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Abstract

Pseudolite systems are increasingly used to augment Global Navigation Satellite Systems

(GNSS) in challenging environments, thereby improving the reliability of positioning,

navigation, and timing services. Time-Hopping Multiple Access (THMA) effectively mit-

igates the near–far problem in pseudolite signal transmission, yet, similarly to GNSS, the

system remains highly susceptible to performance degradation caused by multipath (MP)

interference and noise. This thesis examines the robustness of THMA under MP-rich

conditions, with a focus on how MP primarily affects this signal through distortions in

the initial phase, which can be separated into integral and fractional components. In the

integral part, the correlation function between the received signal and the local replica

produces line-of-sight and MP peaks, which can merge to allow partial mitigation of MP

effects. In contrast, mitigation in the fractional part is considerably more challenging

and requires advanced baseband-level strategies, similar to those employed for standard

GNSS signals. Existing approaches, such as the narrow correlator, double-delta, extended

double-delta, and locally generated code–based techniques, are limited in their adaptabil-

ity to dynamic environments where MP and noise characteristics vary. To address this

limitation, this thesis proposes a novel Multipath-Aware Adaptive Delay Locked Loop

(MAA-DLL) architecture that integrates real-time MP delay estimation with an adaptive

reconfiguration of the DLL. This reconfiguration dynamically selects the optimal Early-

Late correlator pairs and applies optimized weightings via a lookup table. MAA-DLL was

evaluated across various modern GNSS modulations, including BOC (2,1), BOC (4,1),

higher-order BOC (10,5), and BOC (14.2), as well as the composite MBOC(6,1,1/11),

under two scenarios. In MP-only conditions, it achieved the lowest running average error

across a diverse range of MP delays, confirming reliable performance over the full range.

In the joint MP-and-noise scenario, root mean square error was evaluated across all tested

signals under both fixed (-30 dB) and variable (-35 to -20 dB) signal-to-noise ratio lev-

els. The MAA-DLL consistently outperformed conventional methods, demonstrating its

effectiveness in improving the accuracy and robustness of GNSS and pseudolite systems

under challenging conditions.

Keywords: Pseudolite , GNSS, multipath interference, noise, THMA, MAA-DLL.



Résumé

Les systèmes pseudolite sont de plus en plus utilisés pour compléter les systèmes mondiaux

de navigation par satellite (SMNS) dans des environnements difficiles, améliorant ainsi la

fiabilité des services de positionnement, navigation et synchronisation. L’accès multiple

par sauts dans le temps (AMST) atténue efficacement le problème de proche-lointain dans

la transmission des signaux pseudolite, mais, comme pour les SMNS, le système reste très

sensible à la dégradation des performances causée par les interférences de trajets multiples

(TM) et le bruit. Cette thèse examine la robustesse de l’AMST dans des conditions riches

en TM, en se concentrant sur la manière dont le TM affecte principalement le signal par

des distorsions de la phase initiale, pouvant être séparées en composantes intégrale et

fractionnaire. Dans la partie intégrale, La fonction de corrélation entre le signal reçu et la

réplique locale génère un pic associé à la composante en ligne de visée et un autre lié aux

TM. Ces pics peuvent se superposer, entraînant une atténuation partielle des effets des

TM. En revanche, l’atténuation dans la partie fractionnaire est beaucoup plus complexe

et nécessite des stratégies avancées au niveau de la bande de base, similaires à celles utili-

sées pour les signaux SMNS standards. Les approches existantes, telles que le corrélateur

étroit, le double-delta, le double-delta étendu et la technique basée sur un code localement

généré, présentent des limites d’adaptabilité dans des environnements dynamiques où les

caractéristiques du TM et du bruit varient. Pour surmonter cette limitation, cette thèse

propose une nouvelle architecture de Boucle de Poursuite Adaptative Sensible aux TM

(BPAS-TM), qui intègre l’estimation en temps réel du retard TM avec une reconfiguration

adaptative de la boucle de poursuite de code. Cette reconfiguration sélectionne dynami-

quement les paires de corrélateurs avance-retard optimales et applique des pondérations

optimisées via une table de correspondance. L’architecture BPAS-TM a été évaluée sur

diverses modulations SMNS modernes, y compris BOC(2,1), BOC(4,1), les BOC d’ordre

supérieur BOC(10,5) et BOC(14,2), ainsi que le signal composite MBOC(6,1,1/11), selon

deux scénarios. Dans des conditions avec uniquement du TM, elle a atteint la plus faible

erreur moyenne glissante sur une large plage de retards TM, confirmant une performance

fiable sur toute la plage. Dans le scénario combinant TM et bruit, l’erreur quadratique

moyenne a été évaluée pour tous les signaux testés, sous des niveaux de rapport signal

sur bruit fixes (-30 dB) et variables (de -20 à -35 dB). La BPAS-TM a systématiquement

surpassé les méthodes conventionnelles, démontrant son efficacité pour améliorer la pré-

cision et la robustesse des systèmes SMNS et des systèmes pseudolite dans des conditions

difficiles.

Mots-clés : Pseudolite, SMNS, interférence à trajets multiples, Bruit, AMST, BPAS-TM.
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General Introduction

Context and Motivation

GNSS, encompassing the Global Positioning System (GPS), the Global Orbiting Naviga-

tion Satellite System (GLONASS), Galileo, and BeiDou, form the backbone of Positioning,

Navigation, and Timing (PNT) services. These services support a wide range of critical

applications, from autonomous transportation to disaster management and emergency

response [1–5]. To expand the PNT capability to domains with minimal or no GNSS

signal availability, pseudolite (PL ) systems are being developed. PLs are ground-based

or airborne transmitters intended to increase signal GNSS-like signal availability indoors,

in urban canyons, and in aided aircraft landing operations [6–9].

GNSS signals are strongly affected by atmospheric delays, particularly ionospheric and

tropospheric effects, whereas PL systems are largely unaffected by such propagation er-

rors but are more vulnerable to the near–far problem [8,10–12]. In this case, signals from

nearby transmitters can exceed satellite signals by more than 20 dB, creating an imbalance

that may saturate the receiver’s dynamic range and disrupt coexistence between systems.

A mitigation strategy is provided by THMA, which assigns pseudo-random transmission

slots to reduce interference and facilitate frequency sharing [6, 8, 9, 13]. Beyond these

system-specific impairments, both GNSS and PL are affected by common error sources,

including clock offsets, Doppler frequency shifts, and MP [14–16]. Among these, MP is

the most persistent and detrimental, as reflected and diffracted signals distort correla-

tion functions (CFs), introduce pseudorange biases, and significantly degrade positioning

accuracy [17,18].

In the THMA PL signal, residual MP effects appear within the initial phase, which

can be separated into integral and fractional components. The integral component is

associated with the number of timeslots, while the fractional component corresponds to the

PRN code phase of the Direct Sequence Spread Spectrum (DSSS) portion of the signal and

represents sub-timeslot delays. In the integral part, the CF between the received signal

and the local replica generates two peaks, corresponding to the Line-of-Sight (LOS) and
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GENERAL INTRODUCTION

MP components; merging these peaks allows partial mitigation of MP effects. However,

residual distortions in the fractional domain remain complex and require advanced MP

mitigation techniques similar to those applied to standard GNSS signals [6, 19].

To further enhance resistance to MP, modern GNSS signals employ advanced mod-

ulation schemes that extend beyond conventional Binary Phase-Shift Keying (BPSK).

Such modulations are BOC, MBOC and CBOC, TMBOC, and BCS [15, 20–25]. These

modulations enhance spectral coexistence and inter-channel spacing, resulting in improved

accuracy of position determination. The additional complexities, however, also contribute

to new signal ambiguities and a higher demand on processing resources at the receiver.

These developments have amplified the need for effective baseband MP mitigation strate-

gies to achieve reliable performance [19].

Existing baseband MP mitigation methods, including the Narrow Correlator (NC),

Double-Delta (DD), Extended Double-Delta (EDD), and Specified Locally Generated

(SLG), provide only partial solutions, as their fixed weighting schemes and correlator

structures cannot adapt to the time-varying nature of MP across different delays and

modulation types. As a result, MP distortions in the Discriminator Function (DF) of

Delay-Locked Loops (DLL) persist, introducing code-tracking biases manifested through

zero-crossing shifts and linear range reduction, which ultimately degrade tracking accu-

racy. To address these limitations, this thesis proposes the Multipath-Aware Adaptive

Delay Locked Loop (MAA-DLL). This adaptive architecture integrates real-time MP

delay estimation with dynamic correlator adaptation, with its principles and superior

performance detailed in Chapter 4. This design provides a significant advancement in

mitigating MP interference, thereby improving tracking accuracy and reliability in GNSS

and PL signals under diverse and dynamic conditions.

Thesis Objectives

This thesis aims to achieve several objectives, outlined as follows:

• Analyze the specific effects of MP interference on GNSS and THMA-based PL sig-

nals, with particular emphasis on its impact on DLL-DFs and the limitations of

conventional baseband MP mitigation techniques.

• Design and implement an innovative MAA-DLL architecture incorporating real-time

MP delay estimation, dynamic selection of optimal E-L correlators, and adaptive

weighting to overcome the limitations of existing approaches.

• Carefully evaluate the performance of the proposed MAA-DLL across all simula-
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tion scenarios, comparing its tracking accuracy and interference suppression with

conventional methods under varying signals and environmental conditions.

• Demonstrate the robustness of the MAA-DLL across BOC-modulated GNSS signals

under combined MP and noise interference.

Thesis Contribution

The main contributions of this thesis are as follows:

• Comprehensive Review of PL and GNSS Systems : This thesis provides an

exhaustive and comprehensive baseline for PL and GNSS positioning systems. It

thoroughly reviews the architectures, the nature of the signals, and the multiplicity

of sources of extrinsic and intrinsic errors that interfere with their performance.

• Detailed Assessment of GNSS Modulations and THMA : A thorough evalu-

ation of advanced GNSS modulation schemes (BPSK, BOC, MBOC, BSC, CBCS),

with a detailed study of the THMA framework in PL systems, including TH-pulsed

signal composition, code-based THSI generation, and statistical distributions of the

slot index table (SIT).

• Analysis of MP Effects and Mitigation in THMA-Based PL Signals :

This work examines the impact of MP on THMA-Based PL signals and reviews

baseband-level mitigation techniques for GNSS and PL signals, highlighting their

principles, strengths, and limitations.

• Thorough Examination of MP Impact on DLL-DFs : This study offers an

accurate investigation of the MP effects on DLL-DFs with fixed configurations, quan-

tifying their impact as code-tracking biases through zero-crossing shifts and reduced

linear range, thus motivating the proposed adaptive mitigation strategy.

• Proposal and Validation of a Dynamic MAA-DLL Architecture : This

thesis introduces a novel MAA-DLL design that enhances robustness against MP

interference by dynamically selecting optimal E-L correlators and applying adaptive

weighting. Its performance is rigorously validated through extensive simulations

across two distinct scenarios:

– MP Mitigation Performance : The method’s ability to mitigate MP was

tested against a wide range of signals, including BOC(2,1), BOC(4,1), the

higher-order BOC(10,5) and BOC(14,2), and the complex MBOC(6, 1, 1/11).

3
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The MAA-DLL consistently achieved lower Running Average Error (RAE )

values across the full range of MP delays compared to conventional methods.

– Robustness Against Combined Interference :In the second scenario, the

resilience of the MAA-DLL architecture was validated under combined MP and

noise conditions, achieving lower Root Mean Squared Error (RMSE ) at a fixed

SNR of -30 dB and over a variable SNR range from -35 dB to -20 dB.

Document Organization

The thesis consists of a general introduction and four chapters, summarized as follows:

Chapter 1 establishes the foundations of GNSS, presenting the principles of satellite

navigation such as atomic clocks and pseudorange measurements, and offering an overview

of the main GNSS constellations (GPS, GLONASS, Galileo, BeiDou) with their architec-

tures, signals, services, and interoperability. The chapter also introduces PL systems,

their classifications, applications, and the inherent near/far problem, concluding with an

examination of various positioning error sources.

We then turn to Chapter 2, which addresses key aspects of signal design. It begins

with the fundamentals of GNSS signals, including DSSS, PSD, and ACF, before examining

advanced modulation schemes such as BPSK, BOC, MBOC (with CBOC and TMBOC

variants), and BSC with CBCS implementation, highlighting their main characteristics

and offering a comparative analysis. The chapter then introduces THMA as a solution

to the near-far problem in PL systems, detailing the THMA-pulsed signal structure, SIT

generation approaches, and their statistical properties.

In Chapter 3, we provide a detailed analysis of GNSS/PL signal processing, cov-

ering acquisition methods (serial and parallel search) along with THMA pulse position

detection. It also examines tracking techniques based on PLL with various phase discrim-

inators and DLL in both coherent and non-coherent forms, addresses the effects of MP,

and concludes with an overview of baseband MP mitigation strategies including NC, DD,

EDD, and SLG.

Chapter 4 presents the impact of MP on conventional DLL-DF with fixed config-

urations, highlighting their limitations, and consequently proposes the novel MAA-DLL

architecture, which integrates real-time MP delay estimation with dynamic selection and

adaptive weighting of E-L correlators. It concludes with a thorough presentation and

discussion of experimental results, demonstrating the MAA-DLL’s superior performance

in mitigating MP interference and enhancing tracking accuracy under various conditions.

This thesis will be concluded with a general conclusion and future perspectives.
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Chapter 1

GNSS and Pseudolite Positioning

Systems

1.1 Introduction

PNT data is the invisible backbone of countless modern technologies. While GNSS pro-

vide remarkable worldwide PNT services, their faint signals often falter in challenging

environments, such as dense urban canyons, indoor spaces, or deep valleys. In these

GNSS-denied scenarios, PLs emerge as a crucial supplementary technology designed to

enhance positioning accuracy, availability, and integrity where satellites alone fall short.

This chapter builds a comprehensive foundation for understanding both GNSS and

PL positioning. It begins by explaining the fundamental principles of satellite naviga-

tion, from its three-segment architecture to position determination using pseudorange

measurements. The discussion then surveys the major global constellations, examining

their features and the critical role of interoperability. From there, the focus pivots to

PL systems, their use as a powerful local augmentation, and their operational challenges,

notably the near-far problem. Finally, the chapter identifies common error sources, such

as atmospheric delays and multipath interference, providing the essential groundwork for

the advanced mitigation techniques developed in the subsequent chapters.

1.2 Satellite Navigation

Satellite navigation utilizes the GNSS to provide users anywhere on Earth with their

precise Position, Velocity, and Time (PVT). A GNSS is formally defined as any satellite

system offering autonomous geospatial positioning with worldwide coverage [2].

The United States’ GPS, the Russian Federation’s GLONASS, the European Union’s
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Galileo, and China’s BeiDou are currently the primary global GNSS systems. These sys-

tems were initially developed for military use, but they are now widely used in civilian

settings for PVT purposes. The precise atomic clocks on board satellites, which ensure

accurate time measurement, are crucial to precise satellite navigation. The strict syn-

chronization of every satellite with a universal time reference, like Coordinated Universal

Time (UTC), is necessary for accurate position computation. A receiver must concur-

rently track signals from a minimum of four satellites to determine the user’s position

and time. To guarantee worldwide coverage, this essential requirement calls for massive

satellite constellations, or "fleets" [2, 3](Figure1.1).

figure 1.1: GNSS constelation [26].

As conceptually shown in Figure 1.2, each GNSS is mainly organized around three

interconnected segments: the spatial segment, the control segment, and the user segment.

All of the main GNSS technologies share essentially identical architectural concepts among

their basic segments.

The GNSS satellite constellation in Earth’s orbit makes up the spatial segment. To

achieve the required worldwide coverage, each GNSS system launches a distinct con-

stellation of satellites that are carefully placed in orbit. Signals with unique identifiers,

exact timing information, orbital data (ephemeris), and status indicators are continuously

broadcast by individual GNSS satellites [27,28]. A system of terrestrial stations makes up

the control segment. Its primary duties include monitoring and managing the satellites to
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figure 1.2: GNSS segments [26].

maintain their exact orbits. To ensure signal accuracy, this segment also performs vital

satellite health monitoring and regularly uploads updated navigation messages, including

clock and ephemeris corrections [27,28]. Lastly, the user segment includes a range of mil-

itary and civilian receivers. These receivers are made to receive and process the signals

that the satellites send to give the end user access to vital PNT functions [27,28].

1.2.1 Positioning Principles

Satellites continually broadcast signals containing the exact time and their current orbiting

position, information sourced from atomic clocks onboard. Most of these clocks rely on

rubidium or caesium, and they are so accurate that they drift by no more than a single

second throughout 30,000 to 1,000,000 years. To maintain this level of precision, several

ground control stations regularly check, calibrate, and synchronize each clock [4].

The transmissions travel as electromagnetic waves move at roughly 300,000 km per

second, the accepted speed of light in a vacuum [5,29]. Because a receiver must also keep

time accurate, it first reads the signal’s arrival and compares that moment with the time

stamped in the onboard log. By noting the time difference, the receiver estimates how long

the message spent in transit and multiplies that interval by the speed of light, resulting

in a preliminary distance between itself and the circling satellite. Using trilateration,

the receiver determines its three-dimensional location by measuring the distance to a

minimum of four satellites (Figure 1.3).
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figure 1.3: GNSS trilateration [26].

1.2.2 Pseudorange Measurement

The measurement of the signal’s propagation time, ∆t, is the fundamental method for

determining the geometric distance ρ between a satellite and a receiver. This period

refers to the amount of time required for a code generated by a satellite to travel from

the satellite’s antenna to the receiver’s antenna. The geometric range between the user

and the satellite can be computed by multiplying the measured propagation time, ∆t, by

the speed of light in a vacuum, c (roughly 3× 108 m/s). The precise calculation of ∆t is

essential to this distance calculation. A positioning error of 300 meters can result from

even a small error in ∆t, like 1µs.

The clocks inside receivers and those aboard satellites, however, are not precisely

in sync with one another or with a standard system time. Thus, the measured range,

represented by ρ, is called a pseudorange. Because the distance is calculated by multiply-

ing the propagation speed of the signal, c, by the observed time difference between the

unsynchronized satellite and receiver clocks, it is referred to as a "pseudo."

The calculation of pseudorange requires consideration of the following temporal com-

ponents, conceptually illustrated in Figure 1.4 :

• The time equivalent to the true geometric distance.

• The offset between the system time and the receiver’s clock.

• The offset between the system time and the satellite’s clock.
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figure 1.4: Temporal relationships for distance measurement.

Where:

• Ts: System time at which the signal left the satellite.

• Tu: System time at which the signal reached the receiver.

• δt: Satellite clock offset from system time (positive for advance, negative for delay).

• tu: Receiver clock offset from system time.

• Ts + δt: Satellite clock reading when the signal was transmitted.

• Tu + tu: Receiver clock reading when the signal was received.

Based on these definitions, the true geometric distance r can be expressed as:

r = c(Tu − Ts) = c ·∆t (1.1)

And the pseudorange ρ is given by:

ρ = c[(Tu + tu)− (Ts + δt)] = r + c(tu − δt) (1.2)

Several ground control points on Earth are used to periodically adjust and synchronize

the satellite clock offset, δt, with the system time. Consequently, it is possible to simplify

the pseudo-range equation to:

ρ = r + c · tu (1.3)
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Where tu represents the receiver clock offset relative to the perfectly synchronized

satellite-broadcast time [5].

To determine the user’s three-dimensional position (ξj, ηj, ζj) and the receiver clock

offset tu, pseudorange measurements are simultaneously acquired from at least four satel-

lites. These measurements form a system of non-linear equations that can be solved to

yield the receiver’s state [5]:

ρ1 =
√

(ξ1 − ξu)2 + (η1 − ηu)2 + (ζ1 − ζu)2 + c · tu (1.4)

ρ2 =
√

(ξ2 − ξu)2 + (η2 − ηu)2 + (ζ2 − ζu)2 + c · tu (1.5)

ρ3 =
√

(ξ3 − ξu)2 + (η3 − ηu)2 + (ζ3 − ζu)2 + c · tu (1.6)

ρ4 =
√

(ξ4 − ξu)2 + (η4 − ηu)2 + (ζ4 − ζu)2 + c · tu (1.7)

Here, (ξj, ηj, ζj) denotes the three-dimensional position of the j-th satellite.

1.2.3 GPS

GPS, first built by the U.S. Department of Defense (DoD) in the 1970s, was the world’s

first fully working satellite navigation network. Originally designed to help troops nav-

igate even in adverse weather conditions, the system has evolved significantly over the

last fifteen years, finding applications in a wide range of settings, including cars, planes,

delivery fleets, ambulances, and even smartphones. As a result, GPS has become a stan-

dard part of modern life, quietly steering people and machines across towns, countries,

and oceans [16].

GPS is a worldwide tool that provides precise three-dimensional position and time

data to anyone with the correct receiver. Because it operates passively, numerous users

can access the service simultaneously without interfering with one another. Today, the

GPS fleet typically includes about 31 working satellites, numbering more than its original

24, spread across six separate orbital planes. Each satellite flies about 20,200 kilometres

above the planet, tilted 55 degrees to the equator, and completes one loop in roughly 11

hours and 58 minutes [15,16].
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1.2.3.1 GPS Signals and Services

GPS satellites send out signals that are stamped with the time recorded by their ultra-

stable atomic clocks, all of which are synchronized with the same master GPS time. These

radio waves ride on carefully chosen carrier waves that fall within the 1559-1610 MHz

band set aside internationally for radionavigation satellite service (RNSS ). At present,

the system mainly broadcasts three distinct carrier frequencies [15, 16,30]:

• fL1 = 1575.42 MHz

• fL2 = 1227.60 MHz

• fL5 = 1176.45 MHz

Using code-division multiple access (CDMA) technology, every satellite sends out a

distinct spreading code over the same frequency bands. The codes are deliberately selected

for their low cross-correlation, allowing receivers to pick out a single satellite’s signal even

when others are present. Traditionally, the GPS offered two primary services, each tied

to the specific spreading code and frequency it used [31,32]:

Standard Positioning Service (SPS) This service is openly and constantly acces-

sible to the public for non-military uses. It operates on the L1 frequency using the

Coarse/Acquisition (CA) code. Under normal conditions, the horizontal positioning ac-

curacy of the Standard Positioning Service is about 10 meters.

Precise Positioning Service (PPS) This highly accurate service is reserved for au-

thorized governmental agencies, particularly military entities. It utilizes the encrypted

Precise P(Y) code on both L1 and L2 frequencies, offering superior positioning accuracy

compared to SPS.

