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Abstract

Abstract

Time synchronization plays a critical role in modern maritime navigation, enabling precise posi-
tioning, coordination, and safety. While Global Navigation Satellite Systems (GNSS) remain the
foundation for positioning and timing, vulnerabilities such as jamming and spoo�ng,especially
in the Baltic Sea, have driven the development of complementary systems such as R-Mode.

This thesis investigates time extraction methods from Minimum Shift Keying (MSK) signals
within the R-Mode system, evaluates synchronization accuracy, and explores techniques for sta-
bilizing a local clock oscillator against remote atomic clock references to obtain a stable, up-to-
date clock. The work combines theoretical analysis, GNU Radio implementation, and simulation
to demonstrate the feasibility of resilient, synchronized maritime navigation beyond sole GNSS
dependence.

This document may not be reproduced, modi�ed, adapted, published, translated in any way, in whole
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Chapter 1

Introduction

The modern world is increasingly dependent on precise positioning, navigation, and timing (PNT)
technologies, which together form the backbone of global transportation, communication, and in-
formation systems. From the synchronization of telecommunication networks and power grids to
the safe operation of maritime and aviation systems, accurate timekeeping and resilient naviga-
tion capabilities are indispensable to the functioning of modern societies. However, the growing
reliance on Global Navigation Satellite Systems (GNSS) has also revealed the inherent vulner-
abilities of space-based infrastructures, particularly in regions where jamming, interference, or
intentional spoo�ng can severely disrupt operations. These vulnerabilities underscore the ur-
gent need for complementary terrestrial systems capable of ensuring continuity of service under
degraded or denied GNSS conditions.

In this context, research into alternative and hybrid PNT solutions has become a central fo-
cus within the scienti�c and engineering communities. Among these, the development of ter-
restrial backup systems such as Enhanced LORAN (eLORAN) and Ranging Mode (R-Mode)
technologies o�ers a promising approach to strengthening the resilience of navigation and timing
infrastructures. Such systems exploit existing maritime broadcast networks to deliver reliable,
ground-based signals that can be used for both position determination and time synchronization.
Their integration with advanced signal processing and software-de�ned radio (SDR) techniques
provides a path toward achieving autonomous and robust synchronization capabilities, even in
challenging radio-frequency environments.

This thesis is situated within this evolving landscape of resilient navigation research. It addresses
one of the key challenges in the realization of R-Mode systems, accurate time extraction and clock
stabilization based on Minimum Shift Keying (MSK) signals transmitted by maritime beacons
in the Baltic Sea. By focusing on the intersection of communication theory, signal processing,
and synchronization engineering, this work contributes to the broader objective of developing
dependable timing architectures for future maritime navigation networks. Through theoretical
analysis, numerical simulation, and experimental validation, the study aims to demonstrate how
precise time recovery from terrestrial signals can serve as a cornerstone for GNSS-independent
navigation and timing systems, thereby reinforcing the integrity and resilience of global maritime
operations.

1.1 The German Aerospace Center (DLR)

The Deutsches Zentrum für Luft- und Raumfahrt (DLR) is the Federal Republic of Germany's
national research institution for aeronautics, space, energy, transportation and digitalisation. It
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1.1 The German Aerospace Center (DLR)

traces its lineage to early-20th-century institutes such as the Aerodynamische Versuchsanstalt
(founded in 1907) and the Deutsche Versuchsanstalt für Luftfahrt (formed in 1912). In 1969,
those and other institutes were merged to form the Deutsche Forschungs- und Versuchsanstalt für
Luft- und Raumfahrt (DFVLR). In 1989 the DFVLR was renamed Deutsche Forschungsanstalt
für Luft- und Raumfahrt (DLR). Finally, on 1 October 1997 the DLR merged with the Deutsche
Agentur für Raumfahrtangelegenheiten (DARA) and assumed the current name, Deutsches Zen-
trum für Luft- und Raumfahrt (DLR). From that point onwards, DLR expanded its remit into
multidisciplinary research, combining fundamental research and applied technology development,
and addressing scienti�c, technological and societal challenges in aviation, space�ight, sustainable
energy systems, transportation technologies and advanced communication infrastructures.[6]

Its work combines scienti�c inquiry with engineering innovation, and supports both the German
federal government (including management of national space programmes) and international
space missions, in collaboration with organisations such as the European Space Agency (ESA),
NASA, and numerous industrial and academic partners. DLR's research ecosystem spans more
than 55 institutes and facilities, distributed across multiple locations in Germany (including
Cologne, Oberpfa�enhofen, Bremen, Braunschweig, Berlin-Adlershofen and Neustrelitz). These
sites host interdisciplinary teams of engineers, physicists, mathematicians and computer scientists
who contribute to a broad range of projects, from developing next-generation satellites and
spacecraft to advancing quantum communication and renewable energy systems.[6]

The organisation maintains its own laboratories, �ight-test platforms and simulation environ-
ments, enabling it to prototype and evaluate technologies under realistic operational conditions.
This integrated approach ensures that research outcomes are not only scienti�cally sound but
also directly applicable to industrial and governmental needs.[7].

