the method of [96], the BOC/PRN correlation should be com-
puted for each code epoch, which in turn increases the computation time at the
receiver. The solution proposed in [P7] and [P8], described briefly in the next sec-
tion, overcomes this disadvantage. The PRN-BOC correlation method of Julien&al.
has been extended to MBOC modulation in [37]. In there, an unambiguous dis-
criminator for the SinBOC(6,1)-modulated signal was produced, by combining
two BOC-PRN discriminators.

5.5 Sidelobes Cancelation Method

A new unambiguous tracking class has been introduced and analyzed in publica-
tions [P7], [P8]. This method, named in a generic way as Sidelobes Cancelation
Method (SCM), removes or diminishes the side-peak threats while keeping the
sharp shape of the main lobe. The SCM algorithm is explained in detail in [P7]
and [P8] and is summarized in what follows. For subtraction, an ideal reference
correlation function is computed as in eq. (5.4) which reconstructs the shape of the
sidelobes. This ideal reference function may be generated only once and stored at
the receiver.

R
ideal
sub (τ) =

NBOC1
−1∑

i=0

NBOC1
−1∑

j=0

NBOC2
−1∑

k=0

NBOC2
−1∑

l=0

(−1)i×j+k+l

ΛTB

(
τ + (i− j)TB + (k − l)

TB

NBOC2

)
, (5.4)

where TB = Tc/NBOC1
NBOC2

is the BOC interval, Tc is the chips period,
NBOC1

is the sine BOC modulation order, NBOC2
is the cosine BOC modula-

tion order and ΛTB
(·) is the triangular function with a width of 2TB chips and

unit maximum value, TB is the pulse duration and × is the product sign. In or-
der to remove the sidelobe ambiguities, the squared function Rideal

sub (τ) multiplied
by a weight factor w is subtracted from the ambiguous correlation between the
received signal and the reference BOC-modulated PRN code Ramb(τ):

R
ideal
unamb(τ) =

(
Ramb(τ)

)2

− w

(
R

ideal
sub (τ)

)2

, (5.5)
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The multiplication with the weighting factor w normalizes the ideal subtrac-
tion function in order to compensate for various channel effects, such as multipath
or noise, which can modify the amplitude power of Ramb(τ) function. After the
peak-magnitudes of Ramb(τ) function are sorted in ascending order, the weight-
ing factor w is computed as the ratio between the second local maximum and the
highest peak.

Fig. 5.6 illustrates the basic concept of SCM technique. Two BOC modulation
cases are exemplified: SinBOC(1,1) in the left plot, and CosBOC(10,5) in the
right plot. In both the cases, the sidelobes closest to the central peak, which are
the main threats in the tracking process, are removed after the subtraction process.
By comparison with the Julien&al. method, the SCM algorithm has the advantage
that it can be applied to any sine or cosine BOC-modulated signal. It also has
less computational complexity since the number of correlations at the receiver is
reduced by half, in contrast with Julien&al. approach, which uses two correlation
channels. Details are given in publications [P7] and [P8].
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Figure 5.6: Exemplification of SCM technique, single-path static channel. Left:
SinBOC(1,1) case. Right: CosBOC(10,5) case. Upper plots: BOC-modulated
signal and reference subtraction pulse. Lower plots: the correlation function after
SCM.

In order to cancel the correct sidelobes, one important step of this technique is
to align the subtraction pulse to the LOS path. This can be achieved by obtaining
an initial estimate of the LOS delay, using the multipath eliminating DLL concept,
as explained in [P7], [P8]. After obtaining an estimate of the channel impulse re-
sponse and removing the sidelobe ambiguities, the unambiguous correlation can
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be used in various feedback or feedforward tracking configurations, in order to en-
hance the performance in multipath channels. For example, in [P8], several SCM
enhanced algorithms were proposed and studied: SCM with NEML correlator,
SCM with HRC correlator, SCM with differential correlation, SCM with IC and
SCM with threshold comparison. Besides removing the side-peak ambiguities,
these methods could also bring an improvement in the presence of fading multi-
path channels in problematic scenarios (for example, in closely-spaced multipath
case). As shown in [P8], when using the SCM approach in feedback configura-
tion, the highest performance improvement was observed with the combination of
SCM and the narrow correlator. The combination of SCM and HRC did not bring
much improvement, since HRC already provides improved performance in multi-
path channels. When comparing the SCM enhanced by various feedforward delay
estimation algorithms, the best performance was obtained by the SCM combined
with IC and by the SCM with threshold comparison. As illustrated in [P7] and
[P8], the higher the used BOC modulation order was, the more advantageous was
to apply SCM technique in order to cope better with the false lock points.

The SCM concept was mainly targeted to be used at the tracking stage, since
it maintains the narrow width of the main lobe. However, this approach was found
to bring an improvement also at acquisition stage, when the search step of time
uncertainty was kept sufficiently small. The performance of SCM method, used
in conjunction with two differential non-coherent correlation methods [142] was
presented in publication [P9]. Also, more simulation results of the SCM method
used in signal acquisition, are presented in Appendix A.
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Chapter 6

Filter design consideration in
context of BOC-modulated
signals

For the GNSS systems, the frequency spectrum represents the most important re-
source, therefore it is important to achieve good spectral properties and suitable
spectral shaping. Even if theoretically GPS or Galileo signals are rectangular (in-
finite bandwidth) pulses, some form of band-limitation is introduced in practical
implementations, and this constraint is practically significant. Both acquisition
and tracking performances can be optimized by including a pre-filter, as a part of
the receiver matched filter, with the task of discarding the spectral regions con-
taining interference. In order to get a realistic assessment of the performance of
Galileo and modernized GPS systems, important receiver parameters, such as the
filter characteristics and the front-end (or pre-correlation) bandwidth need to be
considered. This chapter summarizes the bandlimiting constraints for Galileo and
modernized GPS systems. Several digital filtering structures which can be em-
ployed at receiver at various signal processing stages are then presented briefly
and the effect of the transition band is considered. The complexity coming also
from sideband selection part, for different unambiguous acquisition methods, is
finally considered.