1.2.3.2 GPS Modernization and New Signals

New satellites are being developed as part of the ongoing GPS modernization program to

send more signals, which should enhance accuracy and reliability. Several new signals for

military and civilian use are introduced by this modernization on the L1, L2, and new L5

frequency bands [4, 33–35]:

• L2 Civil (L2C) and Military (M) Code: Satellites from the Block IIR-M series

broadcast the L2C signal, giving users a stronger way to correct ionospheric errors

than the older L1 CA code. This newer signal also transmits at a higher power, does
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so without interfering with the CA code, and incorporates security features such as

limited access, authentication, and data privacy, making it a natural replacement

for the older PY code in military systems.

• L5 Signal: Broadcast by Block IIF satellites, the L5 signal (1176.45 MHz) is

designated for safety-of-life civil applications .

• L1 Civil (L1C) Signal: Currently in the design phase for Block III satellites, the

L1C signal is based on the BOC waveform, or its optimized form, MBOC. This

waveform was adopted following a 2004 agreement on GNSS cooperation between

the United States and the European Union.

1.2.4 Other Global Satellite Positioning Systems

Beyond GPS, other satellite positioning systems are now fully operational, being up-

graded, or are rapidly transitioning from design to launch. Together, these networks en-

hance the global navigation backbone, making location services sharper, stable, and more

resilient to jamming or blocking. This section details GLONASS from Russia, Galileo

operated by Europe, and China’s BeiDou constellation [36].

1.2.4.1 GLONASS

GLONASS, Russia’s satellite navigation system, follows a different path from GPS and

has undergone significant evolution since its launch. Its entire system first went live in

1996 with 24 satellites in orbit, comprising 21 active and three backup satellites. These

crafts are split among three orbital planes, flying at about 19,100 kilometers with an

inclination of 64.8◦. Each takes roughly 11 hours and 15 minutes to complete one circuit,

so the ground track repeats every eight days. In the past, GLONASS used the PZ-90

reference frame, meaning users wanting to mix GLONASS and GPS data had to convert

to WGS84 first [37].

Similar to GPS, GLONASS has provided both civil and military services. A key

distinguishing feature of early GLONASS was its use of Frequency Division Multiple

Access (FDMA), meaning each satellite transmitted its navigation message on a unique

frequency [37]. Ground control stations across Russia were responsible for transmitting

corrections to the satellites.

After the dissolution of the Soviet Union, budget cuts severely affected GLONASS,

and by 2000, the constellation had been reduced to only six working satellites. Since

then, a steady modernization push has breathed new life into the system. A series of
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GLONASS-M satellites, labeled the Modified version, have been orbited, and these units

utilize the PZ-90.02 reference frame, which roughly matches WGS-84, making it easier

for users to combine GLONASS data with GPS and, eventually, Galileo. Work is now

focused on the upcoming GLONASS-K birds, which will add CDMA signaling and further

sharpen interoperability with other GNSS [36–38].

1.2.4.2 Galileo

Europe’s independent global satellite navigation system is Galileo. Developed to elimi-

nate reliance on the US military-controlled GPS, the system began offering initial services

around 2014. Galileo is designed with a constellation of 30 satellites, positioned in three

circular Medium Earth Orbit (MEO) planes at an altitude of 23,222 km, with an incli-

nation of 56 degrees. Each satellite has a revolution period of 14 hours and 21 minutes,

resulting in a 10-day repeat cycle of its ground track. Galileo satellites carry two types of

exact atomic clocks: rubidium and hydrogen maser [36].

A unique characteristic of Galileo is its inherent design as a civilian-controlled system and

its emphasis on transmitting integrity information within its navigation messages. Galileo

provides five distinct services, some free and others paid [39–41]:

• Open Service (OS): The basic, free service, analogous to current civilian GPS

use, providing standard positioning.

• Commercial Service (CS): This service is a subscription-based offering that im-

proves positioning accuracy, reliability, and availability.

• Safety of Life (SoL ) Service: Developed for safety-critical operations, it deliv-

ers high-integrity assurances using signal authentication, formal certification, and

contractual service levels.

• Public Regulated Service (PRS): Access is limited to authorized government

users engaged in missions that demand superior performance and benefit from

jamming-resistant signals.

• Search and Rescue (SAR) Service: Intended for locating emergency beacons,

the capability works seamlessly with the current COSPAS-SARSAT network.

Galileo satellites broadcast six unique signals-E1, E5a, E5b, and E6-across three lead-

ing frequency bands: E5 (1164 MHz to 1215 MHz), E6 (1200 MHz to 1300 MHz), and

E2-L1-E1 (1556 MHz to 1592 MHz) [42]. Some of these signals are also paired with

quadrature-phase replicas that carry no user data. For every navigation service offered by
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Galileo, a specific mix of these signals is employed, as outlined in Table 1.1. An important

design goal was interoperability; therefore, the overlapping channels allow Galileo to work

seamlessly with existing GPS and GLONASS services.

table 1.1: Distribution of Different Signals for Each Service.

Service Signals
OS E1, E1Fp, E5A, E5B, E5Ap, E5Bp
CS E1, E1Fp, E6B, E6Bp, E5A, E5B, E5Ap, E5Bp
SoL E1, E1Fp, E5A, E5B, E5Ap, E5Bp
PRS E6A, E1P

The control segment of the Galileo system is supported by a worldwide array of ground

facilities, which include:

• two dedicated control centers;

• five Tracking, Telemetry and Control (TTC) stations;

• ten data upload stations that send information to the satellites;

• forty signal reception sensor stations that monitor the broadcast;

• one specialized integrity center that verifies system accuracy.

All these stations are geographically distributed worldwide. Galileo was conceived

to provide a more secure and precise civilian positioning system, particularly oriented

towards transportation applications, and is designed to operate in conjunction with aug-

mentation systems. The future combined use of GPS and Galileo’s 30 additional satellites

is expected to yield significantly improved accuracy, availability, and continuity of service,

enabling more robust GNSS-based applications [36].

1.2.4.3 BeiDou

China’s home-grown satellite navigation network, known as the BeiDou Navigation Satel-

lite System, was once branded COMPASS in early public releases. BeiDou is engineered

to deliver worldwide positioning and timing by deploying a mix of satellites circling in

MEO and those stationed in Geostationary Earth Orbit (GEO). The project initially set

2013 as the target year for a regional service, yet full global functionality was realized

around 2020. Satellites in the MEO leg fly at roughly 21,000 km, trace an orbit tilted

at 55◦, and complete a pass over Earth in about 12 hours. To meet diverse user needs,

BDS offers a free civilian service, promising 10-meter positioning, and a more precise,

encrypted option reserved for military customers [43,44].
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1.3 GNSS Compatibility and Interoperability

In many practical situations, relying on just one GNSS fails to deliver the best possible

position, navigation, and timing data, even when compared to stand-alone GPS-GNSS.

Urban canyons, densely built railroad corridors, and mountain valleys all block or reflect

signals, creating MP and temporary lock-outs. The arrival of Galileo, the steady rollout

of BeiDou, and ongoing upgrades to GPS and GLONASS heighten interest in how well

these systems work side by side, and scholars increasingly focus on compatibility and

interoperability as key design goals [45].

1.3.1 GNSS Compatibility

Compatibility ensures that each constellation can be switched on in the same region with-

out harming another’s signals. It requires careful engineering of frequencies, bandwidths,

signal structures, and power levels so that one set of satellites does not drown out or

distort what the next set is trying to transmit. Because the leading operators have paid

close attention from the start, the major GNSS constellations are, in theory, compatible

by design [45,46].

1.3.2 GNSS Systems Interoperability

Interoperability refers to a situation where different GNSS constellations work together in

a manner that the combined performance exceeds what any single system could achieve

alone. For users, this advantage becomes apparent when a receiver locks onto signals from

multiple satellites simultaneously, which speeds up location fixes, sharpens accuracy, and

extends coverage even in challenging areas. Over recent years, the service communities

have hammered out a set of technical and policy pacts that line up signal layouts, timing

codes, and data formats. As a result, people with modern dual- and triple-frequency units

are now enjoying the smooth, worldwide positioning service that combines GPS, Galileo,

GLONASS, and BeiDou [45–47].

1.3.3 GNSS Signal Interoperability

Signal interoperability exists when different GNSS signals look alike enough that a Multi-

Constellation, Multi-Frequency (MC/MF ) receiver can tweak a few processing settings

and still produce a PVT solution. This commonality cuts down both the design effort

and the bill of materials for MC/MF receivers [48].
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Looking at current and planned signals, each GNSS offers at least three separate

frequency channels. One of the most widely used frequencies across GPS, GLONASS,

Galileo, and BeiDou is 1575.42 MHz. Soon, 1176.45 MHz is expected to be seen on all

four systems, while 1207.14 MHz is already available on three. Modernization proposals

for GLONASS also call for open CDMA beacons on 1575.42, 1176.45, and 1207.14 MHz,

which are meant to match GPS-L5, GPS-L1C, and the Galileo-/BeiDou E1, E5a, and

E5b signals [38,45–47]. Figure 1.5 shows those allocations and overlaps visually.

figure 1.5: Frequency bands [49].

The five frequencies currently in use or planned across GPS, Galileo, GLONASS, and

BeiDou (1176.45 MHz, 1207.14 MHz, 1227.60 MHz, 1278.75 MHz, and 1575.42 MHz) are

all based on a fundamental frequency of f0 = 10.23 MHz, with multiplication factors of

115, 118, 120, 125, and 154, respectively. Additionally, GNSS signals employing BOC,

BPSK, or QPSK modulations contribute to interoperability. Since QPSK can be treated

as BPSK, GPS, GLONASS, Galileo, and BeiDou can be considered signal-interoperable

within specific frequency bands (for example, L1, E1, and B1). However, significant dif-

ferences in navigation message structures can complicate multi-GNSS signal processing,

potentially increasing the required program memory for MC/MF receivers [46, 50].

Finally, while most global clocks are synchronized to UTC, individual GNSS atomic

clocks operate on their internal time systems. Galileo System Time (GST) is based on
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International Atomic Time (IAT), and BeiDou Time is its reference. In contrast, GPS

System Time (GPST) and GLONASS System Time (GLONASSST) are based on the

U.S. and Russian versions of UTC, respectively. GNSS service providers have agreed to

broadcast the necessary time offsets, which receivers can then apply to their measurements

to ensure accurate positioning. Some receivers can also isolate this time offset as an

additional unknown to be solved within the navigation solution. Consequently, all GNSS

are considered interoperable in terms of time synchronization [46,50].

1.4 Pseudolites System

PL systems are ground-or airborne transmitters that broadcast signals mimicking GNSS

code patterns, enabling well-equipped receivers to compute PVT in real-time. Because

they generate strong, controlled signals, PL can penetrate dense urban architectures, in-

door spaces, and steep canyons where conventional satellite visibility is poor or absent,

thus serving as an essential supplementary or fallback guidance source. Their benefits

include high transmit power, configurable geometric spread, and the potential for multi-

meter positioning accuracy under favorable conditions. When four or more stations are

networked, they can yield a standalone positioning solution, guaranteeing uninterrupted

location tracking in GNSS-denied zones and supporting the accelerating demand for de-

pendable, continuous location-based services [6–8].

1.4.1 Pseudolites System Classifications

PL systems have been researched and field-tested in a variety of environments where

GNSS signals are weak, intermittent, or blocked. Such settings often include large indoor

complexes, long tunnels in deep open-cut mines, busy container terminals along the coast,

and crowded city blocks where many tall buildings obstruct satellite lines of sight. From an

engineering perspective, existing studies usually distinguish between two broad categories

of PL architecture, depending on whether the signal source is stationed on the ground or

carried overhead: Ground-Based PL (G-PL) and Airborne PL (A-PL) [51].

1.4.1.1 G-PL System

G-PL technology dates back to the late 1970s, a period that predates the full deployment of

GPS. The earliest working prototype utilized a network of stationary ground stations that

broadcast signals resembling the GPS L1 waveform, enabling early receivers to combine

these transmissions with satellite data for position fixes (Figure 1.6). By the mid-1980s,
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figure 1.6: G-PL positioning system [52].

the Radio Technical Commission for Maritime Services (RTCM) published a set of signal

standards that prevented the new broadcasts from interfering with adjacent-GPS chan-

nels. Central to this specification, Message Type 8 carries the PL almanac and relays

critical parameters such as satellite geometry and signal health. Collectively, these refine-

ments have established G-PL as a complementary technique that boosts the availability,

reliability, integrity, and accuracy of GNSS applications. Interest surged during the 1990s

when engineers adopted G-PL for high-precision navigation and positioning [6–8,51].

Stanford University has suggested placing G-PL along an aircraft’s final descent path

to clarify carrier phase ambiguities and make precision landings more reliable. The same

G-PLs could enhance GPS-driven deformation-monitoring networks by providing addi-

tional range data that accelerates ambiguity resolution and improves overall positioning

accuracy. Unlike orbiting GPS satellites, however, each fixed G-PL must be carefully

calibrated to the particular conditions and constraints of its chosen site [6–8,51].

1.4.1.2 A-PL System

To address a few limitations that still arise with G-PL, researchers have suggested us-

ing A-PL systems. Essentially, beacons are mounted on planes, airships, or other flying

hardware. The first serious push for A-PL work can be traced back to 1996, when teams

attempted a reverse positioning mode that treated the ground receivers as having fixed,

well-surveyed locations. By the early 2000s, those efforts merged with High Altitude Plat-

form Systems (HAPS) and Stratospheric Platforms (SPFs ) were put forward as a way to

raise GPS accuracy, coverage, and reliability over broad stretches, even an entire nation.
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One prominent example came from the Europe’s HeliNet project, which pictured High

Altitude Long Endurance (HALE) solar-powered drones, sometimes called stromatolites,

at around 17 kilometers, broadcasting differential corrections along with GNSS-like rang-

ing pulses. The real effectiveness of such an architecture hinges on knowing the drone’s

position precisely, for which options like code-phase differential GPS or kinematic carrier-

phase techniques have been proposed [53].

The concept evolved to include mobile A-PL at high altitudes due to their flexible

deployment features and extensive LOS coverage. Their use as mobile PLs ignited the

need for real-time positioning, giving rise to concepts like trilateration with bidirectional

range measurements. However, achieving accurate real-time A-PL positioning remains

a significant challenge. Common "inverted-GPS" methods using ground monitoring sta-

tions can introduce additional performance degradation. The A-PL’s dynamics, together

with the rate of ephemeris transmission, integration period during user position fix cal-

culations, and timing accuracy, affect the resultant positioning calculations derived from

triangulated geometry depicting ground station coordinates. These factors also influence

the precision of user position determination. Airborne relay-based systems have been

created to manage some of the difficulties arising from A-PLs; however, they inevitably

increase the difficulty of user position estimation and could diminish system robustness

in failure cases involving ground reference stations [51].

1.4.2 Near-Far Issue

The Near/Far problem is a core issue with PL positioning systems because the ground-

based transmitters sit much closer to users than the orbiting satellites used in traditional

GNSS. Because received power drops with the square of the distance, moving only a few

meters toward or away from a PL can change the signal strength by many decibels. For

example, a receiver sitting 100 meters from a PL will see a signal almost 20 dB stronger

than one that is 1 kilometer away. That huge swing in power, unlike the almost steady

signals sent by space-borne GNSS satellites, makes it hard to build receivers that work

well across a wide coverage area [6–9,51,53].

Consider a scenario such as an A-PL used to assist aircraft. As an airplane descends,

its range to the G-PL varies dramatically, shifting from more than 32 km (20 nautical

miles) to within a few meters near the runway threshold. Such a swing translates to an

estimated 70 dB change at the aircraft receiver. At the exact moment the receiver is

trying to lock onto faint satellite signals hovering around -130 dBm, the nearby PL can

blast in at nearly -60 dBm [9].

That vast difference in signal power creates serious interference for GNSS receivers.
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If the strong PL sends out a steady code, its peak power can easily exceed the cross-

correlation limit of approximately 21.6 dB, and at closest approach, it can sit some 50

dB higher. Under those conditions, the receiver stops tracking real satellites and instead

latches onto false cross-correlation peaks generated by the PL. In real-world operations,

the overbearing PL can drown out weaker GNSS signals and even suppress other, farther

PL transmissions as the aircraft gets closer. This well-documented phenomenon is known

as the near/far problem, illustrated in Figure 1.7 [9].

figure 1.7: Near/Far issue zones. [9].

Successful navigation relies on keeping the receiver in a well-defined operational zone

bordered by two key limits. The outer, or far boundary, is set where the PL signal weakens

enough that the satellite tracking becomes unreliable; the inner, or near boundary, marks

the point at which an overly strong PL signal starts to overload the receiver and degrade

accuracy. The exact position of the far boundary primarily depends on the PL’s transmis-

sion power, which must be sufficiently strong to maintain the minimum detectable signal

level at the receiver, typically around -130 dBm. In practice, however, the gap between

the near and far limits depends less on fixed power values and more on the specific track-

ing margin built into the receiver’s design. Tackling this interference situation, known as

the near/far effect, therefore requires a range of targeted countermeasures that have been

explored in the literature [6–9,51,53].

Researchers have advanced several strategies to mitigate the near/far problem in po-

sitioning systems. These strategies range from designing new spreading codes and fine-

tuning power-level antenna hardware to deploying sophisticated interference-cancellation

circuits [6,8]. THMA pulse sequences have surfaced as the leading option in PL position-

ing systems, appearing in a growing number of studies on robust signal generation and

channel management [6, 8, 13]. This popularity stems from the scheme’s low power and
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bandwidth overhead, as well as the limited mechanical changes required to retrofit current

receivers. In practice, a THMA PL signal emerges by sweeping a steady, GNSS-like car-

rier with a pseudo-random train of time-hopped pulses [6, 8]. The exact timings of those

gaps follow a master time-code blueprint, often stored in a SIT, which lists multiple offset

permutations [6,8,13]. A more detailed discussion of timing accuracy, slot strategies, and

experimental performance can be found in the next chapter.

1.5 Positioning Error Sources

In GNSS, the quality of a user’s computed location depends on three interrelated factors:

the accuracy of satellite orbits, the precision of pseudo-range measurements, and the

spatial configuration of visible satellites [14]. Collectively, these error sources can be

summarized by the term User Equivalent Range Error (UERE ), which, in turn, is scaled

upward or downward by the satellite positional geometry as captured by the Dilution of

Precision (DOP ) metric.

It is essential to understand the principal sources of error that collectively affect the

measurements obtained between the receiver and visible satellites [15,27]. Generally, User

UERE can be decomposed into several distinct error types. These include ephemeris er-

rors, which represent inaccuracies in the broadcast satellite orbit information; clock biases,

arising from discrepancies in the timing of satellite and receiver clocks; and atmospheric

delays caused by the signal’s passage through the ionosphere and troposphere. Other

significant contributors include MP effects resulting from interference caused by reflected

signals, as well as inherent receiver noise and thermal noise generated within the receiver

itself.

The pseudo-range measurement, denoted as r
(R)
k , is impacted by all these positioning

error sources and can be expressed for the k-th satellite as:

r
(R)
k = ρk + c(Ts − Tu) + Esat,k + Einos + Etropo + EMP + EBr (1.8)

Where:

• ρk: Geometric distance between the receiver and the k-th satellite.

• c: Speed of light.

• Ts: Time of reception.

• Tu: Time of emission.

• Esat,k: Error in the position of the k-th satellite (combining ephemeris and satellite

clock errors).

• Einos: Ionosphere error corresponding to the k-th satellite.
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• Etropo: Troposphere error corresponding to the k-th satellite.

• MP effects (EMP ): Error caused by MP.

• Receiver noise (EBr): Error caused by receiver noise.

The final positioning accuracy of a GPS receiver is ultimately achieved by multiplying

the UERE by an appropriate DOP value [14, 54]. A brief description of these errors and

their properties will be provided in the subsequent sections of this chapter. This work

will particularly focus on the effects of MP and receiver noise.

1.5.1 Ephemeris Error

Ephemeris errors occur when the navigation message sent by a GNSS fails to match the

satellite’s true orbital path. Usually, the radial component that runs directly along the

LOS to the receiver is the smallest part of the discrepancy. Much larger errors tend to

appear in the tangential and transverse directions, which lie perpendicular to the radial

line, and those can be roughly ten times bigger. Happily, these bigger components still

matter less for overall positioning quality than the radial error does. To reduce the

problem, the GNSS control segment carefully gauges each satellite location and then

uploads fresh ephemeris data to the spacecraft on a regular schedule [15, 27,46,50].

1.5.2 Ionosphere

The ionosphere forms an elevated layer in Earth’s atmosphere, extending from approxi-

mately 60 km to about 1000 km above the Earth’s surface. There, incoming solar wind

and high-energy radiation knock electrons loose from gas molecules, creating a patchwork

of free charges. These charges alter the speed at which GNSS signals propagate through

the region. Because of this, the arrival of a signal at a receiver’s antenna is slowed, and

engineers label this ionospheric delay, which skews the actual travel time [10, 55]. Left

uncorrected, the delay can push position fixes off by several tens of meters, with the

size of the error swinging on the satellite elevation angle and current ionospheric state,

especially during peak solar periods [10, 27, 55]. Such a significant bias weakens many

applications, particularly those that use only a single frequency. To lessen the problem, a

range of correction models has been devised. One of the most accessible, the Klobuchar

model [11], relies on parameters sent in the GNSS navigation message to roughly predict

and offset part of the delay.

Furthermore, the ionosphere is a dispersive medium, meaning that its influence on a

radio signal varies with frequency. This characteristic is essential for modern receivers;

when pseudo-range measurements are gathered at two distinct carrier frequencies, the
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frequency-dependent ionospheric error essentially cancels out. By combining these dual-

frequency observations, the ionospheric delay on frequency Ikf1 for satellite k can be ap-

proximated through the equation given in [11]:

Ikf1 =
f 2
2

(f 2
1 − f 2

2 )
(ρkf2 − ρkf1) (1.9)

Where:

• k: Indicates the satellite number.

• f1, f2: Represent the two different carrier frequencies.

• ρkf1, ρ
k
f2: Are the pseudorange measurements obtained for satellite k on frequencies

f1 and f2, respectively.

1.5.3 Troposphere

The troposphere is the atmospheric layer closest to the Earth, reaching roughly 10 kilome-

ters above the surface. Made up mostly of dry air mixed with water vapor, the troposphere

slows down GNSS signals much as the ionosphere does. This slowdown adds extra time

to the calculated travel path, creating a bias in how long receivers think the signals have

been in the air. Both the pseudorange and the carrier-phase measurements suffer from

this delay equally. The size of the tropospheric error varies with local weather, depending

on temperature, pressure, and the amount of moisture in the air. Unlike the ionosphere,

the tropospheric error does not change much with different radio frequencies. Though

still important, the delay caused by the troposphere is usually smaller than the problems

brought by the ionosphere [10, 12, 55]. To minimize tropospheric errors, GNSS receivers

typically employ multiple atmospheric models. These models calculate the tropospheric

delay based on input data, including real-time readings of pressure, temperature, and

water vapor. Other approaches, however, depend on location-specific averages of these

variables that have been recorded over more extended periods [56].

