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Abstract

The sensitivity of a baseband signal processing unit, including both acquisition and
tracking, is critical for a GPS receiver to function in perturbed signal enviroments such as
indoors and under ionospheric scintillation.. To improve acquisition sensitivity, the dif-
ferential combining approach, which allows a 2.5 dB improvement in processing loss as
compared to noncoherent methods, is proposed herein. This results in a sensitivity im-
provement ranging from 1.2 dB to 1.6 dB for a given probability of false alarm and mi-

ssed detection.

Based on an analysis of the Costas-family PLLs, carrier tracking is enhanced by optimiz-
ing loop configurations. The decision-directed loop , exhibits a 2 -dB sensitivity im-
provement as compared to other types of PLLs. Bandwidth and root deviation caused by
bilinear or boxcar transforms are solved by implementing a root-controled method. Using
this design makes the bandwidth of the digital loop close to desired values, and thus im-
proves carrier tracking by another 1 to 2 dB. A Kalman Filter adopts a soft-mode to deal
with the bit sign uncertainty and adjusts the bandwidth to minimize the mean square car-
rier tracking error. This leads to a 4 dB and 7 dB sensitivity improvement during weak

and strong amplitude ionospheric scintillations, respectively.
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Chapter 1  Introduction

1.1 Background and Motivation

The Global Positioning System (GPS) has been established as a dominant positioning
technology to provide location and navigation capabilities with a high reliability and ac-
curacy, low cost, and portability.

Various emerging applications require location of users in challenging environments
where typical GPS receivers suffer degraded performance or complete failure. The En-
hanced 911 Mandate by Federal Communications Commission (FCC) is one of the most
important indoor and new applications. It requires the wireless carrier to provide auto-
matic location identification (ALI) of the emergency caller, based on which the pub-
lic-safety answering point (PSAP) then dispatches the rescue team (Sugrue 2001). Solely
cellular-based positioning has difficulties providing the level of accuracy required in a
cost effective manner; therefore systems such as assisted GPS (AGPS) have recently been
adopted to improve location-based services (LBS). Rising consumers’ demands require
the enhancement of stand-alone GPS to continuously offer positioning information in en-
vironments where the signal is greatly attenuated or severely corrupted by strong inter-
ference (Lachapelle 2005, Julien 2005). Typical interference in the context of the radio
communication include signal masking, multipath, external radio frequency interference

(RFI) and inter-satellite cross correlations (Lachapelle 2005, Ray 2005, Parkinson &
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Spilker 1996). Attenuation and interference degrade the ability of GPS to acquire and

track signals effectively. To extend and improve the availability, reliability and accuracy
of GPS, innovative receiver algorithms for acquisition and tracking are required.
Klobuchar (1996) describes degradation of GPS performance in the presence of the iono-
spheric scintillation. Amplitude fading and rapid phase variations associated with strong
ionospheric activity deteriorate signal tracking, or even worse lead to a loss of positioning
and navigation capabilities. Augmentations to improve the sensitivity and robustness of
signal tracking can extend the availability of GPS and benefit studies of the atmosphere’s
properties. By applying advanced estimation methods, the tracking reliability can be op-
timized in the presence of geomagnetic storms. By doing so, delay-locked loops (DLL)
and phase-locked loops (PLL) can maintain continuous tracking of the incoming signals
affected by scintillation; valid raw measurements are thus produced. By compiling and
studying these measurements, the physical properties of scintillation at auroral latitudes
can be identified and then modeled to mitigate measurement errors.

In terms of the availability, reliability and accuracy, the operation of GPS indoors or in
urban canyons suffers from four limitations: (1) tracking of a multipath-affected signal
degrades the accuracy (Watson 2005), (2) tracking failure occurs once the signal strength
falls below a given threshold (Watson 2005), (3) frequency offsets and drift of the os-
cillator (OSC) driving the GPS receivers prevent the receiver from acquiring and tracking

very weak signals (Lachapelle 2005, Kaplan 1996, Kaplan & Hegarty 2006), and (4)
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cross-correlation interference from strong channels interrupts acquisition and tracking of
the weak channels (Kohno et al 1983, Norman & Cahn 2005). To overcome these limita-
tions, the space segment is being modernized and new receiver technologies are being
developed (e.g., Watson 2005, Julien 2005, Lachapelle 2005, Cannon 2005). Both the
satellite systems’ modernization and the state-of-art receiver technologies will be briefly
reviewed in the remainder of this section. For readers who are unfamiliar with GPS tech-
nology, a review of GPS fundamentals, the basics of GPS signal structures, and the prin-
ciples of code division multiple access (CDMA) are provided in Appendix A. More
comprehensive resources for GPS information include Parkinson & Spilker (1996), Kap-

lan (1996), and Hoffman-Wellenhof et al. (2001).

The GPS |, initialized in 1973 to reduce the proliferation of navigation aids, is the only
satellite-based radionavigation system that is operated and maintained by the United
States Department of Defense (DoD). Although navigation messages are simultaneously
broadcast on several channels by GPS 1, only one channel can be fully accessed by civil
users. Special techniques, although making it possible to obtain measurements from the
L2 encrypted channel, result in lower quality and availability of the measurements. In
order to capitalize on the increasing demand from the civil market for more performance,
several projects were launched to give birth to the second generation of Global Naviga-
tion Satellite Systems (GNSSs) in the 1990’s (Kovach & Van Dyke 1997). This para-
graph, plus the next two paragraphs, describes the main components of general GNSS
modernization: 1. Augmentation systems 2. New satellite systems 3. GPS modernization.

GPS modernization starts with the development of augmentation systems complementary
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to GPS | (Misra & Enge 2001). These external systems provide additional information

and thus reduce uncertainties in the final positioning or navigation solutions while im-
proving availability and reliability. These systems are, however, essentially dedicated to
specialized applications such as civil aviation or marine applications, and can be classi-
fied as satellite-based augmentation systems (SBAS), ground-based augmentation sys-
tems (GBAS) or airborne-based augmentation systems (ABAS). Well-known systems
include the US wide area augmentation system (WAAS) (Enge & Van Dierendonck
1996), local area augmentation system (LAAS) (Misra & Enge 2001), and the European
Geostationary Navigational Overlay Service (EGNOS) (Toran-Marti & Ventura-Traveset
2004). Although effective, they are very expensive to build and are often are dedicated to
the authorized GNSS users. The overall performance is constrained by inherent factors

limiting the capability of GPS I (Kovach & Van Dyke 1997).

The successful operation of GPS has allowed a variety of potential applications and re-
sulted in a substantial growth of demands in positioning and timing applications (Onidi
2001); previous success has motivated the development of new systems and considerable
efforts to modernize GPS I. In the 1990’s, The US DoD and Department of Transporta-
tion (DoT) initiated the GPS modernization program with GPS Il and GPS Il (Kovach &
van Dyke 1997, Kaplan & Hegarty 2006). The European Union (EU) and the European
Space Agency (ESA) reached a unanimous agreement to launch the European Civil Sat-
ellite Navigation Program, Galileo (European Commission 1999; Onidi 2002). Recently,

Russia has decided to enhance its GLONASS program (GPS World 2005).
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Both the GPS 11 system and Galileo will broadcast wideband signals on three civil (open)
frequencies (Lachapelle 2005) designed for frequency diversity and ionosphere estima-
tion purposes. Once the Galileo and GPS 11 systems have been fully deployed, any GNSS
user would be able to freely access six types of differently modulated signals in three fre-
quency bands; therefore, users will be able to obtain more accurate and reliable position-
ing solutions. In addition, the modernized systems include new signal structures designed
to reduce the main weaknesses of GPS I. Two deliberate modifications include the binary
offset carrier (BOC) modulation and the presence of a dataless channel. Figure 1-1 shows
the spectral density in the L1 frequency band for GPS and Galileo systems. The legacy
C/A code signal uses the binary phase shift keying (BPSK) modulation. The modernized
GPS 1l M code and the Galileo L1F code will employ the BOC modulation to separate
them from the other signals (Betz 2002, Julien 2005). The dataless channel will greatly
improve the sensitivity of acquisition and tracking (Lachapelle 2005). Betz (2002), Julien
(2005), and Barker (2000) have determined that the BOC modulation outperforms in the
corresponding GPS | BPSK modulation in terms of resistance to thermal noise, nar-

row-band interference rejection, and multipath mitigation.
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Figure 1-1: Power Spectral Density (PSD) of GPS I, GPS II, and Galileo L1F Signals

However there are still several years of implementation and development required for the
modernized systems to become fully operational. Since 2002, the EU Galileo system has
been in the development and validation phase. The constellation deployment phase will
consist of gradually launching all the operational satellites into orbit and ensuring the full
deployment of ground infrastructure necessary to offer an operational service from
2008-10 onwards. Assuming that the proposed schedule is followed, GPS Il would be
complete by approximately 2010. As a result, the current increasing user demands have
resulted in much research to enhance receiver acquisition and tracking algorithms, and
therefore extend positioning availability in the context of the existing conventional space

infrastructure for GPS | (Cannon et al 2003).



7

Improving state-of-art receiver technologies is one of the most efficient ways to fully
achieve the potential of GPS I. Not only is this approach cost effective and surpass the
limitations of cellular LBS (Pomerantz 2002), it also contributes to the receiver technol-
ogy necessary for the next generation GNSS. Economy, accuracy, and continuous avail-
ability are GPS advantages that users can access to help make the world a safer and more
secure place in which to live (Pomerantz 2002). Since the late-20th century, the power of
digital signal processors (DSP) has rapidly increased, allowing new developments in sig-
nal processing and advanced estimation theories (Psiaki 2001). Both foster continued de-
velopment of the latest GPS receiver technologies, which aim to maximize the capabili-
ties of GPS | with respect to accuracy, availability and reliability. Receiver innovations
are focused on meeting the following challenges inherent to GPS.

(1) GPS is fundamentally a timing system, measuring the line-of-sight (LOS) radio
propagation delays between satellites and a user to derive accurate ranges, and therefore
positions. This contrasts with digital communication systems, which quantify the service
quality by measuring the bit error rate (BER). In communication systems, the propagation
path is unimportant if the desired bit-error-rate can be achieved (Watson 2005). However
any deviation from the LOS path compromises the GPS position accuracy. The LOS sig-
nal propagation channel consists of free space and the Earth’s atmosphere. Lachapelle
(2005), Parkinson & Spilker (1996), and Cannon (2005) discuss modeling routines de-

signed to mitigate the timing errors on LOS channels. More often than not,
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non-line-of-sight (NLOS) propagation paths, known as multipaths, cause effects more
significant on the timing error than on the BER (Watson 2005); therefore the multipath
essentially decays the positioning accuracy while not necessarily compromising the re-
ceiver’s capability in tracking and decoding the message (Watson 2005).

(2) ICD200C (2000) states that, for a receiver antenna with hemispherical gain pat-
tern, the minimum received strength of the GPS signal under open-sky conditions is de-
fined as -158.5 dBW for the L1 coarse/acquisition (C/A) code. This power is spread over
a large bandwidth by the CDMA technique, leading to a peak PSD near -220 dBW/Hz,
which is significantly lower than average ambient noise levels of about -208 to —204
dBWI/Hz (Parkinson & Spilker, 1996; Ray, 2005). Thus, even under normal conditions, a
significant processing gain is required to extract the signal from the noise. The signal
levels decay rapidly in weak signal environments such as urban canyons or indoors. For
signals propagating through a wall, the signal strength is generally 10 to 30 dB weaker
than those signals received from the LOS directions (MacGougan et al 2002, Klukas et al
2004). In addition to the insertion loss, destructive interference through combination of
several NLOS rays causes signal fading. Fading is particularly detrimental to GPS recep-
tion because signal levels vary rapidly and, even worse, drop deeply in some occasions;
the variations are dependent on the characteristics of the environment (Watson 2005). In
the presence of strong multipath, extremely deep fades can persist for seconds, minutes,

or longer depending on the geometry.
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(3) The ability of the data processing system to correctly recover the information car-
ried by weak incoming signals relies on the OSC’s frequency stability. To illustrate the
GPS receiver as a specific case, the on-board/external OSC is the driver for the operation
of every component in the receiver. This OSC provides the receiver’s front-end (FE) with
an oscillating reference (Ray 2005, Parkinson & Spilker 1996), based on which the fre-
quency synthesizers establish all required timing standards for signal processing in both
the radio frequency (RF) domain and the baseband domain. Ideally, the local OSCs (LOs)
are expected to provide the pure spectrum signals. There should be no unwanted ampli-
tude or frequency/phase modulation in the output spectrum (Stephens 2002). However
the spectrum of output signals from real LOs is smeared by undesired phase noise (PHN)
modulations (Hajimiri 1998). PHN sources in the circuit of the FE can be divided into
two groups: device noise and interference. Thermal, shot, and flicker noise are examples
of the former, while substrate and supply noise are in the latter group. In principle, these
fluctuations can be classified into systematic (deterministic) and random variations. The
systematic variations degrade receiver performance in acquiring and tracking very weak
signals: as the processing intervals extend, the phase of the local carrier replica oscillating
at the ideal frequency deviates from the phase of incoming signals (Zheng 2006). Once
the phase misalignment exceeds a given threshold, the GPS receiver, a type in the family
of coherent (COH) receivers, fails to acquire and track the signal. Fortunately, in healthy

operation, the receiver can mitigate OSC-induced errors by estimating the deterministic
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variations. Also, the deterministic fluctuations can be minimized by applying appropriate
circuit techniques (Gierkink 1999) at the expense of the cost, size, power consumption,
and complexity of the circuits. Random phase variations are caused by noise, produced in
the active and passive components of the OSC circuit, which modulate the frequency of
oscillation. These variations limit the achievable performance of GPS receivers in terms
of measurement accuracy.

(4) The use of 1,023-chip Gold-codes for the GPS C/A PRN codes represents a com-
promise between the need for rapid acquisition and the cross-correlation dynamic range
of the PRN codes (Norman & Cahn 2005, Glennon & Dempster 2004). Although these
Gold codes generally work well, Gold codes have a significant difficulty in situations
where weak signal detection is required in the presence of other strong GPS signals. If the
power level difference between the weak and strong channels is sufficient, the
cross-correlation peak for a strong signal can effectively jam other auto-correlation peaks
resulting from the remaining weak signals (Norman & Cahn 2005). In the context of GPS,
the cross-correlation interference depends on differences in the power levels and Doppler
offsets between strong and weak signals. Assuming that the power difference is fixed, the
maximum cross-correlation jamming occurs at the Doppler difference of +M kHz, where
M is an integer. A correlation pattern test can differentiate the autocorrelation from the

cross-correlation (Zheng 2005).
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Investigating the major above weaknesses and potential solutions for weak signal appli-
cations, constitutes the core of this thesis. Evaluating the limitations in conventional
tracking and acquisition methods, and developing new methods to overcome limitations

of sensitivity, reliability and accuracy, are the motivating factors.

1.2 Objectives

The aim of this thesis is to evaluate the performance of traditional GPS receivers in the
presence of weak signals and other selected interference, and to propose new strategies
for improved performance. This major objective includes the following research goals:

1. To find a differential approach-based detector, which reduces the squaring loss
(SL) compared with the traditional noncoherent (NCH) detector. A smaller squaring
loss necessarily represents an improvement in the sensitivity.

2. To measure the stochastic stability of the oscillator and quantify the PHN in-
duced by the receiver’s front-end. Stochastic differential equations (SDE) are em-
ployed to model the clock behavior modulated by random noise. The relationship
between diffusion coefficients of the model and those stability measures is estab-
lished. The phase fluctuation of the digital outputs from the front-end is measured by
taking into account the major noise sources in the frequency synthesizers.

3. To optimize the tracking capability of constant bandwidth PLLs (CBPLLS) in
various types of interferences, and implement bandwith-variable PLLs. This re-

search examines the PLL behavior in the presence of the main error sources includ-
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ing thermal noise, the phase noise, and the ionospheric scintillation. Nonlinear ap-
proach avoids the underestimation of the phase-error variance occurring at the region
of low signal to noise ratio (SNR) (Viterbi 1966). Therefore, the optimal configura-
tions improve tracking performance compared to the CBPLL. Advanced estimation
and adaptive filtering are used to optimize the bandwidth of the PLL to minimize the
phase-error variance induced by disturbances.

4. To evaluate the oscillator stability and to test new algorithms using a simulator
and a software receiver. This consists of two sub-objectives: (1) to investigate the
effects of PHN, characterized by Allan variance (AVAR), on the performance of the
CBPLL, and (2) to confirm the results obtained theoretically in this thesis. Simula-
tion tools are adopted to measure the phase error resulting from the OSC instability.
Recent advances in computer processing make it possible to modify existing soft-
ware packages, or to create new ones, in order to develop relevant and versatile
simulation tools. The goal is to develop two complementary software tools:
¢ Development of a software OSC noise generator, and
e Development of a set of software receiver tracking loops.

The organization of the thesis is determined by the nature of these four research goals,

and the tasks required to meet these goals, as described in Section 1.4.

1.3 Contributions

The major contributions of this thesis are given as follows:
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e Development of a differential approach-based detector, namely differential com-
bining (DFC) based detector, with SL that turns out to be 2.5 dB lower than that
of the NCH detectors.

e Propose a general linearized model for Costas loops, which accounts for the
nonlinearity of the discriminator by examining the response of the discriminator
in the presence of disturbances.

e Capability to model the OSC’s PHN in the digital samples.

e Development and implementation of an adaptive carrier tracking algorithm, which
minimizes the phase tracking errors induced by noise and ionospheric scintilla-
tion.

Above advances extend the potential of the receiver to acquire and track weak signals.

They not only maximize the availability of the current GPS | system, but can be ap-

plied to future receivers designed for the next generation satellite systems.

1.4 Thesis Outline

This thesis consists of five chapters. Chapter 1 addresses the challenges for continuous
signal tracking by GPS receivers in the context of GPS I. Advanced receiver technologies
provide cost- and time- effective solutions to maximize the potential of GPS | and, addi-
tionally, effective implementation in receivers being developed for the forthcoming satel-
lite systems. To meet these challenges, the thesis objectives and contributions are clari-

fied and the outline of the thesis is provided.
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Chapter 2 describes the software tools used throughout this thesis to test algorithms and
techniques. The software GPS intermediate frequency (IF) generator is reviewed; then a
survey of the acquisition and tracking strategies in the software GPS receiver is provided.
The following section describes the measures to quantify the instability of OSCs, based
on which the model for simulating the OSC-induced PHN is developed. Finally, the iono-
spheric scintillation model, used in Chapter 4 to evaluate its impact on receiver’s tracking
behavior, is presented.

Chapter 3 presents a DFC-based detector that improves the acquisition sensitivity. The
performance of this detector is evaluated in statistical sense.

Chapter 4 investigates the tracking behavior of CBPLLs and bandwidth-variable PLLs in
the presence of perturbations. The critical parameters that affect the behavior of a CBPLL
are investigated based on a statistical examination in the presence of perturbations. Sec-
tion 4.1 examines the CBPLL with four types of discriminators and three configurations
of loop filters. The performances of all these CBPLLSs are investigated under disturbance
of thermal noise, PHN and ionospheric scintillation. Beyond examination of CBPLLs, a
Kalman filter-based PLL is described to enhance the tracking capability. Its tracking be-
havior is examined under the same conditions as those for CBPLLs. The results are used
to quantify the sensitivity and accuracy improvements.

Finally Chapter 5 emphasizes the main conclusions of this thesis and presents the rec-

ommendations for future work.
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Chapter 2 Simulation Tools

Simulation tools provide an effective way to evaluate the tracking performance in a con-
trolled environment. The impact of some irregular phenomenon such as ionospheric scin-
tillation on the GPS receiver’s tracking capability can be examined using an existing
scintillation model, as described in Section 2.5. Besides these, specific interferences can
be separated from others, and therefore their impact on the tracking performance can be
quantified. This performance evalution provides a useful insight in tracking optimization

and enhancement mechanisms.
2.1 IF GPS Signal Generator

Global Navigation Satellite System (GNSS) receiver development and optimization is a
complex task. Control over a repeatable test environment essentially enables meaningful
GNSS research and development. Such capabilities are offered by a GNSS signal simu-
lator with high accuracy. A GNSS signal simulator
(1) extensively reduces the demand to perform field trials that are always limited by
the incontrollable elements imposed by real-world testing, therefore exhibiting ul-
timate flexibility and significantly shortening development cycles.
(2) evaluates navigation capability of a GNSS receiver in the presence of selectable
disturbances. To acquire and tightly track the signal is critical to maintain the

navigation capability. However, both units (acquisition and tracking) exhibit se-
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vere performance degradation when operating at the threshold region or experi-
ence a malfunction. This failure results in a loss of navigation capability. A deep
understanding of the units’ behaviour in the presence of perturbations provides in-
sight necessary for determining methods required to enhance immunity to the in-
terferences, therefore extending the availability of the navigation solution.

(3) examines the achievable performance for different processing strategies in a re-
peatable and controllable context. A controllable environment provides the ability
to compare various approaches under exactly identical conditions, and to distin-
guish effect of one interference from another. These interference effects are usu-
ally coupled and indistinguishable from each other in the real world.

(4) validates the theoretical results in practice.

In the context of this thesis, both hardware and software simulators are used to validate
theoretical results, and are used to quantify the improvement resulting from advanced
signal processing and estimation techniques. Using SImMGEN™ with the Spirent 7700
hardware simulator provides the user flexibility in configuring the following errors and
interferences as needed: satellite errors, atmospheric signal degradation, obscurations,
multipath and antenna characteristics. It does not however provide users at this time with
a platform to create new scenarios such as the occurrence of ionospheric scintillation, and
cannot separate errors that are naturally stemming from the limitations of the hardware

simulator components.



17

A software simulator however provides enough flexibility to characterize the conditions
that occur irregularly in the natural world, and thus to assess the receiver’s operation un-
der those situations. The user can configure the GPS signal propagation and processing
chain, allowing the introduction of specialized situations to create digitized IF GPS sig-
nals with specific properties as required. This makes it convenient to test and evaluate
various acquisition and tracking algorithms and to investigate the navigation capability of
a receiver in the presence of specific interference conditions. A software simulator also
makes it possible to separate the ambient noise from other disturbances at the FE, such as
OSC-induced fractional phase jitter. This jitter creates a tracking error that is unidentifi-
able under nominal SNR conditions (Kaplan 1996, Yu 2006a). Fortunately, the software
simulator is able to decouple disturbance of OSC from ambient noise; therefore, this
separation provides a way to validate the rule-of-thumb quantifications presented by Kap-

lan (1996, 2006) and Raquet (2006).