18



1.1 The German Aerospace Center (DLR)

Figure 1.1: DLR Locations across Germany, marked by red dots

The organization maintains its own laboratories, �ight test platforms, and simulation environ-
ments, allowing it to prototype and evaluate technologies under realistic operational conditions.
This approach ensures that research outcomes are not only scienti�cally sound but also directly
applicable to industrial and governmental needs.

1.1.1 Institute of Communications and Navigation (KN)

Within DLR, the Institute of Communications and Navigation (Institut für Kommunikation und
Navigation, KN) is one of the leading centers dedicated to the advancement of technologies for
reliable information transfer, precise positioning, and synchronization in both terrestrial and
space environments. KN's mission is to develop and demonstrate innovative communication and
navigation systems that enable robust connectivity, high data rates, low latency, and secure
information exchange. These systems are crucial to the success of modern aerospace missions,
as well as emerging applications such as autonomous vehicles, quantum networks, and Earth
observation constellations. [8] KN operates several experimental facilities, such as the Optical
Ground Station Oberpfa�enhofen [9], the GNSS Test and Innovation Facility (GATE) [10], and

This document may not be reproduced, modi�ed, adapted, published, translated in any way, in whole
or in part, nor disclosed to a third party without the prior written consent of ENAC. © 2021, ENAC 19



1.2 Research Context and Ongoing Projects

specialized laboratories for frequency reference systems and synchronization experiments. These
facilities enable the institute to perform end-to-end system testing from algorithm development
to hardware validation.

1.2 Research Context and Ongoing Projects

The rapid evolution of communication and navigation technologies has intensi�ed the demand for
ultra-stable frequency generation and precise synchronization. Several ongoing projects within
DLR address these challenges.

1.2.1 Motivation for the Internship Project

The internship project titled �Integration of R-Mode MSK Broadcasts and PVT Solutions for
Stable Clock Synchronization in the Baltic Sea� was initiated within DLR's Communication
Systems Division as part of an ongoing e�ort to enhance the frequency reference reliability and
synchronization performance of high-precision navigation and communication payloads. The
ability to generate, acquire, and maintain phase-coherent local oscillators is of fundamental im-
portance for a wide range of DLR projects from satellite-based navigation to R-Mode terrestrial
backup systems and time dissemination networks. The speci�c motivation for this internship
emerged from the increasing need for robust synchronization architectures capable of operating
autonomously and continuously, even under adverse environmental or signal conditions (i.e inter-
ference or jamming). In particular, the R-Mode (Ranging Mode) system (a terrestrial navigation
technology designed to complement and back up Global Navigation Satellite Systems (GNSS))
requires highly stable local oscillators whose frequencies can be precisely aligned with signals
received from remote transmitters.

This thesis focuses on the design, implementation, and evaluation of timing extraction techniques
within the R-Mode framework. Speci�cally, the research investigates methods for obtaining
high-accuracy time information from MSK-modulated R-Mode signals and for stabilizing a local
oscillator using feedback control loops. These techniques aim to maintain synchronization over
extended periods, even in the absence of GNSS signals.

The overarching objective is to develop a robust timing subsystem capable of supporting resilient
maritime navigation and critical timing services. Through theoretical modeling, simulation, and
experimental validation, this research seeks to contribute to the realization of an operational
R-Mode network as part of the broader strategy for GNSS backup and augmentation in the
maritime domain.

To achieve such synchronization, DLR required a �exible Software-De�ned Radio (SDR) platform
capable of receiving MSK (Minimum Shift Keying) modulated data streams transmitted by
remote R-Mode stations, extracting precise time information, and using this information to
control and stabilize a local oscillator through a closed-loop feedback system. The broader
motivations for this work can be summarized as follows:

Stringent performance requirements: Accurate timing and frequency stability are critical
for ranging accuracy in R-Mode systems. Phase �uctuations or clock drift in the local oscillator
can directly degrade the positioning accuracy and introduce timing o�sets in the decoded data
stream, certi�cates authentication and validation, as well as other maritime operations mentioned
in section 1.4
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1.3 Navigation and Timekeeping

Advancement of SDR-based synchronization: Software-De�ned Radio platforms provide
a versatile environment for implementing advanced digital signal processing algorithms for syn-
chronization and stabilization. By leveraging SDR technology, DLR can rapidly prototype and
validate new synchronization architectures before deploying them in hardware.