1.5.4 Doppler Effect

In GNSS, the Doppler effect arises from the relative motion between a transmitting satel-

lite and the user’s receiver. When a satellite travels toward the receiver while broadcasting

a signal, the frequency detected by the receiver is pushed higher than the frequency that

left the satellite; if the satellite moves away, the observed frequency drops. The size and

direction of the shift depend on the original signal’s frequency and the component of the

relative speed along the LOS between emitter and receiver [57].

The resulting Doppler frequency shift (∆f) is mathematically given by [57]:
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∆f = fr − fe = −
vr
λ

(1.10)

Where:

• fr: Is the received frequency.

• fe: Is the emitted frequency.

• λ: Is the wavelength of the signal.

• vr: Is the relative speed between the emitter and the receiver (positive when reced-

ing, negative when approaching).

For a typical ground-based receiver, the Doppler frequency shift can vary by nearly ±10

kHz. In contrast, spaceborne receivers designed for demanding missions may experience

shifts well beyond that, approaching ±50 kHz [57].

1.5.5 Multipath

MP propagation is a major error source in GNSS receivers, particularly in dense urban

areas and similar environments where LOS signals are often obstructed. In such condi-

tions, the navigation signal reaches the antenna via multiple paths reflected or diffracted

by nearby surfaces such as glass façades, pavements, or low-roofed structures [17,18]. The

received waveform thus becomes a composite of the direct LOS component and several

delayed, attenuated reflections, each distinguished by its timing, power, and phase offset

relative to the uncorrupted path, as illustrated in Figure 1.8.
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figure 1.8: LOS and MP reception in an urban GNSS scenario.

Reflected signals clutter a receiver’s tracking performance, primarily corrupting the

accuracy of both code loops and carrier-phase loops. Interference from these MP echoes
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skews the estimated delay and phase of the LOS signal, creating sizable errors in pseudo-

range readings-evidence of the problem is particularly clear in crowded urban canyons [17].

The properties of the MP environment, delays, phases, and the sheer number of visible

paths fluctuate continually because of relative motion between transmitter and receiver

as well as moment-to-moment changes in nearby buildings or vehicles [17, 18]. When a

receiver locks onto a bounced echo rather than the clean direct wave, the position fix may

drift severely or fail, leaving the user without usable location data.

Ongoing studies continue to investigate how MP fading affects global navigation sig-

nals, thereby biasing position fixes. Work in this area falls into two broad, though com-

plementary, streams:

• Antenna Processing Methods: Adaptive arrays and smart antennas shape the

radiated beam so that echoes from walls and nearby objects are quietly nulled rather

than amplified, improving front-facing reception [58,59].

• Signal Processing Methods: Here, either a hardware or firmware module es-

timates the echoes delay, phase, and power in near real-time and then subtracts

them, or new code-phase and carrier-phase trackers work through the noise instead

of being overpowered by it [19].

The detailed effect of MP on GNSS receiver performance, particularly on the ACF and

the S-curve of the DLL, will be explored in depth in the following chapters.

1.5.6 Signal-to-Noise Ratio

Weak GNSS signals can undermine the precision of positioning solutions. A key indicator

of how good a received signal is the Signal-to-Noise Ratio (SNR), which measures how

the sound signal stands up against the ambient noise.

Mathematically, SNR equals the power of the signal, Ps, divided by the power of the

noise, Pn, and engineers often report it in decibels (dB) using the formula [15,27]:

SNRdB =

[

Ps

Pn

]

dB

= 10 log
10

[

Ps

Pn

]

(1.11)

When the SNR is high, the signal overwhelms the noise, allowing users to obtain

steadier and more accurate position fixes.

1.6 Conclusion

This chapter provided a comprehensive overview of GNSS, establishing the core principles

of satellite navigation by outlining the standard three-segment architecture and explaining
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position determination through geometric trilateration with pseudorange measurements.

A detailed survey of the four primary global constellations (GPS, GLONASS, Galileo, and

BeiDou) highlighted their unique characteristics and modernization efforts, emphasizing

the growing importance of system compatibility and signal interoperability for enhanced

performance.

The review of positioning technologies was extended to include PL systems, presented

as a vital supplement to GNSS in environments where satellite signals are weak or un-

available. This section explored both Ground-Based and Airborne configurations while

conducting a critical analysis of the persistent near-far problem. A systematic analysis

of the primary sources of positioning error provided essential context for understand-

ing real-world performance limitations, covering satellite-dependent errors, atmospheric

propagation delays, and signal-level impairments like receiver noise and MP interference.

By thoroughly dissecting these fundamental concepts and error sources, this chapter

establishes the necessary theoretical groundwork for the advanced topics in subsequent

chapters, which will focus on developing robust signal processing techniques to mitigate

these errors and improve positioning performance.
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Chapter 2

GNSS and Time-Hopping Pseudolite

Signals Design

2.1 Introduction

This chapter builds on the principles introduced in Chapter 1 to explore the detailed design

of signals for GNSS and PL systems. The architecture of a signal is crucial to achieving

superior navigation performance, enabling global interoperability and resolving localized

issues, such as the near-far problem. To this end, the chapter examines the sophisticated

modulation techniques of modern GNSS and introduces THMA as a specialized solution

of the near-far issue for PL systems.

To achieve this objective, the chapter will begin by explaining the elementary com-

ponents of DSSS, PSD, ACF, and GNSS signals, as well as data spreading. The chapter

will also cover the critical types of GNSS modulation (BPSK, BOC, MBOC, BSC) and

provide detailed ACF and PSD analyses. Next, a cross-comparative analysis of various

GNSS signals will be presented to provide the foundational understanding required for

the complex signal processing techniques used in advanced navigation systems. Lastly,

the THMA in PL will be explained in terms of its pulsing scheme and SIT generation

methods.

2.2 GNSS Signal Components and Characteristics

2.2.1 Direct Sequence Spread Spectrum

All existing GNSS rely on the DSSS technique as their fundamental signal structure.

The reasons for using DSSS in satellite navigation are twofold. First, DSSS helps con-
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vert narrowband information signals into wideband, noise-like signals, which enhance the

systems’ robustness against purposeful or inadvertent interference during signal trans-

mission. Second, DSSS facilitates CDMA, allowing several satellites to broadcast simul-

taneously within a single frequency range, differentiated only by their unique spreading

codes [5, 29,60].

DSSS works by multiplying an information data signal (usually given as binary symbols

(−1, 1) with a PRN sequence. This sequence code is still marked with binary digits of

{−1, 1}. Moreover, the chip rate is much faster than the data symbol rate. As a result,

the spread spectrum signal now has a far greater frequency span. The chip rate of the

PRN code mainly constrains its bandwidth (figure 2.1).

figure 2.1: Baseband DSSS signal.

Mathematically, the PRN code signal, c(t), and the data signal, b(t), can be repre-

sented as baseband digital signals as follows [61,62]:

c(t) =
i=+∞
∑

i=−∞

ciuTc
(t− iTc) (2.1)

b(t) =

j=+∞
∑

j=−∞

bjuTb
(t− jTb) (2.2)

Here, {ci} and {bj} represent the PRN code symbols and data symbols, respectively, each

taking values from the set {−1, 1}. uTc
(t) and uTb

(t) denote rectangular pulses of unit

amplitude with durations Tc (chip duration) and Tb (bit duration), respectively.

Out of the various types of PRN sequences, Gold codes are one of the most preferred
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in GNSS due to their unique properties in correlation metrics [63, 64]. A Gold code is

produced from the exclusive OR (XOR) operation of two maximal length sequences (m-

sequences) of the same length and rate. A complete family of Gold codes can be derived

by taking one of the primary sequences and combining it with all possible cyclic shifts of

the other. Perhaps two of the most important features of these codes, which are vital for

their effectiveness in CDMA systems, are their superior correlation properties:

• The normalized ACF of a Gold code sequence exhibits four distinct possible values.

For a Gold code of length L = 2n − 1, where n is the shift register size, these values

are:

Rc(τ) ∈

{

1,
−1

L
,
−β(n)

L
,
β(n)− 2

L

}

(2.3)

• For any two distinct Gold codes from the same family, the normalized cross-correlation

function takes on three possible values:

Rci,cj(τ) ∈

{

−1

L
,
−β(n)

L
,
β(n)− 2

L

}

(2.4)

In the functions shown above, β(n) takes the value of 1 + 2(n+2)/2 for even values of n

and β(n) = 1 + 2(n+1)/2 for odd values. These correlation values are optimal in that they

reduce the satellite signal interference. L is the length of the gold code.

2.2.2 Power Spectral Density and Autocorrelation Function

The Power Spectral Density (PSD) and the Autocorrelation Function (ACF) are essential

for evaluating the performance of a GNSS signal. These two functions are related as a

Fourier Transform pair, as stated in the Wiener-Khintchine theorem [65, 66]. The PSD,

Ssig(f), of a DSSS signal sig(t) can be obtained from its ACF Rsig(τ), as follows:

Ssig(f) =

∫ +∞

−∞

Rsig(τ)e
−j2πfτdτ (2.5)

Conversely, the ACF is obtained from the PSD:

Rsig(τ) =

∫ +∞

−∞

Ssig(f)e
j2πfτdf (2.6)

Where Rs(τ) is the ACF of sig(t).

Similarly, the spreading code signal’s PSD is given by [65]:

Sc(f) =
|U(f)|2

Tc

k=+∞
∑

k=−∞

Rc(k)e
−j2πfkTc (2.7)
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Here, U(f) is the Fourier transform of the waveform u(t), and Rc(k) is the ACF of

{ck}, defined as µ[cncm], which represents the static mean of x. Assuming ideal PRN

code properties (ACF approximated by Dirac impulses δ(k) [65]), the PSD simplifies as

follows:

Sc(f) =
|U(f)|2

Tc

(2.8)

For practical purposes, the PSD and ACF of GNSS signals are often expressed in

terms of normalized values relative to the power of the signal after the signal has been

processed by an ideal rectangular band-pass filter with bandwidth B. The normalized

PSD, S̄sig(f) is given as follows:

S̄sig(f) =
Ssig(f)

∫ B/2

−B/2
Ssig(f)df

(2.9)

The corresponding normalized ACF, R̄sig(τ), is:

R̄sig(τ) =

∫ +B/2

−B/2

S̄sig(f)e
j2πfτdf (2.10)

2.2.3 CA Code

The CA code is a PRN code explicitly used by the GPS for its SPS offered to civilians on

the L1 frequency. This code is a Gold code of length Lc = 1023 chips, which corresponds

to n = 10 in the shift register generation, with a period of 1 millisecond and a chip rate

of 1.023 MHz [67,68].

The CA code sequence has some specific correlation properties due to its 1023 available

chips (n = 10):

R̄C(τ) ∈

{

1,
−1

Lc

,
−65

Lc

,
63

Lc

}

(2.11)

R̄Ci,Cj
(τ) ∈

{

−1

1023
,
−65

1023
,

63

1023

}

(i 6= j) (2.12)

The normalized ACF of the CA code (figure 2.2) exhibits a pronounced peak at the

center and negligible secondary peaks, especially under the assumption of independent

chip processing. Due to these properties, it is possible to approximate the ACF of the

code with a Dirac impulse function, thereby greatly simplifying receiver processing.
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figure 2.2: Normalized ACF of the CA code.

2.3 GNSS Modulation Schemes

2.3.1 BPSK Modulation

BPSK is a fundamental digital modulation technique widely used in satellite navigation.

It is characterized by the reception of binary data as two symbol levels, usually {−1, 1}

[2, 15, 27,69]. This scheme affects a 180◦ phase shift in the resultant signal due to binary

input bit change resulting in the echo signal as shown in Figure 2.3. The BPSK signal

has a constant envelope and with phase continuity [2, 15,27,69].

In GNSS systems, the BPSK phases modulate the DSSS signal. For chip rates as

cr × f0 with f0 = 1.023 MHz as the reference frequency, the BPSK signal is represented

as sBPSK(cr)(t). It can be expressed as the product of the data signal d(t), the PRN

spreading code c(t), and a sinusoidal carrier signal [69].

sBPSK(cr)(t) = b(t) · c(t) · cos(2πfpt+ θ) (2.13)

In this case, fp denotes the carrier frequency, while θ indicates the initial phase. This

modulation technique is well known and, as mentioned in Chapter 1, has been used in

GPS for the transmission of legacy CA and P(Y) codes.
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figure 2.3: BPSK Modulation.

2.3.1.1 ACF of the BPSK Signal

Neglecting the data signal and assuming ideal PRN code properties, the normalized ACF

for the baseband BPSK(cr) signal is presented in Figure 2.4 and described in [15].

RBPSK(cr)(τ) =







1− |τ |
Tc

if |τ | < Tc

0 elsewhere
(2.14)

We note that the triangular peak of the isosceles triangle BPSK ACF is dominated by

a single peak. This peak is the result of perfect alignment between the received code and

the locally generated code at the GNSS receiver.

2.3.1.2 PSD of the BPSK Signal

The PSD of the baseband BPSK signal, denoted as S(fc), is given by:

S(f) = fc

(

sin(πf/fc)

πf

)2

(2.15)

Where fc is the chip rate. As shown in Figure 2.5, the normalized PSD for the BPSK

signal illustrates that most of the spectral energy is concentrated in the prominent main

lobe. It is easy to see that the PSDs of BPSK-modulated signals capture most of their

spectral energy within a singular, distinctive primary lobe that stands apart from several

other adjacent lobes. The width of the primary lobe is approximately two times the chip
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figure 2.4: BPSK ACF.
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figure 2.5: BPSK PSD.

rate of the spreading code.

2.3.2 BOC Modulation

A critical technique in GNSS is the BOC-modulated signal, which involves multiplying

the PRN code by a subcarrier signal. The latter is obtained from the sign of a sinusoidal
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or cosinusoidal waveform. BOC signals are often referred to as BOC(m,n) where fsc =

m · f0 and fx = n · f0 (subcarrier frequency and chipping rate, respectively). The BOC

modulation order is given as M = (2m/n) [20–22]. The envelope of the modulated

signal BOC(m,n, ϕ) contains ϕ, which represents the phase of the BOC modulation and

encodes the PRN code c(t) onto a subcarrier waveform, resulting in the standard offset

carrier structure. It can be expressed as:

BOC(m,n, ϕ) = c(t/Tx) sign[cos(πt/Tsc + ϕ)] (2.16)

In this expression, sign[·] is the signum (or sign) function, Tx designates the chip

duration (fx = 1/Tx), and Tsc denotes the subcarrier’s half period, notating fsc = 1/2Tsc.

The parameter ϕ assigns the subcarrier’s phase: BOCs(m,n) = BOC(m,n, ϕ = π/2) for

sine-phase and BOCc(m,n) = BOC(m,n, ϕ = 0) for cosine-phase [20–22].
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figure 2.6: Spreading code waveform with BOCs(1,1) and BOCc(1,1) subcarrier modulation
using PRN code.

As discussed earlier, BOCs(1, 1) and BOCc(1, 1) are two signals obtained by modu-

lating a spreading code with sine and cosine subcarriers. A typical time-domain envelope

of these signals is shown in Figure 2.6. The approach taken here is to study the spectral

characteristics of BOC modulation first, then proceed to the properties of correlation and

the issues of ambiguity, as these factors have a substantial impact on GNSS detection

performance [20–22].
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2.3.2.1 ACF of BOC signal

The ACF for the BOC-modulated signal is normalized and referred to as the autocorrela-

tion of the signals with count index n. It can be expressed mathematically as in Equation

2.17 [21, 70]. Where, j ∈ {1, . . . ,M + 1} and j ≡ d τ
Tsc

e; here d·e represents the ceiling

operator and the parameter τ denotes the variable delay of the locally generated code.

RBOC(τ) =



















(−1)j−1
[

j+(M−j)(2j−1)
M

+ −1−2(M−j)
M

τ
Tsc

]

, 0 ≤ τ ≤ TX

(−1)j
[

(M+j−1)(1−2j)+(1−j)
M

+ 2(M+j−1)+1
M

τ
Tsc

]

, −TX ≤ τ ≤ 0

0, otherwise

(2.17)
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figure 2.7: Normalized ACF of BOCs(1,1) and BOCc(1,1).

As shown in Figure 2.7, which presents the normalized ACFs of BOC signals with

parameters m = 1, n = 1 for BOC, and a chip rate equal to the fundamental rate for

BPSK, the BOC modulated signal has a noticeably greater primary peak compared to

that of the BPSK modulated signal. A critical observation from our ACF is that the BOC-

modulated signals have additional side peaks around the central peak, which increase in

number with the enhancement of the modulation order M . Although these side peaks

enhance resolution to some extent, they also introduce ambiguities in code tracking. Such

ambiguities must be accounted for in GNSS receiver design to prevent erroneous locking

and ensure that the receiver can handle weak signals while maintaining stable and reliable

tracking [19].
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2.3.2.2 PSD of BOC signal

The power spectrum densities (PSDs) of the sine-phase and cosine-phase BOC(m,n)

signals, which are denoted as Ss(f) and Sc(f) respectively, can be expressed by [19]:

Sη(f) = fX

[

Aη sin
(

u
)

sinBη
(

αη v
)

π f cos(v)

]2

∀M (2.18)

In this unified expression, η = {s, c} distinguishes between sine-phased (s) and cosine-

phased (c) subcarriers. The parameters {Aη, Bη, αη} are defined as {1, 1, 1} for η = s and

{2, 2, 0.5} for η = c. Furthermore, u = πf/fX and v = πf/2 fsc.
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figure 2.8: Normalized PSDs of BOCs/c(1,1) signals.

Figure 2.8 shows the PSDs of BOCs(1, 1) and BOCc(1, 1). BOC-modulated signals

exhibit split power symmetry about the center frequency with energy distributed both

above and below the carrier. These signals exhibit a pronounced spectral notch at the

carrier frequency, and the resultant band-splitting significantly enhances spectral buoy-

ancy, allowing for coexistence with other signals and reducing the chance of co-channel

interference.

2.3.3 MBOC Modulation

The MBOC modulation is marked explicitly as MBOC(6,1,1/11). Here (6,1) shows

BOC(6,1) modulated signal inclusion, while 1/11 expresses the ratio of power shared

between the BOC(1,1) and BOC(6,1) [22–24]. The BOC(6,1) subcarrier is explicitly used
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to enhance the upper-frequency portions more than what a plain BOC(1,1) modulation

would do. This produces a very narrow ACF, which improves performance in the presence

of noise and MP interference. Concerning MBOC, two major implementation approaches

have been developed: CBOC, which was implemented as a waveform for the Galileo OS,

and TMBOC, which was applied to the GPS L1C civil signal [22–24].

2.3.3.1 CBOC Iimplementation

CBOC modulation is the European realization of MBOC. This method utilizes a four-

level subcarrier, as illustrated in Figure 2.9, with a split power allocation of 50% for data

and 50% for pilot. In this case, the CBOC symbols are constructed from the summation

of two components:
√

10
11
XBOC(1,1)(t) and

√

1
11
XBOC(6,1)(t) [23].
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figure 2.9: CBOC subcarrier waveform.

The subcarriers XBOC(1,1)(t) and XBOC(6,1)(t) are given by [23,24]:

XBOC(1,1)(t) =







sign
[

sin
(

2πt
Tc

)]

, 0 ≤ t ≤ Tc

0 elsewhere
(2.19)

XBOC(6,1)(t) =







sign
[

sin
(

12πt
Tc

)]

, 0 ≤ t ≤ Tc

0 elsewhere
(2.20)
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The temporal CBOC signal, X(t), is given by [22,24]:

XCBOC(t) =

√

10

11
XBOC(1,1)(t) +

√

1

11
XBOC(6,1)(t) (2.21)

The CBOC implementation is specifically denoted as CBOC(6, 1, 1/11). Its total PSD,

SCBOC(f), is given by [22,71]:

SCBOC(f) =
1

2
Spilot(f) +

1

2
Sdata(f) =

10

11
SBOC(1,1)(f) +

1

11
SBOC(6,1)(f) (2.22)

Here, SBOC(1,1)(f) and SBOC(6,1)(f) represent the PSDs of the BOC(1,1) and BOC(6,1),

respectively.

2.3.3.2 TMBOC Implementation

TMBOC is the American instantiation of MBOC for the modernized GPS L1C signal. It

adopts the partial temporal multiplexing of BOC(1,1) and BOC(6,1) subcarriers according

to some predetermined scheme [72]. The TMBOC signal XTMBOC(6,1,p)(t) is expressed by:

XTMBOC(6,1,p)(t) =







XBOC(1,1)(t) if t ∈ X1

XBOC(6,1)(t) if t ∈ X2

(2.23)

In Equation 2.23, X1 and X2 are the respective time intervals where BOC(1,1) and

BOC(6,1) subcarriers are active.

As described in [73], the TMBOC signal is a binary signal with an accompanying wide-

band data channel consisting solely of BOC(1,1) symbols. Additionally, the pilot channel

accounts for 75% of the total power, while the data channel comprises the remaining 25%.

For the TMBOC architecture, the power allocation is 29/33 for BOC(1,1) and 4/33 for

BOC(6,1). Figure 2.10 shows the subcarrier for the TMBOC(6,1,4/33) implementation,

where BOC(6,1) chips are added at positions 1, 5, 7, and 30 of every 33 symbol period.

The equations below provide the PSDs of the pilot and data components :

Spilot(f) =
29

33
SBOC(1,1)(f) +

4

33
SBOC(6,1)(f) (2.24)

Sdata(f) = SBOC(1,1)(f) (2.25)

SMBOC(6,1,1/11)(f) =
3

4
Spilot(f) +

1

4
Sdata(f) (2.26)

SMBOC(6,1,1/11)(f) =
10

11
SBOC(1,1)(f) +

1

11
SBOC(6,1)(f) (2.27)
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figure 2.10: TMBOC subcarrier waveform.

For a TMBOC implementation assuming a 50%/50% power split between the pilot and

data channels, spreading symbols of the BOC(1,1) signal are used on the data channel, and

2/11 of the spreading symbols of the BOC(6,1) signal are used on the pilot channel [24].