6.1 Bandlimiting constraints in GNSS

Theoretically, the receiver bandwidth should be infinite in order to recover all
the spread-spectrum energy by the correlation process [99]. However, in order
to reduce the power consumption, mass-market receivers use limited bandwidth
through spectrum shaping of received signal. The front-end bandwidth determines
the amount of code information passed to the acquisition and it affects directly the
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code tracking errors. It also determines the amount of thermal noise introduced
into the correlator. Considering the GPS C/A signal as an example, a bandwidth
below the minimum null-to-null value (i.e. 2.046 MHz) filters out considerable
signal information, which causes some losses in the signal processing gain. A
larger bandwidth, on the other hand, allows more signal information along with
more noise. Since, about 90 % of the signal power is contained in the main lobe,
a bandwidth above 2 MHz does not provide much increase in the signal gain
compared to the increase in noise power [40], [99]. Selectivity insured by the
baseband digital filtering is more flexible and can be easily adapted to different
systems. Here, by pre-correlation bandwidth, BW , we understand the last band-
width before despreading operation (or code matched filtering). The optimum
bandlimiting pulse should distribute the pulse energy as close as possible to the
band edge in order to preserve optimally the received information. An additional
effect of filtering stage is the rounding and skewing of the signal autocorrelation
peak. Consequently, the correlation function at the receiver is distorted and it
becomes different from the autocorrelation in the ideal case (without bandwidth
limitation). It can be concluded that the pre-correlation bandwidth and the signal
modulation type of the incoming signal determine the actual shape of the correla-
tion function.
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Figure 6.1: ACF for bandlimited SinBOC(1,1) signal.

Fig. 6.1 illustrates the effect of the bandwidth limitation on the ACF shape,
for the SinBOC(1,1) signal, which assumes an ideal rectangular filter. For limited
bandwidth (i.e., BW = 4.092 MHz and BW = 2.046 MHz), the peak value is less
than one. This reflects the fact that the signal power is diminished by the ban-
dlimiting process. For BW = 2.046 MHz, the bandlimiting results in oscillations
outside the chip length region, which could lead to undesirable side-lobe effects
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Table 6.1: GPS and Galileo receiver bandwidths

Signal band Carrier frequency Receiver bandwidth
L1(C/A) 1575.42 MHz 2.0460 MHz

GPS L1(P(Y)) 1575.42 MHz 20.460 MHz
L2C 1227.60 MHz 2.0460 MHz
L5 1176.45 MHz 24.552 MHz
L1 1575.42 MHz 4.0920 MHz

Galileo E5 (E5a+E5b) 1191.795 MHz 51.150 MHz
E6 1278.75 MHz 40.920 MHz

in the case of multipath channels [23].
The double-sided bandwidths at the receiver front end and the carrier fre-

quency centers for both GPS and Galileo signals are summarized in Table 6.1,
according to [99], [78], [144], [26]. These bandwidths represent the null-to-null
bandwidths, used in order to include the main lobes of transmitted signals and
therefore they will apply to narrowband receivers. There is no common defini-
tion regarding the values which distinguish between narrowband and wideband
receivers, this rather depends on particular application and simulations settings
[24], [78], [152], [79], [186]. In this thesis, we consider a narrowband receiver
case, i.e. the receiver front-end double-sided bandwidth is selected in such a way
to include only the main lobes of incoming BOC-modulated signal.

Due to the desired low cost and robustness to jamming, commercial receivers
are usually narrowband receivers. As they operate in harsh RF environments,
they are less vulnerable to the out-of-band noise and interference, and they are
more robust against signal faults. However, narrowband receivers tend to have
relatively poor multipath performance, since the rounding of the correlation peak
becomes significant. On the other hand, wideband receivers provide better signal
resolution, more accuracy in the delay estimation process and, thus, improved per-
formance can be obtained if the receiver processes more than the main lobes [24],
[30]. Larger signal bandwidths allow the use of a very narrow correlator spacing
and thus better multipath mitigation performance [193]. The finite bandwidth ef-
fects are most apparent at medium and long delays with errors increasing by 20 %
to 40 % over the infinite bandwidth case [24]. The BOC signals have the advan-
tage of an increasing bandwidth, as the minimum receiver bandwidth is generally
twice the chipping rate for simple codes, while for BOC codes, this minimum re-
ceiver bandwidth is twice the sum of chipping rate and offset code rate [23]. For
example, in order to take advantage of the narrow correlator spacing, it is neces-
sary to sharpen up the ACF peak by using a higher pre-correlation bandwidth, so
that the correlators are operating in the linear range of discriminator. The sharper
the peak, the closer the successive correlators can be positioned with respect to
each other and thus the range estimate becomes more accurate [193]. However,
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by enlarging the pre-correlation bandwidth, the noise is enlarged too and, in this
case, it is more likely to get unacceptably large pseudorange errors in the presence
of satellite signal anomalies [152]. Another penalty when using the wideband re-
ceivers is that higher sampling frequency is required for wider bandwidths in order
to acquire the signal.