2.1.1 Summary of GPS IF Signal Simulator

Dong (2003) describes the development and verification of a basic digitized IF GPS sig-
nal simulator. This software simulator may be used for leading-edge research into various
acquisition, tracking and navigation algorithms for receivers; The software simulator

(1) provides a basic user-friendly interface to flexibly manipulate the error sources

that are coupled with the signal component at the receiver end, and thus can be
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used to investigate the performance degradation of the receiver resulting from
various combinations of interference conditions and thus

(2) forms a critical component of the objective to develop a series of generic GNSS
software modules to quantify the effect of various types of interference and ex-
ternal aiding on system performance, and to enhance the receiver’s navigation
capability by optimizing the acquisition and tracking configurations or by apply-

ing new signal processing techniques to build the receiver.

The overall structure of this IF GPS simulator is summarized in Figure 2-1. The GPS
constellation is loaded using a broadcast ephemeris file that can be downloaded, for ex-
ample, from the Crustal Dynamics Data Information System website. This knowledge
forms the basis for the true satellites’ trajectory during the simulation interval. In addition,
the satellite constellation can be derived from the above ephemeris. The resultant position,
combined with the receiver’s location, allows rejection of the satellites situated below the

horizon, or under a specific mask elevation.
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Figure 2-1: IF GPS simulator structure (Dong 2003)

Once the satellites in view and their trajectory are determined, the signal coming from
each satellite has to be modeled at the receiver end. The model used in the GPS IF signal

generator takes the following form:

e () = 2P 20 (8T = Stio ) (1 =T, = St )
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where

P.,»  denotes the received power of L1 C/A code waveform
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d(-) is the waveform of the navigation message,

() is the filtered waveform of the PRN serial for a satellite,
fie is the IF frequency,
St is the delay due to the ionosphere on the L1 frequency,

o, is the initial phase,

n(t) is additive ambient noise assumed with Gaussian distribution,

MP represents reflected rays due to multipath effects,

ot models the satellite on-board clock error,
Otey, is the satellite orbit error resulting from errors in the ephemeris,

ot

Tropo

is the delay due to the troposphere,

t is the free-space propagation delay.

This model accounts for the errors resulting from the signal propagation and from the er-
rors in satellites’ clocks and orbits. The characteristics of these errors provides the re-
quired information to model their behaviour and to evaluate their effects on the receiver’s

acquisition and tracking performance, as intended in this research.
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2.1.2 Error Sources for GPS Signal Propagation

This section describes the errors induced during signal propagation. Based on the charac-
teristics of these errors, their impacts on the tracking performance are described. Dong
(2003) proposes error models for satellite clocks, ephemeris, the ionosphere and tropo-
sphere, and the ambinent noise. The simulator does not however provide the simulation
of atmospheric errors, namely the troposphere and ionosphere. The present research en-
ables the simulation of receiver’s PHN and of the ionospheric scintillation. The models

for simulating these two perturbations conclude this chapter.

Satellite clock and ephemeris errors

Ephemeris errors result from a difference between the actual trajectory of the on-orbit
satellite and the predicted version of position broadcast through the navigation message.
This prediction is calculated from previous satellites’ constellation and knowledge of
Earth’s gravity field (Julien 2005). The ground station uploads this forecast to GPS satel-

lites at most three times per day, i.e. every prediction is valid for at least eight hours.

Since this error varies slowly with time, it can be regarded as a constant bias over the
update interval of a tracking loop. The receiver’s tracking loop, with respect to different
loop orders, is designed to measure variation of the phase, Doppler, or the Doppler drift;
therefore the deficiency of this prediction doesn’t alter the tracking performance once the
loop is already in tight lock. Olynik (2003) demonstrated satellite orbital errors have a
temporal correlation greater than 90% over the interval of five minutes. This means that

the tracking error resulting from orbit variation can be neglected.

A GPS receiver computes the user’s position by measuring the ranges between the re-

ceiver and at least four satellites, and by employing the a priori knowledge of satellites’
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position inherited in the navigation message; the satellites clock errors contribute to
pseudorange errors (Lachapelle 2005, Cannon 2005). The final position error is a func-
tion of range inaccuracy multiplied by a factor termed dilution of precision (DOP). The
small timing misalignment by the satellites oscillators can cause an unacceptable error
due to the high speed of EM waves. To mitigate this effect, the GPS control system is
able to predict the on-board clock behaviour that is modeled by a second-order polyno-
mial (Kaplan 1996, Lachapelle 2005). Such information is included in the data package

for transmission, and thus can be obtained by the receiver.
lonosphere

Due to the free electrons in the ionosphere, GPS signals don’t propagate in a vacuum and
signal velocities are altered as the signal travels through this region, about 50 to 1500 km
above the surface of the earth. The resulting effect is a range error. The ionosphere causes
an effect equal in magnitude and opposite in sign on the code and carrier phase compo-
nents of the signal. It delays the code by an amount proportional to the total number of
the free electrons encountered and inversely proportional to the carrier frequency squared.

The carrier phase is advanced by the identical amount due to this effect.

The Doppler shift at L1 from the ionospheric delay in normal case is approximately 0.085
Hz (Parkinson & Spilker 1996); thus the 3"-order carrier tracking loop is not sensitive to
this small change. The carrier-code divergence prohibits setting a too narrow DLL band-

width. In this case, the DLL is not able to track the divergence.

Typically, the ionospheric effect results in a ranging error of about 2-7 m for a satellite at

zenith (Lachapelle 2005). It causes a larger error for low-elevation satellites because the
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slant path through the ionosphere is longer. This measurement inaccuracy can be usually

mitigated in three ways:

(1) Acquire the latest corrections from the received navigation message. This infor-
mation is the applied in the form of a diurnal model to produce the corrections for

the measured pseudoranges (Lachapelle 2005).

(2) The L band signals, with different carrier frequency, travel through this region at
different speeds thus resulting in a discrepancy in code delay or carrier advance
(Misra & Enge 2001). Therefore the dual-frequency receiver can eliminate this

error by measuring the signal at both frequencies.

(3) The differential approach is able to reduce the error by utilizing the spatial corre-
lation of number of free electrons over the baseline, typically within 10 km (Pet-

rovski et al. 2002).

Activity of the ionosphere varies periodically over a day and over the 11-year solar cycle.
The maximum diurnal value occurs at 14:00, and the last solar cycle peak occured in the
middle of year 2000 (Lachapelle 2005, Cannon 2005). During solar maximum, the effects
of ionospheric scintillation induce deep power fades and rapid phase variation. These
high dynamics due to the ionosphere significantly impact GPS operation in susceptible
areas: (1) the high latitude regions, such as Canada, where scintillations effects are
dominated by phase variations associated with the auroral effects (Skone et al. 2005), and
(2) the equatorial region, such as Brazil, where the power fades — not the phase fluctua-
tion — are the dominant component in the presence of scintillations (Doherty et al. 2000).

This creates a particular concern for investigation of the ionospheric characteristics by
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interpreting the observations delivered from a receiver. Nevertheless, the strong scintilla-
tions may jeopardize the receiver’s carrier tracking performance, and cause failure of the
carrier tracking operation. The optimizations and advances in development of carrier
tracking approaches, as described in this thesis, enable better receiver tracking perform-
ance in the presence of scintillations. Since current ionospheric effects are low due to so-
lar minimum, it was not possible to collect real scintillation data. In order to evaluate im-
provements through development of optimized and advanced tracking strategies under
scintillation occurrence, models of scintillation phenomena are implemented as an effec-
tive way to derive representative results. The detailed description of this phenomenon and

a scintillation model will be described in Section 2.5.

Troposphere

The troposphere extends from the Earth’s surface to altitudes of 70 km and the region
below 10 km altitude includes most of the water vapour. Variations in pressure, humidity,
and temperature jointly contribute to variations in radio transit speed. Unlike the iono-
sphere, the troposphere is non-dispersive for L band frequencies. It induces the same de-
lay on both signal code and phase. Troposphere typically induces an error of 2.5 m for
zenith observations, and this can increase to 9 m for a satellite elevation angle of 15 de-
grees (Misra & Enge 2001). Simple models can usually estimate the tropospheric error to
within 20 centimetres (Cannon 2005). Olynik (2003) shows that temporal correlation for
tropospheric effects is higher than that for the ionospheric delay (90% over 10 minute).
Apart from tropospheric scintillation, this delay on the signal propagation does not affect

the behaviour of the tracking loops.
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Multipath

Multipath is one of the major sources of error in GNSS signal tracking. In real situations,
the received signal comprises a direct ray and several reflections. Each reflection is a de-
layed version of the direct signal, and can be classified as either diffuse or specular. Large
smooth surfaces result in a specular multipath that satisfies Snell’s law. The power at-
tenuation of such multipath, with respect to the direct signal, is small. Diffuse multipath
originates from rough surfaces that scatter the direct ray. It usually results in unstable
multipath with a large power loss (Ray 2005). In general, a triplet (amplitude attenuation,
time delay, and phase delay) can approximately model each channel through which a re-
flection travels. The presence of multipath causes inaccuracies in estimating code delay
by distorting the autocorrelation shapes as the dot curves presented in Figure 2-2. The

solid line in this figure illustrates the autocorrelation function R ., for the direct ray.
The multipath, at the same time, yields a delayed and attenuated version R, with re-
spect to R, . The constructive multipath (the red and blue) produces a positive correla-
tion between R, and R ., leading to an over-measure of the range. However the de-

structive multipath yields a negative correlation, resulting in an underestimation of the

range.

The maximum phase error due to multipath is 1/4 cycle (Lachapelle 2005). Figure 2-3

quantifies the phase tracking error caused by multipath interference, where the delay of
the reflection ranges from 0 to 1 chip and the signal-to-multipath ratio is 6 dB. The at-
tenuated sinusoidal pattern characterizes the phase tracking error, and the envelope is de-

picted by the blue lines. Thus far, research efforts have been focused on multipath impact
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on pseudorange measurements. Few methods, such as the multi-antenna system by Ray
(2000), Strobe & Enhanced correlator in Ray (2005) and Vision correlator by Fenton &

Jones (2005), are effective to reduce multipath impact on carrier phase estimation.

constructive, BFE =

MP*

Mormalized autocorrelation function

a6 i i i i i i j
3 E K

Figure 2-2: Multipath impact on code autocorrelation function
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Figure 2-3: Multipath impact on phase tracking error

Ambient noise

Thermal noise corresponds to the ambient noise present at the receiver antenna level. It is

assumed to be white and Gaussian with a PSD equal to:

N, = K,T (2.3)

sys

where  Kp is the Boltzman constant (= -228.6 dBW/K/Hz), and

Tsys Is the system noise temperature, dependent upon the FE architecture (fil-

ters and low noise amplifiers (LNA)), and defined through Friis formula

(Raquet 2006, Ray 2005).

For a typical receiver, it is common to assume that Ng =-205 dBW/Hz.
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Receiver oscillator frequency noise

The operation of the OSC behaves in both a deterministic and random manner (Allan
1987, Zucca & Tavella 2005). The deterministic variation stems from the internal changes
in the OSC and is predictable. A second-order polynomial is used predict this behaviour
similar to the method for the more stable satellite clocks. The random part, however, ex-
hibits a time-varying property that is usually quantified using statistical considerations.
This part critically influences the receiver’s performance, particularly for operation under
harsh SNR conditions, and is not accounted for by Dong (2003). This instability, termed
PHN, in the OSC is divided into “internal” and “external” components. The former re-
veals system-inherent flaws and is modeled by a combination of several stochastic proc-
esses. The “external” PHN is induced by the crystal vibration and becomes apparent in
dynamic applications. The model in Zucca & Tavella (2005) doesn’t account for the 1/ f

noise, flicker frequency fluctuation. Davis (2005) reviews the approaches in simulating
1/f noise, but does not express the model in discrete form suitable for numerical simu-

lation. Based on the aforementioned work, a comprehensive OSC’s discrete model is

discussed in detail and validated later in this chapter.

2.1.3 Implementation Loss of FE

It is worth noting here that C() in eq. (2.1) represents the filtered version of the C/A
waveform of c() due to the band limit of receivers’ FE. The precorrelation filtering is

essential to prevent aliasing at the sampling stage in a digital receiver. This filtering,
however, results in a correlation loss, and the round-off autocorrelation discontinuity, like

the solid red curves as opposed to the solid blue curves in Figure 2-2. The filter is char-
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acterized by a response with a sharp cutoff, linear phase shift, and a unit gain within the

bandpass. The correlation loss, originating from the elimination of the sidelobes of the
C/A code spectrum, is shown in Figure 2-4. The plot shows the correlation degradation

versus the ratio of the filter’s single-sided bandwidth B.. to PRN code chipping rate.

This figure includes two cases: in the presence of wideband interference, the filtering
band-limits the noise, reducing the effective correlation loss; while the energy of the nar-
rowband noise is concentrated inside bandpass, where the filtering carries the loss of sig-

nal sidelobes without altering the noise power.
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—‘ o ; ; i i | ===~ Loss with narrowband noise | |
: : : : : Loss with wideband noise |

3 1 N S S
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Figure 2-4:  Precorrelation filtering loss (after Parkinson & Spilker 1996)
The filtered signal plus noise in eq. (2.1) is sampled and quantized by the analog to
digital converter (ADC). The sampling rate, f, is selected to satisfy the Nyquist crite-

rion (Ziemer & Tranter 2002) for the input signal, i.e. f, is twice the two-sided band-
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width for the IF signal or is twice the single-sided bandwidth for the baseband signal.
Using such sampling strategies, the noise samples are uncorrelated with a constant PSD
within the sampling bandwidth. The quantization causes a degradation arising from the
residual in approximating the analog measurement by a set of limited digital values. The
degradation, termed quantization loss, is associated with quantization bits and bandwidth
of the precorrelation filtering. An n-bit quantization determines 2" —1 threshold levels;
the quantization deviation decreases once more bits are employed. As per Chang (1982),
Figure 2-5 and Figure 2-6 extend the results of Parkinson and Spilker (1996) by accom-
modating the degradation arising from an over 5-bit quantization scheme, where T, is
the PRN code chip duration. The quantization is illustrated as a function of the ratio of
the largest threshold L, to the root mean square (RMS) of noise level.

Figure 2-5 presents the case close to the operation of a MAGR receiver for P code proc-
essing (Parkinson & Spilker 1996), where the single-sided bandwidth equals the code
chipping rate. The configuration of threshold levels necessarily determines the perform-
ance of a quantizer. An inappropriate L, reduces the potential brought by using more
quantization bits, making the multi-bit quantizer asymptotic to the performance of 1-bit
quantization diagram. The degradation presented here includes the precorrelation filtering
loss of 0.45 dB shown as the blue curve in Figure 2-4. For a low-cost commercial re-
ceiver employing a narrow bandwidth with 1-bit quantization, the implementation loss in

FE is nearly 3.5 dB.
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Figure 2-6 illustrates a sample of wideband precorrelation filtering, where the bandwidth
is five times the code chipping rate, close to that of the GPSCard™ for C/A code proc-
essing (Parkinson & Spilker 1996). The minimum loss is achieved approximately at
LQ/an =1 for 2-bit quantization and LQ/an =1.5 for a 3-8 bit system. Both figures
demonstrate that the improvement appears indistinct by using 5-bit quantization as op-

posed to the adoption of an over 5-bit scheme.

2.2 |F GPS Software Receiver Review

The review of the software receiver accomplishes three purposes: (1) to coherently pro-
vide the signal processing flowchart in a GPS receiver; (2) to introduce the basic equa-
tions that will be used in subsequent chapters to assess the acquisition and tracking per-
formance; (3) to examine the squaring loss and discriminators of DLLs using statistical
consideration. The generic architecture of a GPS receiver is illustrated in Figure 2-7. As
mentioned above, if the software signal generator is used, the FE unit has been simulated
to create IF signal sequences. Consequently, the digital sequence from the IF signal
simulator can be recognized by modules of the software receiver directly, without any
requirement for pre-processing of the data. As the hardware simulator transmits the RF
signal in analog form, the hardware FE is necessary to downconvert, filter, and digitize
the received waveform.

The discrete samples are then fed into the signal processing units of a GPS receiver.

These time series include the information for all the visible satellites. The acquisition
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component in the receiver roughly estimates the code delay and Doppler shift of each
satellite through a global or local search. The resulting information is used by a bank of
signal tracking components to track the signal variations for each satellite simultaneously.
Each of these tracking blocks is composed of two or three tracking loops: the DLL that
tracks the spreading code delay; the PLL that synchronizes the carrier phase, and/or the
frequency-locked loop (FLL) that tracks the signal Doppler. The carrier phase is a meas-

ure of the accumulated Doppler.

PR Acquisition
\l\ Antenna W

Tracking ﬂ Sub-frame
Front End e Synchronization
Amplifier
Measurement Navigation
Derivation Solution
Inner Clock
Generation
l— Receiver 4[
Monitoring

Figure 2-7:  Generic diagram of a GPS receiver

Carrier and code synchronization is necessary for a GPS receiver to operate properly.
Since the errors of carrier phase measurements due to multipath and receivers’ noise are
at least one order less than those for code measurements, the phase tracking is essential
for high-accuracy applications. The measurements determined from the tracking loops are

provided to the navigation unit where the final position solution is estimated by using
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both the navigation data message and the satellite-receiver range measurements.
Least-squares or Kalman filtering (Liu 2003) are two major approaches to compute the
navigation solution. It is critical to understand that the measurements are made with re-
spect to the GPS reference time. Nevertheless, the measurements from the tracking loops
are produced with respect to the local OSC’s timing standard. Since this timing mis-
alignment is common to all tracking channels, it is usually modeled as an unknown, in

addition to the user’s three coordinates, in the position solution algorithm.

In order not to interfere with existing communication systems, the received GPS signal
power is set very low. The minimum specified received power, using a 3 dBiC antenna
with right hand circular polarization (RHCP), is -158.5 dBW for satellites located near
the zenith or horizon (Raquet 2006, Lachapelle 2005). The maximum power, -153 dBW,
is attained for an elevation of 40 degrees (Raquet 2006). In addition to this characteristi-
cally low signal power, the high chipping rate PRN code spreads the signal power over a
wide bandwidth, thus resulting in a signal PSD below the usual ambient noise PSD level,
which can be approximated at about -205 dBW/Hz under normal conditions (Van Dier-

endonck 1996). Figure 2-8 clearly illustrates this relationship.
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Figure 2-8: PSD of the L1 C/A code signal (actual and theoretical) vs. PSD of thermal
noise at normal condition

Eqg. (2.4) is the theoretical representation of the PSD envelope for the GPS C/A signal,

where f_ is the PRN code chipping rate (1.023 MHz for the C/A code) and T, (the re-
ciprocal of f_) is chip duration. The periodic PRN code creates discrete line serials in

the spectrum domain, like the blue line in Figure 2-8, whose envelope satisfies the pattern
of PSD of one chip (red line in Figure 2-8). Each line spectrum is separated by an incre-
ment equal to the ratio of the chip rate to the code length, or 1 kHz in the case of the GPS

C/Assignal. However, the envelope of the PSD is more often used for the analysis herein.

sin(ﬁ%]
SC/A( f)= PC/ATc f—c
0

2

(2.4)
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Since the PSD of GPS C/A signals is overwhelmed by that of the noise, the GPS signal

cannot be detected directly in L1 band, e.g. using classical tools such as an oscilloscope.
This PSD level does not interfere with the terrestrial wireless communication and broad-

cast services.

In order to detect and track the GPS signal, the spread spectrum technique is used to re-
distribute signal power over the frequency spectrum. Assuming that the PRN code is per-
fectly estimated and removed from the received signal, the resultant PSD (magenta line in
Figure 2-8) demonstrates that this recovery process concentrates signal power over a very
narrow bandwidth, within which the signal power is much higher than that of noise power.
This method allows detection and tracking of the GPS signal deeply suppressed by the
noise. Based on this method, Figure 2-9 gives the functional diagram for the signal proc-
essing unit of a GPS receiver, where a numerically controlled OSC (NCO) is used to
drive the digital loops. The DLL and carrier tracking loop are coupled with each other to

make the receiver operate effectively. The received IF signal r(t) (eg. (2.1)) can be

simplified without accounting for the multipath interference as

Me (t): 2R, d (t_TC/A)C(t_TC/A)

xcos[ O(t) |+n(t)

(2.5)

with a time-varying phase of
O(t) =t + oyt +56° (t)+ 560%™ (1) (2.6)

where
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Te/a is the total signal propagation delay caused by all the errors mentioned
previously,

O is the angular IF frequency, equal to 2z f. ineq. (2.1), and

@, is the angular Doppler frequency resulting from the LOS motion and

propagation delay,

50° (t) represents the receiver’s OSC phase jitter, and

56>™ (t)  denotes the rapid phase variation in the occurrence of ionospheric scin-
tillation, and finally

n(t) is the band-limited ambient/thermal noise, with an expression of
(Viterbi 1966)

n(t)=n,(t)cosw,t+n,(t)sinm,t 2.7)

where n (t) and n (t) are white noise processes inside the band-

width of f. Hz.
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Figure 2-9:  Functional diagram for signal processing unit of a GPS receiver

The received signal described by eq. (2.5) is split into two branches. One branch is mul-
tiplied by the in-phase local carrier, and the other one is multiplied by a quadrature-phase
local carrier (shifted by 90°, as compared to the in-phase carrier replica). This processing
wipes off the signal carrier and downconverts the signal to baseband. The power of the
baseband signal is distributed over a rather wide one-sided bandwidth of 1.023 MHz for
C/A code. Then it is correlated with the local code replica, and passed through the accu-
mulation and dump (Accum & Dump) filter to achieve the COH units. This correlation,
accumulation, and dump process is functionally identical to a digital matched filter (DMF)

in communication terminology.