In this scenario, the PSDs of the component data and pilot signals are given by:

SPilot(f) =
2

11
SBOC(1,1)(f) +

9

11
SBOC(6,1)(f) (2.28)

Sdata(f) = SBOC(1,1)(f) (2.29)

SMBOC(6,1,1/11)(f) =
1

2
Spilot(f) +

1

2
Sdata(f) (2.30)

SMBOC(6,1,1/11)(f) =
10

11
SBOC(1,1)(f) +

1

11
SBOC(6,1)(f) (2.31)

In another scenario with the same 50%/50% power split, the pilot channel receives

10/11 of the BOC(1,1) spreading symbols. At the same time, the remainder is allocated

to the data channel. Describes the PSDs of the component data and pilot signals for this

configuration [23,24]:

Spilot(f) =
10

11
SBOC(1,1)(f) +

1

11
SBOC(6,1)(f) (2.32)

Sdata(f) =
10

11
SBOC(1,1)(f) +

1

11
SBOC(6,1)(f) (2.33)

SMBOC(6,1,1/11)(f) =
1

2
Spilot(f) +

1

2
Sdata(f) (2.34)
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SMBOC(6,1,1/11)(f) =
10

11
SBOC(1,1)(f) +

1

11
SBOC(6,1)(f) (2.35)

Table 2.1 summarizes the possible implementations of MBOC (TMBOC and CBOC)

for the MBOC(6,1,1/11) modulation [74].

table 2.1: Possible Implementations of MBOC(6,1,1/11) Modulation

Data Pilot Pilot Percentage
BOC(1,1) TMBOC (6, 1 /2) 50%
BOC(1,1) TMBOC (6, 1 /4) 75%

TMBOC(6, 1 /11) TMBOC (6, 1 /11) 75%
TMBOC(6, 1 /11) TMBOC (6, 1 /11) 50%

BOC(1,1) CBOC(6, 1 /2) 50%
BOC(1,1) CBOC(6, 1 /4) 75%

CBOC(6, 1 /11) CBOC(6, 1 /11) 50%
CBOC(6, 1 /11) CBOC(6, 1 /11) 75%

2.3.3.3 ACF of CBOC and TMBOC signals

For the assessment of the tracking properties of an MBOC-modulated signal, it is critical

to compute its ACF. The ACF for the CBOC signal is given by [72]:

RCBOC(τ) = (1−Q)Ri(τ) +QRj(τ) (2.36)

Where:

• Q = 1
11

• Ri(τ) and Rj(τ) represent the ACFs of the BOC(1,1) and BOC(6,1) signals, respec-

tively.

The ACF of the TMBOC signal is defined as follows [75]:

RTMBOC(τ) = (1− P )Rx(τ) + PRy(τ) (45)

Where P = 4
33

.

Normalized ACFs for BOC(1,1), CBOC(6,1,1/11), and TMBOC(6,1,4/33) are shown

in Figure 2.11. It can be seen from this figure that the peak ACFs for CBOC(6,1,1/11)

and TMBOC(6,1,4/33) modulated signals are narrower than that of the BOC(1,1) signal.

This narrowness indicates that MBOC signals are more robust in the presence of noise

and MP interference [24, 76]. Also, the zero-crossing points of these ACFs are almost

identical and occur around ±0.5 chip intervals.
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figure 2.11: ACFs of BOC(1,1), CBOC(6,1,1/11) and TMBOC(6,1,4/33) signals.

2.3.3.4 PSD of MBOC Signal

As mentioned earlier, the primary concept of MBOC modulation is to enhance code-

tracking performance by reallocating a portion of the signal power to higher frequencies.

The power spectral density (PSD) for the MBOC(6,1,1/11) signal is made up of the PSDs

of both BOC(1,1) and BOC(6,1) signals. The expression for the PSD of MBOC modulated

signals is defined in [24,76]:

SMBOC(f) =
10

11
SBOC(1,1)(f) +

1

11
SBOC(6,1)(f) (2.37)

Where:

• SBOC(1,1)(f) is the PSD of the BOC(1,1) modulated signal.

• SBOC(6,1)(f) is the PSD of the BOC(6,1) modulated signal.

As shown in Figure 2.12, the MBOC(6,1,1/11) signal’s PSD is compared with the

BOC(1,1) signal’s PSD. From this figure, it can be seen that there is a significant increase

in power within the ±6 MHz range when compared to the PSD of the BOC(1,1) modulated

signal. This feature is due to the influence of the BOC(6,1) portion contained in the

MBOC-modulated signal.
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figure 2.12: Normalized PSDs of MBOC(6,1,1/11), BOC(1,1), and BOC(6,1) codes.

2.3.4 BSC Modulation

Typically, BSC modulation refers to the modulation of the PRN code with different

binary-coded symbols on a chip-by-chip basis [25]. The BSC signals are divided into sub-

sets where each subset is a segment of length Tc/n, binary-valued over n sub-chips. The

spreading symbol of a BSC signal is divided into n sub-chips, which are binary-valued

and have a length of Tc/n each. In the context of GNSS, the notation BSC(s, fc) is

used where s is the BSC sequence in a chip [25]. This modulation can be viewed as an

extension of BPSK and BOC modulations [25, 77]. For example, BPSK modulation is

equivalent to BSC([1], fc), and BOC(1, 1) is equal to BSC([+1,−1], fc) where the inte-

ger ’1’ denotes chip frequency equals the fundamental frequency f0 = 1.023 MHz. The

baseband representation of a BSC signal is given in [25]:

XBSC(t) =
+∞
∑

i=−∞

n−1
∑

m=0

cismUTc/n(t−mTc/n− kTc) (1)

Where:

• ci: Represents the PRN code sequence.

• sm: Denotes the sequence with values {−1,+1}.

• UTc/n: Is a rectangular pulse of amplitude 1 and duration Tc/n.
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Furthermore, the PSD of BSC([s], fc) signals is given by [78]:

SBSC([s],1)(f) = S(f)

{

n+ 2
n−1
∑

i=1

n−1
∑

j=i+1

sisj cos

[

(j − i)
2πf

nfc

]

}

(2.38)

2.3.4.1 CBSC Modulation

To improve performance while maintaining interoperability with BOC (1,1) modula-

tion, a specific BSC-based modulation approach, dubbed Composite Binary Coded Sym-

bols (CBCS), has been proposed [25]. This proposal stems from the superposition of a

BSC([1,−1,−1,−1,−1, 1, 1, 1, 1], 1) signal and a BOC(1, 1) signal, utilizing an adapted

Interplex diagram [79]. The CBCS was developed by the Radionavigation Working Group

of the European Commission to provide a universal modulation scheme for transmitting

Galileo and second-generation GPS codes on the L1 frequency. This approach also enables

high interoperability with BOC(1,1) modulation. In general terms, CBCS modulation can

be represented as CBCS([s], fc,%) where fc is the chip frequency and ’%’ denotes power

given as a percentage. At the same time, ’[s]’ references the BSC sequence vector. The

parameters q and p are coefficients indicating power distribution, whereby q2 + p2 = 1.

To stay close to a BOC(1,1) base signal, the amplitude q of the second BSC component is

less than the amplitude p of the BOC(1,1) component. The equation for CBCS([s], fc,%)

follows from [25]:

XCBCS([s],fc,%)(t) = qXBOC(1,1)(t) + pXBSC([s],1)(t) (6)

The version of CBCS modulation commonly utilized is denoted as CBCS([1, -1, -1, -1,

-1, 1, 1, 1, 1], 20%) or simply CBCS(20%). Here, {1, -1, -1, -1, -1, 1, 1, 1, 1} is the vector

[s] corresponding to the BSC sequence. The ’1’ before ’20%’ signifies the case where

fc/fs = 1. According to this representation, MBOC(6,1,1/11) modulation is a specific

instance of CBCS modulation, equivalent to CBCS([1,−1,−1,−1,−1, 1, 1, 1, 1], 1, 1/11)

[25, 79].

2.3.4.2 ACF and PSD of CBCS Signal

Figures 2.13 and 2.14 show the ACF and PSD of the CBCS signal. We can conclude that

the ACF of CBCS is indeed narrow, accompanied by small secondary peaks. As for the

CBCS PSD, it contains two principal lobes with greater power distribution at the higher

frequencies.

One of the most important benefits of the CBCS signal is its remarkable adaptabil-

ity; it can be transformed into other (better) CBCS versions with changes in the BCS
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figure 2.13: Normalized ACF of CBCS (20%).

-1 -0.5 0 0.5 1

 Frequency (Hz) 10
7

-100

-95

-90

-85

-80

-75

-70

-65

-60

-55

-50

 P
S

D
 (

d
B

W
/H

z
)

 CBCS(20%)

figure 2.14: Normalized PSD of CBCS (20%).

component’s contribution or even with different chip rates [25].

2.3.5 GNSS Signals Comparison

Comparing GNSS signals is crucial for selecting the most suitable signal for various GNSS

applications. For example, Figure 2.15 illustrates the following comparisons of the nor-

44



CHAPTER 2. GNSS AND TIME-HOPPING PSEUDOLITE SIGNALS DESIGN

malized ACFs: BPSK, BOC(1,1), TMBOC(6,1,4/33), CBOC(6,1,1/11), and CBCS (20%)

signals.
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figure 2.15: Normalized ACF of BPSK, BOC(1,1), TMBOC (6,1,4/33) CBOC(6,1,1/11), and
CBCS (20%).
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figure 2.16: Normalized PSD of BPSK, BOC(1,1), MBOC(6, 1,1/11) and CBCS (20%).

It is clear from the figure that a broad central peak with no side peaks characterizes the

ACF of the BPSK signal. Conversely, the ACFs of the other signals feature a central peak,
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which is the strongest, accompanied by several lower-level side peaks. It is remarkable

that the CBOC(6,1,1/11), TMBOC(6,1,4/33), and CBCS (20%) signal ACFs exhibit a

narrower central peak and lower level secondary peaks when compared to the BOC(1,1)

signal’s ACF. These advantages result from the greater power shifted toward the higher

frequencies.

The PSDs of the BPSK, BOC(1,1), MBOC(6, 1, 1/11) and CBCS (20%) modulated

signals are shown in Figure 1.16. From this figure, we can infer that MBOC and CBCS

signals demonstrate greater power in their side lobes. This feature is the reason for their

greater resistance to noise and MP.

1.4 Time-Hopping Multiple Access in Pseudolites

THMA is utilized in PL systems to enable different users to share a frequency band

while mitigating the near/far problem. This problem, observed in PL systems due to the

difference and distance-dependent reception characteristics, identifies the dropping signal

as being weaker and more challenging to use, as it is subjected to much stronger signals.

Each PL is assigned a unique pseudo-random time hop pattern separation, allowing signals

from different PLs to be sent in brief, discrete time segments concurrently. Receivers can

separate the different PL signals due to the time slots, thereby improving the accuracy

and robustness of positioning in challenging environments [6, 8, 13].

1.4.1 THMA Pulsed Pseudolite Signal Structure

The generation of the THMA pulsed PL signal is shown in Figure 1.17, in which the

gating pulse p(t) can be formulated as [6]:

p(t) =
+∞
∑

k=−∞

(

t− kNfTp − a
(V )
k Tp

)

(1.39)

Here, k marks the current THMA frame index within a complete pattern of K frames.

Nf is the number of slots in a single THMA frame and is the inverse of the duty cycle

d of the PL signal, where Nf = 1/d. Tp denotes the period of one THMA pulse, with

Tp = d · Tc, and a
(V )
k is the pseudo-random THMA slot index. This component is vital as

it creates disorder in the sequence of the transmitted pulses [6,8]. For each frame, a
(V )
k is

a random integer from the set {0, 1, . . . , Nf − 1}. The superscript (V ) denotes that this

index is from the V -th group of THMA slot indices, which may imply that several PL

signals are capable of utilizing different sets of these indices to minimize interference. The

pseudo-random choice described ensures that pulses are not sent at regular intervals, thus
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figure 2.17: TH pulsed PL signal generation.

contributing to the spread spectrum properties of the signal and making it more resilient

to interference and MP effects [6, 8].

2.4.2 Slot Index Table

The SIT serves as a key component for synthesizing THMA pulsed PL signals. It helps

maintain the spectral properties of the GNSS-like signal, ensuring compatibility as well as

some degree of signal integrity. Moreover, each PL is issued a separate SIT, which allows

receivers to distinguish between different PLs and provides additional support for using

existing PRN codes from the base GNSS-like signal [6, 8].

table 2.2: THMA Table

Group ID TH slot index in different frame
0 1 2 . . . K-1

1 a
(1)
0 a

(1)
1 a

(1)
2 . . . a

(1)
K−1

2 a
(2)
0 a

(2)
1 a

(2)
2 . . . a

(2)
K−1

...
...

...
...

. . .
...

V-1 a
(V−1)
0 a

(V−1)
1 a

(V−1)
2 . . . a

(V−1)
K−1

V a
(V )
0 a

(V )
1 a

(V )
2 . . . a

(V )
K−1

V+1 a
(V+1)
0 a

(V+1)
1 a

(V+1)
2 . . . a

(V+1)
K−1

...
...

...
...

. . .
...

N a
(N)
0 a

(N)
1 a

(N)
2 . . . a

(N)
K−1
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As shown in Table 2.2, the SIT contains several permutation sequences of TH Slot

Indices (THSIs). These THSIs serve the purpose of marking the exact time slots where

the THMA pulses occur. The pulses serve as gates to the continuous, locally generated

GNSS-like signal, which results in the required THMA-pulsed PL signal.

2.5 Slot Index Table Generation

PLs use SITs for THMA signal generation. Older techniques either distribute a single

predesigned SIT among several PLs [80] or give distinct SITs to separate LocataLites [81].

A new block-based SIT generation approach [8] that was recently issued is known to

construct SITs through the generation of THSI base matrices using congruence codes.

2.5.1 Locata scheme for SIT Generation

The interference alleviation and duplication capabilities of Locata systems are PLs-specific

and designed to work in conjunction with Time Division Multiple Access (TDMA) schedul-

ing techniques. Within LocataLites, each millisecond can be divided into 10 time slots,

each comprising 900 microseconds, creating a TDMA frame. By collating 200 of these

TDMA frames, 200 millisecond intervals are created, which make up “super frames.” Cur-

curent LocataLites within a given time slot are partitioned into geographical sub-networks

with a maximum of 10 LocataLites, under the critical constraint that time slots within

that sub-network do not overlap [81].

Each LocataLite broadcasts only during its assigned time slot and is mute at all

other intervals. To prevent interference to a greater extent, these slot assignments are

randomized from one frame to the next. The system defines a maximum of 5 sub-Networks

that can be achieved in one time slot, in turn allowing the concurrent operation of up to

50 LocataLites within the same time slot. The design of these schemes aims specifically to

reduce overlap and interference between sub-networks, which sometimes requires physical

separation due to performance isolation constraints. Table 2.3 provides a partial depiction

of a LocataLite subnet 1 (Nf = 10) [81].

2.5.2 Generating SIT using Congruence Codes

To generate SITs, this method derives THSI base matrices from specially constructed

congruence codes. These base matrices undergo combination, and distinctive rows are

chosen to form unique SITs tailored to individual PLs. The foundational idea with this

method is a sequential approach to constructing SITs:
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table 2.3: SITs generation using Locata scheme Subnet 1

TDMA Time slot within frame
Frame 1 2 3 4 5 6 7 8 9 10

1 1 9 2 5 10 8 6 4 3 7
2 5 8 4 2 9 7 1 6 10 3
3 10 2 6 1 3 4 5 7 9 8
4 3 2 8 7 4 9 10 1 5 6
5 5 1 2 3 8 10 4 7 6 9
6 3 5 4 8 1 7 2 10 9 6
7 7 10 5 9 4 1 3 6 8 2
8 10 7 8 6 2 3 9 5 1 4
9 6 4 10 3 1 2 7 8 9 5
10 2 1 4 8 5 10 6 3 7 9
...

...
...

...
...

...
...

...
...

...
...

198 2 1 5 9 7 4 3 10 6 8
199 5 7 2 10 8 6 4 3 1 9
200 3 7 8 1 9 10 4 6 2 5

• Generation of THSI Base Matrices: The first step is to generate different

THSI base matrices. These matrices are constructed based on specially designed

congruence codes. The equation defines the congruence codes:

χ(γ)
ι,κ ≡

(

(ι+ 1)(κ+ 1)

γ
− 1

)

(mod λ) (2.40)

where:

– λ is a prime number with Nf = λ− 1.

– ι, κ, γ are all integers.

– 0 ≤ ι, κ ≤ λ− 2.

– 1 ≤ γ ≤ λ− 1.

Through a modular multiplicative inverse operation, it is derived that χ(γ)
ι,κ ∈ {0, 1, . . . , λ−

2}. Crucially, for fixed parameters γ and ι, varying κ from 0 to λ − 2 results in a

permutation of all elements in the set {0, 1, . . . , λ−2} and has no common elements.

This property is essential for generating the THSIs of the PL signal.

• Combination of THSI Base Matrices: After generating several distinct THSI

base matrices, they are combined. For instance, if N different base matrices are

needed, they can be combined into a new matrix, X(γ1,γ2,...,γN )
Rn

= [X
(γ1)
Rn

X
(γ2)
Rn

· · ·X(γN )
Rn

],

where X
(γ)
Rn

is a matrix formed by Rn selected rows of X(γ).

49



CHAPTER 2. GNSS AND TIME-HOPPING PSEUDOLITE SIGNALS DESIGN

• Rows Selection: From the combined matrix, specific rows are chosen to form a

new matrix which will, in turn, serve as the SIT for a particular PL.

• Generation of Different SITs: As we have already seen, this approach is ad-

vantageous because it is systematic and therefore, easy to modify. It is possible

to create different SITs for different PLs by changing the combination of the base

matrices (for instance, by changing the values of γ1 to γN). This ensures that all

PLs can have distinct SITs, which is crucial for differentiating between different PLs

at the receiver.

The method’s robust performance relies on carefully constructed congruence codes. A

key property is the minimized "hit number" (collisions) of THSIs. Within the same base

matrix (X(γ)), the hit number between two distinct rows (χ(γ)
ι,κ and χ

(γ)
ι′,κ′), even with a

cyclic shift, is at most one. For THSIs from different base matrices (X(γ) and X(γ′)), the

hit number is at most Nf . These low hit rates directly contribute to favorable correlation

properties for the final SITs [8].

2.5.3 Statistical Distribution of THSI

As already mentioned in 2.5.2, the THSI for each row of the base matrix uniquely occupies

places from 0 to Nf − 1. It can be challenging to characterize the whole distribution of

THSI at once; therefore, one approach is to perform simulations of THSI intervals for

different SITs and analyze the results. Distributional histograms for SITs based on the

congruence codes-based method and the Locata scheme are shown in figures 2.18 and

2.19, respectively.

From these figures, we can derive some critical conclusions. As with the Locata scheme,

the average THSI interval for the congruence code-based method is similar in value;

however, the congruence code-based method has a greater standard error. This greater

variability could be helpful for the detection and tracking of the transmitted PL signals

[82]. Moreover, the congruence codes-based method has fewer repetitions of THSI intervals

(10) when compared to Locata’s, which aids in lessening the occurrence of false spectral

lines during PL signal tracking [83]. On the other hand, the Locata scheme has the

advantage of zero repetitions for THSI intervals equal to one, which may cause detection

ambiguities between adjacent binary-mapped THSIs [8].
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figure 2.18: Distributional Histograms of SITs derived from Congruence Codes.

0 2 4 6 8 10 12 14 16 18 20

 THSI Interval

0

5

10

15

20

25

 F
re

q
u

e
n

c
y

 PL1 Subnet1

 Gaussian fit (mean=10.28, std=4.92)

0 2 4 6 8 10 12 14 16 18 20

 THSI Interval

0

5

10

15

20

25

 F
re

q
u

e
n

c
y

 PL7 Subnet1

 Gaussian fit (mean=9.79, std=5.46)

figure 2.19: Distributional Histograms of SITs derived from Locata scheme.

2.6 Conclusion

This chapter provided a detailed examination of signal design principles for both GNSS

and PL positioning systems. The discussion initiated with the fundamental components

of GNSS signals, establishing the roles of DSSS, PSD, and ACF in defining signal perfor-

mance. A systematic analysis of prominent modulation schemes was conducted, including
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BPSK, BOC, MBOC (with its CBOC and TMBOC implementations), and BSC (includ-

ing the CBSC variant). This review emphasized a comparative assessment of their distinct

ACF and PSD characteristics, which directly influence tracking precision and resistance

to interference.

The chapter then addressed the near-far challenge in PL systems by presenting THMA

as a robust mitigation technique. The analysis covered the structure of THMA-pulsed

signals and delved into methods for generating the SITs essential for their operation. A

key focus was the comparison between the established Locata scheme and a modern con-

gruence codes-based approach, evaluating their respective THSI statistical distributions.

The insights into these varied signal architectures underscore the importance of de-

liberate signal design in modern navigation. This foundational knowledge is essential for

evaluating performance enhancements and exploring the practical applications that will

be investigated in the subsequent chapters.
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Chapter 3

Acquisition, Tracking, and MP

Mitigation in GNSS/PL Receivers

3.1 Introduction

This chapter dissects the core signal processing chain within GNSS and PL receivers,

moving from the initial search for a signal to the fine-tuned lock required for navigation.

We begin with signal acquisition, exploring the fundamental challenge of detecting faint

signals by searching across a vast space of potential code delays and Doppler frequencies.

The discussion covers classic serial and parallel search methods, as well as techniques

such as zero-padding to overcome data bit transitions. Following the acquisition, the

focus shifts to signal tracking, where the receiver must maintain a continuous lock on the

signal. This section details the operation of the Phase-Locked Loops (PLL) for carrier

tracking and the DLL for code tracking.

The chapter then covers PL signal processing, focusing on precise THMA pulse timing,

and the overarching challenge of MP interference that degrades receiver performance. A

significant portion is therefore dedicated to advanced baseband mitigation techniques,

which are essential for robust positioning. This includes a comprehensive overview of

sophisticated correlator strategies, covering the foundational NC method and the more

complex DD, EDD, and SLG approaches. This survey provides the necessary background

to critically analyze the limitations of each method, setting the stage for the novel solution

proposed in the following chapter.
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1.2 Signal Acquisition

The acquisition phase of the GNSS navigation process is critical because it attempts to

detect and acquire the visible satellite signals. It tries to find the two signal parameters:

the code delay and the Doppler frequency shift [26]. To obtain the two parameters, a

correlation matrix is generated for a synchronized two-dimensional search over time and

frequency. This requires a thorough search through all possible combinations of Doppler

frequency and code delay to find the peak correlation [5]. Ultimately, the acquisition

module successfully identifies the criteria and parameters, marking a successful detection.

These parameters will then be utilized in the signal tracking stage, which is performed

after the acquisition stage [27].

1.2.1 Serial Search Acquisition

The fundamental structure of the serial search acquisition system is depicted in Figure

1.1. As illustrated, the incoming digital GNSS signal Sr(t), which is given in Equation 1.1,

undergoes processing to extract an intermediate frequency. Within the acquisition block,

this signal undergoes a multiplication process with a locally produced signal replica. This

local signal replica contains at least the primary PRN code c1(t), the sub-carrier Ssc(t),

and sometimes the secondary code c2(t).
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figure 1.1: Block diagram of serial search acquisitions.

The received signal Sr(t) can be expressed as:
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Sr(t) = A · b(t− τ) · c(t− τ)× cos(2π(fIF + fdop)t+ φIF (t)) + w(t) (3.1)

Where:

• A: Instantaneous received signal power;

• b(t): Navigation data;

• c(t): PRN code corresponding to a specific satellite;

• τ : Received signal delay;

• fIF : Intermediate frequency;

• fdop: Doppler shift frequency for a specific satellite;

• φIF : Phase of the received signal’s carrier;

• w(t): Additive White Gaussian Noise (AWGN).