Since the GPS L1 and Galileo E1 OS will use the same frequency band (with
a center frequency of 1575.42 MHz), a dual-radio that operates with both systems
may be employed. The receiver bandwidths and sample rates should be chosen in
order to match the received signal power. Considering the full system bandwidths,
the minimum received power specified for the Galileo L1 data modulated signal is
essentially the same as that one specified for the GPS C/A code. Hence the GPS
and Galileo signal bandwidths can be selected in such a way that the same power
is received for both. In this case, the receiver bandwidth should therefore be large
enough in order to allow the use of narrow correlation, but it also should be small
enough in order to avoid the use of too high sampling rates [138]. For example,
for OS signal candidates on E1/L1 band, mass-market narrowband receivers with a
bandwidth of 4 MHz are specified [78]. Also wideband receivers with a bandwidth
of 24 MHz are specified in [78].

In this context, it is important to set a sufficiently high bandwidth in order to
insure the transmission of information at the rate and with the required quality
under specific conditions [161], [162]. For navigation systems, a relevant perfor-
mance measure is given by the power containment bandwidth, which represents
the percentage of the signal power contained within a certain bandwidth and which
is directly related to the demodulation and the tracking properties of the signal.
The smaller the power containment bandwidth needed for a certain power con-
tainment, the better the bandwidth efficiency that can be achieved [162]. Fig. 6.2
shows the power containment factor ε versus the bandwidth for several BOC and
BPSK modulated signals [125]. It can be seen from Fig. 6.2 that a double-sided
receiver bandwidth of about 1.7 MHz is needed for BPSK-modulated signals in or-
der to capture at least 90% of the signal power, while the bandwidth requirements
for SinBOC(1,1) and MBOC signals with the same 90% power containment are
6.2 MHz and 12.1 MHz, respectively. For SinBOC(1,1)-modulated signal, 85.57
% of the signal power is contained within 4.092 MHz (double-sided) null-to-null
bandwidth. For the PRS CosBOC(15,2.5)-modulated signals, 77.45 % of the sig-
nal power is contained in 40 MHz bandwidth, and increasing the band above 40
MHz gives very slow improvement. The PRS candidate cannot achieve more than
80 % containment with realistic bandwidth, i.e., up to 60 MHz [15], [125].

6.1.1 IIR versus FIR filters

Even if, theoretically, the GPS and Galileo signals are born with rectangular (in-
finite bandwidth) pulses, the bandlimitation, using real filtering, affects on the
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Figure 6.2: Power containment for BPSK, SinBOC(1,1) and CosBOC(15,2.5)-
modulated signals.

pulse shaping. The filtering has the role to allow only certain frequencies to pass
and to attenuate the others. Typically, the filtering adds a delay to the incoming
code relative to the local code. Therefore the ACF peak does not correspond to
zero-time delay error and this delay bias should be compensated. Among other
receiver front-end components, the various filters employed at different receiver
stages are meant to condition and preserve optimally the received signal power.
Since the practical filters always introduce some level of attenuation, some filter
structure could be more suited than other, depending on filter’s specific role and
on its properties.

The choice between various digital filters, in the context of filtering require-
ments, affects both the filter design process and the implementation of the filter.
Some characteristics of the digital filtering structures, which can be used as possi-
ble bandlimiting filters, are briefly underlined next. The FIR filters have a number
of useful properties, which make them sometimes preferable over Infinite Impulse
Response (IIR) structures. FIR filters are inherently stable, they can be designed
to be linear phase and to make better use of the available precision. For an FIR
structure, due to the symmetry of coefficients, some practical implementations
allow for a linear-phase response using only half of the number of coefficients
[135]. However, if a large number of coefficients is needed, an FIR filter might
become too difficult and expensive to implement. The IIR filters are also called
recursive filters due to the feedback necessary in their implementation [207]. In
contrast to FIR filters, an IIR filter has fewer stored coefficients, requires less com-
puting and it can give a sharper cutoff than an FIR filter, which meets the same
frequency-domain specifications [148]. However, due to the feedback, the IIR fil-
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ter may have problems with instability, arithmetic overflow and limit cycles. An
exact linear phase is not possible with IIR filters and the phase and group delay
characteristics of IIR filters are, generally, poorer than those of FIR filters [148].
In order to design the filter with the given constraints, different approaches can
be used, as for example, the Chebyshev or Butterworth IIR filtering methods or
Parks-McClellan optimal equiripple FIR filter algorithm [148], [207].

An extensive research is on-going all over the world in order to find improved
filtering structures, which are computationally efficient. One class of digital fil-
ters which can implement lowpass FIR filters with significantly reduced com-
putational workload, is represented by the Interpolated FIR (IFIR) filters [172].
These filtering structures yield linear-phase response and they can meet the given
specification, with a reduced number of multipliers. Due to a relaxed sub-filter
requirements and reduced time-domain redundancies, the IFIR filters possess sig-
nificantly lower multiplication rates than the corresponding direct-form single rate
filters. Also, other IIR structures could be considered, such as lattice-ladder [207]
or lossless discrete integrators, which provide low sensitivity to coefficient quan-
tization [131], [8].