L= > 1, cosé, (2.8)
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o NEH -1

Q= Y rg,sing, (2.9)
i=k

Egs. (2.8) and (2.9) describe processing by a DMF, where

v could be early (e), prompt (p), and late (I) version of the locally-generated

PRN samples,
I is the COH unit at in-phase arm, and

Q is the COH unit at quadrature-phase arm,

r is the incoming signal sampled at t; w.r.t receiver’s OSC,

o

is the local code replicain v version sampled at t;, and

v.j
0. is locally estimated carrier phase sampled at t;,

I is the start sample index for the kth COH accumulation, equal to tj.l.

where T, :% is the sampling period,
NS is number of samples per COH accumulation segment, equal to TCO%

where T, representsthe COH accumulation interval.

This pair of equations takes the analytical form of (after Parkinson & Spilker 1996)

. _NEUAd,, sin (76, Teon )
e 2 w5 T “Teom

R, (7o )COS B +10,, (2.10)

_ NIE:OH 'dem’k Sin(ﬂ'ff_k .TCOH)
2 70 f, - Teon

Qux R, (7., )SiN@, +n,q, (2.11)
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A

d

n

m,k

v,Q k
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is the average signal amplitude over the correlation interval,

is the data bit, +1, over the kth correlation interval. m :Ltj/TbJ indicates
the index of the data bit, where T, is the data bit period of 20 ms, | x| is
the maximum integer number no greater than x and Kk :Ltj/TCOHJ is the
index of the COH accumulation interval,

denotes the average frequency misalignment between the incoming samples
and the local carrier replica over the kth correlation interval,

is the filtered normalized autocorrelation for the v correlator, depicted by the
solid lines in Figure 2-2,

is the average timing error over the correlation interval,

is the average phase misalignment over the kth correlation interval,

denotes the additive noise at in-phase arm for the v correlator, obeying the
NCOH 0_2
N(O,%) distribution, where N(o,*) represents Gaussian distribu-

tion with expectation of o and variance of *, o is the variance of the

noise released from ADC, and

is additive noise at quadrature-phase arm for the v correlator, which shares

the same distribution as n, ,,, and independent from n,

This pair of equations is frequently used in this thesis to evaluate the sensitivity im-

provement obtained by using the new acquisition and carrier tracking algorithms.
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o) g T
’ 70 i Teon

(or sinc(5T, -Teoy ) each have a maximum amplitude

of Lwhen z,, and &f, take on the value of zero. If those values are non-zero, the re-
sult is a degradation in amplitude of the correlations. Code phase misalignment power
degradation is calculated as —20log,, R, (7, ). Given that the pull-in range of a code
tracking loop is 0.5 chips, the code search step is set to one half chip, yielding a maxi-
mum code mismatch of 0.25 chips. The autocorrelation amplitude with 0.25 chips mis-

alignment is approximately 0.75, resulting in a maximum 2.5 dB loss. Loss due to fre-

sin (70 f, Teon )
76 F Teon

quency mismatch is similarly calculated as 20Iogm[ } If the fre-

quency search bin size is selected as % , the maximum frequency offset of

TCOH

(%T ) produces a 1 dB loss. The consolidated power degradation due to
COH

time-frequency uncertainty is 3.5 dB in the worst case given the above search space defi-

nitions.

2.2.1 Signal Acquisition

Using egs. (2.10) and (2.11) and the acquisition fundamentals described in the literature,
this section reviews the common acquisition approach and evaluates the decision variable
(DV) using statistical consideration; the SNR of the DV determines the performance of

signal acquisition.
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The general architecture of acquisition units for GPS signals can be categorized as either
software based, where time domain code phase ambiguity is tested in parallel on a DSP
via a single Fast Fourier Transform (FFT), or hardware based, where multiple correlators
are simultaneously dedicated to the hypothesis test in several dwells. The FFT method is
described by Kaplan (1996), Lachapelle (2005), Psiaki (2001a), Ray (2005), and Raquet
(2006); the reader can refer to these references for details. The multi-correlator strategy
always utilizes all the correlation values (early, prompt, and late for a low-cost standard
receiver) to speed up the code ambiguity search. For both types, an acquisition search
progresses until a DV in one code/frequency bin is greater than a predefined threshold.
This predefined detection threshold—a function of the noise floor and required detection
statistics—in part determines the receiver’s acquisition performance.

Extending the COH accumulation time is ideal for improving sensitivity, as it fully util-

izes the potential of CDMA despreading gain (TCO%j . Such methods, however, are

restricted by factors including data message ambiguity, increased power loss due to fre-
quency errors, and a rapid increase in signal acquisition times. A 50 Hz navigation data
message is modulated on the GPS coarse/acquisition (C/A) code via binary phase shift
keying (BPSK). If COH integration periods include a data bit boundary, the possible
phase reversal may negate the positive effects of extended integration. Even in the ab-
sence of data transitions, the extension of COH integration time proportionally reduces

the tolerable frequency error due to the sinc pattern in egs. (2.10) and (2.11), requiring
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more accurate local frequencies to receive the signal with significant power. As a conse-
quence, a denser grid of frequencies must be examined during acquisition, which in-
creases total acquisition time by a factor of N where N is the ratio of extended integra-

tion time.

During the acquisition stage, the local carrier phase replica does not synchronize with that

of the received samples, i.e. ¢, in egs. (2.10) and (2.11) is indefinite; therefore, the

signal power is unevenly distributed over the in-phase and quandrature-phase branches.
To use either | correlation or Q correlation carries a risk of losing a significant portion of
the signal energy. As a result, the | and Q functions are considered together in forming the

DV, which is insensitive to the phase mismatch, for signal detection.

N EOH jfﬁ
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Figure 2-10:  Functional diagram of the NCH power detector

Figure 2-10 displays the functional unit that is widely used in a GPS receiver to acquire

the signal. The square of the resulting COH estimates are combined to form the unit DV
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where
Ak denotes the average amplitude over the correlation interval where the degra-

dation due to the code and frequency misalignment has been accommodated,

A sin(z5f, Teoy) <
% Sm(”_ k" lcoH ) R (Te,k)-
70 i Teon

equal to

The signal portion [] is independent from the phase misalignment, i.e. the total signal

power has been fully utilized for the detection, at the expense of amplifying the noise

power. This power increase is evaluated by examining the statistics of the noise term {}
ineq. (2.12) which is denoted by n, .

E[n, |=N&"o? (2.13)

Var[nZk ] Z(NkCOHO'Z)Z 1+ (NkCOH Ak)z

s ToNCOH 2
2N, "o

(2.14)

Obviously, the squaring operation alters the noise statistics. The noise floor (expectation
of the noise) expressed by eq. (2.13) increases compared with the zero-mean noise term
inegs. (2.10) and (2.11). Meanwhile, variance of the noise is increased as per eq. (2.14).
The statistics of the DV are directly associated with SNR, a key index to determine capa-
bility of the acquisition algorithm; therefore, the investigation of this parameter provides
insight into the influence of squaring operations on the detection performance. Since the

SNR naturally results from the deflection coefficient, a terminology in signal detection
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theory, the exact mathematical analysis of SNR degradation is given in Chapter 3. The
basic conclusion is that the nonlinear operation, e.g. the squaring in eq. (2.12), uses the
signal power at both I and Q branches effectively while reducing the SNR at the same

time.

2.2.2 Signal Tracking

Acquisition produces a coarse estimate of the carrier Doppler and the code offset for each
visible satellite. Due to the LOS motion between satellites and the receiver and phase jit-
ter of the receiver’s on-board OSC, among others, the carrier Doppler and the code delay
vary over time. To maintain the timing and carrier synchronization, the signal tracking
unit estimates variations in the carrier Doppler and code offset. After successfully ob-
taining the bit and subframe synchronization, precise pseudorange and carrier phase
measurements can be derived from the tracking loops. At the same time, good tracking
ensures correct demodulation of ephemeris which provides the satellites’ trajectory in-
formation. Proper tracking requires the carrier freqeuency and code offset be matched by
their local versions. Thus, the lock status of both the carrier tracking loop (FLL or PLL)
and DLL are required to indicate the tracking status; they are coupled together as shown
in Figure 2-9. The loss of one loop leads to the malfunction of the other loop. Compared
with the DLL, the carrier tracking loop is the weaker link in the operation of a GPS re-
ceiver and thus more vulnerable to loss of lock. This behaviour of carrier tracking results
from a wider bandwidth because (1) the same LOS motion leads to a larger carrier Dop-
pler variation as opposed to the code timing thus requiring larger bandwidth to respond
the dynamics, and (2) the DLL is usually aided by LOS motion estimate from the carrier

tracking loop, and thus a relatively narrower bandwidth can guarantee that the DLL re-
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sponds to the dynamic difference between the code and carrier (Raquet 2006).

Whatever carrier tracking or code tracking method is used, the loop is required to cor-
rectly measure the misalignment of code/carrier phase; the resultant correction is used to
update the local replica. The discriminator, shown in Figure 2-9, is a key component in
measuring the misalignments for both code and carrier tracking loops. This unit is also
termed phase frequency detector (PFD) for the PLL and FLL (Stephens 2002). COH units
are used by the discriminator to measure the local estimation mismatches. To improve the
accuracy of the error estimates, the raw measurements output by the discriminator are fed
into a low pass filter. This low pass filter is dedicated to extracting the actual misalign-
ment while to maximum extent reducing the noise perturbations. Because behaviour and
performance of the PLL will be comprehensively evaluated in Chapter 4, this section

concentrates on the description of the FLL and DLL.

The frequency error is estimated by calculating the ratio of phase error variation to the
time interval. To produce the frequency misalignment, the prompt correlations for current
and previous epochs are used in following approaches (Kaplan 1996) that are listed in

Table 2-1., inwhich 172 and Q¥ are prompt correlations normalized according to the

signal component in egs. (2.10) and (2.11), i.e.
158 =cosp, +1M,% (2.15)

Q¢ =sing, +n;¢

ok (2.16)

with
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where the amplitude degradation due to errors in timing and frequency estimation can be

disregarded by assuming a tight lock. This assumption results in

e ~ N[0, (2.18)
vChkich=1/0 2CT,.,,

(Yu et al. 2006¢c), where C/N, is termed carrier to noise density ratio. Egs. (2.15) and

(2.16) illustrate the nonlinearity between the phase estimate error and the observations
from the correlators. This nonlinear relationship demonstrates that the on-threshold be-
haviour of the FLL is far from the linear predictions. The multiplication in forming the
dot and cross products amplifies the variance of the noise (Yu et al. 2006c); therefore

the tracking result of the FLL is much noisier than that of the PLL.

Table 2-1: Discriminator algorithms for FLL

FLL Discriminator

Frequency error

Commnents

sign(dot)-cross
t

tJ'k+Nk*1 Tl

where
_ 71 Sig 7 Sig ~Sig M Sig
dot = o 1o T Qox " Qpis

_ T Sig A Sig 0Sig . | Sig
Cross = |p,k 'Qp,k_1 _Qp,k ) Ip,k—l

sin ((Zk - ¢k_1)
t t

JerNg=1 T T

Near optimal in tightly
tracking. The sin(:)

characteristic produces
the bias if the frequency
error is large

Cross
t -t

JerNe-1 i

(dm,kdm,k—l)Sin(ak _(Zk—l)

tjk+Nk—1 _tjk

Near optimal when the
two accumulations are
within a data bit period
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The code estimate error is derived from the early and late COH correlations. Under per-
fect code timing without noise disturbance, the early correlation is an image of the late
one relative to the prompt correlation. Therefore, the difference between the early and
late correlation reflects both magnitude and “direction” of the code phase mismatch,
which is illustrated by Figure 2-11. In this case, we assume the code phase mismatch is
0.2 chips and that the correlator spacing is 1 chip. Obviously, the early and late correla-
tions are not balanced once the code phase asynchronization occurs. A positive early mi-
nus late correlation drives the coder to advance the phase of the local code, while the
negative difference controls the coder to lag the phase. The early minus late correlation
analytically forms the function of the discriminator. The shape of the discriminator’s re-
sponse depends on the type of discriminators, the bandwidth of pre-correlation filter, and
the SNR after coherent accumulation. Three types of discriminators are recommended for
a GPS receiver (Kaplan 1996, Raquet 2005, Ray 2005): E-L envelope, E-L power, and

dot product. The single-sided bandwidth considered here assumes baseband sampling.
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Figure 2-11: Code mismatch vs. early, prompt, and late correlations
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Figure 2-12: Response of three types of DLL’s discriminators
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Figure 2-12 presents the impact of pre-correlation filtering bandwidth on the response of
the three types of discriminators. Results reveal that the linear operation region of E-L
envelope discriminator is wider than other types of discriminators. The restricted band-
width of the pre-correlation filter smoothes the sharp roll-off pattern coming into shape
without consideration of the bandwidth effect.

Figure 2-13 evaluates the E-L discriminator’s response from statistical consideration un-
der different SNR and pre-correlation filtering conditions. The slope of the linear opera-
tion region diverges away from the noise-free reference with the deterioration of SNR
conditions. As the function to estimate the code phase mismatch is derived from the
noise-free profile, the real SNR situation implies a measurement bias that lowers the ac-
curacy of code tracking. The relationship between slope of the E-L envelope discrimina-
tor and the SNR condition is derived from Monte Carlo simulations.

Figure 2-14 shows this result, where the COH inverval is 1 ms and three pre-correlation
bandwidths are considered. The deviation is inversely proportional to the bandwidth and
post-COH SNR. The noise-free reference yields a slope of 2 that cannot be attained even
in the very strong post-COH SNR scenario. In the weak SNR (0 dB) situation, the rela-
tive error in slope exceeds 55%. The code misalignment estimate error resulting from the
SNR can be estimated by

1
slopeg, s

ot =|E—L|

—0.5‘ (2.19)

where
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Oty is error for code misalignment,

[E-L| isthe output from the E-L envelope discriminator, and
slopey,, represents the slope of discriminator’s response at a certain post-COH
SNR.
The narrow correlator exhibits excellent capability in mitigating the multipath error (Ray
2005). In addition, the noise samples at early and late correlators are dependent on each

other as a function of correlator spacing as (Parkinson & Spilker 1996)

E (ﬁe,Chl,kﬁl,ChZ,k )‘Chl,ChZ:I/Q = C_’:C(;H {1_ ch_rIIelator :|5Ch1,Ch2 (2.20)
¢
where
Aeorreiaor 1S the correlator spacing, and
S, ; is the Kronecker product, indicating the noise term at the in-phase arm is

independent from that at quadra-phase arm.
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Figure 2-15: E-L envelope discriminator’s response in the presence of noise and re-

stricted pre-correlation filtering bandwidth (narrow correlator spacing dcorrelator = 0.1)
A narrower spacing results in a stronger correlation between noise terms, meaning that
the noise disturbance can be largely cancelled by early minus late operation. However,
the response of the narrow correlator is severely distorted in the band limited case, as the
red curve compared with the blue reference in Figure 2-15. Such characteristics require a
wide pre-correlation filtering bandwidth and high sampling rate for the use of this tech-
nique. This figure also shows the narrow correlator’s response in the presence of the
noise derived through Monte Carlo simulation. Compared with the results in Figure 2-13,
the response for high SNR is not significantly different from that for low SNR; this ad-

vantage comes from the correlation in eq. (2.20). When the timing error increases, signal
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component of E-L decreases quickly due to the correlation degradation; therefore, E-L in
large part reveals the statistics of correlated noise.

The wide bandwidth after the COH accumulation makes the measurements from the
DLL’s discriminator too noisy to be used directly; therefore, a low pass filter is applied

immediately to reduce the noise disturbance.

2.3 Measures of Oscillator in Terms of Frequency Stability

The Allan variance (AVAR) is commonly used to evaluate the frequency stability of an
OSC. The approach to derive AVAR from a set of collected random samples is described
in this section. The method is then used to validate the Kalman filter-based OSC model

described in section 2.4.

2.3.1 Basic Definition

OSC timing error originates from the oscillator deviation from clock’s nominal frequency.
Allan (1987) and Gierkink (1999) describe the OSCs’ behavior in detail. The OSC’s fre-
quency fluctuation is classified into systematic (deterministic) and random variations.
Systematic variation of the OSC’s periodicity is associated with the fluctuations external
to the OSC circuit and can be minimized by applying appropriate circuit techniques. The
random variations result from the noise, produced in active and passive components of

the OSC circuit, that modulates the frequency of oscillation. The random fluctuations of

the receiver’s clock present in the received IF signal are explicitly expressed by 66 (t)

in eq. (2.6). According to Gierkink (1999), the instantaneous fractional frequency fluc-

tuation is associated with the OSC PHN by
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Osc
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St (t) = [
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Osc
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is the OSC’s reference operating frequency, and

SFo (t) is the random instantaneous frequency fluctuation.

2.3.2 Power-law Spectral Density Model
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(2.21)

The random frequency or phase fluctuations are composed of several stochastic random

processes, named white frequency modulation (WFM), flicker frequency modulation

(FFM), and random walk frequency modulation (RWFM) (Gierkink 1999, Allan 1987).

The manufacturer usually releases reference parameters for each type of OSC. These pa-

rameters specify the strength of each stochastic process as in Table 2-2, where h,, h ,

and h_, respectively specify the intensity of WFM, FFM, and RWFM. These values are

included in the power-law PSD for fractional frequency fluctuation (Gierkink 1999):

S, 00 (1) iz hf! (2.22)
Table 2-2: Parameters for a set of OSCs
OSC Parameters
ho (WFM) h.. (FFM) h., (RWFM)

%O 2x107" 7x107* 2x107%
Texo 1x107* 1x107* 2x107%
0CeX0 8x10% 2x107% 4x107%
Rubidium 9102 75102 1x10°%
Cesium 1x10°" 1x10°% 2x10%
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OSC:s listed in Table 2-2 can be classified into Quartz crystal and atomic standard. Crys-

tal OSCs (OX) exhibit commercial merits such as low power consumption and cost, the
small size and light weight, and the high mean time between failure (MTBF). However
this type of low-cost unit compromises the measurement accuracy due to (1) higher
long-term instability indicated by intensity of RWFM in Table 2-2, and (2) sensitivity to
the temperature variation (Raquet 2006). To mitigate the oscillating deviation originating
from the fluctuation of temperature, one can either compensate for the temperature varia-
tion or mount the OSC in a temperature-stable environment; the former technique is the
basis for the temperature controlled crystal OSC (TCXO) and the latter method is used in
an oven controlled crystal OSC (OCXO). Compared with crystal OSCs, the atomic OSCs
reveal improvement in accuracy by about 2 to 3 orders, and in aging by about 1 to 2 or-
ders (Vig 1992). This frequency standard is uniformly used in the satellites and deter-
mines their life. The sound oscillating stability is achieved at the expenses of other
weaknesses such as long warm-up time, worse MTBF, large size and prohibitive cost for

wide use.

2.3.3 Allan Variance

The AVAR is a measure of frequency stability in the time domain. As is well known, the

classical variance measures the variation of a random process over an observation inter-

val. It is related to the PSD of the random process, specifically for & f (t) , as

VAR

2sin(7z f 7,5 ) ’
O-lslormaIVar (TVAR ) = J.O S(yfFOSc ( f )|:—VAR:| df (223)
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(Gierkink 1999). This integration in eq. (2.23) cannot be evaluated because PSD of the

frequency variation is immeasurable at the zero frequency. Therefore, in lieu of directly
measuring the variation of the random process, AVAR is used to measure the variation of
the derivative of the random process (Gierkink 1999). Eq. (2.24) describes the relation-

ship between the AVAR and the PSD of a random process.

2sin® (7 f T pynp)

(77 f7aunr )2

~+00

O-,illan (TAVAR ) = .[0 S(gfrOSC ( f ) df (224)

The resultant AVAR, derived by substituting the specific PSD in eq. (2.22) into eq. (2.24),

becomes (Parkinson & Spilker 1996, Irsigler & Eissfeller 2002)

2 2
O tan (TAVAR):L‘FZln(Z) h., +%TAVAR|'L2 (2.25)

T AvAR

Gierkink (1999) describes the procedure to measure the AVAR over different intervals

based on a random serial sampled every T, second. This method will be adopted to

validate the OSC PHN model described in Section 2.4.

Given a OSC’s PHN serial {56°°}, the following equation quantifies the expected

AVAR:
onl A2 ( Sp0sC
Gillan (TAVAR ) = %ﬁ Nkz_zl: (%] (2.26)
where
N is the total number of samples in the serial, and
n Is the number samples within the interval over which AVAR is concerned,

ie. N=7,,:/T,,
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A% () is the second derivative of the serial, defined as A% (x, ) =X —2X_, + X,_,.

2.4 Receiver Oscillator PHN Modeling

2.4.1 A Precise Oscillator Model based on Diffusion Coefficient

The OSC timing jitter, also named OSC PHN, is of particular importance for satellite
navigation systems, such as GPS (Chaffee 1987, Zucca & Tavella 2005) and the new
Galileo, for evaluating and assessing the accuracy, availability, and capability the system
can achieve. The oscillator’s instability can be suitably modeled by the random processes
satisfying stochastic differential equation (SDE) (Davis et al. 2005, Zucca & Tavella
2005); this model is of particular importance to evaluate the impact of clock noise on the
receiver’s tracking performance, to predict and characterize clock behavior, and to repli-
cate clock data using filtering techniques (e.g. the KF). The KF is able to characterize the
random aspects of a physical system as a dynamic model using a priori information de-
rived from the previous estimation and the statistics of the super-imposed noises. Existing
KF-based algorithms model the PHN as a linear combination of white frequency modula-
tion (WFM), random walk frequency modulation (RWFM) and flicker frequency modu-
lation (FFM) (Davis et al. 2005, Zucca & Tavella 2005). WFM is a broadband phase
noise usually produced in amplification stages; RWFM results from the oscillator’s

physical environment; FFM characterizes the resonances of active oscillators, whose

spectrum density takes the form of % (Zucca & Tavella 2005). Besides these three



59

random modulations, the random run frequency modulation describes the time variation
of the frequency drift, leading to a non-stationary Allan variance (Zucca & Tavella 2005);
therefore, this process is not usually specified by the manufacturer and is not discussed
here. To be included in a KF, the pure FFM process could be approximated by the Bar-
nes—Jarvis and Mandelbrot approximations (Davis et al. 2005). Both methods generate a
stationary process that represents the non-stationary noise over a limited time interval,
which can easily be made longer than the application. Due to the simplicity and computa-
tion optimality, the Mandelbrot approach is employed here, which approximates the FFM
by a sum of independent stationary Gauss-Markov (GM) processes running in parallel
(Davis et al. 2005). The continuous model given by Davis et al. (2005) is first reviewed,
based on which the digitized approach to implement it is derived. Finally, the digital im-
plementation results are validated using the measure of AVAR described in the previous
section. Hereby, four GM processes are used to simulate the FFM, and the time constants
of these GM processes are of a group of geometric progression.