The GNSS signal local replica is delayed intentionally by an amount τ̂ . This prede-

termined delay is given by:

τ̂ = τ̂min + h1∆t for h1 = 0, 1, ..., H1 − 1 (3.2)

The hypothesis H1 tests a range of possible delays, which allows the acquisition unit

to determine the delay corresponding to the incoming signal Sr(t). After this step, the

signal is split into two branches to form its in-phase (I) and quadrature (Q) components.

These components are formed by multiplying the signal with cosine and sine carriers,

and then separately deriving the products. This method generates two new signals, as

described in [84].

SI(t, τ̂ , f̂dop) = Sr(t)c1(t− τ̂) cos(2πf̂dopt) (3.3)

SQ(t, τ̂ , f̂dop) = Sr(t)c1(t− τ̂) sin(2πf̂dopt) (3.4)

Multiplication of the input signal by the two configured sinusoids effectively shifts

the signal down to baseband level, thereby mitigating the effects of the Doppler shift.

The estimated Doppler frequency, f̂dop, is a quantized digital frequency, which means

it is normalized for the sampling rate of the Analogue-to-Digital Converter ADC . The

normalized frequency f̂dop is given by :
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f̂dop = (fIF + f̂dop)Te =
fIF + f̂dop

fe
(1.5)

Where fdop is the local Doppler frequency, selected from a predefined set:

f̂dop = f̂dop,min + ld∆f for ld = 0, 1, ..., Ld − 1 (1.6)

Consequently, Ld distinct Doppler frequencies are evaluated to ascertain the frequency

excursion for the incoming signal. For a stationary receiver, it is conventionally assumed

that the frequency variation is confined within −10 KHz ≤ fdop ≤ 10 KHz [27,28].

The in-phase SI(t, τ̂ , f̂dop) and quadrature branch signals SQ(t, τ̂ , f̂dop) are both pro-

cessed in parallel and sent to a coherent integration (or Integrate and Dump) block. This

integration is performed over one or several code periods to provide a correlation value.

This form of coherent integration yields greatly improved performance by noise variance

reduction. The expressions for the outputs of the correlators for the in-phase and quadra-

ture branches are given by:

ŜI(t, τ̂ , f̂dop) =
1

Ns

Ns−1∑

ns=0

SI(t, τ̂ , f̂dop) (1.7)

And

ŜQ(t, τ̂ , f̂dop) =
1

Ns

Ns−1∑

ns=0

SQ(t, τ̂ , f̂dop) (1.8)

In this context, Ns refers to the number of samples taken to compute the in-phase and

quadrature components, which helps determine the coherent integration time, Ti. This

integration time is SNR dependent; a lower SNR requires a longer integration time. It is

most common to set Ti as some integer multiple of the primary PRN code period, where:

Ti = NsTe (1.9)

The last step in the acquisition process is to compute the power by performing a squar-

ing operation followed by the summation of the two integrated in-phase and quadrature

components. Therefore the output S(t, τ̂ , f̂dop) can be represented as:

S(t, τ̂ , f̂dop) = (ŜI(t, τ̂ , f̂dop))
2 + (ŜQ(t, τ̂ , f̂dop))

2 (1.10)

The quantity S(t, τ̂ , f̂dop) defines a function of two variables, the parameters: estima-

tion of the Doppler frequency f̂dop and the code delay τ̂ . Typically, the results of this
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function are plotted on a two-dimensional grid, commonly referred to as the search space

or correlation matrix. Each pair of (f̂dop, τ̂) values is associated with a time/frequency cell

in this search space [83] in Figure 3.2, we illustrate the concept of time-frequency code

sweeping: a joint search over time (code) and frequency (Doppler). More specifically, for

every intermediate frequency f̂ within the range of −10 KHz to +10 KHz, with a step size

of ∆f = 500 Hz, we traverse through 1023 code chips. The objective of the acquisition

algorithm is to determine the appropriate cell that provides the maximum correlation

value. It is noteworthy that the correlator output will be at peak value (a correlation

peak equal to its maximum value) when the locally generated code is aligned with the

incoming signal’s code and the locally generated frequency is equal to the transmitted

signal’s frequency.
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figure 3.2: Frequency and Time offsets.

The surpassing of a certain threshold during the computation of S(t, τ̂ , f̂dop) indicates

successful acquisition. At this moment, the estimated parameters of f̂dop and τ̂ are ac-

cepted as optimal estimates. As a result, the GNSS receiver has locked onto the satellite

signal, and a correlation peak is noted which matches the one shown in Figure 3.3.

3.2.2 Parallel Search Acquisition.

Figure 3.4 illustrates the block diagram for the code parallel search acquisition method

using the classic FFT method. The received signal Sr(n) is divided into I and Q com-
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figure 3.3: CA code and navigation data.

ponents. These I and Q parts are then fused to yield the complex signal I + Q [85].

The functional components of the signal, the real part Sr,re(t) and the imaginary part

Sr,im(t), are processed by the FFT block. The outputs for Sr(t)’s complex samples are

multiplied with the complex conjugate samples of the local code c1(n)’s FFT. The product

is an intermediate result that is transformed back into the time domain through Inverse

FFT (IFFT). These transformations achieve circular convolution, which results in com-

plete correlation over the integration period. Thus, this technique allows for the parallel

computation of all possible code delays within a single operation. [85,86].

This acquisition system, which utilizes the FFT algorithm for correlation computation,

yields better performance than serial search techniques. It also parallelizes the code delay

shifting steps for added efficiency. Equation 3.11 depicts how convolution is calculated

via FFT/IFFT functions [87].

Sr(t)⊗ c1(t) =
Ns−1
∑

ns=0

Sr(t)× c1(t+ τ) = F−1[F(Sr(t))×F(c1(t))
∗] (3.11)

Here, F and F−1 represent the FFT and the IFFT, respectively.

3.2.3 Zero-Padding for Bit Sign Transitions

In a parallel code phase search, the circular correlation operates on a received signal

segment equal in length to one full code period. However, this segment is often not
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figure 3.4: Block diagram of parallel search acquisition.

perfectly aligned with the underlying code and may span the boundary between two

consecutive periods (Figure 3.5). If a data bit or secondary code transition happens at

this boundary, part of the signal segment will have an inverted sign, which causes the

correlation peak to drop significantly and complicates acquisition [88].
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figure 3.5: CA code and navigation data.

In the absence of secondary codes and data, the two codes, when correctly aligned,
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figure 3.6: Correlation with and without data.

can be multiplied to form a composite signal that consists entirely of ones. Hence, from

the signal, the sum of ones can be accumulated to result in a sum which is equal to the

number of chips. However, in the presence of data, after performing the multiplication

of the two codes, some points remain at 1, while the rest switch to -1. This dramatically

diminishes the correlation value after accumulation, as shown in Figure 3.6.

One approach to solving the bit sign transition issue is to increase the correlation length

while using Zero-Padding [89, 90]. This method executes circular correlation using two

consecutive periods of a received code and one zero-padded period of the corresponding

code. This guarantees that there is always a complete period of the received code. Thus,

the first half of the correlation output is guaranteed to contain a maximum correlation

peak, and the second half is susceptible to being affected by the sign transition [89,90].

The corresponding correlation equations are given by :

y[nz] =
2Nz−1
∑

kz=0

hz[kz]x[(nz + kz) (mod 2Nz)] for nz = 0, . . . , 2Nz − 1 (3.12)

y = F−1(F(hz)F(x)) (3.13)

Where Nz represents the total number of samples within one code period, and hz[kz] = 0

for Nz ≤ kz ≤ 2Nz − 1.

Considering that the input code length has been increased to two periods, two peaks

will emerge in the circular correlation output. Nonetheless, the peak in the first half of the

60



CHAPTER 3. ACQUISITION, TRACKING, AND MP MITIGATION IN GNSS/PL RECEIVERS

circular correlation is always the maximum peak (which suggests significant amplitude),

while the peak arising from the second half may be diminished because of the sign shift.

Therefore, only the first half of the circular correlation output is retained, while the second

half is discarded. It should also be noted that the last sample of ”Xz” is now redundant,

so the correlation can be calculated for the 2Nz − 1 points if one prefers [90].

3.3 THMA Pseudolite Signal Acquisition

In PL systems, the acquisition process at the receiver is critical, extending beyond merely

generating unique SITs at the transmitter. Practical PL assistance requires robust SIT

detection at the receiver, which fundamentally involves searching for the precise THMA

pulse positions within the incoming PL signal. These THSIs must exhibit a pseudo-

random characteristic to preserve the essential spectral properties of the initial DSSS

transmission. This maintains the resolution of the Doppler frequency ambiguities present

during the acquisition and tracking stages of the PL signal, which serves to enhance signal

lock accuracy [6, 13]. Historically, THMA pulse signal acquisition was done using fixed

exhaustive search techniques that tested matched THMA intervals [91]. Although these

approaches incorporated techniques such as Maximum Likelihood Estimation (MLE) and

Non-coherent Squaring Detection (NSD), these exhaustive approaches tended to break

down in low SNR situations with erroneous training intervals, often causing suboptimal

acquisition probabilities [91,92].

As a result, a new acquisition method improves upon previous techniques. This

method follows a process composed of three stages (Figure 3.7): first obtaining a mapped

code sequence from the ACF peaks indices of the DSSS component; second deriving the

corresponding code sequences from different THST groups within the SIT; and third, per-

forming a circular correlation of the derived sequence with the SIT’s sequences to locate

the maximum correlation peak. This method significantly enhances the acquisition of the

TH pulse position relative to traditional techniques, which rely on exhaustive searching [6].

3.3.1 Criticality of Accurate THMA Pulse Time Estimation

Accurately detecting the position of THMA pulses is essential for two main reasons:

it provides the time delay information required for ranging, and it is critical for the

demodulation needed to mitigate pulse interference. The goal is to determine the time

delay, τp, of a pseudo-random THMA pulse by comparing its measured position to a

predicted one.

As illustrated in Figure 3.8, this total time delay τp is composed of an integral part
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(τin) and a fractional part (τfr), both measured in time slots. The fractional part, τfr,

corresponds to the leading segment of the DSSS component. Its value is unambiguously

found from the peak positions of the ACF used to determine the DSSS component.
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3.3.2 Initial Phase Acquisition

The generation of ACF peaks necessitates the proper formation of the PRN code; thus,

the first step involves acquiring the initial phase of the code. While the Pulsed-PL signal

is received intermittently, most methods used to set the initial PRN code phase using

satellite GNSS signals apply to PL signals [93].

Considered [94], the parallel PRN code phase search acquisition method gives a basic

idea on how to compute the initial PRN code phase for a Pulsed-PL signal:

τfr = arg
τ̂

(

max
τ̂,f̂dop

√

I2
(

τ̂, f̂dop

)

+Q2
(

τ̂, f̂dop

)

)

(3.14)

In this expression, τ̂, f̂dop denote the estimated initial PRN code phase and the es-

timated Doppler frequency, respectively. The terms I
(

τ̂, f̂dop

)

and Q
(

τ̂, f̂dop

)

signify

the in-phase and quadrature phase integration outcomes derived from two successive TH

frames.

3.3.3 Slot-Level Timing Resolution

Applying Equation 3.3.2, the locally generated baseband signal is defined as sL (τfr) =
∑Mc−1

mc=0 cuTc
(t−mcTc − τfr). The local signal sL (τfr) can be correlated with the received

pulsed-PL signal within each segment, and the ACF peaks associated with the underlying

PRN code sequence can be tracked alongside their exact timestamps (Figure 3.8) [6]. The

binary sequence generated from the intervals containing the ACF peak values is generally

employed to identify the SIT of the PL signal. Let us assume that Npk ACF peaks

are detected. Their corresponding positions are
{

ϑkp , kp = 0, 1, · · · ,Npk − 1
}

, then the

THMA pulse intervals of the PL signal can be determined in units of Tp as [6]:

Γkp−1,kp =

⌊

ϑkp − ϑkp−1

Tpfsamp

⌋

, kp = 1, 2, . . . ,Npk − 1 (3.15)

where fsamp is the sampling frequency.

The set of THMA pulse intervals can be represented as
{

Γkp−1,kp | kp = 1, 2, · · · ,Npk − 1
}

.

From these intervals, a corresponding binary code sequence, Q, can be generated, defined

as Q = {q(i) | i = 0, 1, · · · ,
∑Npk−1

kp=1 }, where the specific value of q(i) is determined by:

q(i) =







1, i =
∑J

k=1 Γkp−1,kp , J = 0, 1, 2, · · · ,Npk − 1

0, others.
(3.16)

Following a similar methodology to how the binary code sequence is derived from auto-
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correlation peak intervals, each SIT stored within the receiver can also be transformed

into a unique binary code sequence. Specifically, for the V-th SIT out of a total of

N stored results, the corresponding binary code sequence, P(V), can be expressed as

P(V) =
{

p(V)(i) | i = 0, 1, · · · , 2KNf − 1
}

, where V ranges from 1 to N , and p(V)(i) is

defined as:

p(V)(i) =







1, i = a
(V)
j , j = 0, 1, · · · , 2KNf − 1

0, others
(3.17)

where a
(V)
j is the THSI of the V-th SIT.

Having generated the binary code sequences for the ACF peak intervals and the N

stored SITs, identification of pulse positions for the transmitted Pulsed-PL signal is now

straightforward. As described in the methodology, this is done through circular correla-

tion. The iterative procedure follows:

d
(V̂)
t = arg

i,V



 max
i=0,1,··· ,L−1;
V=1,2,··· ,N

(

Q(i)⊗ P̃(V)(i)
)



 (3.18)

In this notation, V̂ denotes the estimated value of V , representing the identified sub-

group ID within the list corresponding to the slot indices in the THMA table. The

expressions Q(i) and P̃(V)(i) indicate the sequences Q and P̃(V) circularly shifted by i

positions, with each sequence having length L. The operators "⊗" and "max" represent

circular correlation and the maximum selection, respectively.

To streamline the system’s processing, d(V̂)t can be calculated using a more efficient

method that applies FFT algorithms. The methodology for this case is described as:

d
(V̂)
t = arg

i′,V



 max
i′=0,1,...,L−1;
V=1,2,...,N

∣

∣

∣
F -1(i

′)
{

F(Q) ·
[

F
(

P̃ (V)
)∗]}∣

∣

∣



 (3.19)

3.4 Signals Trucking

In the previous discussion, the acquisition phase has offered only rough estimates of

the carrier frequency and the code delay. To complete the signal demodulation, one

must proceed to the code tracking phase [15, 27]. In this phase, the system continuously

attempts to achieve better precision on both the carrier frequency and the alignment of

the received and locally generated codes by refining the set of Doppler shifts and the code

delay.
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The PLL handles the estimation of the carrier frequency, while the DLL estimates the

code delay [54]. Note that any locally generated code and received code pair that are

out of phase will result in insufficient signal energy for a reliable detection in the data

demodulator at the receiver end, causing the signal energy to drop below the threshold

[84].

3.4.1 Phase-Locked Loop

The PLL is crucial for coherent communication receivers, which track the frequency of the

modulated signal carrier. For perfect demodulation, the carrier frequency and the phase

are ideally available [54]. However, there might be noise, or the satellite or the receiver

might be moving, which factors into the received carrier frequency having a slight offset.

This offset can be considered a time-varying phase, provided it is small relative to the

carrier frequency and the PLL feedback system can effectively track it. This facilitates

carrier and phase lock with sufficient precision [95].
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figure 3.9: PLL loop structure.

The PLL structure is shown in Figure 3.9. It can be noted from the figure that the PLL

can be divided into two branches, I and Q. The signal after conversion to the intermediate
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frequency (IF) is first multiplied by a replica of the spreading signal generated by the DLL.

Then, two local carriers—one in phase and the other in quadrature—are multiplied with

the input signal separately. Performing these multiplications in the I and Q branches

results in [94]:

bi(t) cos(2πfIF t) cos(2πfIF t+ ϕ) =
1

2
bi(n) cos(ϕ) +

1

2
bi(t) cos(4πfIF t+ ϕ) (3.20)

bi(t) cos(2πfIF t) sin(2πfIF t+ ϕ) =
1

2
bi(t) sin(ϕ) +

1

2
bi(t) sin(4πfIF t+ ϕ) (3.21)

Here, ϕ represents the phase difference between the input signal’s phase and the local

replica’s phase. The two resulting signals are then filtered by low-pass filters to eliminate

double-frequency terms, leading to:

I i =
1

2
bi(t) cos(ϕ) (3.22)

Qi =
1

2
bi(t) sin(ϕ) (3.23)

3.4.2 Phase Discriminator

A phase discriminator’s primary function is to determine the phase error, ϕ, between the

local carrier signal and the residual carrier phase of the received signal. For signal tracking

in GNSS systems, and particularly because of navigation bit changes, a Costas loop is

often preferred (see Figure 3.10) [54]. This loop type employs a phase discriminator that

is insensitive to offsets of 0◦ and ±180◦ [54]. In fact, at these phase offsets, the only times

the outputs of the discriminator are non-zero are when the actual phase error is 0◦ or

pm180◦. The output of the discriminator must be some function of the phase error ϕ [15].

There are different types of discriminators, depending on the application, and their

complexity varies according to the level of implementation complexity. One of the most

common and widely accepted types is the Dot Product (DP) discriminator. Its formula-

tion can be found in [94] and is presented as follows :

DP = IPQP (3.24)

The output of the DP discriminator is proportional to sin(2ϕ). Another possible

discriminator is the classic arctangent discriminator, defined as [94].

ϕ = arctan

(

Q

I

)

(3.25)
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figure 3.10: Costas loop block diagram.

The output from this type of discriminator represents the frequency error. This output

will then be used to produce a control signal for the Numerically Controlled Oscillator

(NCO), which makes adjustments to the carrier frequency fcr.

3.4.3 Delay Locked Loop

The primary objective of a code tracking loop is to continuously follow the time-varying

phase of the received PRN code, c(t − τ), within the GNSS signal. This is achieved by

maximizing the CF between the locally generated code and the received code, relative to

their phase difference τ , while accounting for the Doppler frequency shift, fdop, caused

by the Doppler effect [15]. Upon successful tracking, the code tracking loop outputs a

replica of the code that is perfectly aligned with the incoming received code. This loop is

fundamentally a DLL, often referred to as an early-late tracking loop [15]. 3.11 illustrates

the basic functional diagram of a DLL, which typically comprises a discriminator, a loop

filter, an NCO, and a PRN code generator [15].

The two primary classes of DLL for code tracking are coherent and non-coherent.

Coherent DLL employs PLL to lock local carrier replicas to the phase of the incoming

signal, deriving discriminator functions necessary for ACF peak detection. However, this

approach is often too GNSS-sensitive because it requires code tracking to be completed

fully before the carrier lock is achieved. On the other hand, a non-coherent DLL operates
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figure 3.11: Basic DLL block diagram.

at the intermediate frequency level. Non-coherent DLL addresses the Doppler shifts and

unknown phases of the carrier. They show robust tracking with bandpass correlators and

envelope detectors when carrier phase alignment is absent.

Both configurations utilize two independent code correlators to refine the estimated

delay, τ̂ . The input signal, SIF (t), after intermediate frequency conversion, is correlated

with an early version, c(t− τ̂ + ∆
2
Tc), and a late version, c(t− τ̂ − ∆

2
Tc), of the locally gen-

erated PRN code. The parameter ∆ represents the normalised phase difference between

the early and late correlators. Thus, the output from the early correlator is given by [15]:

Ec1(t, τ, τ̂) = c(t− τ)c(t− τ̂ +
∆

2
Tc) (3.26)

Moreover, the output from the late correlator is given by [75]:

Lc1(t, τ, τ̂) = c(t− τ)c(t− τ̂ −
∆

2
Tc) (3.27)

The output of the DLL discriminator is the difference between the late (Lc1(t)) and

early (Ec1) correlator outputs. This difference generates the error signal, denoted as

ε(t, τ, τ̂), which is given by [94]:

εr(t, τ, τ̂) = Lc1(t, τ, τ̂)− Ec1(t, τ, τ̂) (3.28)
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= c(t− τ)

[

c(t− τ̂ −
∆

2
Tc)− c(t− τ̂ +

∆

2
Tc)

]

(3.29)

The characteristic function of the discriminator, ε(τ−τ̂), can take various forms, which

will be detailed later. This discriminator function is used to control the NCO, which in

turn adjusts the code generator’s clock to establish fine synchronization.

3.5 THMA Performance in MP Environments

In addition to the previously mentioned "near-far" problem, MP can also arise from reflec-

tion or diffraction of the PL signal by tall buildings, trees, and other objects, potentially

causing performance degradation in participatory GNSS receivers [96]. In the following,

the primary focus will be on the effect of MP on THMA signal estimation. Finally, this

chapter presents detailed methods for mitigating MP.

Based on the THMA signal estimation technique given in 3.3.1, it is known that the

influence of the MP on the THMA pulse can be reduced to the effect on τp, which also

includes the effect on the integral part τin and the fractional part τfr [6].

3.5.1 Integral Part Performance

The distortion of peak interval estimation for τip due to MP interference can compromise

the accuracy of the detected τin. Fortunately, this adverse effect can be alleviated through

a simple peak consolidation step.

MP suppression is effective provided that the MP delay τMP exceeds a single chip

period Tc. However, if an MP component remains after DSSS signal despreading, its

correlation peak will typically appear close to the LOS peak, as illustrated in Figure 3.12.

Since the TH pulse duration Tp is much larger than the chip duration Tc (where Tp =

MTc), it is feasible to merge the MP correlation peak into the LOS peak. The merged

result is normalized to 1, enabling reliable mapping and ensuring that the detection process

for τip, as described in 3.3.1, remains valid.

3.5.2 Fractional Part Performance

Regarding the τfr parameter, the PL signal is affected by MP in the same way as a

standard GNSS signal. A significant disturbance in the detection of τfr arises only when

the MP delay is shorter than a single PRN chip duration, Tc.

According to the analysis presented in [94], MP can introduce a maximum detection

error of approximately one-quarter of the E-L spacing within the DLL. For the case of a
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figure 3.12: Merging of MP and LOS correlation peaks.
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figure 3.13: RAE of the DLL, considering a range of MP delays and E-L spacings (∆), given
a fixed MP-to-LOS signal amplitude ratio of 0.5.

single MP component, Figure 3.13 illustrates the DLL’s RAE across different MP delays

and E-L correlator spacings. In practice, a common strategy to enhance robustness against

MP is to adopt narrow correlator spacing, for example, ∆ ≤ 0.1Tc.