Digital filters can be characterized by their attenuation of the desired fre-
quency components and by the 3 dB bandwidth (cutoff frequency), which indi-
cates that at which frequency the attenuation will be 50 % of the signal power.
As input specifications, a low-pass digital filtering structures can be characterized
by the passband fpass and stopband fstop edge frequencies, the passband ripple
and the stopband attenuation. The passband ripple defines the maximum allow-
able deviation rp from the desired passband gain. Minimum stopband attenuation
indicates the maximum allowable deviation rs from zero stopband gain. For a
fair comparison between various filter types, the bandwidth considered here was
normalized to the BOC sub-carrier frequency, i.e. the normalized sampling rate
corresponds to fs = NsNBOC1

NBOC2
fc (in MHz). The un-normalized passband

frequency fpass was taken to be equal to the positive bandwidth, i.e. BW /2. The
passband and stopband edge frequencies, with respect to the normalized band-
width, can be expressed as fpass = 1−α1

2 , and fstop = 1+α2

2 , respectively. Here,
α1 and α2 are the so-called roll-off parameters.

6.1.2 Effect of the transition band

In an ideal design, a digital filter has a certain target gain in the passband and
zero gain in the stopband. In a real implementation, a finite transition between
the passband and stopband (which is known as the transition band) always exists.
The width of this transition bandwidth determines the required order of the fil-
ter for the given specifications [148] and by taking into account this region, the
resulting approximation ripple can be significantly reduced [134]. The width of
the transition bandwidth is defined by the roll-off parameters α1 and α2, and this
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transition region could be either symmetric, i.e. α1 = α2 ∈ (0, 1) or asymmetric,
i.e. α1 ≤ α2, where α1, α2 ∈ (0, 1).
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Figure 6.3: Frequency responses for FIR and IIR filtering, with different transition
bands.

Fig. 6.3 illustrates the frequency responses for different choices of symmetric
and asymmetric transition bands, for FIR and IIR filters. The desired amplitude
in passband is set to one and the minimum order filters for which the design spec-
ifications are met, are used. The IIR filter is a digital Chebyshev Type I filter. It
can be observed that the use of an asymmetric transition band (i.e. α1 = 0.1,
α2 = 0.9) allows for a larger area under the frequency response curve. Since for
BOC-modulated signals the signal power is concentrated near the band edges (and
this power near the band edges increases when BOC modulation order increases)
this design could allow for more signal energy to be captured through filtering
process. As shown in publication [P3], the best performance is achieved when
the transition band is asymmetric, with high values of stopband edges frequency
α2 and with small values of passband frequency α1. Since for any FIR design
algorithm, the filter order tends to grow inversely proportional to the transition
bandwidth, the use of asymmetric transition region with small α1 and higher α2

requires fewer computations and thus, it could lower the filter implementation
complexity.

6.2 Filtering in the context of unambiguous acquisition
approaches

Previously, ideal rectangular filters have been assumed for sideband separation
in the context of unambiguous acquisition approaches (described in Chapter 4,
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Table 6.2: Number of filters needed for the ambiguous and unambiguous acquisi-
tion methods

Number of real
Method filters

Dual Sideband Processing Single Sideband Processing
B&F 12 6
M&H 2 2

modified M&H 8 4
modified B&F 8 4

UAL 0 0
ambiguous BOC 0 0

Table 6.3: Number of operations for 1 ms receiver processing, per real filter

Filter type Additions Multiplications
FIR single stage (NF IR − 1) ·Nsh �NF IR

2
� ·Nsh

IFIR S stages
( S∑

s=1

NIF IR(s)− 1

)
·Nsh

S∑
s=1

⌈
NIF IR

2

⌉
·Nsh

IIR direct form 2NIIR ·Nsh (2NIIR + 1) ·Nsh

IIR lattice 3NIIR ·Nsh NIIR ·Nsh

IIR lossless discrete integrators 2NIIR ·Nsh NIIR ·Nsh

in Section 4.4). Even if the advantage of the proposed unambiguous algorithms
comes from the method used at the correlation part, a further decrease in the im-
plementation complexity could be obtained by choosing suitable filtering struc-
tures for sideband selection, as it was shown in [P5] and [P6]. The number of
required filters for the ambiguous and unambiguous acquisition methods are sum-
marized in Table 6.2. The front-end filtering is assumed to be the same for all the
considered methods and it is not included in this filter count. In computing the
values from Table 6.2, the following rules have been considered: one complex fil-
ter applied to a complex signal is equivalent to 4 real filters; one real filter applied
to a complex signal (or one complex filter applied to a real signal) is equivalent to
2 real filters. The filter is real if it has an even symmetry in amplitude response
and an odd symmetry in phase response with respect to 0 frequency.

In order to give some estimates of the complexity of the sideband filtering
part, several typical IIR and FIR filtering structures were selected for comparison
in [P5], [P6]. The number of operations required by these filters are summarized in
Table 6.3. The filter orders are denoted by NFIR, NIF IR and NIIR for FIR, IFIR
and IIR filters, respectively. The term Nsh represents the shifting factor applied at
a sample level. The interpolated FIR gives a lower computational complexity than
a single-stage FIR and comparable complexity with the direct-form and lattice IIR
structures.
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Figure 6.4: Performance of dual-sideband FBB methods using FIR filtering. Left
plot: Detection probability. Right plot: Mean acquisition time.

Another example of filtering effects in the context of unambiguous acquisition
of BOC-modulated signals, besides those given in [P5] and [P6] is related to the
performance of FBB acquisition methods employing bandwidth-limiting filters.
In order to analyze the performance of FBB acquisition methods, the ideal rect-
angular filtering was previously considered [128], [123]. The problem of filtering
effects in the context of FBB unambiguous processing is addressed next. Figs. 6.4
illustrate the performance (in terms of detection probability and mean acquisition
time) for DSB FBB methods, in comparison with the DSB B&F and ambiguous
BOC processing. The signal is SinBOC(1,1)-modulated and it is sent through a
single-path static channel. The time-bin step is (Δt)bin = 1 chip and the target
false alarm is Pfa=0.01. The number of filters per sideband is Npieces=2 and they
are designed as FIR structures with rp=0.1 dB and rs=60 dB. The filters have ei-
ther the same frequency bandwidths or use variable bandwidths, chosen in such a
way to allow for the same signal power to be captured by each filter. As it can be
observed, both FBB approaches give some improvement in the results over both
the B&F and the ambiguous BOC processing. By comparing Fig. 6.4 with Fig.
4.12 (from Chapter 4), where the ideal rectangular filtering was assumed, there is
some performance degradation due to overlapping transition bands.