Each GM frequency process and associated phase offset satisfy the differential equation

of
d (565 (t
d(9%3 (1) GM())=5f§;°(t),
o :'i o) 2.27)
ST (1
+:—RGM SIS (1) +n(t)

(Davis et al. 2005), where

SO (t) is the phase noise resulting from a GM process, and
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St (t) is the frequency perturbation derived from a GM process,
Rawm is the reciprocal of the time constant, and
n(t) is the white noise process with a variance of o}, .

This GM process can be simulated in discrete time and used in a Kalman filter by solving

it over a time interval of T,. The differential equation takes the form of (Davis et al.

n(sag;,f (t)
}+[%%ﬁa)] (2.28)

(t) n 5185 (t)}T has a covariance matrix of

2005)

1_ e’RGMTs

S5 (1) ]_| 1 T[98 (t-T.)
Star (1) oM Star (t-T,)

S

O e RemTs

where the random noise vector n(t)= [n

5083

UCZ;M |:T53a11 ( RGM Ts ) T52a12 (RGMTS )j| (229)
Tszalz (RGMTS ) Ts a22 (RGMTS )

and

_ -3/2+x+2e—e?)2

a,, (X) S (2.30)
6112()()::1/2—e:(2+e“/2 (2.31)
aﬂ(x)zl;izx (2.32)

By investigating the autocorrelation function for GM processes, & fg’ (t), the PSD of
this process is achieved through the Fourier transform of this autocorrelation function.
Using this PSD in eq. (2.24), the corresponding AVAR resulting from this GM process

takes the form of
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2 —Rem Tavar —2Rem Tavar
2 _ Ogy —3+4e —-e + 2R Tavar
O Allan (TAVAR ) = (2.33)

2 2
2Ry Ram Zavar

Based on the model for each GM process, a six-state KF is used to accommodate all the
random processes including WFM and RWFM, and four GM processes to approximate
the FFM. The transition matrix and the noise samples are two critical components to

propagate the model in time. Analytically,

Osc __ ,50sc,,Osc
X =@ X 0

(2.34)
where

x*=[00% 5t St .. 8 feohj‘;]l, 56°° represents the OSC-induced
Osc

phase variation, &f%° describes the OSC frequency variation, and &fgy,; is the

state for the ith GM process.

1 T 1_e’RGM .lTs l_e’RGM .4Ts ]
) RGM 1 RGM 4
o 0 1 0 0 ]
= ,an
0 0 gfews 0
0 0 0 g et |

n=[n n, n, n,ng onj.
R..= R% quantifies the time constants between two adjacent GM processes.

The transition matrix is given by Davis et al. (2005), which, however, doesn’t describe
the noise terms driving the propagation of this discrete model. Based on the covariance

matrix of the noise vector n,
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where
Owem is intensity of the WFM process, and
O awim is intensity of the RWFM process.

RGM ,iTs)
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GéM ,4Ts2 a, ( Romals )

0
(2.35)

0

O-éM aTs 8y (RGM aTs )

(2.36)

Both values, respectively, are related to the intensity of the power spectra of an OSC by

Owrm

hy

2

Orwem =V 27°h,

The characteristic of the second order statistics for the process noise, eq. (2.35), is inher-

(2.37)

ited in constructing the noise vector n,, which can be realized by a combination of ten

i.i.d white Gaussian random serials as

T 6
N; = Oyeym \/fwl + Oruem T \/§W2+Z(bi aWig bi,zwi,z)

i=3

N, = Orwem \/Ts W,

n; :bi,swi,z(i :3~6)

(2.38)

(2.39)

(2.40)
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where

(Wl'WZ’Wi,l’\Ni,Z)‘F&G are independent identical distribution (i.i.d) Gaussian random
variables with unit variance. T, is the interval between the two adjacent samples. The

coefficients for eq. (2.38) are

_RGM ,FZTS
= s [ et 2 P, 2.4
! ! RgM i |:1+ e RGM ,|—2Ts :|

|:1— g RemizTs ]3 Y
SRy a[1re ] 24

bi,z =Ogm -2

1— e_ZRGM i-2Ts
bz =ami-2 ToR. (2.43)
GM i-2

Oamio 1 the intensity for each GM process, which is related to intensity of the FFM by

2
OFrm

U =_"Fm
2RGM,l

. Oguize = 2Rem iU (i=3~6) (2.44)
Because Ry, ;_, > Rgy .1 the intensities of the four GM processes decay.

The term

Cren =+2IN2-N, (2.45)

reflects the relationship between the intensity of FFM and its specification in the fre-

quency domain.

Based on the specification given by Table 2-2, Figure 2-16 illustrates the phase and fre-

quency deviations of a TCXO over a 10 second interval. The frequency and phase devia-
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tions presented in this figure are assumed to be modulated on the L1 carrier (1575.42
MHz). The curves in both subplots respectively represent the six states modeled in eq.

(2.34)

o
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Figure 2-16: The phase and frequency noise samples induced by TCXO

Figure 2-17 shows the approximation of FFM by a combination of four GM processes as
given in eq. (2.34). The reference time constant for the first GM process is selected as

Rsu 1 =1.89 (Davis et al. 2005). All lines except the red curve are individual Allan de-
viations of each GM process over the time interval z,,,, derived from eq. (2.33). The

symbols are numerical results for the Allan deviation using the created random samples
and eq. (2.26).. From eq. (2.25), which quantifies the contribution to AVAR by each
possible random modulation, the stability of an OSC can be evaluated over short-, me-

dium-, and long-term intervals. These values are respectively determined as a function of
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the intensity of the WFM, FFM, and RWFM. Therefore, the GM approximation is ac-

ceptable if this approach maintains a constant AVAR over a medium interval of an indi-

vidual OSC.

Figure 2-17:

Fhase and freqeuncy Allan deviation
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FFM approximation by four GM processes (TCXO)

Figure 2-18 is used to validate the OSC model by eq. (2.34) and the GM approximation.

The dash lines are Allan deviations for four types of OSCs based on the specifications in

Table 2-2. The symbols are numerical results derived from the random samples based on

the KF-based model in eq. (2.34). A high quality atomic frequency standard is assumed

for all satellites to drive the signal generation (Kaplan 1996). The satellites also broadcast

predicted corrections for the on-board OSCs; therefore, the receiver’s OSC, compared

with the satellite’s OSC, has a larger impact in determining the tracking capability and

accuracy. The carrier tracking update rate for a GPS receiver is always less than 20 ms; as

a result, the tracking jitter by PHN is associated with the short-term stability of the oper-
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ating oscillator. This stability is determined by the intensity of the WFM process.

Symbol for Allan deviation derived
-| from Oscillator PHMN Gen

| Line for theoretical Allan deviation

__________

Allan deviation for four types of 0SCs

T (sec)

Figure 2-18:  Allan deviation derived for OSC models

2.5 lonospheric Scintillation Modeling

2.5.1 Amplitude and Phase Variations

During past decades, numerous researchers have investigated the characteristics of iono-
spheric variation by using GPS signals (Hegarty et al. 2001, Conker et al. 2003, Skone et
al. 2005). A large GPS network, consisting of an array of GPS receivers, can be used to
examine the spatial irregularity, velocity, and height of the electron density structures in
the presence of ionospheric scintillation. To investigate the nature of the ionospheric ir-
regularity, the receivers are specially required to provide accurate carrier phase and am-
plitude data, and to maintain tracking lock during the deep power fades and vigorous

phase dynamics associated with scintillations (Pullen et al. 1998, Skone et al. 2005).
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The ionospheric scintillation can lead to amplitude fades up to 25 dB (Skone et.al 2005);

under such situations the carrier tracking reliability rapidly degrades due to the lower

C/N, - Due to the nonlinearity between the observations and the phase misalignment, the
operation of discriminators largely decreases C/N, . Experiments show, as demonstrated

herein, that even an lonospheric Scintillation Monitor (ISM) (Humphreys et al.. 2005)
which employs wide-bandwidth loop filters (e.g. 15 Hz) will lose lock during strong

equatorial scintillations.

The MITRE Centre for Advanced Aviation System Development has developed a scintil-
lation signal model and also a GPS/Wide Area Augmentation System (WAAS) receiver
model (Hegarty et al. 2001), to investigate the impact of scintillation on GPS/WAAS op-
erations. By accounting for the amplitude variation caused by the ionospheric scintillation

and disregarding the ambient noise, the received signal model of eq. (2.5) becomes

r(t)=[ ASA™™ (t) |d (t—z,,)c(t—7c,,)cosO(t) (2.46)

where

A is the nominal signal carrier amplitude,

SA*™ (t) represents the amplitude variation induced by the ionospheric scintillation,

and

56>™ (t) is the scintillation-triggered phase variation, included in 6(t) as ex-

pressed by eq. (2.6).

The intensity variation,
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is the square of the amplitude variation and obeys a Nakagami-m distribution (Hegarty et

al. 2001) as

m™ (5| Scint )m—l

f(s1%™)= (e

e—m5|50int/[2 (2.48)
where

N=E (5I S"‘”t) is the expectation of the intensity variation, and

x—1
r() is a Gamma function defined as 77(x) = jol{ln(%ﬂ dt

The amplitude scintillation index is given as

E 5|Scint_g 2
%:( ( — )) _s? (2.49)

which measures the power variation induced by the scintillation. A larger S, is directly

associated with deep power fades. This attenuation significantly jeopardizes the re-

ceiver’s tracking performance, and may lead to the loss of navigation capabilities.
The phase variation in eq. (2.6) obeys

50" ~ N (0,67 .. ) (2.50)

which is a zero-mean Gaussian distribution.

The magnitudes of the amplitude and phase scintillation can be classified respectively as

a function of the commonly used scintillation parameters S, and o ., a shown in
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Table 2-3 (Hegarty et al. 2001, Skone et al. 2005).

Table 2-3:  Scintillation intensity classification

Case S, 0 sem (rad)
Strong 0.9 0.6
Moderate 0.6 0.3
Weak 0.4 0.2
Very weak 0.1 0.05

An experiment in (Pullen et al. 1998, Hegarty et al. 2001) shows that the amplitude and

phase variation are negatively correlated by Py ggeim =—0.6.

Fourier analysis of experimental data illustrates the temporal correlation between the

scintillation measurements (Pullen et al. 1998, Hegarty et al. 2001), i.e. the PSD of scin-

tillation measurements is band-limited; therefore, PSD of scintillation variations is

adapted for realistic simulations using spectrum shaping filters.

Shaping filters to create realistic PSD of intensity variation take the form of

(Pullen et al. 1998), where

\H(jf)f:l{

.I: 2m, + C2mh

d2m,

JFilter (2.51)

11[ f2 432 }
2 2
f + Filter

L i=1 i

||,  is m,-order Butterworth high pass filter,

||, IS m,-order Butterworth low pass filter, and
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[-]Filter represents n cascaded band pass filters that are used to form a flat response

in the pass-band.

K is adjusted to satisfy

+o0 R 2
jo H(jf )| df =1 (2.52)
Table 2-4 (Pullen et al. 1998) lists the shaping filter configuration for strong amplitude

scintillation (S, > 0.8)

Table 2-4:  Shaping filter configuration for strong amplitude scintillation

m, =2 m =2
c=0.1(Hz) d =0.7(Hz)
a, =1.75(Hz) b, = 1.25(Hz)
a, = 2.75(Hz) b, = 2.25(Hz)

The shaping filter configuration leads to a high-frequency roll-off slope parameter of -5.5.
For the medium and weak intensity scintillation, slopes of -3.0 and -2.5 are used respec-

tively.

Table 2-5 Shaping filter configuration for phase scintillation

The PSD for the phase scintillation is known to take the form S f)=Tf", where T,

5950im
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in (rad®/ Hz), indicates the strength at f=1 Hz, and p is a unitless slope that is typically

2.0-3.0 (Hegarty et al.. 2001). The parameters of shaping filter for phase scintillation are

listed in Table 2-5 (Pullen et al. 1998).
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Figure 2-19:  Amplitude response of shaping filters for amplitude and phase variation

The solid lines in Figure 2-19 represent the amplitude responses of the Butterworth ap-
proximations modeled by eq. (2.51), respectively, for scintillation-induced amplitude and
phase variations. The shaping filters are respectively parameterized by Table 2-4 and
Table 2-5. Pullen et al. (1998) demonstrates that patterns of the shaping filters in Figure

2-19 agree well with the experimental results.

2.5.2 Wideband Model (WBMOD) For lonospheric Scintillation

The transformation matrix
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,Oé-HScim Sl scint S— 0-5950|n1 1 - ,05950|nt Sl Scint
4

is used to realize the negative correlation between amplitude and phase variations. After
shaping the PSD of intensity scintillation samples, the PDF of this random series does not
satisfy the Nakagami-m or Gamma distribution, as in the model in Pullen et al. (1998);
therefore, in Figure 2-20, each variable at stage A is mapped into a variable at stage B,
where both variables possess the identical cumulative probability. Because the PDF at
stage B is Nakagami-m distribution, the process between A and B can make it a desired

distribution.
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Figure 2-20: Discrete ionospheric scintillation model
To verify the PSD of amplitude and phase fluctuations, we use FFT techniques to analyze
the PSD of 50-second samples created by the process in Figure 2-20 (e.g. the markers

displayed in Figure 2-19). Combined with the experimental results in Pullen et al. (1998),
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this verification validates that the simulated variations can describe the fluctuation caused

by the ionospheric scintillation.
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Figure 2-21: PDF of the scintillation-induced amplitude and phase variation

Figure 2-21 illustrates PDFs of the resultant intensity and phase variation, where

S,=09 and o_,. =0.6 rad are assumed. The solid line is the ideal Nakagami-m

5€Scint
distribution (for intensity) and normal distribution (for phase) based on the standard de-

viation assumed for each random process. The symbols represent the PDFs resulting from

the resultant random samples.

Figure 2-22 presents time series of the amplitude variation (5A5°"“) and phase variation

(5495“”‘) simulated over a 20-second interval. The assumed scintillation level is identical
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to the case shown in Figure 2-21. The increasing amplitude occurs with a decrease in
phase variation, showing that the two variations are negatively correlated. The duration

where SA™™ <1 represents the occurrence of power fades, which can be quantified in

dB by —20log,, (5A*™).

Amplitude variation

Fhase variation (rad)

o 2 4 B B 10 12 14 15 18 20
Time {sec)

Figure 2-22:  Scintillation-induced amplitude and phase variation

Figure 2-21 and Figure 2-22 demonstrate that the scintillation simulation model shown in

Figure 2-20 can realize the model assumed in Pullen et al. (1998).
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Chapter 3  Acquisition Enhancement

This section demonstrates that the DFC approach allows a 2.5 dB improvement in proc-
essing loss as compared with NCH methods under weak signal conditions. The lesser loss
results in a sensitivity improvement ranging from 1.2 dB to 1.6 dB for a detector based on

the DFC strategy.
3.1 Differential Combining Acquisition

The GPS signal acquisition is equivalent to a binary hypothesis testing problem, where

the signal model is constructed under two competing hypotheses. H, is referred to as
the null hypothesis, corresponding to the case that the given satellite’s signal is absent.
Complementarily, H, refers to the alternative hypothesis, indicating the satellite to be
acquired is present. By examining the statistic of the unit DV of z, , we can quantify the
nonlinear processing loss, specifically the squaring loss for the NCH detector (Figure

2-10). The performance of a detector can be evaluated through analyzing the test statistic

as T (zk) in Figure 2-10 under both presumptions.

Differentially coherent correlation (Zarrabizadeh & Sousa 1997) was first introduced to
improve the capacity of a commercial direct-sequence spread spectrum (DS-SS) CDMA
system. It operates well in the presence of relatively high noise or interference by sup-
pressing random and pseudo-random noise. Based on that scheme, a modified integration

method (Choi et al. 2002) has also been proposed to acquire weak GPS signals; this



76
method can improve on the conventional NCH accumulation by introducing a constant

processing loss. However, since a data bit sign reversal can negate the amplitude of ac-
cumulation, the modified integration is only suitable for AGPS receivers. In addition, the
modified integration only uses coherent output from the in-phase channel, implying a
perfect carrier phase alignment with all signal power concentrated in the in-phase channel;
such carrier alignment is almost impossible during acquisition. In this paper, the acquisi-
tion approach of Choi et al. (2002) is modified and termed “DFC.” The DFC approach is
described and its statistical nature is explored. The results prove that DFC exceeds NCH
in reducing the processing loss by about 3 dB in low post-COH SNR cases, resulting in

an overall detection sensitivity improvement ranging from 1.2 and 1.6 dB.

3.1.1 Squaring Loss vs. Differential Processing Loss

The signals from all the visible satellites are available simultaneously at the receiver front
end. Thus the outputs of Accum & Dump filter, by egs. (2.10) and (2.11), actually consist
of three types of terms: an autocorrelation term, if the desired satellite’s signal is present;
multiple cross-correlation terms from all other visible satellites, which are not explicitly
included in egs. (2.10) and (2.11); and bandlimited Gaussian noise. Cross-correlation
interference or multiple access interference (MAI) in GPS processing is associated with
the Doppler difference between two channels (Norman & Cahn 2005) and is character-
ized as wide-band noise (Holtzman 1994). This interference raises the noise level and de-

grades the detectors’ performance. Even worse, the autocorrelation peak of a weak signal
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can be lower than the cross-correlation peaks of stronger signals, resulting in failure to

acquire on the weak channel. Fortunately, various types of interference cancellation have
been extensively investigated to suppress the MAI, for example, successive interference
cancellation method in Holtzman (1994). These methods are typically applied during the
initial coherent accumulation of acquisition. Thus, the remnants of the MAI influence the
DFC and NCH detectors equally. Therefore, in general, we can compare the detectors’
performance by assuming that MAI has been suppressed sufficiently to be considered
negligible in the remainder of this chapter.

With cross-correlation assumed negligible, and making the assumption that the satellite is
in view, the COH units of egs. (2.10) and (2.11) have the following general forms under
the alternative hypothesis H, . The reference for normalization does not alter the natural
SNR which determines the capability and accuracy of acquisition and tracking. To sim-
plify the following statistical analysis and sustain consistency of the results, the COH

units have been normalized by the noise variance, taking the forms of

T e — g cosg, +1,7, and (3.1)

m Kk

QU =d,, sin g, + e (3.2)

v.Q k

where

(VAT

is the instantaneous SNR after COH unit, denoted by A?, and



78

Noise
v,Ch k

O NkCOH /2 Ch=1/Q

Mychilgn o 15 the normalized noise, equal to , and satisfying

v.Chkichoy/

the distribution of N (0,1).

If the detected signal is not present in the received samples, COH units consist of only
white Gaussian noise (WGN) and the sum of the MAI residuals; as mentioned above, the
latter is assumed to be negligible. This assumption yields COH unit normalized by noise

variance, which takes the following forms under the null hypothesis, H,:

1™ = and (3.3)
— Noise — ﬁNoise 34
Qv,k v,Q k

Acquisition is conducted to roughly estimate the code phase and Doppler offset. The lo-
cation of the maximum prompt correlation inherits the correct information. Therefore,
only the prompt correlation is used to form the test statistic at acquisition stage. The

squaring loss results from the evaluation of a unit DV of

NCH T Noise? | ~ Noise?
20 = [T g Qe (3.5)

. This unit DV satisfies Rician distribution,

p(szCH\Hl)=aexp(—wjuo(zww) @6

where

Iy (+) is the zero-order modified Bessel function of the first kind, formed by an
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infinite summation of polynomials. Io(x): ———~<—— is an even function,

under H, hypothesis (Kay 1998), and Rayleigh distribution

p(szCH ‘ H, ) =z, " exp (— ZF;HZ ] (3.7)

under H, (Kay 1998). Kay (1998) also generally defines

2

(E(szc”\Hl)—E(szc“\Ho))

SNR ¢y = (3.8)
‘ Var(zECH‘HO)

as the SNR for a DV used to decide the presence or absence of the desired signal. Par-

ticularly for the unit DV in eq. (3.5), the resultant SNR after NCH combination becomes

T ,Akz A2 A2 A2 A2
[ S TN E | ST
where 1, (-)is the first-order modified Bessel function of the first kind (Lowe 1999). The

squaring loss caused by the NCH combination is

Lyon (dB) =1010g,, (A’ ) 10109, (SNRyey vy ) (3.10)
where Af is the instantaneous post-COH SNR defined for egs. (3.1) and (3.2). The
squaring loss greatly challenges acquisition of the weak signal (Lachapelle 2005, Ray

2005). The upper curves in Figure 3-2 demonstrate that the squaring loss increases rap-

idly with the attenuation of post-COH SNR in dB. If the C/N, is 13 dB-Hz, 30 dB
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lower than the nominal reference, the squaring loss reaches 10 dB using a strategy of 20

ms COH accumulation. To reduce this nonlinear processing loss, the DFC based detector
is introduced and examined. Figure 3-1 illustrates the functional diagram of this detector,
where the processing to achieve the COH units is identical to the NCH detector shown in
Figure 2-10. Unlike the NCH detector, in lieu of using the prompt correlations at epoch
k , the correlations at previous epochs are also used to form the unit DV as (Yu et al.,

2006b)

[ e 2 o e 2
DFC _ 4 Noise | Noise Noise ~ Noise Noise y Noise __ 7~ Noise ~y Noise
Z _\/(Ip,k Ip,kﬂ +Qp,k Qp,kfl) +(Qp,k Ip,kfl Ip,k Qp,kfl) (3'11)

Opilp 1 —
IpvOp .

()

SO

1
=

.
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E

Fk

141
!