Mitigating the MP interference has been a central challenge in GNSS research for

decades, leading to the development of various mitigation techniques. These include im-

provements in antenna design [58, 59], advanced signal-processing methods [97–100], and

baseband-level strategies. Among these, baseband techniques are particularly attractive

due to their simplicity and cost-effectiveness, especially when compared to the adoption
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of modern GNSS signals, such as BOC [101].

Baseband MP mitigation approaches can be broadly categorized into two types: para-

metric and nonparametric. Parametric methods model the MP channel by estimating

parameters such as delay, amplitude, and phase, which are then used to cancel the in-

terference actively. Nonparametric methods, by contrast, modify the receiver’s correlator

architecture to reduce sensitivity to MP without explicitly modeling the channel. This

thesis focuses on mitigating MP effects in the fractional component of the TH signal, a

challenge closely analogous to that encountered in conventional GNSS signals. As such,

the study of these techniques is both relevant and necessary [19].

Building on this focus, the following sections provide an overview of several influential

nonparametric baseband techniques. These methods primarily rely on carefully designed

correlators that reshape the DLL discriminator function to suppress MP-induced errors.

We review approaches ranging from the foundational NC to more advanced architectures

such as the DD, EDD, and SLG.

In this context, the received signal r(t) is modeled as the sum of the transmitted

signal s(t), its MP components, and additive noise. The LOS signal’s propagation delay

τ0 is particularly important, as it directly impacts trilateration-based receiver localization.

The received signal can be expressed as:

r(t) =
K−1
∑

k=0

αks(t− τk) + w(t) (3.30)

Here, αk denotes the complex gain (amplitude and phase) of the kth path, τk is the

delay introduced by the kth path, w(t) represents AWGN, and τ0 corresponds to the LOS

propagation delay.

The transmitted signal s(t) is modeled as [19]:

s(t) = <
{

b(t)BOC(m,n, ϕ) ej2πfcrt
}

, (3.31)

where fcr is the carrier frequency, b(t) represents the data signal with power Powr, and

the modulated signal envelope BOC(m,n, ϕ) encodes the PRN code c(t) onto a sinusoidal

waveform.

In such an environment, the DLL discriminator function (DLL-DF) is given by [19,

102,103]:
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DFs,s̄(τ,∆) =
K−1
∑

k=0

αk [Rs,s̄(τ +∆/2− τk)−Rs,s̄(τ −∆/2− τk)] + [w̄(τ +∆/2)− w̄(τ −∆/2)] ,

(3.32)

In this expression, R(τ) =
∫

s(t − τk) s̄(t − τ) dt denotes the correlation between the

received and local signals, while w̄(τ) =
∫

w(t) s̄(t−τ) dt accounts for the correlated noise.

The early (E(τ,∆) = R(τ +∆/2− τk)) and late (L(τ,∆) = R(τ −∆/2− τk)) correlators

are derived directly from this CF.

3.6 Baseband MP Mitigation tehcniques: An Overview

Non-parametric MP mitigation, which is inherently important in designing a GNSS re-

ceiver, has made significant progress. Early refinements in code tracking due to the

NC [104] were thwarted by BOC-modulated signals owing to the complexity of their

CFs [105]. This stimulated further developments such as the High-Resolution Correlator

(HRC) [106], Pulse Aperture Correlator (PAC) [107] as well as Strobe Correlator (SC),

all of which are modifications of DD correlator [108] and other robust MP suppression

techniques utilizing a multitude of advanced correlator configurations with sophisticated

weighting. A summary comparison of several DD correlator variants, including PAC, SC,

and HRC, is provided in Table 3.1. The table highlights key differences in their weighting

schemes, implementation complexities, and strengths of MP mitigation.

table 3.1: Comparative Analysis of DD Correlator Variants

Aspect DD PAC SC HRC
Weighting Strategy Fixed: 1 for

prompt, 0.5 for sec-
ondary correlator.

Dynamic: derived
from correlator pair
slopes.

Fixed: 2 for pri-
mary, 1 for sec-
ondary correlator.

Adaptive: opti-
mized for linearity
and MP suppres-
sion.

Implementation
Complexity

Lower. Higher (requires
slope calculation).

Moderate. Moderate to High
(dynamic optimiza-
tion).

Strengths General-purpose
MP suppression.

Enhanced suppres-
sion for short-to-
mid delays.

Effective for short-
delay MP.

Improved robust-
ness against MP;
superior tracking
accuracy.

As well as the previously mentioned innovations, differential processing and intricate

correlator setups have been applied in the SLG-based method [109] and EDD correlator

[110], which enhance the performance of DLL and reduce MP effects. This improves the

reliability of GNSS under challenging environments.
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Table 3.2 offers a concise comparative overview of the four nonparametric MP mit-

igation techniques: NC, DD correlator, EDD correlator, and SLG-based method. The

specific details and operational characteristics of each technique will be thoroughly dis-

cussed in the following subsections.

table 3.2: Comparative Analysis of Nonparametric MP Mitigation Techniques

Feature NC DD EDD SLG
Core Principle Narrow E-L spacing

∆.
Secondary E-L spac-
ing (2∆).

Multiple optimal E-L
(N ≥ 2). Flexible
∆i/βi.

CF reconstruct: SLG
codes or diff. E-L CFs.

MP Mitigation Significant in short-
delay (up to 10x error
reduction).

Enhanced in short de-
lay. HRC/PAC: nar-
rower ∆ improvement.

Superior in short-
delay via ∆i/βi opt.

Better in medium de-
lay, and eliminating
ambiguities.

BOC Compatibil-
ity

Problematic (CF side
peaks and DLL ambi-
guities).

Better than NC; 2∆
sensitive in CF nega-
tive region.

Improved adaptabil-
ity; potential for
higher error compared
to DD.

Unambiguous BOC
CFs. Applicable to
BOCs(m,n).

Complexity High (BW, sampling,
DSP).

Moderate (vs. NC). High (multi-pair, βi

opt.).
Varies.

Tracking Perfor-
mance

Precise; reduced dy-
namic range.

Improved accu-
racy/stability.

Optimized
MP/noise/accuracy.
Slight higher error
(N = 2, 3) vs. DD.

Robust stability (clear
CFs); adaptable ∆.

Key Trade-off MP immunity vs.
load/dynamic range.

MP mitigation vs.
placement/weighting
(∆-dep.).

Flexibility/MP sup-
pression vs. er-
ror/complexity.

Ambiguity resolution
vs. processing effort.

3.6.1 Narrow Correlator (NC)

The NC technique enhances code phase estimation accuracy by reducing the E-L correlator

interval. While traditional GNSS receivers typically use a one-chip E-L interval, which

limits the counteraction of MP interference, the NC method shortens this interval, denoted

as ∆, bringing the tracking point closer to the CF peak and minimizing distortions.

Initially, GNSS receivers were configured to set ∆ to 0.5 chips, thereby maintaining a

total interval of one chip. However, the NC technique, specifically ∆NC, reduces this to as

little as 0.05 chips [104], significantly boosting tracking precision. Modern GNSS receivers

employ even smaller values, often between 0.025 and 0.1 chips, achieving a tenfold decrease

in MP-induced errors compared to standard designs.

Despite its effectiveness in improving MP mitigation and tracking accuracy, narrowing

the E-L spacing introduces several challenges for receiver design, including:

• Increased Computational Load: Tighter correlator spacing increases the amount

of pre-correlation bandwidth, sampling rates, as well as the required digital signal

processing capabilities, and increases power consumption and computational com-

plexity.
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• Compromised Dynamic Range: Reducing the spacing of correlators diminishes

the range within which the discriminator operates linearly, making it difficult for the

code-tracking loop to handle large signal dynamics. This may worsen the tracking

performance in situations with highly dynamic receiver conditions or rapid signal

changes.

• Challenges with BOC Signals: NC is effective with BPSK modulated signals,

but its use on BOC signals poses challenges. The side peaks of BOC signals exhibit

multiple side peaks in their CFs, which lead to ambiguous tracking, increasing the

chances of the code-tracking loop locking onto wrong peaks, which could result in

errors or undetected signals [104].

Consequently, employing NC-based tracking techniques for GNSS receivers means

there is a need to find a balance between reducing correlator spacing to suppress MP

and robust tracking maintenance. This balance is critical for next-generation GNSS sig-

nals with high-order BOC modulations. Achieving the best positioning precision under

changing operating conditions depends on the narrow gauge of correlator spacing, the

system’s signal processing performance, and the system architecture.

3.6.2 Double Delta (DD) Correlator

The DD correlator method enhances MP mitigation by introducing a second pair of E-

L correlators, which modifies the conventional discriminator function. The assumption

is that additional correlation points will suppress the additional short-delay MP signal

distortions that are usually present in the CF. The DD method enhances direct path

signal estimation by adding another pair of correlators, which are usually spaced at 2∆,

thus improving tracking accuracy and mitigating the effects of MP interference [108].

The enhancement enables seamless integration of an extra pair of correlators to the

standard DF, resulting in:

DFDD(τ) = DF(τ,∆)− 0.5DF(τ, 2∆). (3.33)

Here, employing a weighting factor of 0.5 reduces the impact of the second correlator

pair, achieving a balanced compromise between MP mitigation and tracking stability. This

improvement has led to the creation of numerous discriminators tailored to particular sets

of signals, including the following:

• SC method: Unlike the DD discriminator, which symmetrically applies a weighted

average to both correlator pairs, the SC technique uses 2:1 weighting on the first
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pair, thereby favoring its performance:

DFSC(τ) = 2DF(τ,∆)−DF(τ, 2∆). (3.34)

This configuration leads to improved performance in code tracking, enhancing the

stability and responsiveness of the loop, lowering susceptibility to noise, and provid-

ing a reliable signal lock. At the same time, the lesser-weighted correlator pair pro-

vides short-delay MP interference suppression that is corrected without destabilizing

tracking. SC is beneficial for strong tracking with effective MP suppression [111].

• HRC / PAC approaches: The primary distinction between DD and HRC/PAC

discriminators lies in the difference in correlator spacing approach. While DD uses

E-L spacing with ∆ for the first pair and 2∆ for the second, HRC and PAC refine

this by significantly decreasing ∆ by NC principles [106, 107]. This improves the

estimation of the code phase by better resolving the correlation peak, thus improving

MP interference suppression, particularly for shorter delay interference. The HRC

discriminator is formulated as follows [106]:

DFHRC = DF(τ,∆NC)− 0.5DF(τ, 2∆), (3.35)

Showing how it integrates a Svelte DD correction and utilizes an NC architecture.

Through the use of reduced ∆, both HRC and PAC not only achieve better MP sup-

pression but also improved tracking sensitivity, making them optimal for stringent

GNSS applications that require precise tracking.

DD outperforms NC with a 0.1 chip spacing, but underperforms at a 0.2 chip spacing.

This difference derives from where the second pair of correlators (DF(τ, 2∆)) is situated

within the CF. In particular, if the spacing exceeds 0.15, the separation of DF(τ, 2∆) will

exceed 0.3, which places them in the negative region of the CF. This results in decreased

sensitivity of the discriminator, impeding its ability to navigate on the direct route and

alleviate MP. Therefore, NC and DD cannot be considered uniformly, as an NC system

would outperform a DD system at different correlator spacings and MP conditions [112].

3.6.3 Extended Double-Delta Correlator (EDD)

The EDD correlator enhances the basic DD framework by introducing optimally spaced

and weighted arrays of E-L correlator pairs, thereby improving MP and tracking resilience.

The discriminator function of the EDD correlator can be defined as:
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DEDD = DF (τ,∆1)−
N
∑

i=2

βiDF (τ,∆i) (3.36)

In this expression, N is the total number of E-L correlator pairs with spacing ∆i and

weight βi. For consistent weighing, we assign a reference weight β1 = 1 to the narrowest

pair, which then serves as a basis for comparison for other pairs. This approach offers

greater flexibility in the placement and adjustment of weights for the correlators, enabling

the EDD correlator to perform better in eliminating short-delay MP interference compared

to DD approaches. Through appropriate settings of ∆i and βi, the EDD technique can

optimize the competing requirements of MP suppression, noise immunity, and tracking

precision [110].

Determining the optimal performance of the EDD correlator requires finding the best

correlator weights that minimize the theoretical enclosed area of the MP error envelope,

thereby enhancing MP mitigation performance. However, with an increasing number of

correlator pairs, the analytical determination of optimal weights becomes increasingly

complex. For N = 2, the spacing between the two E-L correlator pairs primarily dictates

the MP error envelope. Conversely, for N = 3, both the spacing and the weighting

parameter β play a substantial role in shaping this envelope. To minimize its enclosed

area, the optimal weights are given by [110]:

βopt =
2∆1

2∆1 +
√

2 (∆2 −∆1) (∆3 −∆1)
(3.37)

β2,opt =
βopt∆3 −∆1

∆3 −∆2

(3.38)

β3,opt =
∆1 − βopt∆2

∆3 −∆2

(3.39)

Unlike standard DD discriminators, which confine the second correlator pair’s area to

∆2 = 2∆1, the EDD method removes this limitation, allowing for increased freedom in the

selection of the correlator spacing. To further improve EDD performance, two alternative

spacing designs are suggested:

• Design 1: The spacing of the second correlator pair is dynamically adjusted accord-

ing to the relative amplitude of the MP component ak, requiring, for its practical

realization, an estimate âk:

(1 + ak)∆1 < ∆2 < 2∆1, ∆3 = 2∆1 (3.40)
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• Design 2: A fixed spacing design which is independent of ak, thereby facilitating

more straightforward implementation:

∆2 ≥ 2∆1, ∆2 < ∆3 < 2∆2 −∆1 (3.41)

Both designs preserve the linearity of the discriminator and enhance the robustness

of tracking. However, the investigation shows that the EDD configurations (N = 2, 3)

have slightly higher code tracking errors compared to conventional DD, indicating that

the balance between flexibility and precision is geared towards flexibility [110].

3.6.4 Specified Locally Generated (SLG) method

The SLG-based approach reconstructs the CF to clear ambiguities and allow for distinct

peak identification, which can be tracked as signals. This is achieved by two primary

methods [109]:

• The first approach utilizes pre-constructed SLG codes to derive unambiguous CFs

from BOC signals. As depicted in Figure 3.14, the SLGs code is formed by taking

the difference of the shifted and iterative sums of the E-L PRN sequence. The

SLGc code, on the other hand, is formed by summing the same iterative shifts and

differences. Both SLGs and SLGc can be formulated as follows:

SLGη(t) = c (t−∆η)±η c (t+∆η) (3.42)

where ∆s = TX/2m and ±s = − for SLGs, while ∆c = ∆s/2 and ±c = + for SLGc.

These particular spacings ensure that the CF retains the primary peak of the signal

and eliminates the problematic side lobes, thereby reducing tracking ambiguities.

• The second approach differs from the first one in that it keeps the original PRN

sequence and does not generate new SLG-dependent codes. This approach pre-

serves the original PRN configuration. Instead, the approach employs differential

E-L (BOC-PRN) processing to reduce tracking system ambiguities while preserv-

ing, most importantly, the CF’s basic properties. Assigning chip spacings in the two

approaches presents a key difference. The first approach uses non-uniform spacings

and ∆c = ∆s/2, while this approach uses uniform spacing where ∆c = ∆s for both

sine and cosine components. This uniformity and consistency improve overall com-

putational efficiency while reducing side lobes and eliminating zero crossings. The

effects of this method are demonstrated in Figure 3.15, which shows how differen-

77



CHAPTER 3. ACQUISITION, TRACKING, AND MP MITIGATION IN GNSS/PL RECEIVERS

0 1 2 3 4 5 6 7 8 9 10

-1.5

-1

-0.5

0

0.5

1

1.5

N
o

rm
a
li
z
e
d

a
m

p
li
tu

d
e

E-PRN

L-PRN

SLGs

0 1 2 3 4 5 6 7 8 9 10

Normalized time delay (chips)

-1.5

-1

-0.5

0

0.5

1

1.5

N
o

rm
a
li
z
e
d

a
m

p
li
tu

d
e

E-PRN

L-PRN

SLGc

figure 3.14: Generation of SLG codes from shifted PRN sequences. (Top) Formation of the
SLGs code by subtracting shifted PRN sequences. (Bottom) Formation of the SLGc code by
adding shifted PRN sequences.
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figure 3.15: Normalized amplitude responses of Early-BOC-PRN CF, Late-BOC-PRN CF, and
SLG-CF for a BOC(2,1) signal, illustrating the spectral shaping effect of SLG processing on the
CF.

tial processing improves tracking stability through modification of the CF without

changing the PRN architecture.

Figure 3.16 depicts the E-L SLG CFs along with their DFs and the normalized DFs
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figure 3.16: Formation of SLG DF. (Top) Prompt and E-L SLG CFs contributing to the
derivation of the SLG DLL-DF. (Bottom) Normalized SLG DF evaluated over varying chip
spacings ∆.

concerning varying chip spacings (∆) in the top and bottom panels, respectively. Simi-

lar to the DFs obtained using the conventional BOCc-PRN approach, the DFs obtained

from the proposed method presented in this paper have the important benefit of being

adaptable to varying chip spacings, rather than being fixed to a single configuration. The

adaptability of ∆ offers a pronounced advantage in resiliency to MP distortions because

MP errors, which scale with ∆, become significantly less problematic. Furthermore, the

described SLG technique enhances the versatility of any BOCs (m,n) modulated signals,

thereby increasing their utility and robustness against MP interference [109].

3.7 Conclusion

This chapter has systematically detailed the essential signal processing stages within

GNSS and PL receivers, covering acquisition, tracking, and MP mitigation. The dis-

cussion on signal acquisition outlined the primary objective of resolving code delay and

Doppler frequency, comparing serial and parallel search methodologies, and addressing

the bit sign transition problem with the zero-padding technique. The principles of sig-

nal tracking were then explored, with a detailed description of the PLL for carrier phase

tracking and the DLL for code tracking, highlighting the operational distinctions between

coherent and non-coherent configurations.
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A special focus was placed on the unique processing requirements of PL signals. This

included the critical steps for THMA signal acquisition, emphasizing the importance of

accurate THMA pulse timing estimation for both pulse positioning and achieving slot-level

timing resolution. The analysis also examined how MP interference specifically impacts

the integral and fractional components of the THMA signal, a crucial consideration for

robust PL performance.

The chapter presented an extensive overview of baseband MP mitigation techniques,

providing a thorough review of advanced correlator strategies. This survey covered the

foundational NC method, the DD correlator and its variants, the highly flexible EDD

architecture, and the SLG-based approach. The concepts presented are fundamental to

understanding how modern receivers overcome complex signal propagation challenges to

achieve reliable and precise positioning. This review of established mitigation techniques

provides a solid foundation for the innovative approaches that will be introduced in the

chapter to follow.
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Chapter 4

Efficient MP Mitigation Using

Dynamic Selection and Weighting of

Early-Late Correlators

4.1 Introduction

This chapter introduces a novel method to enhance positioning accuracy by mitigating MP

interference, a principal obstacle for GNSS and PL systems. MP interference primarily

affects THMA signals by distorting the initial phase, an effect that can be decomposed into

integral and fractional components. While the integral part can be partially addressed by

merging the LOS and MP peaks of the CF, the fractional component is more resilient to

correction. Its mitigation requires advanced baseband strategies, similar to the techniques

for standard GNSS signals discussed in the previous chapter.

However, the influence of MP on the DLL-DFs of various baseband MP mitigation

techniques is especially harmful. MP parts delay, attenuate, and phase-shift signal repli-

cas, which distort the DLL-DF. These extra terms cause systematic errors in code tracking

by deviating from ideal zero-crossing behavior and drastically increasing the non-linear

bounded range of the discriminator’s nominal operating range. Such degradation can

cause the DLL to misidentify the true correlation peak, thereby increasing the risk of

tracking instability in MP-rich environments. The LOS component, which defines the

ideal zero-crossing in MP-free conditions, is inherently perturbed by the presence of MP

signals, causing a shift in the DF and adversely affecting its linear response. This pertur-

bation, which can result in specific code phase shifts and offset errors, underscores the lim-

itations of conventional fixed-number and weighting correlator approaches. Consequently,

existing attempts to solve this problem often offer only partial solutions, which emphasize
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a growing and critical need to develop robust, adaptive MP mitigation techniques capable

of enhancing receiver performance under varying and dynamic MP conditions.

The objective of this chapter is to propose and present an adaptive strategy for more

effectively mitigating the detrimental effects of MP interference within an MAA-DLL

framework. This novel MAA-DLL architecture first estimates the real-time MP delay to

refine the code phase. Then it reconfigures the DLL by dynamically selecting and weight-

ing E-L correlators based on this estimation. This chapter evaluates the MAA-DLL

framework using a comprehensive set of performance evaluation metrics and a suite of

modern, complex GNSS signals, including BOC(2,1), BOC(4,1), higher-order BOC(10,5),

BOC(14,2), and MBOC(6,1,1/11). The results demonstrate that the MAA-DLL consis-

tently outperformed the NC, DD, EDD, and SLG methods. Notably, in MP mitigation

scenarios, the architecture achieved lower RAE values across the full range of MP delays.

Furthermore, its robustness was validated in combined MP and noise conditions, where

it yielded a lower RMSE. This superior performance was confirmed at a fixed SNR of -30

dB and across a variable SNR range from -35 dB to -20 dB, validating its exceptional

tracking accuracy.

4.2 MP Effect on the Discriminator Function

The MP components of the DF for k ≥ 1 in Equation 3.32 add additional delayed, atten-

uated, and phase-shifted replicas of the received signal, therefore changing the overall DF.

The added terms distort the ideal zero-crossing characteristic and introduce systematic

biases, resulting in inaccurate code tracking and a reduced effective linear range within

which the discriminator operates optimally. This inaccuracy may cause the DLL to mis-

estimate the correlation peak, which increases the potential for tracking instability in

areas with a high density of MP signals. In contrast, the LOS component, k = 0 in 3.32,

represents the ideal zero-crossing value without the influence of MP. However, MP signals

shift this reference point, thus moving the DF and distorting its linear response.

As shown in Figure 4.1, the DF from the LOS and MP parts of the BOC(1,1) Galileo

signals within a coherent DLL is divided into six operational zones. Each of these zones

alters the zero-crossing location with a coded phase change, owing to shift errors, resulting

in offset errors that diminish the performance of the DLL.

As an example, the influence of four different MP delay zones on the composite DF is

given in Figure 4.2. When the MP DF is non-zero and intersects with the linear region

of the LOS DF, it results in a zero-crossing shift in the composite DF. This is illustrated

in zones 2 (Figure 4.2a), 3 (Figure 4.2b), and 4 (Figure 4.2c). Crucially, Figure 4.2d
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figure 4.1: DF for LOS and MP components in a coherent DLL.
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(b) Zone 3 impact.
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(c) Zone 4 impact.
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figure 4.2: Impact of different MP delay zones on the LOS DF zero-crossing point for BOC(1,1)
signals.
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shows that in Zone 6, where the MP DF has a value of zero at the origin, the linear range

and zero-crossing point of the composite DF remain unaffected, resulting in no tracking

error. This illustrates that a tracking bias is only introduced when the interfering MP DF

component directly distorts the central linear slope of the LOS DF.