Fig. 6.5 shows two illustrative plots which compare the number of operations
(additions and multiplications) required by the DSB B&F and FBB methods, for
both correlation and filtering parts. The signal is SinBOC(1,1)-modulated and the
time-steps bins are chosen as (Δt)bin=1.3 chips and (Δt)bin=2 chips for B&F and
FBB approaches, respectively. The number of equal-power filters per sideband for
FBB technique is Npieces=2 and Npieces=4, in the left and right plots, respectively.
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Figure 6.5: Complexity comparison of DSB FBB and DSB B&F methods. Left
plot: Npieces=2. Right plot: Npieces=4.

Both the correlation and the filtering parts are included in these complexity fig-
ures. An IIR direct-form filter with 5 taps is assumed for the filtering part. As it
can be observed, for Npieces=2, the FBB method requires about 1.5 times more
additions and multiplications than the B&F approach. If the number of filters per
sideband is increased, more operations would be necessary for the FBB method,
as it can be observed from Fig. 6.5, the right plot. Therefore, the performance of
FBB methods is given by the trade-off between a faster acquisition time and an
increase in the complexity at the receiver part (obtained with an increased number
of Npieces). The optimal number of pieces or filters to be used in the filter bank
depends on the CNR, on the method (single or dual SB), and on the BOC mod-
ulation orders. A too high Npieces parameter would deteriorate the signal power
too much. The best values for Npieces, observed in [128] was between 2 and 6.
Due to the performance degradation when comparing with rectangular filtering,
there is room for further optimization of real filter structures used for piece-band
selection.
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Chapter 7

Summary of publications

The second part of this thesis is based on nine publications [P1]-[P9]: seven con-
ference articles and two articles published in peer-reviewed scientific journals.
None of these publications have been used (or planned to be used) as a part of any
other dissertation.

The main topic considered in these publications is the development of code ac-
quisition and tracking algorithms for BOC-modulated CDMA signals, transmitted
over multipath channels. The simulations and theoretical models focus on Galileo
receivers. However, some of the algorithms described here can be implemented
in the context of any direct sequence-CDMA signal with BPSK or split-spectrum
modulation.

7.1 Overview of the publication results

In publication [P1], we studied the impact of oversampling factor on the BOC-
modulated PRN codes during the code acquisition process. We showed that the
performance, in terms of both mean acquisition time and detection probability, is
typically deteriorated in the presence of non-integer oversampling factors. We also
focused on the design of the time-bin step size according to the BOC modulation
order in order to improve the performance. The effect of non-integer oversam-
pling, as well as the design of the step time-bin according to BOC modulation,
even if rather intuitive, were hard to be found in the literature at the time [P1] was
written.

In [P2], the double-dwell hybrid-search acquisition method was studied for
SinBOC(1,1)-modulated signal and an optimization of the dwell parameters and
number of dwells was undertaken. It was shown that, if the parameters of a
double-dwell structure (i.e., detection and false alarm probabilities at each stage)
are properly designed, the double-dwell structures have indeed an advantage (in
terms of mean acquisition times) over single-dwell structures. However, at low
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penalty factors or higher time-bin steps, a single-dwell structure gives the best
trade-off between the complexity and performance. Also, the choice of the penalty
factor has been discussed. The results of this paper show that the double-dwell ap-
proaches are not always better than the single-dwell approaches, as it is the general
understanding.

Publication [P3] analyzed the effect of receiver bandwidth-limiting filter, tak-
ing into account different digital filtering structures during the code acquisition
of a BOC-modulated and oversampled signal. Both OS and PRS Galileo signals
were considered (i.e., SinBOC(1,1) and CosBOC(15,2.5) modulations, respec-
tively), and as the optimum bound, the ideal rectangular pulse was employed. In
comparison with the rectangular shaping (i.e., infinite bandwidth), the investigated
filtering methods suffered some performance degradation. It was shown that by
using an asymmetric transition bandwidth design with respect to one-fourth of
the sampling rate, the performance (in terms of root mean square error) could be
enhanced, when compared to the situation when a symmetric transition band is
used. Here, the nominal value for passband edge was not modified, but instead
transition band was designed to be asymmetrical.

Publication [P4] dealt with unambiguous acquisition of BOC-modulated sig-
nals, unambiguous acquisition which attempts to reconstruct the BPSK-like shape
of the correlation function envelope and thus enable the use of a higher time-bin
searching step. A BPSK-like technique, namely the modified Martin&Heiries
(M&H) technique was introduced here and its performance and, partly, its com-
plexity as well, were compared with the classical Betz&Fishman (B&F) or side-
band correlation method and with the ambiguous acquisition case. In contrast
with M&H method [81], [129], our method worked for both even and odd BOC-
modulation order. It provided lower complexity compared with B&F method,
while its performance was much better than the ambiguous acquisition perfor-
mance and only slightly worse compared with the B&F performance. Both single-
side band processing and dual-side band processing were analyzed.