Resilience and redundancy in navigation systems: The R-Mode concept aims to provide
a GNSS-independent backup for positioning, navigation, and timing (PNT) services. This re-
quires highly reliable ground-based receivers that can maintain synchronization autonomously,
even during temporary loss of GNSS coverage or interference.

Support for future DLR projects: The results of this internship directly contribute to
DLR's R-Mode testbed activities and to broader research e�orts on hybrid navigation and time
transfer systems. The developed SDR system forms a building block for future experimental
setups (and frequency stability studies at DLR's Institute of Communications and Navigation.

1.3 Navigation and Timekeeping

The disciplines of navigation and timekeeping have been intertwined throughout the evolution
of human exploration and maritime science. The ability to determine one's position on Earth,
especially at sea, has always depended on the precise measurement of time. During the Age of
Discovery, navigators could estimate latitude using celestial observations, but longitude deter-
mination remained an elusive problem for centuries. Errors in longitude estimation could result
in catastrophic navigational mistakes, leading to shipwrecks, lost cargo, and loss of life.

The eighteenth century marked a turning point when the British government o�ered the Lon-
gitude Prize to anyone who could develop a practical method for determining longitude at sea
with su�cient accuracy. This challenge inspired John Harrison, a self-taught clockmaker, to
design a series of marine chronometers capable of maintaining time at sea despite the e�ects of
temperature �uctuations, humidity, and ship motion. His invention enabled navigators to com-
pare local time (determined by the Sun) with Greenwich Mean Time (kept by the chronometer),
thereby calculating longitude precisely. Harrison's chronometers e�ectively revolutionized global
navigation, marking the beginning of precise timekeeping as a cornerstone of navigation. [11]

1.4 From Chronometers to Atomic Clocks

In the modern era, navigation has transitioned from mechanical chronometers to satellite-based
systems that depend on the unparalleled accuracy of atomic clocks. The advent of Global Naviga-
tion Satellite Systems (GNSS), including the American GPS, European Galileo, Chinese BeiDou,
and Russian GLONASS, has transformed global navigation, enabling real-time positioning, nav-
igation, and timing (PNT) on a global scale. These systems function by measuring the travel
time of radio signals transmitted by satellites orbiting the Earth. Each satellite carries multiple
synchronized atomic clocks, broadcasting precise time references and orbital data.

A GNSS receiver determines its position by calculating the di�erence between the transmission
and reception times of signals from at least four satellites. This time di�erence is converted into
a distance (or range), allowing the receiver to triangulate its position. However, this process is
extraordinarily sensitive to timing accuracy: a clock error of just one nanosecond corresponds to
a positional error of approximately 30 centimeters. Even a small o�set in the receiver's internal

This document may not be reproduced, modi�ed, adapted, published, translated in any way, in whole
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1.5 Vulnerabilities of GNSS and the Need for Resilient Timing

clock,if not properly synchronized,can lead to cumulative errors of tens of meters. For maritime
vessels navigating in congested ports, narrow straits, or shallow waters, such discrepancies can
pose signi�cant safety risks.

1.5 Vulnerabilities of GNSS and the Need for Resilient Timing

Although GNSS provides unparalleled precision and global coverage, its signals are inherently
weak by the time they reach Earth's surface, typically around -130 dBm. As a result, they are
highly susceptible to interference, jamming, and spoo�ng. Unintentional interference can origi-
nate from malfunctioning equipment or overlapping frequency bands, while intentional interfer-
ence (jamming) or deceptive signal generation (spoo�ng) can cause false positioning information
or total loss of service.

Given the maritime sector's dependence on GNSS for navigation, communication, and op-
erational timing, such vulnerabilities represent a major threat to critical infrastructures. A
GNSS outage could disrupt not only ship navigation but also port operations, air tra�c man-
agement, �nancial networks, and power distribution systems that depend on precise timing
synchronization[12]. This has prompted the search for terrestrial backup systems capable of
maintaining positioning and timing continuity when GNSS is degraded or denied.

1.6 Time as the foundation of Maritime Operations

1.6.1 Communication and Coordination

Maritime communication systems rely extensively on synchronized timing to ensure data integrity
and operational e�ciency. Cargo ships continuously exchange data with ports, coastal author-
ities, and other vessels through a combination of radio and satellite communication channels.
Systems such as Digital Selective Calling (DSC), Inmarsat, and Very High Frequency (VHF)
radio depend on precisely synchronized clocks to ensure that data packets are transmitted and
received in the correct order.

Similarly, the Automatic Identi�cation System (AIS), a mandatory system for most commercial
vessels, broadcasts information such as the ship's position, course, speed, and identi�cation
number at de�ned intervals. These transmissions are synchronized to a global time reference to
prevent signal overlap and ensure that each vessel's data can be correctly interpreted by others.
Inconsistent or unsynchronized timing could result in overlapping signals, data corruption, or
misinterpretation of vessel movements, jeopardizing navigational safety.