L5
T

Figure 3-1: Diagram of the DFC-based detector
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Figure 3-2: Nonlinear processing loss

Eqg. (3.8) highlights that the conditional probability density function (PDF) is very nec-
essary to assess the post-nonlinear SNR, a key value for the evaluation of nonlinear
processing loss. The unit DV for DFC-based detector is analyzed on a general assumption
mentioned in section 2.1.3: the sampling frequency just satisfies the Nyquist criteria, re-
sulting in noise samples that are uncorrelated in time, i.e. noise components ﬁpN’fi;e,
Mo, Moy, and A%, are unit i.i.d. WGN with the well-known probability density

pQk? p.Q k-1

function of
(3.12)

where

=-Noise =Noise =Noise =Noise

X=N, 0 No Ny ik Ny gkt -
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It can be seenin egs. (3.1)-(3.4) that the COH units are the sum of a deterministic com-

ponent and a noise term under hypothesis H,, while equivalent to noise terms under

Noise

hypothesis H,. Therefore, the joint PDF of 17,1 ",Q)%*,Q %% can be expressed

as

p(T™ 1. Q). Qe )= TT p(mss) p(mos) (3.13)

i=k-1k

where the noise terms are in fact a function of the corresponding COH unit, either I_pNOise
or Qg“"se, and have either a zero mean or some non-zero mean. Utilizing egs. (3.1)-(3.4)
to replace M7 and Ao with 1) or Q9 (j=k-1/k) under two possible

hypotheses, it is straightforward to obtain a conditional joint PDF as a function of COH

units. Under hypothesis H,, the joint PDF is

2 1 ¢ TNoise? +*gl3ise2
Ho)z( : j 2 B (3.14)

2r

7 Noise | Noise Noise Noise
p(' pk ? I pk-1 ’Qp,k ’Qp,k—l

Under hypothesis H,, the joint PDF is similar, but the bias introduced by the non-zero

mean terms is evident in the joint PDF as sinusoidal factors:

Noise

7 Noise T Noise Noise
p( I pk ! I pk-1 ’Qp,k ’Qp,k—l Hl)

Kk
( L j 5 3 [ -A (i 906
= e

= |e? 3.15
o (3.15)

The following relations are used to map egs. (3.14) and (3.15) from Cartesian coordinates

to a polar system:

T Noise __

Lo =T;cos 71‘j:k_1,k (3.16)
—~ Noise __ H

Qi =1 5'”71‘j:k_1,k (3.17)
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and the resulting conditional joint PDFs for the DFC approach become

1 &
1Y 22
p(rk’ Meas Yo 7k—l|H0)=(zj e - L4 P} (318)
1< "
1 2 _E;[ +AE-2AT; cos(J (p]ﬂ
p(rka Mear Vi }/k_1|Hl)=(zJ e {0 DY (3.19)

By applying egs. (3.16) and (3.17) to eq. (3.10), the DFC unit DV z ™ in polar co-
ordinates is /r.r,_, . The conditional joint PDFs expressed by egs. (3.18)-(3.19) are used

to calculate the components in eq. (3.8) — the conditional expectation under hypothesis
H, and H,, and the variance under hypothesis H,. These statistics are necessary to

achieve post-DFC SNR. First, the conditional expectation under H, is calculated:

. ﬁ[z [ coe e Z o)
E(ZKDFC‘ ):( jj. _[ (fhi) 21“ [_[2 Ze. = dydy,, (drdr_,

(3.20)

' (x) is the gamma function, defined as 77(x I t*'e'dt , or

e s

L)‘(z) is a Laguerre polynomial, which is a solution of Laguerre’s differential

equation formulated as xy +(1-x)y +ny =0, where n is a real number,
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_ _ 4 _ 4 . _ _ 4
h(A.) equals to ! \/EAHMAHQ.
! 3 ) 12 1y

The conditional expectation and variance under H, are calculated:
] 27 p27
_[ '[0 d7kd7k-1)drkdrk-1

2 23
= (27 M) = 5 ) [ e ]

2 2 (3.21)

- J-om\/Ee{r;]drk = Y8

2

1 2 +o0 400 2 _%zk:rj 2z (27
HO):(E] _[O IO (rr.) e "™ UO IO dykdyk—l}drkdrk—l
- (3.22)

= J'Om rke[z]drk =%

2
E(ZkDFC

Var(szFc‘Ho)zE(szFcz Ho)—[E(zEFC\HO)T (3.23)

Eq. (3.8) is a general form to compute SNR by replacing z*" with z>™ . Therefore,
applying egs. (3.20)-(3.23) to eq. (3.8) achieves the SNR after the DFC operation. This
SNR is used to replace SNR . o in ed. (3.10) to quantify the nonlinear processing
loss by DFC, which is illustrated through the red and green curves in Figure 3-2. Through
this figure, we can compare the SNR losses due to DFC and NCH processing for a set of
post-COH SNR, varying from -20 dB to 30 dB and the C/N, correspondingly ranging
from 13 dB-Hz to 63 dB-Hz with 1 ms COH accumulation. Clearly, unlike post-NCH
SNR, the post-DFC SNR depends not only on A( but on )&H. During the acquisition
stage, the amplitude degradation, mainly due to the line-of-sight (LOS) motion and the

instability of the receiver’s OSC, deteriorates over the processing interval. The LOS mo-
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tion greatly impedes acquisition of the weak signal because the incoming Doppler varies

rapidly. The weak signal acquisition, however, is always discussed in the frame of
quasi-static status. Under this assumption, the two adjacent amplitudes can be assumed
almost identical. Furthermore, the OSC’s stability is assumed to be sufficient such that no
additional rapid frequency variations occur between two adjacent COH accumulations.
The degraded amplitude lowers the post-NCH and post-DFC SNRs simultaneously;
therefore, making the assumption A = A _, does not alter the comparison between the
two methods. To simulate the squaring loss/DFC-processing loss, four random sequences
of 10 /1% and Q)%™ / Q.3 are created based on egs. (3.1) and (3.2) for the H,
hypothesis, and on egs. (3.3)-(3.4) for the H, hypothesis. The sequences are then
combined using eq. (3.8) to obtain the statistics necessary to quantify the two nonlinear
processing losses. The results validate the previous theoretical analysis, and demonstrate
that DFC suffers from approximately 3 dB less processing loss as compared with NCH in
the case of low post-COH SNR.

Figure 3-2 directly demonstrates that the DFC operation produces a smaller SNR loss
than standard NCH integration. The following analyzes the origin of that benefit of DFC

by examining the characteristics of noise. Substituting egs. (3.3)-(3.4) to eq. (3.11), the

random variable of noise for the DFC process is given as

K o2 iep?
N, orc = \/ [T (mes +mas) (3.24)

j=k-1

Similarly, the random variable of noise for NCH integration is given as
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2
Noise —NOlSe
N, NcH :d(nplk +Nyox ) (3.25)

The Cauchy-Schwartz inequality,[[ f(x)g(x)dx]2 Sj f 2(x)jxj'gz(x)dx (Abramowitz &

Stegun 1965) may be used to compare the noise variables:

E (N ore ) = E[ﬁ (M +may )H [T (mger ma )|

k-1 it (3.26)
2
NOISE —NOISE 4
E(( kT Nook ) j:E(nzk,NCH)
The equality is achieved only if npN‘,"ie + npNg'ske = npNj"ie . +ﬁr',“g'ske ,» which is almost impos-

sible for independent random variables; therefore the noise intensity of DFC is always
less than that of the NCH approach. The benefit stems from the differential combination

prior to the squaring operation.

The noise characteristics of DFC, however, are outperformed by standard COH accumu-
lation. Since noise is squared after DFC, when several DFC unit DVs are accumulated,
noise accumulates to a non-zero mean unlike the case of COH integration. DFC is
therefore an intermediate performer between NCH and COH, but since extension of COH
integration is often restricted by factors mentioned in the introduction, the DFC is pref-

erable to NCH accumulation for weak signal acquisition.

3.1.2 Performance Evaluation on Differential Combining Approach

A binary detection problem suffers from two types of errors — false alarm and missed

detection — which have some non-zero probability of occurrence (Kay 1998). The errors
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are complementary, and can therefore be balanced against each other to optimize detec-

tion according to certain criteria. This relationship is clearly reflected in Figure 3-3 by

shifting the critical threshold T,

acq - 1 e Neyman-Pearson (NP) criterion, which fixes the

probability of false alarm and subsequently minimizes missed detection, is commonly
adopted. The decision region is critical in determining the confidence of detection and the

penalty of miss.

Pa=[ (oo Ho JdTueq =@ (3.27)

where T, Is the test statistic; in statistics, « is termed the significance level or size of

Acq

the test (Kay 1998) which is illustrated by the cyan patch in Figure 3-3.

P = j D (T
D TAcq ST ;\rg] Acq

In statistics, P, is termed the power of detection and £ quantifies probability of miss

H, T, =1- (3.28)

(Kay 1998) (shown as the yellow patch in Figure 3-3), where T,

Acq is used to judge the

presence or absence of signal based on the test statistic.

To correctly detect weak GPS signals, several unit DVs are essentially added together to

form the test statistic T

acq o OF termed composite DV for making a judgment, because

such accumulation can further increase SNR beyond COH gain and then improve the ac-

curacy and reliability of detection.
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Figure 3-3 Binary detection problem in statistical sense

Acq Acq

From (3.27) and (3.28), the conditional PDFs p(T Hl) are nec-

HO) and p(T

essary to evaluate the detector performance and set a detection threshold, determined by

the noise floor and required SNR for decision. Evaluation of the power composite DV

NNCH

NDFC
Z(I_NOise +QN°‘59) [ >.rir’, as opposed to the amplitude composite DV
k=2

Pk Pk
k=1

NNCH

N
oty Qo /T here N d Ny individuall ber of
D Qe 1> rr, (where Ny, and Ny individually are number o
k=1 k=2

noncoherent integration and DFC accumulations) makes no difference in capability of
detection because the power/root operation affects the signal and noise simultaneously by
the same level in dB, and thus does not change SNR. To facilitate statistical analysis, the

following composite DV is used to analyze the performance of the DFC-based detector:

DFC "oz DFC "o 2.2
T = Z 27" = Z ’r?, (3.29)
k=2 k=2
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where N, is the number of DFC operations. These performance analysis results are

Nprc
equivalent to those obtained using the composite DV expressed as Z Nl -
k=2

By removing the 4th root operation shown in Figure 3-1, a DFC-based power detector is

DFC

realized. Conditional PDFs for each unit DV z. - in eq. (3.29) are computed by a

double integration followed by a limit and partial derivative operations, given as

8P(szF° sszFc\Hm)

p(ZEFc‘ Hm)m:O,l = aZkDFC m=01

2 (3.30)
o . G
- GZEFC y—TJ -[ p(rk| Hm)m:o,l .0[ p(rkfl| Hm)m:oyldrk—ldrk

where the composite PDFs of r; (j=k-1/k)are

(0
p(ri‘Hl),-:k_l,k:e Vel IO(Ajrj)rj (3.31)

j=k-1k

p(rj‘ Ho)j:k_l,k = rje_[ZJ (3.32)

j=k-1k

Analysis demonstrates that conditional PDFs for unit DV (szFC) cannot be analytically
formed because (1) the upper limit of the inner integration is not infinity; (2) the integra-
tion of zero-order modified Bessel function with that of the first kind cannot be expressed
in closed form. Even if the pair of conditional PDFs of the unit DV can be expressed in

closed-form, the convolution, to compute the conditional PDFs of the composite DV, re-
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sult in an [Npgc —1]-fold integration. Npec for weak signal acquisition is several

tens, which greatly challenges the feasibility of numerical solution for the multiple inte-
grations.

Due to the above-mentioned complexity, curve fitting is used to approximate the distribu-
tion of the DFC composite DV produced by Monte Carlo simulation. Implementation and
evaluation of the approximation is divided into two steps: first, from a statistical sense,
the expectation and variance of the conditional PDFs for composite DV described in eq.
(3.29) are derived; second, the quality of approximation is verified. Then based on the
expectation and variance, four distributions are tested — the normal, chi-squared,
Rayleigh, and Rician distribution. Results show that the overlap ratio, the percentage of
overlapped area between simulated PDF and the ideal PDF, is beyond 90% for the normal
approximation, while it is only 78% for the second best-performing option, the Rician
distribution. This agrees with the central limit theorem which states that if a sufficient
number of summed RVs have a finite variance then the sum will be approximately nor-

mally distributed.

Applying egs. (3.1)-(3.4) to a single unit DV in eq. (3.29), as well as assuming there is no
power/amplitude degradation due to code and carrier misalignment, the units within

composite DV of eq. (3.29) under conditions H, and H, respectively are

[
22 = T (ms + e (3.33)

p.l.j P.Q.j
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ZEFC\H1=§1[A§+2A] (Mot cos @, + Mo sing, )+ (M +npas )J (3.34)

Pl P.Q.j p.l.j PQ.j

The noise terms A0 and M) (j=k—-1/k)inegs. (3.33) and (3.34) are assumed

to be i.i.d WGN with unit variance as described in egs. (3.1) and (3.2). Based on com-

putations, the conditional expectation and variance of RVs given in egs. (3.33) and (3.34)

are
E(2°|H, ) =4 (3.35)
Var (2| H, ) = 48 (3.36)
E(2°|H,)= f[ A? 42 zk: A 14 (3.37)
j=k-1 j=k-1

Var(22°[H,) =4A (A2, +1)+4A% (A%, +4) +

(3.38)
4(AlL+16A7, +12)

T DFC

aq Under conditions

Therefore, the variance and expectation of the composite DV

H, and H, are easily derived as

E(TAQEC\Hm)m_M -2 E(ZEFC‘Hm)m:M (3.39)
Var (T2 H, )| = Nkz Var(2|H, ) ,1 (3.40)

Again, as in the previous description for egs. (2.10) and (2.11), the amplitude fading due
to time and carrier offset misalignment degrades the detection performance because the
signal power decays over the processing interval. However both NCH and DFC ap-
proaches are influenced simultaneously by almost identical levels of this degradation.

Therefore, the performance comparison between the two methods is still valid based on
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the assumption R = 'Em = A. First- and second-order statistical solutions, given by egs.

(3.39) and (3.40), can determine a specific normal distribution. Egs. (3.1)-(3.4) in section

3.1.1 can be used to create 10 /1% and Q)3 /Q)%* under null and alternative

hypotheses. A set of the sequences are used to evaluate the random characteristics of the

unit DV z . Iteratively accumulating the unit DVs several times, the random charac-

teristics of the composite DV can be quantified. The simulated conditional PDFs are used
to examine the quality of normal approximation under three typical post-COH SNR situa-
tions: low (-6 dB), moderate (0 dB), and high (10 dB). The best-fit results of the three
cases are respectively shown by Figures 3, 4, and 5 in Yu et al. (2006b), with values
ranging from 96.39% to 96.74% under null hypothesis and from 94.99% to 96.44% under
alternative hypothesis. Figure 3-4 compares the quality of curve fitting for a varying
Noee ranging from 20 to 80. It shows that the overlap area between a normal approxi-
mation and simulated distribution varies from 92% to 98%, thus validating the effective-

ness of normal fitting to offer a satisfactory reference, even though it is not rigorously

accurate.
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Figure 3-4:  Overlap percentage between normal fitting and Monte Carlo based

distribution with DFC iterations varying from N .. =20 to Ng.. =80
Figure 2-10 showed the structure of NCH power detector, where N, and N,., in-

dividually are number of COH integration NCH operations. The composite DVs for this

model under hypotheses H, and H, are

Nxc —Noise?  ~Noise?
_ oise oise
- (Ip,k + Qp,k )

m=01 k=1

I

!
NCH _ NCH
Tas[H = 2H

k=1

(3.41)

H
M|m=01 m

m=0,1

Again substituting egs. (3.1)-(3.4) for the corresponding components of composite DV
defined by eq. (3.41), and neglecting degradation associated with code and carrier mis-
match, the conditional PDFs for NCH conditional DV are derived by Bastide et al. (2006)

as

T H, ~ IZZNNCH (2=0), and (3.42)

Acq
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k=1

non-central chi-square distributions with 2N, degrees of freedom.
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Figure 3-5:  Probability of miss (DFC vs. NCH) with T.,, =1 msand P., =0.1%,

where N, =20/40

Again due to the reasons presented in the paragraph immediately following eq. (3.40), a
perfect timing and carrier alignment is assumed here to simplify the performance evalua-
tion of two detection strategies. The probability of false alarm for all the cases in this the-

sis is constrained to 0.1%. Solid lines and symbols in Figure 3-5 individually represent
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probability of miss of a NCH detector and that of a DFC-based detector, respectively.

Given a processing segment, the number of DFC is inherently one less than the number
of NCH integrations. To evaluate the performance of a detector, we are mostly concerned
about a critical threshold of C/N, . Beyond this threshold, the detector can maintain a
sound power of detection, for instance the probability of miss being no greater than 10%.
The red double arrow indicator in Figure 3-5 denotes the sensitivity improvement by us-
ing the DFC approach. Setting the threshold of the probability of miss to 10%, the DFC
method can acquire the signal that is 1.6 dB lower while maintaining identical perform-

ance compared to the NCH detector.

When increasing the number of NCH integrations from 20/40 to 60/80, as shown in
Figure 3-6, the improvement in terms of sensitivity decreases by 0.4 dB, compared with
20 NCH accumulations, to 1.2 dB. The gain on detection power results from the smaller
processing loss of DFC shown in Figure 3-2. The achievable sensitivity of both
DFC-based and NCH detectors is tabulated to clarify, in conditions of different COH pe-
riod and various number of DFC/NCH accumulations, (1) the critical threshold of C/N,
beyond which the specific approach can sustain a desired detection performance, and (2)
the sensitivity improvement achieved by adopting the DFC strategy. Table 3-1 is also

used to suggest an acquisition strategy for a given C/N, .
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Table 3-1:  Acquisition sensitivity comparison between DFC and NCH method with

P, =90%

Coherent Integration Segment

1ms 2ms 5ms 10 ms

Number 20/ | 40/ | 60/ | 80/ | 20/ | 40/ | 60/ | 80/ | 20/ | 40/ | 60/ | 80/ | 20/ | 40/ | 60/ | 80/
of 19 39 59 79 19 39 59 79 19 39 59 79 19 39 59 79
NCH/DFC
DFCsen- | 308 | 31.2 | 302 | 296 | 20.8 | 282 | 272 | 266 | 25.8 | 242 | 232 | 226 | 228 | 21.2 | 202 | 196
sitivity
NCH sen-

344 | 326 | 314 | 308 | 312 | 206 | 284 | 278 | 272 | 256 | 244 | 238 | 242 | 226 | 214 | 208
sitivity

(dB-H2)
Sensitivity

Improve- | 16 | 14 | 12 | 12|14 | 14 | 12 | 12 [ 14| 14 | 22 | 12 | 14 | 14 | 12 | 12
ment (dB)

As shown in Figure 3-7 to Figure 3-9, the use of DFC method, for each scenario (defined
by a specific pair of COH duration and number of DFC/NCH accumulations), consis-
tently reduces the probability of miss by about 3 to 4 times around the threshold C/N,
region. As per the acquisition strategies defined by the COH interval and number of
nonlinear operations , Table 3-1 lists the lowest signal levels that the detectors can ac-

quire with a success rate of 90%.
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Figure 3-7:  Probability of miss (DFC vs. NCH) with T.,, =2 msand P, =0.1%,

where N, =20/40/60/80

By examining Table 3-1, several conclusions can be drawn: (1) by doubling the nonco-
herent accumulations, the sensitivity can be improved by approximately 1.6 dB for both
methods, (2) extension of the coherent integrations is effective to improve the sensitivity,
and (3) the sensitivity improvement using the DFC slightly degrades by increasing the

number of NCH/DFC operations.
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Figure 3-8:  Probability of miss (DFC vs. NCH) with T.,, =5 msand P, =0.1%,
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where N, =20/40/60/80
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The above statistical benchmark is essential for optimizing the detection threshold and

thus ensuring satisfactory performance of a receiver.

3.2 Numerical Evaluation for Weak Signal Acquisition

To evaluate the sensitivity improvement resulting from the DFC approach compared with
the conventional NCH method, the hardware system is set up as shown in Figure 3-10. A
Spirent GSS6560 Multi-Channel GPS/SBAS Simulator System is used to generate L1 RF
signals for one satellite at L-band. With the simulator, the signal transmission power can
be predefined accurately once the simulator is calibrated. The transmitted signal is re-
ceived by a NovAtel EURO3M receiver via a RF cable. An ALTERA MAXII FPGA
transforms the serial digital sequence from the A/D unit of NovAtel EURO3M into par-

allel format. The parallel binary codes are collected by an NI card inside the computer.

_— : & )
Multi-Channel GPS/SBAS '*-“-?-:-.-_’
Simulator System (Spirent
GSS6560)

Figure 3-10: System setup to evaluate the DFC acquisition approach

The IF digital samples are then fed into a software receiver to acquire the satellite signal.

To avoid possible bit transition occurring in a COH interval, the COH accumulation pe-
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riod is no longer than 10 ms in the absence of prior knowledge of bit boundaries. COH

accumulation is desired to be as long as possible in weak signal acquisition. At least one
of the 10 ms segments immediate adjacent to each other is absent from the data bit transi-
tion. As shown by Figure 3-11, the data segment is divided into an odd set and an even
set. Obviously, the possible bit transition only happens in one set and thus no transition
occurs in the other. In this case, the segments 2k -1 and 2k +1 are adjacent, as are

segments 2k—2 and 2k.

*

1

1

1

1

|
—1

10 ms

1
: . . 1
Possible data bit transition .

Figure 3-11: Half period (10 ms) COH accumulation scheme
The C/N, of the input signal is set to 24 dB-Hz, 19 dB lower than nominal open-sky

signal strength. For a 10 ms COH interval, a 1.2 second data set consists of two 60 COH
segments and one of them does not contain data bit transition. Figure 3-12 demonstrates
that the DFC provides a 1.2 dB SNR improvement compared with the conventional NCH

approach. The Z axis represents the resultant T, /T, . This result is consistent with

theoretical predictions shown in Table 3-1. However, in most real cases, the improvement
cannot meet the ideal prediction because the cross-correlation interference is not negligi-

ble. The cross-correlation is neglected in conducting the previous theoretical quantifica-
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tion. The cross-correlation peak, unlike the additive noise, reveals a deterministic char-

acteristic at a certain code and carrier phase offsets. Therefore, besides the increase in
SNR, the cross-correlation interference is strengthened by DFC operation simultaneously,

thus degrading the improvement achieved by DFC.