Publication [P5] continued the work presented in [P4] and improved further
the architecture of the proposed modified M&H approach, by inter-changing the
places of the shifting unit with the filtering unit and thus reducing the number of
filters used for band selection. A detailed complexity analysis of the proposed
unambiguous method was performed and this method was compared with am-
biguous and other unambiguous approaches in terms of required operations and
number of filters. Also, the filter design for unambiguous approaches is addressed
here for the first time, and an interpolated FIR structure is proposed.

Publication [P6] introduced a new low-complexity unambiguous method, namely
the Unsuppressed Adjacent Lobes (UAL) technique. The work about unambigu-
ous acquisition methods was extended, by studying various implementations of
the algorithms proposed previously by the author in [P4], [P5] and by B&F. A
thorough underlying theoretical model was employed to prove the choice of the
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shifting factors used in UAL and modified unambiguous techniques. The per-
formance analysis was based on single-dwell serial-search acquisition and static
channels, in order to find out the maximum achievable performance of these algo-
rithms (i.e., in the absence of multipaths and fading distortions).

A new unambiguous method, which can be applied in both acquisition and
tracking stage, the Sidelobes Cancelation Method (SCM) was introduced in pub-
lication [P7]. In there, its performance was analyzed at the code tracking stage.
In order to compensate for multipath effects after the ambiguities are eliminated,
an improved SCM method with interference cancelation was proposed. The SCM
technique had as a starting point the unambiguous tracking method proposed in
[96], [97]. Our approach was extended to cover more Galileo signals, that is, it can
be used with arbitrary sine and cosine BOC-modulated signals. We also showed
in [P7] that this method has a reduced complexity.

In publication [P8], we analyzed and developed further the SCM method in-
troduced in [P7], by considering its usage in conjunction with various feedback
and feedforward tracking algorithms. The performances of the proposed SCM al-
gorithms were analyzed in the context of both ideal single-path AWGN and fading
multipath channels. It was shown, through extensive simulations, that these meth-
ods improve the delay tracking accuracy, also in the case of closely-spaced paths,
which are the most problematic from the accurate positioning point of view. Also,
the higher the BOC-modulation order, the more advantageous is to apply the SCM
techniques in order to cope better with the false lock points.

The SCM method, proposed previously to be used at code-tracking stage [P7],
[P8] was analyzed also in the context of acquisition in publication [P9]. The SCM
approach here was combined with two types of differential correlation methods
and was studied for both sine and cosine BOC-modulated signals. The SCM
method was proved to be beneficial also at acquisition stage, if the search step
of the time uncertainty was sufficiently small. Also, it was shown in [P9] that,
by combining the SCM with differential correlation techniques, the acquisition
performance when compared to the traditional non-coherent processing could be
enhanced even further.

7.2 Author’s contribution to the publications

The research work for this thesis was carried out at the Department of Com-
munications Engineering (formerly, the Institute of Communications Engineer-
ing) of Tampere University of Technology, as part of the Tekes-funded research
projects "Advanced Techniques on Mobile Positioning", "Advanced Techniques
for Personal Navigation", "Future GNSS Applications and Techniques", and of
the Academy-funded research project "Digital Signal Processing Algorithms for
Indoor Positioning Systems".
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During the research work, the author has been a member of an active re-
search group, involved in studying and developing signal processing algorithms
for wireless positioning, and especially, for GNSS-based positioning. Several of
the ideas have originated in discussions within the group, and some of the sim-
ulation models (built in Matlab) have been designed in cooperation with the co-
authors. Therefore, the author’s contribution cannot be separated completely from
the co-authors’ contributions. However, the author’s contribution to all of the pub-
lications included in the thesis has been essential in that she carried out the theoret-
ical derivations, developed new algorithms, performed the simulations and wrote
the most part of the manuscripts where she is the main author, and a significant
part of the manuscripts where she is the second author. The main contributions of
the author to the publications can be summarized as follows:

In [P1] the author came out with the idea of analyzing the oversampling limits
in the context of acquisition of Galileo signal, built the simulation model, carried
out the simulations, and wrote most of the manuscript. The co-authors helped in
developing the theoretical model.

The theoretical model for double-dwell characterization in publication [P2]
was derived together with the co-authors of the paper. The author carried out the
main simulations and analyzed the performance of single-dwell and double-dwell
structures under various parameter assumptions.

In [P3] the author introduced the idea of asymmetrical transition bands, de-
rived the main parts of the theoretical model, carried out all the simulations and
wrote the manuscript. The idea of analyzing the impact of filter design on the
acquisition performance was proposed by the co-authors and the choice of some
of the FIR and IIR filter parameters was done with the help of co-authors.

The author proposed the unambiguous method from publication [P4], built
the simulation algorithm and carried out the simulations. The manuscript was
prepared by the author.

In publication [P5], the unambiguous acquisition method (i.e., the modified
M&H algorithm) proposed by the author is further investigated in terms of com-
plexity. The author built the simulation model, derived the theoretical model start-
ing from the ideas presented in [P4], and carried out the simulations. The calculus
of the complexity and the design of the interpolated FIR filter was done with the
help of co-authors.

The author is the co-developer of Unsuppressed Adjacent Lobes (UAL) tech-
nique and of the modified B&F technique, and the main developer of the modified
M&H technique in [P6]. She also carried out the main simulation parts, and a
significant part of the theoretical derivations and of the complexity calculus.

In publication [P7], the author proposed the Sidelobes Cancelation Method
in the context of unambiguous code tracking. She built the simulation model,
wrote most of the theoretical derivations, performed the simulations and wrote
the manuscript. The derivations with respect to the Multipath Estimating De-
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lay Locked Loop (used for comparison purposes) were done with the help of co-
authors.