1.6.2 Safety and Incident Investigation

Accurate and synchronized timekeeping also plays a crucial role in maritime safety management
and accident investigation. The Voyage Data Recorder (VDR), often referred to as the maritime
�black box�, continuously records navigational data, bridge audio, radar imagery, and commu-
nication logs. In the aftermath of an incident such as a collision, grounding, or act of piracy,
investigators depend on precise timestamps to reconstruct the sequence of events.

When the timestamps of the VDR, radar, Electronic Chart Display and Information System
(ECDIS), and engine monitoring systems are synchronized, it becomes possible to establish
cause-and-e�ect relationships between di�erent events. For example, investigators can determine
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1.6 Time as the foundation of Maritime Operations

whether a ship's change in course occurred before or after a radio communication, or whether
an engine failure coincided with a navigational command. Without synchronized timing, such
analysis would be unreliable, hindering both safety improvements and legal accountability. [13]

1.6.3 Legal and Commercial Considerations

Timekeeping also has direct implications for maritime commerce and law. International shipping
operations involve complex logistical chains and legal frameworks that depend on precise tempo-
ral documentation. Bills of lading, cargo manifests, and customs declarations require accurate
timestamps to verify compliance with contractual and regulatory requirements. In disputes over
insurance claims or contractual obligations, the ability to demonstrate when a ship entered a
speci�c maritime zone or when cargo was loaded or unloaded is often decisive. Thus, the relia-
bility of timekeeping extends beyond navigation and safety,it underpins the legal and �nancial
trust that sustains global maritime trade.

1.6.4 Engineering and Operational E�ciency

From an engineering perspective, synchronized timekeeping enhances vessel performance moni-
toring and �eet management. Shipboard systems continuously log data from engines, generators,
propulsion units, and environmental sensors. Accurate timestamps enable meaningful correlation
between these datasets, allowing engineers to analyze trends, diagnose anomalies, and optimize
operations.

For �eet operators managing multiple vessels, synchronized clocks allow comparative performance
analysis and coordinated �eet operations. Data such as fuel consumption, engine load, and voyage
duration can be aligned temporally to identify ine�ciencies and optimize routing strategies. In
this context, time synchronization is a cornerstone of digital maritime transformation, supporting
predictive maintenance, remote diagnostics, and integration with shore-based analytics platforms.
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Chapter 2

State of the Art of ground-based
navigation and time service

2.1 Enhanced LongRAngeNavigation (eLORAN)

Enhanced Loran is a terrestrial radio navigation system developed as a resilient complement to
Global Navigation Satellite Systems. Unlike GNSS, which relies on weak space-based signals,
eLoran operates in the Low Frequency band (90�110 kHz) and transmits high-power ground-
wave signals from terrestrial stations. This allows for reliable coverage over long distances and
high resistance to interference, jamming, or signal blockage.

Each eLoran station emits a sequence of precisely timed pulses organized into chains with unique
Group Repetition Intervals, enabling receivers to identify transmitting stations. High-power
transmission, typically in the hundreds of kilo Watts to mega Watts range, ensures wide-area
coverage and strong signal reception even in urban or obstructed environments.

Figure 2.1: Train of signals emitted by eLORAN [1]

This architecture was kept for legacy purposes (In loran-C Master pluses slaves emit at reception
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2.1 Enhanced LongRAngeNavigation (eLORAN)

of pulse, eLORAN: stations emit according to a prede�ned schedule based on UTC but gives o�
virtually the same result only more stable and not prone to environment)[1]

rmaster =
p

(x � x i )2 + (y � y i )2 = c
�
tmaster_reception � t master_transmission

�
(2.1)

rn =
q

(x � x j )2 + (y � y j )2 = c
�
tn_reception � t n_transmission

�
(2.2)

= c
�
tn_reception �

�
tmaster_transmission + known delay(n)

��
(2.3)

where tmaster_reception is the time of reception of the Master station's signal, tn_transmission is the
time of emission of the Master station's signal, tn_reception Positioning is based on measuring the
Time of Arrival (ToA, also the base of circular position) of signals from multiple stations. By
intersecting the resulting circles of potential positions, a receiver can calculate its location.

Known delay is the time it takes for the master pulse to trigger the slave emission.

eLoran is backward compatible with LORAN-C and enables positioning based on measuring the
Time Di�erence of Arrival (TDoA) between signals from multiple stations. By intersecting the
resulting hyperbolas of position, a receiver can calculate its location.