The analytical model for the code offset error in the general BOC(m,n) case is given

in [113]:

εr = A


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1 + A

0 ≤ τk ≤ (1 + A)∆/2

2(M − γ) + 1

2(1− 2M)
∆(−1)γ

dt2,γ ≤ τk ≤ dt1,γ+1

−(−1)γ
(2(M − γ) + 3)∆ + {4(−M + γ − 1)}

{

τk +∆/2− TC/A(γ − 1)/(2m)
}

2(1− 2M) + A(−1)γ+1 {4(−M + γ − 1)}

dt1,γ ≤ τk ≤ dt2,γ
(−1)M (−τk + TX +∆/2)

2(1− 2M)− A(−1)M

dt,M ≤ τk ≤ TX +∆/2

0,

elsewhere
(4.1)

In this equation, A = <(ak), and the auxiliary terms are defined as:

γ =

⌈

τk
Tsc

⌉

(4.2)

dti,γ = ∆A(−1)γ+2−i2(M − γ) + 5− 2i

2(1− 2M)
+ (−1)i∆/2 + (γ − 1)Tsc

dt,M = ∆(−1)M
A

2(1− 2M)
−∆/2 + TX (4.3)

In Figures 4.3 and 4.4, the SLG DF of the BOC(4,1) signal is decomposed to analyze

MP interference under multiple scenarios. The figures show the DF components of the

LOS signal, the MP contributions, and the resulting combined DF, obtained for different

τk values to capture the impact of MP delays.

Figure 4.3 shows the composite DF with MP-induced zero-crossing shifts, while Figure

4.4 shows the ideal case. Analysis uses ∆ = 0.1Tc, |α| = 0.5, and infinite signal bandwidth.

These results highlight the impact of MP on the stability of zero-crossing estimation.
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figure 4.3: MP effect on SLG-based DF for BOC(4,1) signals with |α| = 0.5, and ∆ = 0.1Tc.
(Top) LOS and MP-associated DF components. (Bottom) Resultant composite DF, showing the
shifted zero-crossing point.
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figure 4.4: Analysis of MP impact on the SLG-based DF for BOC(4,1) signals. MP amplitude
is |α| = 0.5, and correlator spacing is ∆ = 0.1Tc. (Top) LOS and MP-associated DF components.
(Bottom) Resultant composite DF, showing the correct zero-crossing point.

Findings show that for specific MP delay ranges (dashed lines), the MP DF components
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overlap with the linear segment of the LOS DF, causing a significant shift in the zero-

crossing point of the composite DF. When the MP delay exceeds these ranges, its influence

becomes negligible, preserving the linear region of the LOS DF and maintaining zero-

crossing stability.

Additionally, as these figures demonstrate, the SLG-based approach outperforms the

other methods in terms of tracking ambiguities, which is particularly evident for high

modulation orders, such as M = 8. The more substantial this formulation, the more MP

distortions vary with time delay due to the reduced influence of MP DF regions on the

zero-crossing point shift.

Figures 4.5 and 4.6 present an analysis of LOS DF and the corresponding code offset

errors for both SLG and DD techniques on BOC(1,1) modulated signal. This analysis

illustrates how differing relative delays of a singular MP signal produce varying responses

across different DLL-DF architectures, thus revealing how each shape responds to the

disturbance introduced by MP signals.
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figure 4.5: MP effect on the SLG-based method DLL-DF for the BOC(1,1) modulation scheme.
(Top) LOS DF. (Bottom) Code offset errors.

Figure 4.5 shows the LOS DF produced by the SLG method, which serves as the

undistorted reference, thereby providing the baseline, alongside the code offset errors that

indicate tracking errors due to MP interference. At the same time, Figure 4.6 shows the

same case but with the DD method.

As illustrated by the boundaries, the analysis shows that each DLL-DF configuration

has unique intervals of delay at which MP distortions cause different levels of code phase
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figure 4.6: MP effect on the DD-based method DLL-DF for the BOC(1,1) modulation scheme.
(Top) LOS DF. (Bottom) Code offset errors.

offset error. The SLG-based strategy is more resilient in medium MP delay scenarios;

it minimizes tracking bias and maintains a stable region around the zero-crossing point.

On the contrary, at very short or very long delay intervals, the SLG is more prone to

nonlinear drifting, causing higher levels of tracking inconsistency.

In comparison, the structure based on DD shows that the error is distributed more

uniformly across the entire range of delay, which indicates that it is more robust to

MP code distortions. This evaluation complements the discussion on trade-offs in the

performance of SLG and DD discriminator designs about the mitigation of MP effects for

different delay ranges.

4.3 Proposed Multipath-Aware Adaptive DLL

The proposed MAA-DLL improves DLL-based tracking accuracy by integrating real-time

MP delay estimation with dynamic selection and adaptive weighting of E-L correlators.

First introduced in our earlier work [19], it represents the core contribution of this thesis

and operates in two main stages, as illustrated in Figure 4.7.

In the first stage, code phase refinement is performed by estimating the relative MP

delay, τ̂k, to compensate for propagation-induced errors. The second stage, referred to as

adaptive DLL reconfiguration, adaptively modifies the discriminators based on selected
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figure 4.7: Proposed MAA-DLL Block Diagram.

E-L correlator pairs and their corresponding weight coefficients, which are determined

through lookup-based mapping functions. This two-stage design enables real-time adjust-

ment of correlator spacings and weighting factors, thereby reducing tracking errors and

enhancing the robustness of DLL-DF configurations against MP distortions. The follow-

ing subsections detail these stages, with particular emphasis on the estimation framework

and adaptive weighting technique that underpin this MP-driven approach to code phase

estimation.

4.3.1 Code Phase Refinement

Our proposed methodology starts with the down-conversion of the incoming signal, r(t),

to its baseband form. This transformation is performed by demodulating the received

signal with a complex exponential e−j2πfct and passing the product through a Low-Pass

Filter (LPF). The resulting baseband signal, r̂(t), is mathematically expressed as:

r̂(t) = LPF
[

r(t)e−j2πfct
]

=
K−1
∑

k=0

αkŝ(t− τk) + ŵ(t), (4.4)

Here, r̂(t) signifies the downconverted received signal, ŝ(t) represents the baseband

form of the transmitted modulated signal, ŵ(t) accounts for the filtered noise, and LPF[·]

denotes the operation of low-pass filtering, which isolates the desired baseband signal.

After conversion to baseband, the system performs an initial delay estimate to deter-

mine the estimated time for the first point in time for synchronization and processing.

This estimation is performed by computing the cross-correlation of the acquired baseband

signal r̂(t) with a locally generated code, specifically the SLG code s̄SLG(t):

Rr̂(t),s̄(τ) =

∫

r̂(t)s̄SLG(t− τ)dt. (4.5)

The coarse delay estimate, τacq, is then identified during the signal acquisition phase

as the specific τ value that maximizes this CF:

88



CHAPTER 4. EFFICIENT MP MITIGATION USING DYNAMIC SELECTION AND WEIGHTING OF
EARLY-LATE CORRELATORS

τacq = argmax
τ

Rr̂(t),s̄(τ). (4.6)

This initial step provides a rough approximation of the signal’s propagation delay.

To assess the magnitude of tracking error introduced by MP distortion, the zero-crossing

points (τz,i) of the DF are subsequently identified using Equation 3.32:

DFr̂(t),s̄(τz,i,∆) = 0, i = {1, 2, · · · }. (4.7)

After the coarse delay acquisition, the cross-correlation process is refined by re-evaluating

it with a set of precisely defined delay instants, τl. These refined delay instants are cal-

culated as:

τl = τmin + l ·∆τ, l = −N0

2
, . . . ,+N0

2
− 1, (4.8)

where τl falls within the range [τmin, τmax]. The bounds are established as τmin = τacq−

TC/A and τmax = τacq+2TC/A. The parameter N0 is derived from N0 = b(τmax − τmin)/∆τc,

and ∆τ represents the step size, inversely related to the sampling frequency Fe = (∆τ)−1.

The notation b·c indicates the floor operation. The refined correlation function between

the received signal and the time-shifted BOC reference signal ŝBOC(t − l∆τ) is then

computed:

Rr̂(t),ŝ(τl) =

∫

r̂(t)ŝBOC(t− l∆τ)dt. (4.9)

The peak values of these computed correlation results, Rr̂(t),ŝ(τl), along with their cor-

responding delay instants, τl, are subsequently stored in an array, R, for further analytical

use. This array specifically includes pairs where the correlation value is greater than its

immediate neighbors:

R = {(τl, Rr̂(t),ŝ(τl)) | Rr̂(t),ŝ(τl) > Rr̂(t),ŝ(τl ±∆τ)}. (4.10)

Next, the system generates updated local reference signals for both BOC and SLG

components, denoted as s̃BOC(t) and ŝSLG(t), respectively. These signals are adjusted

to incorporate the estimated MP parameters, leading to a more precise emulation of the

actual received signal. These adjusted reference signals are defined as:

s̃BOC(t) = âBOC(m,n, ϕ)
∣

∣

t−τ̂z
e−jφ̂ (4.11)

ŝSLG(t) = âs̄SLG(t)
∣

∣

t−τ̂z
e−jφ̂ (4.12)
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where the refined MP delay estimate, τ̂z, is identified as the delay instant in R that is

closest to the zero-crossing point, specifically:

τ̂z = argmin
τl∈R

|τl − τz|, (4.13)

The corresponding amplitude â is calculated as the fundamental part of the com-

plex correlation value Rr̂(t),ŝ(τ̂z) compensated by the phase, â = <[Rr̂(t),ŝ(τ̂z)e
−jφ̂], and

the phase shift φ̂ is derived from the argument of this complex correlation value, φ̂ =

arg[Rr̂(t),ŝ(τ̂z)]. These refined local reference signals are subsequently employed to com-

pute the following residual correlations:

RBOC,s̃(τl) = Rr̂(t),ŝ(τl)−

∫

BOC(m,n, ϕ)s̃BOC(t− τl) dt (4.14)

RBOC,ŝ(τ) = Rr̂(t),s̄(τ)−

∫

BOC(m,n, ϕ)ŝSLG(t− τ) dt (4.15)

To improve the precision of estimating MP delays, the procedure involves removing

the reference CFs from the primary correlation. Solving the primary correlation masks

allows for capturing unmodeled MP distortions. The MP delay, τ̂k, is computed from the

residual signal by detecting the zero-crossing of the DF and the closest local maximum of

the residual correlation function. This rigorous procedure yields an accurate description

of the bias caused by propagation time delays, enabling the provision of information for

the adaptive reconfiguration stage to address the computed distortion efficiently. The

formal description of the procedures above is given as follows:

τ̂k = argmin
τl∈Z

|τl − τ̂zc|, (4.16)

where τ̂zc is determined by satisfying the condition:

DFBOC,ŝ(τ̂zc,i,∆) = 0, i = {1, 2, · · · }. (4.17)

In this context, DFBOC,ŝ(τ,∆) is defined as the difference RBOC,ŝ(τ +∆/2)−RBOC,ŝ(τ −

∆/2), and the set Z encompasses pairs of delay instants and residual correlation values

where the residual correlation exhibits local peaks:

Z = {(τl, RBOC,s̃(τl)) | RBOC,s̃(τl) > RBOC,s̃(τl ±∆τ)}. (4.18)

Finally, the estimated MP delay τ̂k is then applied in the second stage of the proposed

DLL, facilitating the dynamic selection and weighting of the E-L correlator.
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4.3.2 Adaptive DLL Reconfiguration

This stage represents the ’adaptive’ part of the MAA-DLL, the part in which the system

dynamically adjusts its DLL-DF for the specific MP delay information obtained from the

code phase refinement stage. This is done optimally by picking the E-L correlator pairs

and their corresponding weighting coefficients.

The MAA-DLL system, illustrated in Figure 4.8, is a real-time adaptive system to

MP interference, whose core operation is the MP Delay estimation block that computes

the delay of the signal reflection, τ̂k, and drives a query to the Lookup table, which

contains optimal, pre-determined strategies; this table, generated through prior weights

computation for different E-L correlator spacings (∆1, ∆2, ∆3), is designed to relay a

computed delay to a specific control index, ν.

The measurement is processed by the table, which in turn predicts the delay, maps it to

a specific control index ν, and deliberately activates its programmed actions. Through the

three actions and control index ν, the Lookup table simultaneously governs the number

of active E-L correlator pairs (Nν), the adaptive weights (βν,i), and the binary state

(Sν) of the subcarrier NCO. This dynamic reconfiguration allows the system to generate

a composite DLL-DF precisely tailored to mitigate prevailing MP conditions, ensuring

robust and accurate tracking.
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figure 4.8: Schematic illustration of the proposed MAA-DLL.

The fundamental goal of this design is to generate a new discriminator characteristic
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that offers improved linearity and significantly reduced sensitivity to the errors induced

by MP. The mathematical formulation for the MAA-DLL’s DF is given by:

DMAA−DLL = DF (τ,∆1) +
Nν
∑

i=2

βν,iDF (τ,∆i) (4.19)

Let’s deconstruct the elements of this adaptive discriminator:

• The Baseline Discriminator (DF (τ,∆1)): This term stands for the DLL-DF cre-

ated by the smallest spacing ∆1 of the E-L correlator. Such narrow spacing is taken

for precision in ideal, MP-free conditions, serving as the primary or foundational

DF. It is always included in the composite discriminator.

• Adaptive Weighted Contribution (
∑Nν

i=2 βν,iDF (τ,∆i)): This summation forms

the core of the adaptive mechanism by incorporating the weighted contributions

of wider E-L correlator pairs with spacings ∆2,∆3, and beyond. The weighting

coefficients are adjusted dynamically to reflect changing MP conditions:

– The MP-Driven Delay Interval Index (ν): This index is directly associ-

ated with the estimated MP delay τ̂k from the code phase refinement step. ν

describes a fixed delay interval which contains τ̂k so that τ̂k ∈ [Tν−1, Tν ]. This

is the critical interlink that enables the MAA-DLL to be “MP-Aware,” allowing

it to respond to tailored MP conditions. Each specific delay interval ν is tied

to a fixed set of parameters stored in a look-up table on the receiver side (Table

4.1).

table 4.1: Lookup Table for MAA-DLL method

Index (ν) MP Delay Interval Sν Nν βν,2 βν,3

1 [0, T1] S1 N1 β1,1 β1,2

2 [T1, T2] S2 N2 β2,1 β2,2

3 [T2, T3] S3 N3 β3,1 β3,2

.

..
.
..

.

..
.
..

.

..
.
..

n1 [Tn1−1, Tn1
] Sn1

Nn1
βn1,1 βn1,2

– Dynamic Number of E-L Correlator Pairs (Nν): From the table and

based on ν, this parameter determines the additional E-L correlator pairs that

are activated for tracking within the specified MP delay range. For example,

in the case of milder MP, correlator pairs are less likely to be needed, which

decreases the computational burden. On the other hand, more severe MP
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conditions are likely to require more pairs to be processed to provide more

information for the discriminator to use, which improves robustness.

– Adaptive Weighting Coefficients (βν,i): Obtained from the lookup table,

these coefficients define the contribution of additional correlator pairs to the

composite DF. The narrowest correlator pair with spacing ∆1 serves as the

baseline, with its weight fixed at β1 = 1. The remaining coefficients, βν,2 and

βν,3, are considered optimal as they are derived from extensive simulations and

are determined dynamically from the MP delay interval ν, with their values

computed using Equations 3.38 and 3.39.

The general rules for these coefficients are:

βν,i =































1
2
, Nν = 2 and i = 2

β2,opt, Nν = 3 and i = 2

β3,opt, Nν = 3 and i = 3

0, Otherwise.

(4.20)

– Subcarrier State Adaptation (Sν) : For BOC modulated signals, this

binary indicator, where Sν = 1 denotes a subcarrier presence and Sν = 0

indicates its absence, is pivotal. Different types of BOC signals exhibit different

subcarrier behaviours. The system achieves optimal correlation alignment,

essential for accurate tracking, particularly in the presence of MP interference,

by modulating the local code’s subcarrier state based on the lookup table in

adaptive MP interference environments.

This adaptive configuration overcomes the limitations of fixed-weighting correlators.

Traditional static spacings and weights cannot address all delays of MP interference (in-

cluding short, medium, and long delays) within a single design, resulting in performance

trade-offs in many environments. In contrast, the MAA-DLL continuously refines the

discriminator settings in real time, making the system:

• More Linear: It maintains a broader linear operating range for the composite DF,

which is paramount for stable and accurate tracking in dynamic environments.

• Less Susceptible to MP Distortions: With the MAA-DLL’s intelligent engage-

ment and weighting of different pairs of correlators, the systematic biases and shifts

caused by MP interference can be effectively "cancelled" or substantially diminished.
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figure 4.9: MAA-DLL DF configurations presented in Table 4.2: BOCs(2, 1) (Top) vs.
BOCc(2, 1) (Bottom) for k = 0 in Equation 3.32.

table 4.2: MAA-DLL DF configurations (A, B, C, D).

DLL-DF configurations Sν Nν βν,2 βν,3

A 0 1 0 0
B 1 1 0 0.0
C 1 2 0.5 0
D 1 3 0.55 0.047

The MAA-DLL operates in four DF modes, labeled A–D, as summarized in Table 4.2.

Each mode specifies a unique set of adaptive parameters: the subcarrier state (Sν), number

of active E-L correlator pairs (Nν), and weighting coefficients (βν,i). Mode A uses only

the baseline correlator, while modes B–D progressively add correlator pairs with nonzero

weights to improve robustness against MP. These configurations implement the governing

equation 4.19, and their effect is illustrated in Figure 4.9, which shows the resulting

composite DFs for sine- and cosine-phased BOC(2,1) signals.

As described in Section 4.2, each configuration produces a distinct DF shape with

zones tailored to suppress specific classes of MP interference. To sustain optimal tracking

performance, the MAA-DLL leverages a diverse set of DFs that respond effectively under

varying conditions. Its core function is the dynamic real-time selection of the most suitable

correlator setting from the predefined table, adapting to the prevailing MP delay and

tracking environment.

94



CHAPTER 4. EFFICIENT MP MITIGATION USING DYNAMIC SELECTION AND WEIGHTING OF
EARLY-LATE CORRELATORS

 Relative MP delay (chips)

 C
o

d
e
 O

ff
s
e
t 

(c
h

ip
s
)

0 0.5 1 1.5

-0.02

-0.01

0

0.01

0.02  Proposed

 DD

 SLGs

0 0.5 1 1.5

-0.02

-0.01

0

0.01

0.02  Proposed

 DD

 SLGc

figure 4.10: Code offset behavior against relative MP delays of DD, SLG, and the proposed
MAA-DLL method, for BOC(1,1) modulation schemes: (Top) BOCs(1,1); (Bottom) BOCc(1,1).
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figure 4.11: Code offset behavior against relative MP delays of DD, SLG, and the proposed
MAA-DLL method, for BOC(6,1) modulation schemes: (Top) BOCs(6,1); (Bottom) BOCc(6,1).

Figures 4.10 and 4.11 visually present the operational characteristics of the MAA-

DLL’s adaptive nature across different GNSS signal types. This includes BOCc(1,1),

BOCs(1,1), BOCc(6,1), and BOCs(6,1) signals, representing both fundamental and com-
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plex MBOC signal structures. For comparison, the code offset behavior of conventional

fixed-configuration techniques, DD and SLG, is also depicted. A consistent correlator

spacing configuration is maintained for all methods: ∆1 = 0.1Tc, ∆2 = 1.6∆1, and

∆3 = 2.5∆1.

table 4.3: MAA-DLL Lookup Table for BOCs(1,1) Modulation (Corresponds to Top Panel of
Figure 4.10)

Index (ν) MP Delay Interval Sν Nν βν,2 βν,3

1 [0, 0.05Tc] 1 3 0.55 0.047
2 [0.05Tc, 0.4Tc] 1 2 0.5 0
3 [0.4Tc, 0.5Tc] 1 3 0.55 0.047
4 [0.5Tc, 0.55Tc] 1 1 0 0
5 [0.55Tc, 1Tc] 1 2 0.5 0
6 [1Tc, 1.05Tc] 1 1 0 0
7 [1.05Tc, 1.4Tc] 1 2 0.5 0
8 [1.4Tc, 1.5Tc] 1 1 0 0

table 4.4: MAA-DLL Lookup Table for BOCc(1,1) Modulation (Corresponds to Bottom Panel
of Figure 4.10)

Index (ν) MP Delay Interval Sν Nν βν,2 βν,3

1 [0, 0.15Tc] 1 2 0.5 0
2 [0.15Tc, 0.275Tc] 1 3 0.55 0.047
3 [0.275Tc, 0.7Tc] 0 1 0 0
4 [0.7Tc, 0.75Tc] 1 3 0.55 0.047
5 [0.75Tc, 0.8Tc] 1 1 0 0
6 [0.8Tc, 1Tc] 1 3 0.55 0.047
7 [1Tc, 1.1Tc] 1 1 0 0
8 [1.1Tc, 1.3Tc] 1 3 0.55 0.047
9 [1.3Tc, 1.5Tc] 0 1 0 0

The specific dynamic selection and weighting strategies, implemented through lookup

tables, underpin the MAA-DLL’s adaptive behavior. Table 4.3 details the parameters for

BOCs(1,1) (top panel of Figure 4.10), while Table 4.4 corresponds to BOCc(1,1) (bottom

panel of Figure 4.10). Similarly, Table 4.5 outlines the strategy for BOCs(6,1) (top panel

of Figure 4.11), and Table 4.6 for BOCc(6,1) (bottom panel of Figure 4.11).

Across all depicted signal schemes in Figures 4.10 and 4.11, the MAA-DLL consistently

maintains a notably tighter and more uniform code offset curve across varying relative

MP delays. This contrasts with fixed-configuration methods, such as DD and SLG, which

typically exhibit more pronounced oscillations and wider variations in their code offset

behavior.