In [P8], the unambiguous tracking method proposed by the author is more
thoroughly investigated. The author developed the simulation model, analyzed the
results in the context of fading channels and wrote most parts of the manuscript.

In [P9], the author came with the idea of using the Sidelobe Cancellation
Method in the context of acquisition. She also built the simulation model, per-
formed all the simulations and wrote the manuscript. The ideas of differential
correlation were suggested by the co-authors.
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Chapter 8

Conclusions

This thesis addresses the problems of acquisition and tracking of BOC modulated
signals, transmitted over static or multipath fading channels. In Chapter 1, the
challenges, the motivations and the prior work were introduced. Chapter 2 pre-
sented briefly the principles of satellites-based positioning and gave an overview
of the GPS and European Galileo signal structures. The channel and baseband
signal models were described in Chapter 3. The BOC modulation concept as well
as the effect of other receiver constraints such as the sampling rate or the pre-
correlation bandwidth were also addressed here. In the presence of BOC modula-
tion there are always periodical side-peaks at certain delay lags of the envelope of
the correlation function, which should be avoided.

One solution that provides an enhanced timing accuracy for BOC-modulated
signal is to oversample the signal at the sub-chip interval. We showed in [P1] that
the performance is typically degraded in the presence of non-integer oversampling
factors, but sufficient performance can be achieved if the time-bin step is designed
properly, according to the BOC modulation order.

In Chapter 4, an overview of the acquisition process in the context of BOC
modulated signal is provided. Different search methods and detector structures,
such as single-dwell or multiple-dwell structures were presented. The aim of such
design is to minimize the acquisition time, while attaining the required global de-
tection probability and false alarm. In this context, it is interesting to see under
which conditions the double-dwell structure is indeed better than the single-dwell
one and what are the optimum detection and false alarm probabilities to be met
at each stage required for the minimum acquisition time. As shown in [P2], if
the detection and false alarm probabilities at each stage of a double-dwell struc-
ture are properly chosen, the double-dwell structures have indeed an advantage
over single dwell structures. However, such a design is tedious and sensitive to
various parameters such as CNR, time-bin step, global probabilities, etc. Also,
a double-dwell structure typically provides better acquisition time than a single-
dwell structure only for high penalty factors and for low enough steps of the time
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bin. Extensions of the work presented in [P2] to more than two dwell stages is
also of interest and might consist a topic for further investigation. Also, the author
believes that the work related to single and double-dwell approaches is not lim-
ited to Galileo applications, but could find its applicability in any system involving
signal detection in noise (e.g., radar, UWB communications, etc.).

In order to allow for a more efficient acquisition of BOC-modulated signals,
various unambiguous acquisition methods were presented in Section 4.4. These
methods eliminate the ambiguities introduced by BOC modulation by reconstruct-
ing the BPSK-like shape of the correlation function and thus allow the use of a
higher search step compared with the ambiguous acquisition situation. The un-
ambiguous BOC acquisition techniques which are introduced earlier in the liter-
ature, suffer from high implementation complexity, and some of them are also
unable to cope with odd BOC-modulation orders [129], [81]. In this context, we
proposed three reduced-complexity methods which remove the ambiguities from
the correlation function of the split-spectrum signals and work for both even and
odd BOC-modulation orders. Two of the proposed methods, namely the modified
Martin&Heiries [P4], [P6] and the modified Betz&Fishman [P6] are extensions
of the previously mentioned techniques, and the third one, the Unsuppressed Ad-
jacent Lobes (UAL) method was first introduced by the authors in [P6]. The
choice of the optimal parameters of the proposed unambiguous acquisition meth-
ods was done via theoretical analysis [P6]. Currently, the hardware complexity
of the unambiguous acquisition methods, e.g., when implemented via FPGA, is
investigated at TUT. A further research direction may consist in hardware designs
based on the proposed unambiguous acquisition methods. Also as further research
work, the performance of the unambiguous acquisition algorithms introduced in
[P6] could be tested also for a multiple dwell hybrid-search acquisition model in
multipath fading channels.

Chapter 5 provided a description of the code tracking process, by considering
both feedback and feedforward tracking structures. A novel unambiguous pro-
cessing technique, the Sidelobes Cancelation Method (SCM) was first proposed
to be employed at the tracking stage [P7], [P8]. In comparison with other methods
introduced in the literature for eliminating the sidelobes ambiguities at tracking
stage, e.g., [96], [97], the SCM approach has the advantage that it can be used
with any sine and cosine BOC-modulated signal and provides a lower complexity
solution. However, this technique relies on subtracting the ideal reference corre-
lation function from the ambiguous one, and thus it requires a correct estimation
delay for correct subtraction. The performance of the SCM approach in multipath
channels can be enhanced by employing other tracking structures after removing
the side-peak threats [P8]. Since the SCM technique preserves the narrow width of
the main lobe, it is mainly suited to be used at the tracking stage. However, since
the receiver’s hardware may constrain the use of the same search step at both ac-
quisition and tracking stages, the SCM method was also tested during the signal
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acquisition process [P9]. It was shown that the SCM method used in conjunction
with two differential correlation methods could also enhance the performance at
the acquisition stage, when keeping the search step of time uncertainty sufficiently
small.