Since the position is unknown so is the time of transmission, but we access to the time of reception
of each station's signal (timestamp that the receiver locally provides).

r i � r j = c (t i � t j + delay(i) � delay(j))

=
p

(x � x i )2 + (y � y i )2 �
q

(x � x j )2 + (y � y j )2 (2.4)

r i � r k = c (t i � t k + delay(i) � delay(k))

=
p

(x � x i )2 + (y � y i )2 �
p

(x � x k )2 + (y � y k )2 (2.5)

The transmission time being eliminated by computing the di�erence, we now have two equations
The two unknowns x and y. The remaining step is to detect the time of arrival
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2.1 Enhanced LongRAngeNavigation (eLORAN)

Figure 2.2: LORAN poor geometry comparison: Circular intersection right and hyperbolic in-
tersections left

The stations are usually situated on the coasts; therefore, they are almost aligned, o�ering bad
geometry. For the same position, the circular intersections have a greater angle o�ering better
precision, whereas the hyperbolas intersect at quasi null angles, making the uncertainty about
the position greater

The standard eLoran pulse is de�ned as i(t),

i(t) =

8
><

>:

A(t � � ) 2 exp
�

�2(t � � )
65

�
sin(0:2�t + PC); � � t � 65 + �;

0; t � �

(2.6)

where: A is the normalization constant related to the magnitude of the peak antenna current
in amperes. t is the time measured in microseconds. � is the envelope-to-cycle discrepancy
measured in seconds and PC is the phase code. The above equation produces the following
pulse shape.
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2.1 Enhanced LongRAngeNavigation (eLORAN)

Figure 2.3: The standard eLORAN pulse a tear drop shape, the SZC (de�ned as the 6th zero
crossing) has been indicated with a red dot [2]

The pulse is shaped and optimized in a way that reduces skywave interference and facilitates the
estimation of ToA

The method of estimating the time of arrival revolves around SZC detection. However, for a fair
comparison with the R-Mode tentative ToA estimation using the MSK we shall work with the
matched �lter method, although the same is true for the SZC detection method.

To assess the e�ectiveness of the correlation-based Time of Arrival estimation under di�erent
noise environments, a Monte Carlo simulation is conducted. In this simulation, Gaussian noise
with varying power levels is added to the received eLORAN signal. For each noise level, multiple
realizations of the noisy signal are generated, and the correlation output is computed to estimate
the ToA. The resulting estimates are then statistically analyzed, and the standard deviation of
the estimated ToA values is plotted as a function of the noise power (or SNR). This approach
provides insight into the performance and noise sensitivity of the correlation-based estimator.
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2.1 Enhanced LongRAngeNavigation (eLORAN)

Figure 2.4: Estimating TOA of loran pulse through matched �lter + peak detection

Figure 2.5: Montecarlo simulation results, timing standard deviation vs SNR

The higher the SNR, the more accurate is the estimate of the TOA (SNR being de�ned at the
input of the receiver)

The timing error virtually reaches 0 at an SNR of 6dB

In addition to navigation, eLORAN provides precise timing, synchronized to Coordinated Uni-
versal Time (UTC) using atomic clocks. Receivers can extract Stratum-1 quality timing (<50
ns accuracy with di�erential corrections) [14]

which is critical for telecommunications, power grids, and �nancial systems. Embedded Low-
Rate Data Channels (LDC) allow transmission of corrections, integrity messages, and system
information directly to users, further enhancing accuracy and reliability.
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2.1 Enhanced LongRAngeNavigation (eLORAN)

The propagation of the system's ground-wave ensures robustness in environments where satellite
signals may be unavailable or degraded. Typical coverage per station ranges from 1000 to 1500
km. eLORAN has been employed in maritime navigation, aviation, and as a resilient timing
source for critical infrastructure, providing a terrestrial alternative to GNSS while maintaining
both navigation and timing capabilities[14]
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Chapter 3

The R-Mode System: A Resilient
Terrestrial Alternative

3.1 R-Mode presentation

In response to growing concerns about GNSS vulnerability, and due to the absence of eLORAN
broadcasting stations in the region of interest, researchers have explored R-Mode (Ranging Mode)
as a promising terrestrial backup system. R-Mode leverages existing medium-frequency (MF)
maritime radio infrastructure, traditionally used for communication and navigation, to deliver
resilient positioning and timing information without relying on satellites. The system transmits
Minimum Shift Keying (MSK)-modulated signals that can be received by standard maritime
equipment. By analyzing the phase and timing of these signals, receivers can derive both range
and precise time references.

The principal advantage of R-Mode lies in its ability to repurpose existing coastal radio net-
works, minimizing infrastructure costs while extending coverage to critical maritime zones such
as ports, harbors, and coastal approaches. This terrestrial approach o�ers robustness against
GNSS disruptions and provides a foundation for a hybrid PNT architecture, where satellite and
terrestrial systems complement each other to enhance reliability and resilience.

The DGNSS stations (prior to their conversion to R-Mode, presented on the map below) function
as a means of transmitting DGNSS correction messages following the RTCM standard.