Moncoherent A couisition (@ COH = Noncoherent & couisition (@ COH =
10 M3 and MCH oneration = 120 10 M3 and DFC oneration = 119

Puost-cohirnt SHR=20 51 dB i
4 Evitlrnated doppler=a90 Hz . Pagt-cahnent GHR=21 78 &8
x 10 % 1D :

4.5, Exll_ml!r'ﬂ delay=7Rdehips 48 Esfimated doppler=-S50 Mz

i Estimatied delay=7Rchips

E{fr.lf:.b: +QJJ"H?_|-.I»-I} +F {E,_;I,_;.q" "!I?.J.thl.] |H

Chip offset {ims) 0 .qaza Doppler (HZ Chip offset ims) 0 4304 Coppler (HZ

Figure 3-12:  Sensitivity improvement using DFC approach
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Chapter 4 Carrier Tracking Enhancement

The signal simulator described in Chapter 2 is used to create signal samples. The errors
resulting from the satellite clock, ephemeris, receiver noise are taken into account. The
implementation loss induced by front-end filtering and quantization are also considered.
Besides those errors, Dong’s simulator (2003) is enhanced by accommodating the re-
ceiver OSC’s PHN and ionospheric scintillation. The models for the two errors are re-

spectively described in section 2.4 and section 2.5.

In this chapter, the perturbed signal samples are fed into the software receiver in which
both the CBPLLs and KF -based PLLs are realized. The RMS carrier tracking error and
probability of cycle slips are used to evaluate tracking performance. Section 4.1 examines
the performance of a CBPLL with different configurations, including four types of dis-
criminators and three types of loop filter designs. To further enhance the tracking capabil-
ity under low SNR conditions, Section 4.2 derive the implementation of the KF-based
PLLs and investigate the tracking performance under identical scenarios as those for the
CBPLLs. The results demonstrate that (1) KF-based PLLs improve the sensitivity by 7
dB and 4 dB, respectively, in the presence of strong and weak ionospheric scintillation.
The decision-directed loop, compared with other types of CBPLLs, reveal a 2 dB sensi-
tivity improvement. The loop filter parameters of Stephens & Thormas (1995) for
CBPLLs shows a 1-2 dB sensitivity improvement as the popluar settings by Kaplan

(1996) or Parkinson (1996).
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4.1 Optimization of a Constant Bandwidth PLL

In Weinberg & Liu (1974), the phase tracking error is analyzed for digital PLL versus
C/N, . This quantification is realized by investigating the steady-state phase error prob-
ability density (Weinberg & Liu 1974), which satisfies the Chapman-Kolmogorov (C-K)
equations. The C-K approach is generally adopted to evaluate the first- and second-order
digital PLL; however it is harder to evaluate the third-order PLL due to the complexity in
solving three partial differential equations (PDEs). The history of the digital PLL and all
the substantial results are well presented by Lindsey & Chie (1981). This thesis examines
the measurement bias resulting from the discriminator’s on-threshold behaviour and
consolidates all the errors into linear system analysis.

The effects of ionospheric scintillation and OSC-induced PHN result in both code and
carrier tracking errors. This chapter concentrates on the carrier tracking performance,
which is determined by both the intensity of the disturbances and the structure of the car-
rier tracking estimator. In this section, the Costas loop is first linearized by modeling the
signal in this loop. The carrier tracking error is then examined in the scope of linear sys-

tem theory. Finally, the theoretical results are justified by numerical experiment.

4.1.1 Behavior of a Constant Bandwidth PLL based on Linear Approximation

Figure 4-1 (Humphreys et al. 2005, Skone et al. 2005) shows the functional diagram of a
GPS receiver’s PLL. The received signal modeled by eq. (2.46) is filtered by the

front-end filter, whose effects are mentioned in section 2.1.3. The carrier of the digitized
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samples are wiped off, where the code correlation unit is not shown Figure 4-1. The

baseband samples pass through the Accum & Dump filter to achieve the COH correla-
tions expressed by egs. (2.10) and (2.11), in which only the results from the prompt
correlators are used for carrier tracking purposes. Due to the presence of various kinds of

perturbations, the average phase misalignment over an accumulation interval ¢, ac-

commodates the phase fluctuations led by the oscillator’s imperfection and the iono-

sphere scintillation activity. In addition, the additive thermal noises n ,, and n_ .,
degrade accuracy in measuring ¢, based on the prompt COH correlations. The noises

are assumed to be i.i.d WGN whose statistical property is quantified in the description for

egs. (2.10) and (2.11).

f%__@_' Accum & TCO%

Dutnip

— Ho (8) » NCO | D(3)+ FD

™ o,
%é_ ooum & €97

Cump

Figure 4-1: Functional diagram of a Costas loop

The COH correlations from the | and Q correlators are then used by the discriminator
(PD) to measure the phase misalignment. Four types of discriminators appropriate for the
Costas loop are discussed in this thesis: conventional Costas (CC), decision-directed

(DD), ATAN, and DD-ATAN2. To use the CC and DD discriminators, the COH correla-
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tions at | and Q branches should be normalized based on the estimated signal amplitude.

The resultant normalized correlations based on the signal amplitude are modeled by eqgs.
(2.15) and (2.16). The ATAN and DD-ATAN2 discriminators, which include the nor-

malization automatically, are easier to implement in a software receiver.

The discriminator can be regarded a function of (Ipsfkg Qs'ﬁ) which measures the phase

mismatch ¢, . Due to the sine characteristic of ¢, , measurements from the CC and DD

discriminators well reflect actual phase conditioning for tight phase tracking, i.e.

|¢Tk| << 1. The ATAN discriminator forms the maximum likelihood estimator (MLE) of
@, Wwhich, in the noise-free case, perfectly measures the phase. DD-ATAN2 is a mix of

DD and ATAN; therefore, it inherits the properties of both discriminators. The

ATAN/DD-ATAN2 can directly use |, and Q,,  because automatic normalization is

implied in both operators.

Table 4-1 establishes the relationship between phase misalignment and the measurement

by the discriminators. From egs. (2.10) and (2.15), the sign of I, /17¢, in phase lock

pk
and absent from the noise, perfectly reflects the data bit. The noise, however, is definitely

present in I and Q, thus leading to (1) sign(T, ) d,,, termed BER in a statistical sense,

and (2) the measure by the discriminator is severely biased from the actual phase. This
deviation greatly exacerbates the on-threshold behaviour of a PLL, causing a larger phase
tracking error or higher probability to diverge than predictions based on the linear system
analysis. Compared with the discriminators listed in Kaplan (1996), two adjustments are

employed here:
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1) fpvk, the accumulated in-phase COH correlation, replaces the 1, to lower BER,
thus making the measurement more accurate; where
. L) if 1, is the start of a data bit
=q. ’ 4.2)
T+, 0 1 dsn't the start of a data bit

(2) DD-ATANZ, unlike ATAN2 (Kaplan 1996), is suitable for a Costas loop as it is

insensitive to the 7z reversal resulting from the BPSK modulation.

Table 4-1: The characteristics of the discriminators

Type g(T,¢.Q5) f (,) without noise
cc 10-Q% % sin(2¢, )
e\ =g -sing, |@,| e[7/2.,7]
i) Qs
DD S'gn( p,k) Qp,k {Sin@k |¢k|6[0,72'/2]

T+@. @ [-n,~7/2]
ATAN atan(Q;¢ /1,7 ) &  @cel-n/2,7/2]
-7+¢, ¢ €[n/2 , 7]

DD-ATAN2 | atan2(sign(T,, )- Q5% sign (I, )- 152 ) The same as ATAN

The improvement in lowering the mean BER and the response of the discriminators are

thoroughly examined in the following analysis.

Since the response of the DD and DD-ATANZ depends on the BER, the BER improve-

ment achieved by using fp]k is analyzed from a statistical sense.
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Taking the noise property modeled in the description of eq. (2.18), and denoting

Leow =Ty / Teon (4.2)

where T, is the period of the data bit equal to 20 ms, the BER up to the Ith COH seg-

ment within one data bit becomes

gzk)=Q(cosak1/2SNRCOH| ) (4.3)

P(sign(fpyk);t d

where

SNRg, is SNR after COH accumulation (post-COH SNR), equal to CT&,
N

0

Q() is Q function, which represents the right tail of the zero-mean Gaussian
PDF with a unit variance.
This equation infers that the BER decreases over the accumulation within one data bit.

Here, every post-COH SNR within one-bit accumulation is assumed to be a constant

SNR..,, ; however, such an assumption does not lose generality because SNR.,,| can

|
be replaced by ZSNRCOH «» where SNR_,,, is post-COH SNR for each COH accu-
k=1

mulation within a data bit. Obviously, the increased SNR lowers the BER when the ac-
cumulation propagates within a data bit. To measure the BER improvement after the ad-

justment, mean BER (MBER) is quantified by

1 Leon

Y Q(cos 7 \2SNReoy | (4.4)

OH I=1

MBER =
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Figure 4-2 illustrates the MBER improvement using I ,, as opposed to 152 /1, in

Kaplan (1996), to estimate the sign of data bit. T.,, is always chosen to be a factor of
T,. The MBER, in the C/N, region 17 to 25 dB lower than the nominal level, has de-

ceased by 5 to 10 times for a 1 ms COH strategy. The improvement decays with the ex-

tension of the COH segment and attenuates to zero when T.,, =T, .

3
[ TCOH =1 ms (Accumlated lk,m)

—TCOH =1ms Ik)

R TCOH =2 ms (Accumlated lk,m) —————

)

A
I
Accumlated lk,m)
L

5 B
107 —mgmem TCOH =5 ms (Accumlated lk,m)

w0y —T H:ans

Bit errar rate (BER)

{
{
{
{
B TCOH =4 ms(
—TCOH =4 ms |
{

{

—TCOH:Sms (]

e TCOH =10 ms {Accumlated Ik‘m) -

k

{
10 —TCOH =10ms (\K)
[ TCOH =20 ms {Accumlated Ik‘m) -
COH {
107 i i I i i i i i
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—_T =20ms \k) ,,,,, [

Figure 4-2: MBER improvement by using I’

pk

Due to the random quality of 1°¢ and Q.7, the output g(lps"kg,stﬁ) by the discrimi-

Pk
nator is in nature a random variable; consequently, the response of the discriminator is

defined from a statistical perspective as

Elo(T52.Q58)]=E[ T (a)a ] (45)

which is associated with the conditional PDF (CPDF) of
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o[ (@)@ ] (4.6)

To facilitate the analysis of discriminators’ response, the geometric representation for egs.
(2.15) and (2.16), shown by Figure 4-3, is introduced. In this figure, it is assumed that the

normalized accumulations consist of a noise component whose statistics are described by

eq. (2.18).

Im A
AYHE o T B
_._Op ¥} - ”p.Q.

i E _—EEag

Figure 4-3: Geometric signal representation

Fortunately, the response of CC and DD PDs is relatively easier to derive without the ne-

cessity to compute the conditional PDF in eq. (4.6). As a result, the response of CC and

DD discriminators is examined first.

E [ fec ((’Tk )] =E (I_pSII(g QSII? )
_ E@sin(z@k )j+ E (., 057,15, +d,, sing, 3%, +7%, 759, ) (4.7)

1. .
:Esm(Z(pk)
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E[ foo (@)] = E(sion(T,,.)-Q5¢ )

=sign(T,, )E(d,, sing, +m53, )

=[MBCR|g, | sing, +(1-[ MBCR|g, |)[-sing, ]

=(2[ MBCR|g, |-1)-sing,

(4.8)

where MBCR is the abbreviation of mean bit correction rate, related to the MBER by

MBCR=1-MBER (4.9)
To determine response of ATAN and DD-ATAN2 phase detectors, the complexity of the
conditional PDF is included. Figure 4-3 demonstrates that the measurement by ATAN
phase detector is e, = f(@k), which is not equal to ¢, ; this bias originates from the
noise perturbations at I and Q. The conditional PDF can be achieved by the following
steps:

(1) 179 and Q¥ forms a joint Gaussian distribution in the Cartesian coordinates.

(T2, Q%)

. L e ] @10
= .exp{— 5o ((|p51k9 —d,, cos¢k) +(Q§'§ —d,, sin gok) )}
where
ol = No = 1 is normalized noise power as in eq. (2.18).
2CT.o, 2SNR.,
(2) Transform the joint PDF into pole coordinates as p(r, , |3, ) by
150 =d, 1 cose, 4.1

S' -
Qp'ﬁ =d,, L sine,

(3) Then integrate r, over [0,+wx), to achieve
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p(ek|¢k)=_|. p(rk ’ek|¢k)rkdrk (4.12)

0
which is the conditional PDF necessary to evaluate the response of ATAN and

DD-ATAN2 discriminators. The resultant conditional PDF is given by

1 [SNR _
p(ek|(/7k) :Eexp(_SNRCOH )+ %Cos(ek _§0k) (4.13)
-eXp(~SNRoy, sin” (6, — 7, ))-Q(~/2SNReqy, c05 (8, - 3,))

The detailed derivation of eq. (4.13) can be found in Yu et al. (2006b).

——SNR=9¢B
——SNR=6dB | !
——SNR=3dB |4
——SNR=0dB | |

SMR=3dB| |

______________________________________________

P, (88,=02)

ffffffffffffffffffffffffffffffffffffffffffff

Figure 4-4:  Conditional PDF of p(e,|®,) for ATAN discriminator

Figure 4-4: depicts the conditional PDF in form of eq. (4.13). This conditional PDF re-
peats itself with a period of 27 ; therefore the expectation is measured within the princi-

pal interval, i.e. e e [—7[7[] . The peak probability is located where e, = ¢, . The pattern

of this conditional PDF flattens out with the decrease of post-COH SNR, denoted by
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SNR.,, - Using this conditional PDF, we can quantify the response of the ATAN and

DD-ATANZ.

E{€#|¢_}k }

P

\

/r';/a—

E[:gkl_‘q-_FEk ]

Figure 4-5:  Vector analysis of response for DD-ATANZ2 discriminator in the presence

of noise

Since DD-ATAN?2 inherits the characteristics of both DD and ATAN discriminators, the
response is associated with MBCR and conditional PDF by eq. (4.13). Assume the phase
to be measured is ¢,, the blue vector in Figure 4-5. On one hand, E(ek|(zk) is the
ATAN’s measurement on ¢, in the presence of noise, provided that the bit sign is cor-
rectly decided; alternatively, if the bit sign is determined incorrectly, a resultant = re-
versal on phase —z+¢, causes the red vector to overlap with the blue one in Figure 4-5,
indicating E(ek|—7r+(ﬁk) is also a measurement of ATAN discriminator on ¢,. The
above analysis is mathematically reflected by eq. (4.14), the response of the DD-ATAN2

discriminator:
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E ( fop_aran2 ((ﬁk ))

B [ MBCR|p, |-E(e|@, )+ MBER|-7+p, | E(e|-7+3,) (& 20)(4.14)
~ |[MBCR|®, ]-E(e.|@ )+ MBER 7 -, |- E(e|7-@,) (@ <0)

where e, e[-7,7] is used to calculate all the expectations in this equation.

The ATAN discriminator is only associated with the conditional PDF expressed by eq.

(4.13), and takes the form of

E( faran (@k ))
7l2 _
:_[_ﬂlzek p(ek|¢k)dek +_[

2 _ . . (415
() p(e i) de +L/2(ek -7)p(e @ )de,

The measurement from the ATAN discriminator is within [-7/2,7/2]; therefore, the
last two integrations on the right side of eq. (4.15) account for the = phase reversal
caused by the ATAN operation.

Eqgs. (4.7), (4.8), (4.14), and (4.15) are derived to analytically evaluate the discriminators’
performance in the presence of noise. The performance is defined as the capability of a
discriminator to correctly measure the actual phase. Eq (4.7) explicitly shows that per-
formance of the CC discriminator is affected by the sine characteristic, which causes a
large bias if |2, |<<1 is violated. The quality of DD, ATAN, and DD-ATAN2 dis-
criminators is either associated with post-COH SNR, or a periodic conditional PDF, or

both.
Figure 4-6 illustrates the response of the DD discriminator in various post-COH SNR
conditions. In this plot, the simulation results match well with the theoretical predictions

using eq. (4.8).
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Figure 4-6: Response of the DD discriminator in different SNR conditions
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Figure 4-7:  Response of the ATAN discriminator in different SNR conditions

The bit sign leads to a =~ phase shift, as opposed to a sine curve, for the DD discrimina-

tor in the region of |g|> % . Additionally, the expectation, E(ek|(ﬁk ), exhibits discon-
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tinuities at ¢y :i% when free from the noise disturbance, because the bit sign is

ambiguous for (fpvk 20‘@ =J_r%). In the presence of noise, the MBER is the same as
the MBCR at ¢, = i’%, leading to a zero expectation value. The amplitude of the sine

curve decays with decreasing SNR, such that the overlap segment with y = x shortens.
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Figure 4-8: On-threshold behavior of the discriminators
The responses of the ATAN and DD-ATAN2 discriminators are almost identical, except
that the latter results demonstrate slight improvement in low SNR situations (Figure 4-8);
therefore, Figure 4-7 is considered to represent the performance of the ATAN family of
discriminators versus C/N, . This figure indicates that the ATAN discriminator largely

underestimates the Doppler misalignment at low SNR condition, e.g. SNR_,, <10 dB.
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Under such circumstance, the response of the ATAN reduces to a quasi-sine pattern. Ad-

ditionally, the results of a Monte Carlo simulation justify the theoretical analysis.

Figure 4-8 shows the behavior of the discriminators in very low post-COH SNR. From
the simulation results by symbols, the ATAN discriminator yields the largest bias while
the DD-ATANZ2 discriminator bias is slightly smaller, and the DD discriminator produces
the least bias.

Besides the bias, the discriminator reveals the nonlinear relation between the observa-
tions,1¢ and Q7, and the phase @, to be estimated. The variance of a CC discrimi-

nator is given by Humphreys et al. (2005) as

Var (i) = No [, N (4.16)
2CTeon 2CTeon

where

N . .
1+ 0 results from the product of noise at | and Q arms, termed squaring loss.
COH

For the DD discriminator, noise at the | COH correlation contributes to the BER in esti-
mating the bit sign. The noise variance only originates from noise at the Q branch, equal

to

_ N
Var () = ZCTZOH

(4.17)

Variances of the ATAN and DD-ATANZ2 discriminators are defined on the basis of the

conditional PDF given by eq. (4.13) as
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Var (1, ATAN)—J‘Zez[p(ek|o)+ p(—7z+ek|0)Jdek
+j [ &0) +p(;z+ek|o)] (4.18)
Var (i ATANZ)—J'_”ek p(e|0)de,

Table 4-2: Elements for discriminators’ bias and noise variance amplification

Discriminator Bias Noise variance amplified by nonlinearity
cc sin(-) ST
DD sin(-)+BER No
ATAN (Mo, ey ) atan(")+ (/")
DD-ATAN2 (M3, Mg, )+ BER atan2(-)+(+/-)

Figure 4-9 shows variance results from the four types of discriminators studied here.
From this figure, the variance differs between discriminators once the SNR.,,, is below
10 dB. The DD-ATAN2 PD produces the largest noise variance and the DD discriminator
yields the lowest variance. The discriminator-induced bias and noise variance determine
the tracking performance of a PLL.

Table 4-2 summarizes the sources contributing to the discriminators’ measurement bias,

and the nonlinear operation amplifying the noise variance.
A general linearized loop model is implemented, based on the examination of the dis-

criminator’s behaviour in the presence of noise, shown in Figure 4-10.
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Figure 4-9: Variance of discriminators’ measurement in various C/N, with
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Figure 4-10: Linearized discrete model for a Costas loop

This model is based on eq (4.5). Compared with the model in Humphreys et al. (2005),
Figure 4-10 accounts for more errors including the oscillator-induced phase jitter, scintil-

lation-related phase noise and amplitude fading, and discriminators’ bias in the context of
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linear system theory, where

6, is the carrier phase of the received sample,

ék is the local estimate of 6, ,

59 models the PHN induced by the instability of the OSC,

oG depicts the phase variation resulting from the ionospheric scintillation

whose PSD is modeled as Tf " (Pullen et al. 1998, Hegarty et al.
2001),

z +%z represents the “Accum & Dump” unit (Humphreys et al. 2005) in Figure
4-1,

ob_ accounts for the bias due to noise disturbance or sine characteristic of the
discriminator. This bias is jointly determined by the type of the dis-

criminator, the post-COH SNR, and phase ¢, to be measured. The

deep amplitude fading trigged by the scintillation causes the variation of
post-COH SNR; therefore, the larger bias in a weak signal scenario fur-

ther jeopardizes the carrier tracking operation,

(1 is noise associated with the normalized additive noise at 1;¢ and Q..

Eq. (2.18) quantifies the variance of additive noise, A%, and A%, .

The variance of ﬁ:kDS also depends on the type of discriminator;

nonlinear operation of the discriminator amplifies the noise power, and
thus excites a larger carrier tracking error. Humphreys et al. (2005)

proves that the product operation of CC discriminator produces a larger
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noise power, termed squaring loss, and therefore degenerates the carrier

tracking capability. Noise variance for other types of the PDs are explic-
itly evaluated by eqgs. (4.17)-(4.18).

E[ek|¢k] or E[f (o )|§5k] as in eq. (4.5), denotes the response of the discriminator.
The raw measured error e, is much noisier because of a wider noise
bandwidth of 1/T..,, ; subsequently this error signal is de-noised by the
loop filter D(z) from which the output is used to drive the NCO.

The impact of the noise and perturbations on the carrier tracking performance is deter-

mined by
oz =["s,(f)H,(f) df (4.19)
0
where
S,(f) is the one-sided PSD of the disturbance or noise,
H, ( f) is the loop noise transfer function, which regards the input as the distur-

bance and output as the phase tracking error - more specifically ¢, in

Figure 4-10.

Following Humphreys et al. (2005), two transfer functions, upon implementing the lin-
earized general loop model, are used to determine the phase tracking error arising from
the modeled disturbances or noises. The transfer functions are determined by both for-
ward (input of disturbance to phase tracking error) and feedback (phase tracking error to

input of disturbance) expressions.
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The loop transfer function

(L)
H(z)= 1{22;21}(}%)[)(2) (4.20)

is related to the phase tracking error induced by the phase scintillation and the oscillator

PHN.
The loop-AWGN transfer function

L 1+(22+le(}j“1] D(2)

is used to determine the phase tracking error originating from the discriminator bias and

H

(4.21)

the noise induced by the AWGN at normalized accumulations.