The research work presented in this thesis has mainly focused on SinBOC(1,1)
signal, proposed previously for L1F (OS/ CS/SoL) band and CosBOC(15.2.5)
signal, proposed for L1P (PRS) band. Few of the simulation models were also
verified for BPSK modulation, as well as for other sine/cosine BOC modulations.
However, more recently, MBOC modulation (with various implementations such
as CBOC and TMBOC) has been recommended in Galileo draft specifications
[52], with the scope of increasing the tracking abilities of Galileo Open Service
signals and of GPS L1 civil signal. Therefore, a further research direction of high
interest for Galileo community is to extend the proposed methods to MBOC cases.
Indeed, part of the author’s work has been continued by colleagues at TUT and
a recent paper [171] shows the benefit of unambiguous methods in the context of
MBOC modulation as well. The author also believes that many of the algorithms
presented in this thesis are valid for any split-spectrum DS-SS-modulated signal,
and therefore they might find applicability in other consumer electronics areas as
well (e.g., systems using Manchester coding and spread spectrum, etc.)

The bandlimiting constraints and effects in the context of Galileo and mod-
ernized GPS receivers were emphasized in Chapter 6. Several digital filter struc-
tures which can be employed at various stages of signal processing were briefly
described and the effect of the transition band (i.e., the band between the pass-
band and stopband frequencies) was considered. The front-end filtering is prone
to decrease the performance, since the autocorrelation function becomes flattened
around the peaks and also its symmetry may become skewed and delayed, depend-
ing on the filter design. As shown in [P3], the performance, in terms of root mean
square errors could be improved if asymmetric transition bands are used (i.e., sym-
metry point was taken with respect to one fourth of the sampling rate). Chapter 6
considered also the effect of real filtering in the context of sideband selection for
various unambiguous acquisition methods. The implementation complexities of
the existing and the proposed unambiguous acquisition methods were compared
by taking into account both the correlation and the sideband selection [P5], [P6].
Different FIR and IIR filter structures for sideband selection were considered, and
an interpolated FIR filter which can decrease the overall implementation complex-
ity even further, was proposed [P5]. However, research towards better/novel filter
structures to be used with GNSS signals is still an open issue, especially when
severe bandwidth limitation is imposed (e.g., when aiming to use Galileo signals
with minimum modifications of GPS receivers in terms of receiver bandwidths).

A summary of the presented publications was given in Chapter 7, where the
author’s contributions to the presented work are emphasized.

As the GNSS field is a fast evolving field, with many potential applications,
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it remains a challenging topic for future research to investigate the feasibility of
the algorithms proposed here with the multitude of signal modulations, spread-
ing codes and spectrum placements that are (or are to be) proposed. Also, high-
sensitivity receivers are becoming more popular in order to offer better solutions
in low CNR areas, such as densely populated urban canyons. The inclusion of the
unambiguous acquisition and tracking algorithms in the high-sensitivity receiver
and its performance analysis is also a possible topic of future investigation. A
comprehensive analysis and comparison of unambiguous acquisition and tracking
algorithms have not yet been found in the literature, and therefore, it offers an
interesting area of further development.

84



APPENDIX

In publication [P9] the performance of the SCM method enhanced by differential
correlation was compared with that of the traditional non-coherent processing, at
acquisition stage. The non-coherent processing was kept as benchmark in [P9],
since the comparison between the non-coherent acquisition and the differential
acquisition methods had been already presented in [142]. In this Appendix more
simulation results are shown, by comparing the performance of the SCM methods
also with the differential correlation methods.

The settings for simulations are as described in [P9]. For all presented simu-
lations a fixed probability of false alarm of Pfa = 10−2 was assumed. In order
to take advantage of the SCM methods used at acquisition stage, the step time
bin was selected to be sufficiently small, i.e., Δt = 1/NsNBOC1

NBOC2
. The

Ns is the oversampling factor and the NBOC1
, respectively NBOC2

, are the BOC-
modulation orders, as described in Chapter 2. To recall from [P9], the NC stands
for conventional non-coherent processing, DN1 is the first non-coherent differen-
tial correlation method and DN2 is the second enhanced differential method. By
SCM we denoted the Sidelobes Cancelation Method. The SCM DN1 and SCM
DN2, denote the SCM enhanced by DN1 and DN2 methods, respectively.

Figures 8.1 present the simulations results for a SinBOC(1,1)-modulated sig-
nal, in terms of probability of detection (left plot) and mean acquisition time (right
plot), respectively. The simulated channel has fixed Rayleigh distribution, with
2-paths with average PDP of 0 and -2 dB. The mobile speed is 1 km/h, the sig-
nal is integrated coherently over 20 ms, the non-coherent integration length is
10. The successive channel paths have uniformly random distribution spacing be-
tween 1/NsNBOC1

NBOC2
and xmax = 0.5 chips. From both figures, it can be

observed that the SCM DN1 and SCM DN2 approaches still outperform the DN1
and DN2 methods. On the other hand, the SCM approach, used solely, may be
outperformed by both DN1 and DN2 techniques.

The same conclusion can be drawn from Figures 8.2, which present the simu-
lations results for a CosBOC(10,5)-modulated signal, transmitted over a Rayleigh
channel with average PDP of -1, 0 and -2 dB. Also here, all the SCM enhanced
techniques still outperform the DN1 and DN2 methods, while SCM used solely
may performs worse than both differential methods. As a final conclusion, all the
SCM and DN methods still give better results than the traditional non-coherent
processing.
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Figure 8.1: Performance in terms of detection probability (left plot) and mean
acquisition time (right plot), for a SinBOC(1,1) modulated signal, transmitted over
a Rayleigh channel with 2 paths.
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Figure 8.2: Performance in terms of detection probability (left plot) and mean
acquisition time (right plot), for a CosBOC(10,5) modulated signal, transmitted
over a Rayleigh channel with 3 paths.
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