The International Telecommunication Union (ITU) speci�es the use of marine DGNSS radio
beacons in Recommendation M.823-2.

According to the latter standard, GNSS code-di�erential corrections are broadcast as a Minimum
Shift Keying (MSK) signal, with carrier frequencies ranging from 283.5 kHz to 315 kHz in Europe
(500 Hz bandwidth) and from 285 kHz to 325 kHz in North America (1000 Hz bandwidth).
Operators may select bit rates of 50, 100, or 200 bits/s. In this study, we focus on 100 bits/s
rate, as currently deployed in the Baltic Sea testbed.
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3.1 R-Mode presentation

Figure 3.1: MF R-Mode testbed [3]

The spatial con�guration of the antennas, as represented on the map, exhibits a favorable geo-
metric distribution for earth's surface positioning applications. Their relative placement ensures
good geometric dilution of precision (low HDOP) characteristics, minimizing position uncertainty
and enhancing the accuracy and stability of the computed locations. This is one of the many
factors that have pushed the development of R-Mode.

The MSK signal, centered at the carrier frequency fc with amplitude A msk , forms the core of
the R-Mode transmission. For a single bit duration, it can be expressed as:

sMSK (t) = A MSK sin
�

! ct + b �
�t

2Tbit
+ ' memory

�
:

Here, b� represents the transmitted bit at time t, Tbit is the bit duration, ! c is the angular carrier
frequency, and ' memory ensures phase continuity in MSK modulation.

Using the trigonometric formula sin(at + b) = sin(at)cos(b) + cos(at)sin(b)

smsk (t) can be rewritten as
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3.1 R-Mode presentation

cos(2�f t)(b � � � R
2 + ' memory ) + sin(2�f t) � cos(b � � � R

2 + ' memory )

which can be interpreted as I(t)cos(2�f t) + Q(t)sin(2�f t)

This modulation, with a bitrate R b of 100bps, is equivalent to using a half sine pulse lasting
Tc = :02s

Figure 3.2: Half sine pulse shape of pulse 100 ��4 and amplitude
p

2

The spectrum of this pulse wave is given by its fourier transform

SMSK (!) =
� Tsc =2

�T sc =2

p
2 cos

�
�t
Tsc

�
e�j!t dt =

p
2

� Tsc =2

�T sc =2

ej�t=T sc + e �j�t=T sc

2
e�j!t dt (3.1)

SMSK (!) = j
p

2 cos
�

!T sc

2

�  
1

�
Tsc

� !
+

1
�

Tsc
+ !

!

=
j 2

p
2� cos

� !T sc
2

�

Tsc

�
� 2

T 2
sc

� ! 2
� (3.2)

So the normalized Power Spectral Density of the spreading MSK waveform is

GMSK (!) =
1

Tsc
kSMSK (!)k 2 =

1
Tsc

8� 2 cos2
� !T sc

2

�

T2
sc

�
� 2

T 2
sc

� ! 2
� 2 (3.3)
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3.2 New role : Autonomous navigation

GMSK (f ) =
8f 3

sc

� 2

cos2
�

�f
f sc

�

(f 2
sc � 4f 2)2 (3.4)

Figure 3.3: Plot of the MSK's PSD on a graphical calculator

Figure 3.4: Python simulation of an MSK signal of central carrier 300khz (no noise)

Laying the theoretical and practical foundation about the spectrum of the legacy system on top
of which we intend to improve is crucial for the future work.

3.2 New role : Autonomous navigation

This part of the study focuses on investigating the feasibility of using Di�erential GNSS broad-
casting stations to enable autonomous navigation and precise time recovery. The key question
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3.3 Feasibility of the Positioning using MSK

guiding this analysis is whether these existing infrastructures can be adapted or converted to
support such functionalities without signi�cant modi�cation or additional deployment costs.

Before diving into the prospect of using the MSK signal for positioning, we �rst need to look at
a similar system for analogy.

3.3 Feasibility of the Positioning using MSK

This idea operates on the same principle as LORAN (i.e determining distance from �xed sta-
tions), employing low-frequency ground-wave transmissions for precise and robust timing and
positioning.

However, it di�ers in its station identi�cation process and synchronization architecture. In
traditional LORAN systems, station identi�cation is implicitly encoded in the pulse sequence
and timing structure, with a master�slave hierarchy that dictates transmission order, where the
master station transmits �rst, followed by the slave stations after predetermined delays. The
transmitted signals and their rate are di�erent

In contrast, the system under study encodes station identi�ers (IDs) directly within the Minimum
Shift Keying (MSK) data message, thereby eliminating the need for a master�slave architecture.
All transmitting stations are instead time-synchronized to a common reference and broadcast
simultaneously, simplifying network coordination and improving scalability. Finally, compared
to LORAN, the R-Mode stations do not transmit pulses.