Using z=1+ j2zf, we can acquire the analog counterparts, H(f) and H . (f),

for transfer functions by egs. (4.20) and (4.21). This linear transform is valid if only

|27rf 'Tc0H|<< 1 can be satisfied. With the increase of the COH accumulation time, the

loop roots for the digital PLL deviate away from the original ones under the assumption

ofasmall B T, (Stephens & Thomas 1995), thus causing the loop to become unstable.

Correspondingly, the single-sided loop bandwidth and loop AWGN bandwidth take the

forms of

H () df (4.22)

+0
L _.[0

B +00
ﬁePDS - -[0

2
df (4.23)

HﬁPDS ( f)
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In this chapter, three loop filter configurations will be used, namely Kaplan (1996),
Parkinson & Spilker (1996), and Stephens & Thomas (1995). Table 4-3 clearly lists the
parameters for each configuration and establishes the relationship between the parameters
and loop transfer function. Stephens & Thomas (1995) eliminates the deviation resulting
from the linear approximation caused by bilinear or box-car transform. Therefore, this

design makes the bandwidth of digital filter perfectly match the desired value.

Table 4-3: Three CBPLL configurations

Parkinson &
Stephens & Thomas(1995) Spilker (1996) Kaplan (1996)
10 ms 20 ms Teon Teon
K, 0.3248 0.5139 b0 @,
K, 0.04147 0.1175 al'T2 o
K, 0.001847 0.00976 TS,
bl® =2 bl® =2.4
3
- ) K +z2(-K,-2K,)+K
B, =15Hz | 0(2) _ .Z:;' 2K 2K K, al? =2 al¥ =11
0(2) (z-1)
B
@ =12B | o = %7845

Due to the Accum & Dump filter, the loop-AWGN bandwidth is not equal to the loop
bandwidth (Humphreys et al. 2005). Figure 4-11 shows that, regardless of the Accum &
Dump unit being accounted for or not, the loop-AWGN bandwidth increases the exten-
sion of the COH segment, i.e. there is a tradeoff between the gain obtained from the
longer COH accumulation and the increase in noise power. When the Accum & Dump

unit is considered (solid lines in Figure 4-11), the loop-AWGN bandwidth extends to 37

Hz conditioned on T.,, of 20 ms. This bandwidth is wider than the case where the Ac-



cum & Dump is not considered (dashed line in Figure 4-11). Additionally, the
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root-controlled design of digital loop by Stephens & Thomas (1995) effectively solves

the deviation caused by the transform from analog domain to digital domain. Using Table

V in Stephens & Thomas (1995), the loop parameters for B, T.,, =15x0.02=0.3 can

be obtained. Under this configuration, the loop-AWGN bandwidth exactly meets the ex-

pectation of 15 Hz when excluding the Accum & Dump unit, or decreases from 37 Hz to

22 Hz when accounting for the Accum & Dump unit. Figure 4-11 displays the

loop-AWGN bandwidth for a third-order loop, with the configuration described in Kap-

lan (1996) and a loop bandwidth of 15 Hz.

10

IH_(F)l (dB}
=
!
'¢¢(‘

S TCOH =1ms, E%n =157 Hz (Regarding Accum&Dump

TCOH =10ms, EBn = 231 Hz (Regarding Accum&Dump)
—_— TCOH =20ms, EBn = 37 Hz {(Regarding Accum&Dump)
T =20ms, Bn =21 9 Hz (Regarding Accum&Dump,

..........

..........

el - Stephens & Thomas 199582 SR \IRREEEE
..... Tegy = Tms, B, =153 Hz (Disregarding Accum&Dump) |1 110
---------- Tegy = 10ms, B =18.6 Hz (Disregarding Accum&Dump) 55
gl P Teoy = 20ms, B, =242 Hz (Disregarding Accum&Durmp] |73
__________ TCOH =20ms, E%n =15 Hz (Disregarding Accum&Dump, '
-0 Stephens & Thomas 1993) H
10° 107 10° 10’ 10°
Frequency (Hz)
Figure 4-11:  Equivalent noise bandwidth vs. T.,, with B =15 Hz

In Table 4-4, the one-sided PSD and transfer function for each perturbation are listed.

Applying these items to eq. (4.19), the phase tracking error from each interference can be
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derived. The total error (1-sigma) is the second root of the sum of square (SoS) of each

error component. The transfer function in eq. (4.19) is equal to or is a function of H ( f )

and H .. (f). The PSD of n;,* varies for different discriminators; the nonlinearity of

the discriminator causes the variance of R/ to be greater than that of A>%, andf’g,.

Assuming that R, is a stationary random process, S ... (f) for CC discriminator is

N\ N, N,
Var( fec (¢k )‘ Dy ) Teon = ?(1‘*‘ 2CT... ] (4.24)
(Humphreys et al. 2005) and for the DD discriminator is
N\ N,
Var( foo ((Pk )‘ Dy ) Teon = ? (4.25)

For ATAN and DD-ATANZ2, Var(f((zk )‘@)'TCOH can only be derived by numerical

integration of the conditional PDF in eq. (4.13).

Table 4-4: PSD and transfer functions for each perturbation

Perturbation | H, (f) S, (f) Affected by amplitude scintillation
n Hoo (F) | Var(f (@)@ ) Teon Yes
b, H o () sb2 -5(f) Yes
56> 1-H(f) Zolhif” No
56 1-H(f) ?I'f P No

These carrier tracking results demonstrate that, compared with the DD loop, other types

of loop produces a larger phase tracking error due to the nonlinearity operation on the
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noise. The results for CBPLL performance are described in section 4.1.2 for the
interference of AWGN, in section 4.1.3 for OSC-induced PHN, and in section 4.1.4 for

the case of ionospheric scintillation.

4.1.2 Optimization of a CBPLL in the Presence of Thermal Noise

22"‘\ === CC numerical
& 5 5 — CC theoretical
oo bR -+er-- DD numerical
: : — DD thearetical
4 U, : : === ATAN numerical
18 PN Mmoo —— ATAN theoretical .
NN : ~-—--- DD-ATANZ numerical |

MERNE NN L —— DD-ATANZ theoretical |

e e S s e

g, (deg)

1] S N SRS S - e N

24 25 26 27 28 29 30 3
CIN, (dB-Hz)

Figure 4-12: Phase tracking error induced by additive WGN

Figure 4-12 depicts the on-threshold behavior of the CBPLLs. In this region, nonlinear
characteristics of the discriminators CC, ATAN, and DD-ATAN2 amplify the noise
variance and result in a severe bias problem, subsequently creating a larger tracking error
and then increasing the probability of loss of lock. Besides increasing the noise variance,

the larger bias induced by CC, ATAN and DD-ATAN2 discriminators in the low C/N, re-
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gion degrades the performance. In Figure 4-12 the dash-symbol lines from the numerical

experiment validate the theoretical predictions (solid lines) based on theory described in
section 4.1.1. The DD outperforms other types of CBPLLSs due to the better behavior and
absence of nonlinear loss in the low C/N, region. Correspondingly, in considering the
dash symbol lines in Figure 4-13, the DD loop has a lower probability of cycle slips and
shows about 2 dB sensitivity improvement compared with other types of CBPLLS at the
threshold for occurrence of cycle slips.

The comprehensive analysis based on both Figure 4-12 and the dash symbol lines in
Figure 4-13 proves that cycle slips may occur once the phase tracking error exceeds the
rule-of-thumb threshold of 15 degrees (Kaplan 1996). Figure 4-12 and the dash symbol
lines in Figure 4-13 are generated based on the Kaplan (1996) configuration for a
3"-order loop and boxcar transform. The COH accumulation interval is set to 10 ms and
the loop bandwidth is 15 Hz. As shown in Figure 4-11, the digital loop design by Kaplan
(1996) causes the noise bandwidth of the digital loop to become wider than the target
bandwidth set for its analog counterpart. The method proposed by Stephens & Thomas
(1995) parameterizes the digital loop to meet its target bandwidth based on B T, ,
equal to 0.15 for the case presented by Figure 4-12 and the solid symbol lines in Figure
4-13. Utilizing the values in Table 4-3, the parameters for the 3™-order loop can be quan-
tified to implement a simulation under the identical conditions. The results shown in

Figure 4-13 and Figure 4-14 demonstrate that (1) the phase tracking error has been re-
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duced by 2 degrees in weak signal conditions, and (2) the sensitivity in suppressing the

cycle slip improves by 1 to 1.5 dB.

=== CC (Kaplan)

— CC (Stephens & Thomas)
---e--- DD (Kaplan)

— DD (Stephens & Thomas)
=B--- ATAN (Kaplan)

— ATAN (Stephens & Thomas)

o DD-ATANZ (Kaplan) .
g Y DD-ATAN2 {Stephens & Thomas) |
o OB ----ie---- - I S B e S i
I i
‘50.5' .......................................................................
=
%
_QDJJ' _______________________________________________________________________________________
2
o
03F--f-----r--% R e
02PN R N drmeeanenes remeeanenns foeaneenees oesnenees 5
] Qop o w B W
24 ] 1

CiN, (dB-Hz)
Figure 4-13: Probability of cycle slip (Kaplan configuration vs. Stephens & Thomas

configuration)
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Figure 4-14: Phase tracking error (Kaplan configuration vs. Stephens & Thomas con-

figuration)

4.1.3 Optimization of a CBPLL in the Presence of Oscillator Phase Noise

Figure 4-15 compares the phase error caused by the OSC’s PHN for different oscillators
and loop configurations. Parkinson & Spilker (1996) and Kaplan (1996) present two loop
configurations that adopt different loop filter parameters. Both settings are widely used
by a GPS receiver and are evaluated here. The results prove (1) the Parkinson configura-
tion outperforms the Kaplan parameter in mitigating the phase error, and (2) the tracking
error is primarily determined by the short-term stability of the oscillator, which is associ-
ated with the WFM. The PHN-induced tracking error is not significantly different for

different CBPLLs.
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Figure 4-15: Phase tracking error induced by OSC’s PHN

4.1.4 Optimization of a CBPLL in the Presence of lonospheric Scintillation

Thus far, no real data has been recorded for studies during ionospheric scintillation be-
cause the magnetic activity is at a “solar minimum.” To quantify the phase tracking per-
formance under controlled ionospheric disturbances, we simulate the oscillator’s PHN
and ionospheric scintillation effects to add errors to the GPS signal. The black line in
Figure 4-16 to Figure 4-19 represents the rule-of-thumb tracking threshold (Kaplan 1996).
Figure 4-16 illustrates the carrier tracking results of CBPLLs under different scintillation

intensities. Here a strong phase scintillation is assumed, i.e. O yem =06, and the ampli-

tude scintillation ranges from weak to strong, which is negatively correlated with scintil-
lation-related phase fluctuation by -0.6. The DD loop (square-dash line) consistently dis-

plays a 1-2 dB sensitivity improvement compared with the ATAN and CC loops. This
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figure demonstrates that the strength of the amplitude scintillation (Table 2-3) is closely

associated with the carrier tracking performance. The minimum signal strength in keep-

ing carrier lock increases from 28 dB-Hz for weak amplitude scintillation to 43 dB-Hz for

strong amplitude scintillation. The deep power fades intensify the nonlinear behaviour of

the discriminator’s response, thus resulting in the susceptibility of losing phase lock.

Figure 4-16:

--&-- wak amplitude and ATAN
-=&e= wizak amplitude and CC

==BF- waak amplitude and DD -
-=&-- moderate amplitude and ATAN |~
--&r- moderate amplitude and CC
=--BF- moderate amplitude and DD
10° | ==&-= strong amplitude and ATAN
-=£r= sirong amplitude and CC
--EF- strong amplitude and DD

[ 1}
L

24 26 28 30 32 34 36 38 40 42 44 46 45 50
CiN, (dB-Hz)

Phase tracking error for different levels of amplitude scintillation (TCXO

assumed)
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Figure 4-17: Phase tracking error for different levels of phase scintillation (TCXO as-
sumed)
Compared with the intensity of amplitude variation, the strong phase variation triggered
by scintillation does not apparently degrade the tracking performance as shown in Figure
4-17. This figure assumes constant weak amplitude scintillation (Table 2-3). Because the
SNR value is stable, in this case, during the occurrence of small power variations associ-
ated with scintillation, the phase tracking error arising from the additive WGN and the
measurement bias are less variable. This figure proves that the SNR condition is more

important in determining the phase tracking capability and accuracy.
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Figure 4-18: Phase tracking error for different levels of amplitude scintillation under

two types of OSCs
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Figure 4-19: Phase tracking error for different levels of amplitude scintillation under

two types of loop configurations (Kaplan vs. Stephens & Thomas)
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The results shown by the above two figures are consistent with those presented in

Hegarty et al. (2001). A TCXO is assumed in the simulations conducted for Figure 4-16
and Figure 4-17. To evaluate the tracking performance as a function of OSC, Figure 4-18
demonstrates that the use of a high quality OSC such as OCXO does not provide obvious
sensitivity improvement; however the tracking error is slightly mitigated. This conclusion
is consistent with the description for Figure 2-18, where the carrier tracking performance
is determined by the short-term stability of the receivers’ OSC due to the update rate of
20 ms. With the deployment of new GNSS systems, the pilot channel allows a sensitivity
improvement through extending the COH accumulation interval. Under such circum-
stance, the tracking performance will be associated with the medium- to long-term stabil-
ity of OSCs. The high quality OSC results in performance improvement. Figure 4-18
again assumes a strong phase scintillation with amplitude scintillation varying from weak

to strong.

In generating the previous figures, a target loop bandwidth of 15 Hz with the Kaplan
(1996) configuration is assumed. As previously mentioned, the loop additive WGN
bandwidth deviates from the desired expectation due to the nonlinear effect missed by

bilinear or box-car transform. This effect cannot be neglected when B, T, is greater

than 0.1 (Stephens & Thomas 1995). By adopting the parameters given in Stephens &
Thomas (1995), the bandwidth is much closer to the desired design. Figure 4-19 illus-
trates the tracking performance improvement. Here, the sensitivity is enhanced by about 1
to 2 dB for different levels of amplitude scintillation. At the same time, by fixing the
conditions of the numerical experiment, the Stephens & Thomas (1995) setting also

mitigates the phase tracking error compared with the Kaplan (1996) configuration.
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4.2 Adaptive Carrier Tracking Enhancement

A carrier tracking loop can be optimized through reconfiguring each unit in the loop
(Figure 4-1), namely the COH accumulation time, the type of PDs, the loop order, and the
loop filter. The constant loop filter with configuration of Kaplan (1996) and Parkinson &
Spilker (1996) is widely used in a GPS receiver. Lindsey (1981) and references therein
extensively study the adaptive carrier tracking approaches enable better phase tracking in
the presence of strong error sources. As described previously, the normalized noise vari-
ance is inversely proportional to SNR; therefore the low SNR causes a larger phase
tracking jitter. Reducing the loop AWGN bandwidth can mitigate the effect of this noise;
nevertheless doing so increases the tracking error caused by the PHN and ionospheric
phase scintillation. Besides the noise power, under low SNR condition, Figure 4-8 well
illustrates the bias resulting from on-threshold behaviour of the discriminators; thus, the
phase should be derived in tight tracking mode to guarantee that the discriminator oper-
ates within a linear region. However, this becomes quite difficult when occurring the in-
tensive phase variation and amplitude fades, e.g. in the presence of ionosphere scintilla-
tion. Therefore, a KF can be used because the bandwidth chosen by this estimator is op-
timal in the sense of minimum mean square error (MMSE) based on the assumption of
WGN. The concept of this adaptive tracking approach is reviewed by Lindsey & Chie
(1981). Psiaki (2001b) and its references initialize to build a KF based carrier tracker.
This estimator provides a constant Kalman gain by only solving the steady-state Recatti
equation. The resultant filtering estimates are then optimized by a smoothing algorithm.
Additionally, it does not deal with the ambiguity of the data modulation (suppressed car-

rier) in a soft approach (Humphreys et al. 2005). To enhance this technique in tracking
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weak signals, Psiaki & Jung (2002) implement the extended KF that is specially de-

signed for tracking weak carrier-suppressed GPS signals and is summarized here. This

algorithm propagates based on the square root information filtering (SRIF) technique.

4.2.1 Square Root Information Filtering Technique

The basics of the KF technique are reviewed in Bierman (1977). KF can be used to de-
scribe a system based on a dynamic and an observation model. The dynamic model re-
flects the variation of systematic states over time, and the observation model is a function
of the systematic states. KF is built on linear system theory, however nonlinearity is un-
avoidable in many real applications. In this case, the Taylor expansion is used to derive a
linear approximation for both the dynamic and observation models epoch by epoch, re-
ducing the problem into the linear system context.

The normal KF propagates the state estimation and performs the observation update

based on the covariance matrix

P = E[(x—x‘*t)(x—xeSt )T} (4.26)
where
X is the actual state vector, and
X is the estimated state, which could be a priori estimate X, and posteriori
estimate X, correspondingly associated with
P, the priori covariance matrix and,
P posteriori covariance matrix.
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The priori estimate results from all the observations up to previous epoch, while the pos-

teriori estimate includes update with the current observation.

Bierman (1977) describes that the KF generates an optimal X by minimizing the cost

function of
J(x)=(x=%)" P (x=%)+(z-AX)" (z- AX) (4.27)
where
Z— AX is the measurement noise equal to the actual observation minus the sys-
tem-derived observation, and A reveals the relationship between the
observation and systematic states, called the design matrix.
Pt is the inverse of covariance matrix, called the information matrix.

According to eq. (4.26), P s the positive definite matrix that can be factored into a
lower triangle matrix R*' times its transpose R®'. The SRIF propagates the KF esti-
mator based on the upper triangle factor of R*'. The square root filter has inherently
better stability and numeric accuracy than does normal Kalman filter (Bierman 1977).
The improved numerical behaviour of square root algorithms is due in great part to the
reduction of the numerical ranges of the variables (Bierman 1977).

Based on the above basic concepts, the implementation of an extended KF based carrier
tracking algorithm is developed based on Psiaki & Jung (2002), Psiaki & Humphreys

(2006) and Bierman (1977).
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4.2.2 Extended Kalman Filter based Carrier Tracking

The extended KF based carrier tracking algorithm developed by Psiaki & Jung (2002) is
derived at a very basic level, and the reference provides detailed information in realizing

this algorithm.

The dynamic model is (Psiaki & Jung 2002)

2 w
0 l5tk%0¢ ot 1000 0"
0 0100 Of°

@ 0 1 o 0f“ o |mty 51 o oW @2
K 00t K 0 0000 1f"
e o 0 0 2 w,

where

[0, 0, ,a]T is the vector of states to be estimated. These elements respectively

represent the phase misalignment, actual angular Doppler inherited in
the signal, the drift of the angle Doppler, and the natural logarithm of

the amplitude.

@, is the locally estimated angular Doppler,

ot, is the COH accumulation time. Due to the LOS motion, COH time is

not always a constant, and is related to the carrier Doppler and drift of

-
Doppler as 6t, = D1 con

- (Psiaki & Jung 2002)
O, + 0, + 0.50, ,kTCOH

which is simply noted as

Xer1 = Dy X +kaaA)d K + 1y W (4-29)

Kjk-1
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This mode assumes an acceleration-varying dynamic model which is driven by a random

jerk. The phase differenc at k +1 results from the difference of actual Doppler accumu-

lation @, -St, and estimated Doppler accumulation of @, , - t, .

The observation of COH accumulations at I and Q channels is (Psiaki & Jung 2002)

= Noise

+np|k

(4.30)

- d,, -cos(®, )
[ Noise O'/ /NCOH k

Yo = h(xk'Wk)=|:éN§ise:|_
pk

NOISG

G/\/W d, -sin §0k) pQk

after egs. (3.1) and (3.2).

where A and @, are associated with the estimated state as (Psiaki & Jung 2002)

{A< — i +0.5w, (431)

@ =C X + Dy @y x + DucW

where

D, =[0 0 0 1 0]

and the d_, term does not switch its polarization during a nominal interval of 20

ms.

The observations can be regarded as a Taylor expansion at the prediction point,
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(4.32)

oh - oh
(Xk_xk)+awT ( )Wk
%, 0

in which X, is an a priori estimation of the x, based on the all the observations up to

epoch k-1, and

the two derivatives respectively are

on —-sing,C, cosg,
X o /JNCOH | cospC,  sing, .
ah —-sing,D,, 0.5cos g, '
0/ /NCOH cosp D, 0.5sing,
In addition,
J,=h (%.0) (4.34)

which is atermineq. (4.32) called predicted measurement.
The goal of the KF approach is to determine the optimal estimation of ( W 1) that

minimizes the cost function of (Psiaki & Jung 2002)

J :l[ﬁxxk (% - Xk)T [F\smk (% - Xk)}Ll[F}WWKW" :'T [ﬁ"w"kwk]+

2 2
%I:yk_h (Xk’Wk):IT[yk_h (Xk’Wk):| (4.35)

st.
Xip1 = f (Xk’Wk)

This cost function has one additional term compared with that for the standard
well-known KF estimator. The second term in eq. (4.35) indicates that the process noise
is included in the KF, where the state vector to be estimated becomes [w[ Xy ]T. The

optimal estimate results in the global minimum of J . Herein, the square root informa-
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tion filtering (SRIF) technique is adopted to drive the propagation of this KF estimator.

The following derivations provide necessary background for the realization of this tech-

nique.
Transforming eq. (4.29) into

X = d)k_lli—l (Xk+1 _kag"d k _FWka) (4.36)
and applying eqg. (4.36) into the first term of eq. (4.35) results in

Ry (Xk =% ) = (Iixxkdjlzl)xkﬂ _(Iixxkdjlzlrwk )Wk - Iixxk (cpl:lrxka)d kT )~(k) (4.37)
The third item on the right side of eq. (4.35), on the condition of the egs. (4.32) and

(4.36), is equivalent with

3 oh (%.,0) _
—h (X ,0 +——X
Yk ( k ) oxT k
oh (%,0)  oh (%.0)
= X +
ox T o'
oh (%,.0) oh (%,0) oh (%.0)
== K ol o+ -
oxt ¢ ow' oxT

W
(4.38)

-1
D1y ]Wk

oh (%.0)

1 ~ - .
o D1 @4 k +(yk_h (% '0)+Txkj:|

Based on the egs. (4.37) and (4.38), the cost function J ineq. (4.35) can be expressed

in a matrix layout as
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QR factorization is used here to minimize the cost J . Assuming
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(Psiaki & Jung 2002) and

(@)

N> N
= =
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the cost function J of eq. (4.39) is finalized as
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. 0
o |7 [RG] s | Z, (4.43)
Xk+1 2k
minimizes the cost function, where
ik*f‘i) represents the priori estimates based on all the observations up to epoch

k and W is the initial filtering estimate of the noise.