The MAA-DLL’s ability to maintain this relatively narrow and stable offset is a di-

rect consequence of its dynamic adaptation. Optimal correlator pairs and their weights
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table 4.5: MAA-DLL Lookup Table for BOCs(6,1) Modulation (Corresponds to Top Panel of
Figure 4.11)

Index (ν) MP Delay Interval Sν Nν βν,2 βν,3

1 [0, 0.1Tc] 1 2 0.5 0
2 [0.1Tc, 0.85Tc] 0 1 0 0
3 [0.85Tc, 1.05Tc] 1 2 0.5 0
4 [1.05Tc, 1.25Tc] 1 1 0 0
5 [1.25Tc, 1.4Tc] 1 2 0.5 0
6 [1.4Tc, 1.5Tc] 0 1 0 0

table 4.6: MAA-DLL Lookup Table for BOCc(6,1) Modulation (Corresponds to Bottom Panel
of Figure 4.11)

Index (ν) MP Delay Interval Sν Nν βν,2 βν,3

1 [0, 0.025Tc] 1 3 0.55 0.047
2 [0.025Tc, 0.9Tc] 0 1 0 0
3 [0.9Tc, 1Tc] 1 2 0.5 0
4 [1Tc, 1.5Tc] 1 1 0 0

are continuously adjusted based on real-time MP delay estimations (as specified in the

corresponding tables above). This mechanism enables the MAA-DLL to exhibit a more

consistent and controlled discriminator response across the entire spectrum of MP delays,

even for the increased complexity of BOC(6,1) signals. By visually presenting these char-

acteristic behaviors, this section illustrates the operational principle of the MAA-DLL’s

adaptive nature across diverse GNSS signal types.

table 4.7: Design Advantages: MAA-DLL vs. Conventional Approaches

Design Principle MAA-DLL Conventional Approaches
Adaptation Dynamic. Actively reconfigures

based on real-time environmental sens-
ing.

Static. Employ a single, invariant
configuration.

Robustness Engineered for Resilience. De-
signed to mitigate "worst-case" scenar-
ios.

Inherently Vulnerable. Prone to
large errors at specific MP delays.

Linearity Actively Preserved. Uses adaptive
weighting to cancel MP-induced bias.

Easily Compromised. Susceptible
to non-linear distortions and bias.

Signal Flexibility Highly Versatile. Easily adapted
for various signal types (e.g., BOC,
BPSK) via lookup tables.

Signal-Specific. Architectures op-
timized for one signal type perform
poorly on others.

Table 4.7 compares the design principles of the proposed MAA-DLL with those of

conventional static approaches. It highlights how the MAA-DLL’s dynamic and adap-

tive strategy is engineered to overcome the inherent vulnerabilities common to all fixed-

configuration methods, justifying its design for robust performance.
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4.4 Result and discussion

To evaluate the MAA-DLL system, two complementary scenarios were developed. The

first examines MP mitigation by comparing MAA-DLL with NC, DD, EDD, and SLG

across a wide range of signals, including BOC(2,1), BOC(4,1), higher-order BOC(10,5)

and BOC(14,2), and MBOC(6,1,1/11). For each case, LOS plus MP realizations are gen-

erated with MP delays spanning short, medium, and long regimes, and the corresponding

DFs are computed to extract RAE. Results consistently show that MAA-DLL achieves

lower RAE values across all MP delays, demonstrating its effectiveness in reducing MP-

induced tracking bias.

The second scenario evaluates robustness against combined MP and noise interference

using the same correlator structures and signal set. Performance is analyzed at a fixed

SNR of –30 dB and over a variable SNR range from –35 dB to –20 dB. Monte Carlo trials

are performed to compute the RMSE under each condition, and comparisons are made

directly with NC, DD, EDD, and SLG. In all cases, MAA-DLL achieves significantly lower

RMSE, confirming its adaptability and resilience in degraded environments.

4.4.1 MP Mitigation Performance

The initial scenario examines the performance of our dynamic selection and weighting

method in terms of MP. It compares the method’s RAE with the relative MP delay

observed in the NC, DD, and EDD schemes, each using three E-L correlator pairs (N = 3),

as well as with the SLG method. A variety of modulation schemes are considered in all

cases. We analyze LOS and single MP signals to derive error envelopes, then examine the

DF zero crossings for an MP amplitude of 0.5 over a delay range of 0–450 meters relative

to the LOS.

This analysis is performed for BOC(2,1), BOC(4,1), BOC(10,5), BOC(14,2), and

MBOC(6,1,1/11) signals, covering the same delay range relative to the LOS. Following

the same parameters and methodology consistent with previous research [109, 110], this

study adopts an E-L spacing of the ∆1 = 0.1 chip, with the ∆2 = 1.6∆1 chip and the

∆3 = 2.5∆1 chip for the configuration of the paired correlator N = 3.

The RAE of the MP signal envelopes are calculated in critical phases, either in phase

(0◦) or 180◦ out of phase with the LOS signal, by assessing the absolute envelope values

and their cumulative sums. The key parameters used in these simulations are summarized

in Table 4.8.

98



CHAPTER 4. EFFICIENT MP MITIGATION USING DYNAMIC SELECTION AND WEIGHTING OF
EARLY-LATE CORRELATORS

table 4.8: Simulation Parameters

Parameter Value/Description
Proposed Method MAA-DLL
Comparison Methods NC, DD, EDD (N = 3), SLG
Signal Types BOCs/c(2,1), BOCs/c(4,1), BOC(10,5),

BOC(14,2), and MBOC(6, 1, 1/11)
MP Scenario Single MP signal (|α| = 0.5)
Relative MP Delay Range 0 to 450 m (vs. LOS)
MP Phase 0◦ or 180◦ (vs. LOS)
E-L Correlator Spacing ∆1 = 0.1Tc, ∆2 = 1.6∆1, ∆3 = 2.5∆1

Performance Metrics RAE (Scenario 1)
RMSE (Scenario 2)

SNR (RMSE vs. MP delays) -30 dB
SNR Range (RMSE vs. SNR) -35 dB to -20 dB

4.4.1.1 Performance with BOCs/c(2,1) Signals

In Figures 4.12 and 4.13, the RAE for BOCs(2,1) and BOCc(2,1) modulated signals is

presented for five methods (MAA-DLL, DD, EDD, SLG, and NC). For both signals, the

proposed MAA-DLL, based on dynamic selection and weighting, achieves the best RAE.
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figure 4.12: Running average error comparison versus relative MP delays for NC, DD, EDD
(N=3), SLG, and the proposed MAA-DLL method, for BOCs(2, 1) modulation schemes.

The advantage is compelling at short relative delays, where the proposed approach
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figure 4.13: Running average error comparison versus relative MP delays for NC, DD, EDD
(N=3), SLG, and the proposed MAA-DLL method, for BOCc(2, 1) modulation schemes.

removes the first MP-induced distortions more efficiently. Compared to conventional NC,

DD, EDD, and SLG methods, its RAE curves decline more rapidly toward zero. This

strong performance demonstrates the effectiveness of the adaptive MAA-DLL approach

in mitigating MP for the fundamental BOCs/c(2,1) signal across a wide range of MP

conditions.

4.4.1.2 Performance with BOCs/c(4,1) Signals

In Figures 4.14 and 4.15, the RAE for the BOCs (4,1) and BOCc (4,1) modulated signals

are displayed. For these more advanced BOC modulations, with additional BOC com-

plexity due to more intricate CFs and broader spectral energy distributions, our approach

still achieves a minimal RAE for all relative MP delay values.

The plots show that, unlike other techniques, which fail to control errors across all

MP delay regions, the proposed MAA-DLL maintains robust performance, even in the

medium-to-long delay ranges where most methods struggle to perform effectively.

Its ability to adapt correlator configurations to current MP delay estimates is especially

beneficial for BOC(4,1), enabling the MAA-DLL to overcome the processing difficulties

these signals present. The strong results obtained with advanced signal models further

highlight the efficiency and robustness of the design, demonstrating reliable performance

not only with simple BOC signals but also with more complex GNSS signals.
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figure 4.14: Running average error comparison versus relative MP delays for NC, DD, EDD
(N=3), SLG, and the proposed MAA-DLL method, for BOCs(4, 1) modulation schemes.
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figure 4.15: Running average error comparison versus relative MP delays for NC, DD, EDD
(N=3), SLG, and the proposed MAA-DLL method, for BOCc(4, 1) modulation schemes.
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figure 4.16: Running average error comparison versus relative MP delays for NC, DD, EDD
(N=3), SLG, and the proposed MAA-DLL method, for BOC(10, 5) modulation schemes.
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figure 4.17: Running average error comparison versus relative MP delays for NC, DD, EDD
(N=3), SLG, and the proposed MAA-DLL method, for BOC(14, 2) modulation schemes.

4.4.1.3 Performance with BOC(10,5) and BOC(14,2) Signals

Figures 4.16 and 4.17 show the RAE for advanced BOC(10,5) and BOC(14,2) signals.

This is especially significant given their complex CFs and higher processing demands. The
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proposed MAA-DLL maintains low and consistent RAE across all MP delays, avoiding

the degradation observed in other techniques.

Conventional methods often suffer from persistent errors and severe degradation in

medium- to long-delay regions. By adapting correlator configurations in real time to

current MP delays, the MAA-DLL eliminates the need for predefined settings and ensures

stable processing. These results confirm the robustness and adaptability of the design,

demonstrating reliable performance even with higher-order BOC signals.

4.4.1.4 Performance with MBOC(6, 1,1/11) Signal

The performance of the proposed MAA-DLL was further evaluated using the complex

MBOC(6, 1, 1/11) signal, with the results presented in Figure 4.18. The plot demonstrates

that the proposed adaptive method consistently achieves the lowest RAE across the entire

range of simulated MP delays. While the DD and EDD techniques offer competitive

performance, they still exhibit a slightly higher error. However, the conventional NC

technique shows significantly poorer performance with a much larger error envelope. This

result confirms the effectiveness and robustness of the MAA-DLL’s dynamic selection and

weighting strategy, even when applied to one of the most complex and modern GNSS

signal structures.
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figure 4.18: Running average error comparison versus relative MP delays for NC, DD, EDD
(N=3), SLG, and the proposed MAA-DLL method, for MBOC(6, 1,1/11) modulation schemes.
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4.4.2 Synergy of MP and Noise Effects

In the second evaluation scenario, a study is conducted to analyze the effect of combined

noise with MP interference on the performance of the proposed method. For consistency,

all assumptions from the first scenario are maintained, with the SNR held at -30 dB.

All previously analyzed structures have been simulated with RMSE as a function of the

relative MP delay. Additionally, to provide a more comprehensive performance metric,

this analysis was extended to account for varying noise conditions.

The RMSE for each method was also calculated under a range of SNR values -35,

-30, -25, and -20 dB. For each of these distinct SNR levels, the RMSE was first evaluated

across the full spectrum of relative time delays. The final result is then the mean of these

individual RMSE curves, yielding a single, robust value that represents the algorithm’s

overall performance against the combined effects of both MP and varying noise levels.

4.4.2.1 Performance with BOCs/c(2,1) Signals

Figures 4.19 and 4.20 present the RMSE results for BOCs (2,1) and BOCc (2,1) modulated

signals under combined noise and MP. The figures clearly show that the proposed MAA-

DLL method significantly outperforms all other approaches across the entire range of MP

delay values.
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figure 4.19: RMSE comparison versus relative MP delays for NC, DD, EDD (N=3), SLG, and
the proposed MAA-DLL method, for BOCs(2, 1) modulation schemes.
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figure 4.20: RMSE comparison versus relative MP delays for NC, DD, EDD (N=3), SLG, and
the proposed MAA-DLL method, for BOCc(2, 1) modulation schemes.
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figure 4.21: RMSE comparison versus SNR values for NC, DD, EDD (N=3), SLG, and the
proposed MAA-DLL method, for BOCs(2, 1) modulation schemes.

The adaptive nature of our MAA-DLL approach has successfully maintained tracking

stability and accuracy even in low-SNR environments, demonstrating the fundamental
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figure 4.22: RMSE comparison versus SNR values for NC, DD, EDD (N=3), SLG, and the
proposed dynamic selection and weighting method, for BOCc(2, 1) modulation schemes.

resilience of the BOC signal to interference from noise and MP effects. For BOCs/c(2,1)

waveforms, the combined effects of noise and MP are suppressed more effectively with our

proposed method.

To further illustrate the method’s robustness against varying noise levels, Figures 4.21

and 4.22 plot the aggregate RMSE as a function of SNR. The results are remarkable

considering the competitive nature of the tracked range MP under substantial noise.

The observation holds in the context of BOCs(2, 1) and BOCc(2, 1); within the tested

SNR range of -35 dB to -20 dB, the proposed method demonstrated the smallest RMSE.

The NC, SLG, EDD, and DD approaches to the estimated SNR, in contrast, fall short of

providing acceptable reliability. The substantial advantage is attributed to the MAA-DLL

design, which adapts to the dynamic MP through the delay, suggesting that the MP and

SNR resilient design is capable of effectively withstanding harsh noise environments.

4.4.2.2 Performance with BOCs/c(4,1) Signals

Figures 4.23 and 4.24 present RMSE versus relative MP delays for BOCs(4, 1) and

BOCc(4, 1) under combined noise and MP conditions.

Across all delays, the proposed method outperforms conventional techniques, main-

taining the lowest RMSE. This result highlights its robustness against broader spectral

distributions and the added complexity of higher-order BOC(4,1) waveforms, further val-

106



CHAPTER 4. EFFICIENT MP MITIGATION USING DYNAMIC SELECTION AND WEIGHTING OF
EARLY-LATE CORRELATORS

idating the reliability of the MAA-DLL architecture.
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figure 4.23: RMSE comparison versus relative MP delays for NC, DD, EDD (N=3), SLG, and
the proposed MAA-DLL method, for BOCs(4, 1) modulation schemes.
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figure 4.24: RMSE comparison versus relative MP delays for NC, DD, EDD (N=3), SLG, and
the proposed MAA-DLL method, for BOCc(4, 1) modulation schemes.
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figure 4.25: RMSE comparison versus SNR values for NC, DD, EDD (N=3), SLG, and the
proposed MAA-DLL method, for BOCs(4, 1) modulation schemes.
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figure 4.26: RMSE comparison versus SNR values for NC, DD, EDD (N=3), SLG, and the
proposed MAA-DLL method, for BOCc(4, 1) modulation schemes.

The strength of the MAA-DLL architecture becomes clear when assessing the aggre-

gate RMSE about different SNR levels, particularly for BOCs(4,1) and BOCc(4,1) signals
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shown in Figures 4.25 and 4.26. In both instances, the proposed method shows clear

advantages, achieving the lowest RMSE in the entire SNR range from -35 dB to -20 dB.

The steadily increasing advantage of the MAA-DLL approach over conventional meth-

ods as SNR improves illustrates its effectiveness in MP mitigation, which becomes more

pronounced as noise levels decrease. The results further demonstrate the MAA-DLL’s

adaptability concerning different complex signal modulations and the varying levels of

noise and MP interference.

4.4.2.3 Performance with BOC(10,5) and BOC(14,2) Signals

The proposed MAA-DLL method was further evaluated with sine-phased BOC(10,5) and

BOC(14,2) signals. Figures 4.27 and 4.28 show the RMSE results as a function of relative

MP delay. These higher-order modulations produce chaotic and highly variable tracking

errors, as evidenced by the plots.

In contrast, the proposed MAA-DLL maintains a consistently lower error envelope

than DD, EDD, SLG, and NC, all of which exhibit large uncontrolled spikes at various MP

delays. This demonstrates the superior stability of the adaptive approach when dealing

with complex signal structures and higher-order configurations. The results indicate that

the method’s dynamic correlator adaptation effectively mitigates the erratic behavior of

advanced BOC signals, ensuring reliable performance under challenging conditions.
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figure 4.27: RMSE comparison versus relative MP delays for NC, DD, EDD (N=3), SLG, and
the proposed MAA-DLL method, for BOC(10, 5) modulation schemes.
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figure 4.28: RMSE comparison versus relative MP delays for NC, DD, EDD (N=3), SLG, and
the proposed MAA-DLL method, for BOC(14, 2) modulation schemes.

-35 -30 -25 -20

 SNR (dB)

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

 R
M

S
E

 (
M

e
te

rs
)

 Proposed

 DD

 EDD

 SLG

 NC

figure 4.29: RMSE comparison versus SNR values for NC, DD, EDD (N=3), SLG, and the
proposed MAA-DLL method, for BOC(10, 5) modulation schemes.

As shown for BOC(10,5) and BOC(14,2) in Figures 4.29 and 4.30, the proposed MAA-

DLL demonstrates strong robustness to noise, achieving lower RMSE across the full SNR
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figure 4.30: RMSE comparison versus SNR values for NC, DD, EDD (N=3), SLG, and the
proposed MAA-DLL method, for BOC(14, 2) modulation schemes.

range of –35 dB to –20 dB. This performance highlights the effectiveness of its dynamic

selection and weighting, which mitigate both noise and MP distortion in higher-order

GNSS signals.

4.4.2.4 Performance with MBOC(6, 1,1/11) Signal

The performance of the proposed method was also assessed using the complex MBOC(6,

1, 1/11) signal. The RMSE as a function of relative MP delay is shown in Figure 4.31.

The findings demonstrate that the MAA-DLL mitigates MP interference significantly

more effectively than conventional techniques, exhibiting a lower and more stable error

profile. This supports the robustness of the adaptive method in tackling MBOC signals,

which are considered the most complex and challenging signals to work with for standard

tracking loops.

The RMSE was also examined as a function of SNR to assess the variation in noise

levels, with the outcomes displayed in Figure 4.32. The previous results are confirmed;

the proposed MAA-DLL architecture demonstrates a distinctive and marked improve-

ment, achieving the best RMSE value throughout the entire SNR range tested. This also

provides additional evidence for the effectiveness of the selection and weighting dynamics,

demonstrating how well it mitigates the compounded noise and MP effects for advanced,

complex GNSS signals.
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figure 4.31: RMSE comparison versus relative MP delays for NC, DD, EDD (N=3), SLG, and
the proposed MAA-DLL method, for MBOC(6, 1,1/11) modulation schemes.
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figure 4.32: RMSE comparison versus SNR values for NC, DD, EDD (N=3), SLG, and the
proposed MAA-DLL method, for MBOC(6, 1,1/11) modulation schemes.
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4.5 Conclusion

This chapter begins with a thorough analysis of the severe effects of MP on DFs and

the disadvantages of fixed-weighting correlator techniques. To address these established

challenges, this chapter proposes a new advanced MAA-DLL architecture designed to

improve the tracking accuracy of GNSS and PL signals in difficult MP conditions.

The proposed MAA-DLL operates in two stages: a code phase refinement stage for

accurate MP delay estimation and an adaptive DLL reconfiguration stage. This second

stage dynamically selects optimal E-L correlator pairs and their corresponding weights

using an empirically optimized lookup table. The continuous refinement of the DF features

enhances the linearity and decreases the susceptibility of the DF parameters to linearity

distortion.

Comprehensive simulations confirm that the MAA-DLL architecture consistently out-

performs conventional techniques, such as NC, DD, EDD, and SLG. When tested against

a wide range of complex signals, including higher-order BOC and MBOC, the architec-

ture achieved the lowest RAE and RMSE values across all simulated MP delays and a

challenging SNR range of -35 dB to -20 dB. This success, particularly with complex modu-

lations, validates the MAA-DLL’s robust and adaptable design, marking it as a promising

solution for high-precision positioning in next-generation navigation systems.
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This thesis presents an exhaustive and comprehensive investigation into enhancing

receivers’ trustworthiness and positioning precision using GNSS and PL systems, with a

particular interest in the performance of the THMA technique in unfavorable environ-

ments and a focus on mitigating the undesirable impacts of MP interference. First, it

establishes the fundamental principles and architectures of the GNSS and PL positioning

systems, examining the near-far problem in PLs and the various error sources that affect

their performance. Subsequently, the thesis delves into the significant domain of signal de-

sign, offering an in-depth description of the GNSS signal (DSSS, PSD, ACF) and various

modulation structures (BPSK, BOC, MBOC, BSC), outlining their main properties, and

presenting a comparative assessment. In addition, it covers THMA as a mitigation strat-

egy for the near–far problem in PL systems, describing the TH-pulsed signal structure,

SIT generation, and associated statistical properties.

The thesis continues with an in-depth presentation of receiver signal processing strate-

gies and acquisition techniques, including serial and parallel search methods, the zero-

padding strategy to address data bit-transit issues, and tracking loops. This section

concludes with a detailed investigation of MP effects on THMA signals, showing that its

impact appears as distortions in the signal’s initial phase, which can be separated into

integral and fractional parts. The integral component reflects the number of timeslots in

the initial phase, whereas the fractional component corresponds to the PRN code phase of

the DSSS portion, representing the sub-timeslot delay of the received signal. In the inte-

gral part, the CF computed between the received signal and the local replica produces two

peaks, representing the LOS and MP components; merging the MP peak with the LOS

peak in the CF enables partial mitigation of MP effects. However, residual distortions

in the fractional domain remain complex and demand advanced baseband MP mitigation

techniques similar to those used in standard GNSS signals.

Following this investigation, the discussion provides an overview of existing baseband

mitigation strategies together with their discriminator architectures and operating prin-

ciples, such as NC, DD, EDD, and SLG. However, these methods offer only partial so-
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lutions, as their fixed weighting schemes and correlator structures cannot adapt to the

time-varying behavior of MP across different delays and modulation types. Consequently,

distortions in the DLL-DF persist, leading to code-tracking biases such as zero-crossing

shifts and linear range reduction, which degrade tracking accuracy and emphasize the

need for more adaptive receiver architectures.

Building on this comprehensive foundation, the thesis addresses the limitations of

conventional fixed DLL configurations by introducing the MAA-DLL architecture, an

efficient mitigation method based on dynamic selection and adaptive weighting of E-L

correlators. The MAA-DLL operates in two main stages: a precise code phase stage to

refine MP delay estimation, and an adaptive DLL configuration stage. In the latter, the

most suitable E-L correlator pairs and their weightings are selected using an optimized

look-up table with empirically determined constants, continuously optimizing the DLL-

DF for maximum linearity and minimal MP susceptibility.

The extensive simulation results presented in this thesis consistently validated the

superior performance of the proposed MAA-DLL architecture. Its performance was rig-

orously evaluated against a comprehensive set of modern GNSS signals, including BOC

(2,1), BOC (4,1), higher order BOC (10,5) and BOC (14.2), and complex MBOC (6,

1, 1/11). Across all these modulations, MAA-DLL demonstrated a significant advantage

over conventional methods (NC, DD, EDD, and SLG). It achieved the lowest RAE against

MP delay and maintained the lowest RMSE under the combined effects of MP and vary-

ing noise, both at a fixed -30 dB SNR and across a dynamic SNR range of -35 dB to -20

dB. These results demonstrate the excellent adaptability of the MAA-DLL under varying

MP conditions and its venerability to various structures within GNSS/PL signals.

The proposed framework, which features an easy-to-implement design compatible with

traditional receiver structures, introduces a robust adaptive mitigation strategy for civilian

and military GNSS and PL receivers. Using real-time MP delay estimates, the MAA-

DLL significantly enhances tracking accuracy and resilience under challenging navigation

conditions, marking a valuable contribution to next-generation PNT applications.

Future work may extend the MAA-DLL framework to multi-frequency and multi-

constellation GNSS/PL signals, incorporate machine learning for real-time multifunctional

processor classification and adaptive tuning, and examine baseband with antenna-level

techniques of hybrid mitigation to improve positioning accuracy and robustness.
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