To illustrate the signal processing procedure, we aim to determine the start of a data bit within
the received MSK-modulated signal. This is achieved by performing a convolution (correlation)
operation between the simulated received signal and a locally generated replica of the transmitted
waveform. The resulting correlation output allows the identi�cation of the bit start, which is
in essence the ToA, which will in turn help estimate the range from one station. Doing so for
multiple stations will enable trilateration.

Figure 3.5: A simulation of a received square wave signal delayed by 50ms, correlated with a
local replica to estimate the delay. (a peak at 50ms indicates a delay of 50ms)
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3.3 Feasibility of the Positioning using MSK

Figure 3.6: start delay estimation vs SNR Montecarlo simulation, bps=100, duration of 30bits

The delay standard deviation starts at a value 161.992µs corresponding to 20dB and drops to
1.148 µs corresponding to 45 dB SNR.

The key takeaway is the fact that due to the excessively low bitrate (100bps, hence the low number
zero crossings in a certain period of time), estimating the TOA (Which is important for the
hyperbolic or circular intersections described in 1.6.1) is an extremely di�cult task, and since it is
impossible to vary both the frequency of the already installed system(due to spectrum regulations
/ service speci�cations) or its power (due to current installation / Components limitations) the
positioning task relying solely on MSK is to be abandoned.

Analytically the variance's analytical expression is [4]

var(�̂ ) = � 2
�̂ � MCRB(�̂ ) =

2
� 2L 0T SNR

(3.5)
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3.3 Feasibility of the Positioning using MSK

Figure 3.7: Plot of start delay from the modi�ed CRB equation [4]

Referring to the above equation and plugging in the current system parameters of L0 = 30, T=
.3s SNR 25dB we obtain an error of 1.8ms equivalent to 540km error.
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3.3 Feasibility of the Positioning using MSK

3.3.0.1 Graphical interpretation of the e�ect of bitrate on time of arrival uncer-
tainty

Figure 3.8: autocorrelation of a 100bps (top) and a 1kbps square signal (bottom)

For an equivalent amount of noise energy added to the matched �lter output, the slower (100
bps) signal exhibits a broader temporal window in which noise can potentially elevate a value to
become the new peak. In contrast, a rapidly decaying autocorrelation (1000 bps) constrains this
window, reducing the likelihood that the same noise energy will make far surpass the true peak.

As a quantitative illustration based on the �gure, if the noise energy is 0.2, the interval of delays
where the noise could exceed the peak value of 1 is [-0.002, 0.002] for the slower signal, compared
to [-0.0002, 0.0002] for the faster signal. This demonstrates that, while the signal-to-noise ratio
is identical, the faster-decaying autocorrelation results in lower uncertainty.

Should these problems be solved (SNR and/or bitrate) There is yet another issue of station
inaccuracies in transmission (internal delays that cannot be predicted or �xed initially due to
unregulated installation cable lengths, and environmental e�ects on the antenna that alter its
properties, thus inducing delays).
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3.3 Feasibility of the Positioning using MSK

3.3.1 Introduction of the CW1 and CW2 and phase ranging

Any addendum to the system should be placed at the 0s of the spectrum of the MSK (to not
interfere with the RTCM system that is already instored), and within the allocated bandwidth
(to not interfere with neighboring stations in the spectrum). The zeroes of the PSD (in baseband)
are at frequencies �f = �25 � (2n + 1) with n �[0::1] (The zeroes of equation 3.3).

Figure 3.9: Python simulation, 2 continuous waves placed at the 4th zero of the MSK spectrum
(Carrier �225) with the CW1 at 299775Hz and the CW2 is at 300225Hz

The phase of the Continuous Wave can be leveraged to accurately estimate the distance between
the transmitter and receiver.

At the receiver the wave is of the form sin(2�f c(t � � )) = sin(2�f ct + 2�f c
d
c ) so d = ��c

(2�f c ) with
f c being the carrier frequency, � is the propagation delay, � is the phase perceived by the receiver
and c the speed of light constant.

A single wave has an ambiguity of 1km (�wave = c light � T ), with T being the period = 1
f c

. 2
Continuous Waves around 308000Hz combined (added):

CW1 = sin(2� � 307;775 � t + � 1)

CW2 = sin(2� � 308;225 � t + � 2)

CW1 + CW 2 = sin
�

A + B
2

�
� cos

�
A � B

2

�

Therefore:

CW1 + CW 2 = sin
�

2� � 308;000 +
� 1 + � 2

2

�
� cos

�
� � 450 +

� 1 � � 2

2

�

form a beat wave of �beat of 666km. � 1,� 2 being the phase detected at the receiver side.
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3.3 Feasibility of the Positioning using MSK

Figure 3.10: sum of Cw1 in blue, Cw2 in purple give o� the beat envelope wave in Green