The superscripts of %% and #® indicate the solution given by eq. (4.43) results

from the Gauss-Newton approximation. This method does not account for the sec-

0°J 0?J 0?J q 0?J

ond-derivative terms of = = — an =
OX OX OW OW OX OW OW OX

(Psiaki & Jung

2002). The last two items are transposes of each other. Applying the estimated

T ‘U
[Wk*(o) 1 } ,eq. (4.43),into eq. (4.36), we achieve the initial filtering estimate of

5(1:(0) = @k_l ()~(k+1 _ka&)d,k _kaWI:(O)) (4-44)
and a Gauss-Newton approximation with measurement at epoch k is adopted. With the

dynamic model of eq. (4.29), we achieve

%) =@ % + Ty, (4.45)

+1

which is a prediction based on the observations up to epoch k—1.

Taking the second-derivative terms into consideration, the estimate that minimizes the

cost J is in the range [)?k %;(0)] which maps the optimal a priori estimate for epoch

k+1 into [f(k_(o) XE(O)J, and estimation of processing noise into [O WQ(O)]

+1 +1

A step-size decaying method is employed to search the locally optimal estimation. This
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approach is more reliable than the use of Hessian matrix in Psiaki & Jung (2002), and

saves the power to update the Hessian matrix at each iteration. The optimal solutions are
%, e [xk % 4T

decay (’)‘(:(0) - Xk )} ) )~(k+1 € [Xl;(fi) Xl;(r(i) + r-decay (Xkﬂ) - )?IZS) ):| ) and

W, e[o Fgecay -W:(O)] where .. €(0,1) defines the step size. This algorithm is real-

ecay

ized by the iteration as

() _ g i (50 _¢
X=X +rdecay X o =X

(] o—(0 j S+(0 (0
XI£J+)1 = inl) + rdjecay (XkJ(rl) - XkJ(rl)) (446)
WIEJ) = rdjecayW;(O)

in order to force the cost decrease if necessary, where j is a natural integer increment-

ing from 1.

According to the aforementioned derivation, the optimal priori and posteriori values can
be obtained to drive the KF estimator. In the context of weak signal tracking, the BPSK
modulation is corrupted by strong noise, increasing the uncertainty in determining the
polarization of navigation bits. The DD loop, however, reveals the degradation in track-
ing performance because the increase in BER at weak signal condition yields a larger bias
to measure the phase, as in Figure 4-6. The DD discriminator determines the bit sign
based on the accumulated correlations at | branch up to one data period. The incorrect
determination, in the low C/N, region, results in cycle slip occurrence and in severe
cases loss of lock (Yu et al. 2006c¢). Therefore, Psiaki & Jung (2002) adopts the Bayesian

approach to treat the uncertainty of the data bits. This method simultaneously runs two

KF carrier estimators. One estimator propagates the state and performs an update under
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the assumption that d, , =1 (Humphreys et al. 2005); the other operates in a similar

manner under the assumption that d_, =-1. In real applications, the pair of KFs can run

independently using two threads, and thus can propagate in parallel. The residual between
the estimated measurement and observation is used to determine the a posteriori prob-
abilities for each bit sign assumption. These a posteriori probabilities, in turn, are used to
synthesize an optimal combination that drives the NCO of the PLL in the sense of mini-

mum mean square error (MMSE).

Suppose that the final results from eq. (4.46) are %", and R\) . (Psiaki & Jung 2002)

xxk

for the assumption that the navigation bit is +1; therefore the solution %} and R!)

xxk+1

denotes the alternative assumption of d_ , =-1. Eq. (4.35) provides the cost to each of

() and J). The cost function reflects the misclosure between

min min *

the solutions, termed J

the assumption and actual observation; therefore, the a posteriori probabilities for alterna-
tive bit sign can be inversely correlated with the costs under both assumptions, i.e. the
correct hypothesis produces less cost and vice versa. Psiaki & Jung (2002) presents a ro-

bust way to measure the probabilities, which includes the confidence of the bit sign deci-
sion. The a posteriori probabilities (D!, and !)), based on the observation up to ep-
och k, depend on the a priori probability (p!” and p{”), where the observation at ep-
och k is not used. The calculation of p!"”) and ')} is clearly given in Psiaki & Jung

(2002). The a priori probabilities are determined as (Psiaki & Humphreys 2006)

0.5 (epoch k +1 is the start of a bit)
= 4.47
s=/— | P ... (epochk+1isn't the start of a bit) (4.47)
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, which means there is no preference for either +1 or -1 at the start of a bit. The prob-

abilities are cumulatively updated along with the observation updates within one data bit.

The Bayesian law then yields a linear weighted combination that minimizes the MSE on

condition of the a posteriori estimates. The synthesized estimate is

o mix (+)

= UK + PR, (4.48)

and the synthesized covariance matrix is

S mi (s S(s (s & Mix (s & mix T
Plex = Z p|(<+)1 |:Pk(+l +(X|(<+)1 - Xk+1)(xl(<+)l - Xk+l) } (4-49)
(Psiaki & Jung 2002). This mixing process characterizes the nature of the bit uncertainty.

Additionally, this synthesis is equivalent to a “soft-decision” PD as opposed to the DD

discriminator.

Derivation of the synthesized state is straightforward, as shown in eq. (4.48). While the
covariance estimate, eq. (4.49), consists of two components: the weighted sum of two
covariance and terms that increases the covariance due to the difference between the
mixed estimate and the estimation under the two-bit sign assumption. One of these esti-
mates is better than the mixed product if the bit sign is known. The unknown bit increases
the uncertainty of the estimate. In order to propagate the extended KF-based PLL in the

context of SRIF, it is assumed that

o= (R R ) =R (R ) (4.50)

and eq. (4.49) becomes
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pk+1
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k+1
VB (R) R

which satisfies eq. (4.49). The QR factorization results in
R=[R 0]Q (4.53)

where R is the upper triangle matrix and Q is a unit orthogonal matrix. Therefore, the

synthesized square-root information matrix becomes

1

7(+)
k+1

RR) (4.54)

Smix
Rk-¢-1 -

(Psiaki & Jung 2002), which drives the propagation of the EKF-PLL.

To avoid numerical overflow resulting from the very small probability values in the de-

A

nominator of eq. (4.52), the aforementioned calculation assumes that pk+1 p . For the
case that bij)l < bﬁ?l, then egs. (4.52) and (4.53) can take the same form except inter-

changing the (+) and (—) superscripts.
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Again, the Bayesian synthesis is critical to successful implementation of the extended

KF carrier tracker for lowC/N, . The bit sign, under such cases, is difficult to determine.

The Bayesian approach achieves a compromised solution, superior to the one in which
the bit sign is mistakenly estimated, while inferior to the one in which the bit sign is cor-

rectly determined. The Bayesian solution is optimal in the sense of MMSE.

4.2.3 Performance evaluation of Extended KF based Carrier Tracking

Due to the soft mode in dealing with uncertainty of the bit sign, an extended KF based
tracker is expected to exceed the CBPLL in sensitivity. Figure 4-20 compares the thresh-
old behavior of CBPLLs and extended KF-based PLL in the presence of additive WGN.
The phase tracking error is based on 50 numerical trials, each with a 10 second data seg-

ment. The tracking error originating from the CBPLLs cannot be examined for C/N,

values lower than 23 dB-Hz, because cycle slips occur in every trial. This is shown in
Figure 4-21. Compared with Figure 4-13 (Kaplan configuration), Figure 4-21 proves that
the extended KF-based tracker has an improvement of about 4 dB in mitigating cycle
slips. As the Stephen & Thomas design shows another 1 to 1.5 dB improvement in miti-
gating the cycle slip (Figure 4-13), the improvement by extended KF decays to 2.5 - 3 dB

once the root-controlled approach is used to build the digital CBPLLSs.
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Figure 4-22: Phase tracking performance of a KF-based PLL against a CBPLL in the
presence of ionospheric scintillation
In the presence of ionospheric scintillation, the extended KF-based PLL allows a more
reliable tracking capability as opposed to the CBPLLs. Figure 4-22 shows that the KF
approach improves the tracking sensitivity by 4 dB in the presence of the superficial
power fades caused by weak scintillation. This result corresponds well with those pre-
sented in Figure 4-20 and Figure 4-21 because the additive WGN dominates the carrier
tracking behavior. When strong amplitude scintillation occurs, the KF-based tracking
loop reveals a 7 dB improvement. Due to the soft-decision, this result proves that the KF
method exihibits a good potential to work in high dynamic applications. As shown in
Figure 4-17, the carrier tracking divergence is more sensitive to SNR degradation than to
rapid phase variations; this technique becomes more advantageous to build a scintillation

monitoring reference receiver. The CBPLLs refered in this section are built on Kaplan
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configuration with 15 Hz loop bandwidth.
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Chapter 5 Conclusions and Recommendation for Fu-

ture Work

5.1 Conclusions

By implementing new mathematical models using software simulations rigorous mathe-
matical analysis, this work demonstrates that DFC outperforms the conventional NCH
approach during the acquisition of weak GPS signals. The processing loss induced by

NCH can be decreased through the use of DFC by approximately 2.5 dB at low C/N,
values. This improvement suggests promising potential to reduce the acquisition time. A

Monte Carlo simulation verified theoretical predictions.

Statistical properties including probability of false alarm and probability of detection are
essential to set a detection threshold, which identifies a decision variable level (and cor-
responding signal to noise ratio) beyond which a desired performance of acquisition and
tracking can be achieved. Conditional PDFs of the DFC-based DV are necessary to ana-
lyze detector performances in a statistical sense, but are too complicated to express in a
closed-form formula. Based on the statistical expectation and variance of the decision
variable, this work uses curve fitting to approximate conditional PDFs produced by
Monte Carlo simulations. The curve-fitting results, although not rigorously accurate, can
provide a practical reference for this complex problem. Analysis of the resultant condi-

tional PDFs substantiates that, due to the lower processing loss, the DFC is superior to
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NCH in improving the sensitivity by 1.2 to 1.6 dB provided the false alarm is fixed to

0.1% and the detection threshold is set to 90%.

To enable better carrier tracking, the performance of several carrier configurations is
evaluated for wideband GPS data with inclusion of selected interferences. A six-state dy-
namic model driven by Gaussian-distributed random samples is used to simulate the PHN
resulting from an imperfect crystal unit. The numerical verification proves that the noise
samples satisfy the expectation in a statistical sense. An ionospheric scintillation model is
implemented and verified to replicate the power and phase variations induced by iono-

spheric irregularities.

CBPLLs and adaptive bandwidth loops are examined theoretically, based on the model,
and results are then validated using the simulated wideband samples. Discriminators have
a critical impact on carrier tracking capability, due to the severe bias induced by the
nonlinear characteristics and the increase in noise variance resulting from the nonlinear
operation. Four discriminators, commonly used in a GPS carrier tracking unit, are inves-
tigated from a statistical sense. The results provide an insight into the worse performance
of the ATAN loop and the best behaviour of DD loop in low SNR conditions. The con-
ventional digital filter design, obtained from its analog counterpart through binear or
box-car transform, causes a deviation of the loop bandwidth and noise bandwidth. Under
such circumstances, the loop performs worse than the theoretical prediction or even re-
veals unstable behaviour. Root-controlled design provides an effective solution; this con-

figuration improves the sensitivity by about 1.5 dB. A KF-based tracking approach, com-
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pared with 15 Hz constant-bandwidth loops, lowers the lock threshold by 7 dB in the

presence of strong ionospheric scintillation; this suggests potential for application during
occurrence of ionospheric scintillation. The improvement benefits from the soft treatment
of the ambiguity of the bit sign, and from the optimal estimation by the Kalman filter in
minimizing the MSE. During weak scintillation or in its absence , the tracking strategy
for the KF demonstrates a 4 dB improvement in tracking sensitivity and immunity to cy-

cle slips.

5.2 Recommendation for Future Work

The analysis in Chapter 3 neglects the MAI caused by the coexisting signals from other
satellites. However, the cross-correlation peaks are detrimental to acquire and track weak
signals in the presence of strong channels. Successive interference cancellation provides a
way to partially eliminate this type of disturbance; nevertheless the residual between the
local reconstruction and the incoming signal will degrade the detection performance
(Progri et al. 2006). Thus far, the blind channel idenfication has been extensively investi-
gated to jointly estimate the parameters for multiple signals. This approach cannot only
detect the weak signal that is 15 dB lower than the coexisting strong signal (Progri et al.
2006), but also identify the multipath parameters for each channel (Amleh & Li 2005).
The classification of multipath delays can improve the accuracy of the pseudorange
measurements. The major limitation of this algorithm to be adopted widely arises from

the high processing power requirements. With the development of high-end processors
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and the innovation to simplify the numerical computation, this method is promising to

build advanced GPS receivers. Since the KF based tracking strategy shows an attractive
improvement in term of sensitivity, the further evaluation of this algorithm under the real
scintillation samples provides a valuable reference to build them into a commercial re-

ceiver.
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Appendix A

GPS Background
A.1l  GPS Overview

The Global Positioning System (GPS) is a space-based radio navigation system originally
developed by DoD as a military force enhancement system in 1973 (Lachapelle et al
2005). GPS comes into being based on the success of ground-based radio navigation sys-
tems such as LORAN (LOng RAnge Navigation system) and Omega and improvements
of clock technology (Parkinson & Spilker 1996, Misra & Enge 2001). The latter can
make it possible that time-synchronized signals be transmitted from satellites (Misra &
Enge 2001). The objective in developing GPS was to offer an estimate of position, veloc-
ity, and time, for both military applications and civil use (Misra & Enge, 2001). The ac-
curacy of the standard positioning service (SPS) is approximately 13 m in the horizontal
and 22 m in the vertical at a 95% probability level (U.S. Department of Defense, 2001).
GPS technologies have been progressing rapidly in the past decade, including various
types of augmentation, receiver technologies, carrier phase ambiguity resolution, and ad-
vanced error mitigation or elimination approaches (Lachapelle 2005). GPS can provide a
solution with accuracy ranging from metre to centimetre given the condition, measure-

ments, and adopted methods (Misra & Enge 2001).

Currently, navigation messages are continuously transmitted over two L-band carriers
termed as L1 and L2. The centre frequencies of L1 and L2 respectively are 1575.42 MHz

and 1227.60 MHz (Cannon 2005). Two orthogonal signals are transmitted on L1, one for
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civil users and another for DoD-authorized users. The signal broadcasted on L2 is only

for authorized users (Parkinson & Spilker 1996). Every signal consists of carrier, ranging
code, and navigation data. The carrier selection must account for path loss resulting from
radio propagation, the influence of ionosphere and troposphere. A frequency in the
L-band gives an acceptable received signal power and dual-carrier design permit to
measure the ionospheric group delay (Parkinson & Spilker 1996). A binary-coded se-
quence with a pre-defined format contains information on ephemeris, parameters for sat-
ellite clock errors, satellite health status, and an almanac provides a reduced-precision
ephemeris for all satellites operating around the orbit. Navigation bits are transmitted at a
rate of 50 bps with a bit duration of 20 ms. The data signal is generated at a rate of 50 Hz,
which is spread by multiplying a binary PRN valued by +1. This form of spread spectrum
is termed as direct sequence-spread spectrum (DS-SS) (Lachapelle 2005). The spread-
ing-spectrum code has a clock rate of 1.023 MHz for the L1 C/A code and 10.23 MHz for
the P code. GPS utilizes a DS-SS scheme because it provides a way to recover the timing
and doppler shift by synchronizing local code and carrier replica with the received signals
(Parkinson & Spilker 1996). The synchronization provides the essential information for
normal and precise positioning. Besides the natural characteristics, the DS-SS system
performs well in mitigating a narrow-band jamming or a tone interference with fixed
power because the bandwidth of interference is broadened at the stage of correlation
processing. To correlate the incoming pseudorandom spreading sequence with a local
replica yields a triangular autocorrelation function. The correlation peak occurs when the
local code perfectly aligns with that in the incoming signal, by which the timing informa-

tion can be recovered from the signal (Misra & Enge 2001).
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CDMA provides a solution where the multiple signals can be simultaneously accessed

by the same frequency channels with minimal inter-channel interference. Multiple access
capacity is very important for GPS as a receiver may simultaneously receive a composite
signal from several satellites, wherein all signals occupy a common carrier channel (Park-
inson & Spilker 1996). Assuming a perfect orthogonal property between a pair of PRN
code, the inter-channel interference becomes null. However in many communication/
ranging tasks orthogonal signaling is almost impossible because the signal transmitters
are by no means at identical distances from different users. To maximize the multiple ac-
cess capacity and optimize the performance, the selected Gold pseudorandom codes share
the same code length and are minimally correlated each other at all possible time offsets

(Misra & Enge 2001).

Correlation, in general, measures the similarity of two waveforms (Misra & Enge 2001).
Autocorrelation quantifies the similarity of any waveform with time shifts of itself, while
cross-correlation reflects the similarity between a waveform with all time shifts of a sec-
ond waveform. For binary sequence in the digital domain, the correlation is computed by
simply summing the products of two digital sequences (Lachapelle 2005, Cannon 2005).
The autocorrelation peak favors signal acquisition and multipath mitigation because it is
far greater than the secondary peaks. The ratio of an autocorrelation peak to a secondary
peak is proportional to the probability of detecting the correct peak. The received signal is
always composed of the direct signal and other components that have traveled reflected
paths (Lachapelle 2005). The true range information contained in the direct signal has to
be extracted by receiver. The multipath signals however interfere the pseudorange meas-

urements, because they also yield their own correlations that shadow the peak created by
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the direct signal. Given that a multipath signal is delayed by more than one chip com-

pared with the direct signal, the shadow peak can be entirely distinguished from the main
correlation peak. Therefore, the short multipath limits the accuracy of GPS positioning. In
indoor situations, the line-of-sight signal may not be available and the first reflected sig-

nal may be seen by the receiver as the “line-of-sight” signal.

A.2  Basic receiver technology

A basic GPS receiver is composed of an antenna, a RF frontend (FE), a signal processor,
and a data processor. An antenna receives the RF GPS signal and filters out the interfer-
ences such as signals outside the desired band and reflected signals of left hand circular
polarization (Ray 2005). Then the signal is strengthened by a low noise amplifier (LNA)
housed in the antenna, and is fed into the FE. The FE down-converts the signal from L
band to intermediate frequency and amplifies the signal to a workable level for digitiza-
tion. A three-stage amplifier inside the FE, in general, contains at least one variable gain
amplifier with a dynamic range of 30 to 40 dB. Automatic gain controller (AGC), which
controls the gain of the variable gain amplifier, ensures the signal remains at a workable
level required by the ADC. (Ray 2005). The ADC is a bridge between the analog and
digital domain (Lachapelle 2005). Digitizing the analog signal results in a quantization
distortion termed quantization loss; it decreases with an increase in number of quantiza-
tion bits. The low-cost receiver is digitized by one or two bits, while a high-end or

anti-jamming receiver always adopts a 2 to 8-bit ADC (Ray 2005).

OSC is a core component to drive the receiver to operate properly. It provides a basic

reference frequency, on which a frequency synthesizer generates all the local frequencies
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for both the RF FE and the signal processor. The frequency synthesizer is a PLL that

forces the feedback frequency to lock on the reference frequency. The output frequency
relates with the feedback frequency by a frequency divider; therefore by adjusting the
parameters of the divider, one can generate the required output frequency. In conclusion,
a high quality OSC can shorten the time to acquisition, improve the tracking capability,
and increase the reliability and redundancy. However the significant cost and power con-
sumption restricts the use of high quality OSC in commercial applications (Parkinson &

Spilker 1996)

The signal processor demodulates the timing and navigation message from digital sam-
ples. It generates the pseudorange measurements based on the code NCO and the carrier
phase measurements based on the carrier NCO and the cycle counter. To correctly decode
the timing and navigation information necessary for measurements, a receiver should

complete acquisition, tracking, C/N, estimation and bit synchronization serially.

COH and NCH integration are used to produce a statistical test for each cell in an uncer-
tain region, which is defined by the possible Doppler due to LOS motion and aging drift
of OSC, and code search step depending on the pull-in range of the DLL. For satel-
lite-based positioning and communication, the signal is suppressed by the ambient noise;
thus the integration processing is necessary to improve the SNR to meet the detection re-
quirement. The performance of signal detection is associated with SNR of the statistical
test, improved by COH and NCH approaches. In the context of stochastic signal detection,
an optimal signal detector can be designed from statistical sense as the Neyman-Pearson

criteria.
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Signal tracking involves code wipe off and carrier wipe off. The DLL synchronizes the

code phase of the local replica with the one of the incoming signal; thus the correlation
process provides the dispreading gain by stripping off the PRN code of the incoming
signal. The carrier tracking loop named FLL or PLL synchronizes the carrier frequency or
phase with those of the incoming signals. Because of an half-cycle phase ambiguity, pure
PLL does not fit GPS channels modulated by navigation message; therefore Costas loops
are selected for the PLL in GPS receivers due to their insensitivity to data bit transition.
Costas loops, however, introduce a squaring loss resulting from the nonlinear operation
of the discriminator. The DLL operates with the carrier tracking loop in convoluted mode
because the loss of lock occurring in one loop easily leads the other loop to lose lock. A
PLL is a more vulnerable component than a DLL, as the dynamic stress for the DLL can

be partially removed using the carrier Doppler estimated by the PLL.

Once a receiver keeps tracking the carrier phase and code offset of the incoming signal, it

starts to detect the bit boundary named bit synchronization and to estimate the C/N, .
The estimation of C/N, is necessary because the latter C/N, is associated with the

quality of tracking. Once the receiver loses lock, the estimated C/N, decreases rapidly.

A navigation processor detects the subframe preambles and then initializes the parity
check on the demodulated data. The parity check is used to confirm that the demodulation
process is free from errors. Once the resulting data passes through the check successfully,
it is compiled into a set of meaningful parameters necessary for positioning computation.

Least square and KF approaches are the most common methods to yield final solutions.
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