3.3.2 Derivation of the CRB of the phase

In this section we brie�y present the results of the derivation of the lower bound for phase
estimation of the beat frequency [15] The calculation is based on the Fisher Information Matrix
(FIM), with parameter bounds obtained from the diagonal elements of its inverse.

sadd(t n ; �) = A 1 sin(! 1tn + ' 1) + A 2 sin(! 2tn + ' 1 + ' beat) (3.6)

@sadd(t n ; �)
@'1

= A 1 cos(! 1tn + ' 1) + A 2 cos(! 2tn + ' 1 + ' beat) (3.7)

@sadd(t n ; �)
@'beat

= A 2 cos(! 2tn + ' 1 + ' beat) (3.8)

@sadd(t n ; �)
@A1

= sin(! 1tn + ' 1) (3.9)

@sadd(t n ; �)
@A2

= sin(! 2tn + ' 1 + ' beat) (3.10)

Jadd(�) =
N

2� 2

0

B
B
@

A2
1 + A 2

2 0 0 A2
2

0 1 0 0
0 0 1 0

A2
2 0 0 A2

2

1

C
C
A (3.11)

J �1
add(�) =

2� 2

N

0

B
B
B
@

1
A 2

1
0 0 � 1

A 2
1

0 1 0 0
0 0 1 0

� 1
A 2

1
0 0 1

A 2
1+A 2

2

1

C
C
C
A

(3.12)
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3.3 Feasibility of the Positioning using MSK

var(' 1) �
2� 2

NA 2
1

(3.13)

N = T obsFs; b =
Fs

2
(3.14)

var(' 1) �
1

Tobsb SNRA 1

(3.15)

� is the vector of parameters to estimate, namely � = [' 1; A1; A2; ' beat]. ! 1 being the angular
pulse of the CW1,! 2 the angular pulse of the CW2, ' 1 the perceived phase of CW1 at the
receiver due to propagation delay, 'beat the perceived phase of the beat wave at the receiver due
to propagation delay,� the standard deviation of the noise and A1; A2 being the amplitudes of
CW1 and CW2 respectively.

In practice, plugging in a value of Tobs = 1s and an SNR of 3dB we obtain a standard deviation
of � :03 rad which equates to c�:03

2�f c
=� 3m

We can further derive the variance of the range estimation using the beat wave

' 1 =
2�D
� 1

+ � 1; ' 2 =
2�D
� 2

+ � 2 (3.16)

� beat =
1

1
� 2

� 1
� 1

=
� 1� 2

j� 1 � � 2j
(3.17)

' beat =
2�D
� beat

+ (� 2 � � 1) (3.18)

D̂coarse =
� beat

2�
' beat = D +

� beat

2�
(� 2 � � 1) (3.19)

Var(� 2 � � 1) = Var(� 2) + Var(� 1) = 2� 2
' (3.20)

Var( D̂coarse) =
�

� beat

2�

� 2

� 2� 2
' =

2� 2
beat

(2�) 2 � 2
' =

� 2
beat

2� 2 � 2
' (3.21)

Plugging in nominal values yields a variance of 15km. The variance of the range estimate using
the beat wave exceeds the wavelength of the continuous wave (i.e � 1km by more than an order
of magnitude, which prevents resolution of the phase ambiguity. Consequently, the positioning
approach adopted relies on obtaining an initial �x from a known position, followed by tracking
the di�erential phase of the continuous waves to derive delta pseudo-range updates.

In addition, phase variations may occur even (due to other external factors other than
noise,without physical movement of the receiver). Such changes can result from weather-induced
variations in antenna conductivity, which evolve slowly over time and therefore limit the op-
erational period. Furthermore, station clock drift introduces additional biases that cannot be
mitigated using mean square error techniques, as these biases are speci�c to each station rather
than common across the network. As a result, each station contributes an additional unknown
variable, leading to an under-determined system with insu�cient equations to resolve all param-
eters.
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Chapter 4

Contributions

As of October 2025, in parallel to the redaction of this thesis, a solution that exploits the current
state of the R-Mode system has been developed latching on top of the already established work.

The current datetime value is calculated as follows:

datetime = timestamp + � propagation + � transmission � � processing (4.1)

Here, timestamp is the time embedded in the transmitted signal by the broadcasting station,
serving as the reference for synchronization. The �propagation accounts for the travel time of
the signal through the medium from the transmitter to the receiver, and is directly related to
the geometric distance and propagation velocity, �transmission is indicative of the delays caused
by the station itself for the signal to be physically sent through space. Finally, the processing
time � processing represents internal receiver delays, such as �ltering, demodulation, or hardware
latency, which must be compensated to align the measurement with physical reality, and �nally
transmission delays concerns delays induced by the generation of the electromagnetic radiation
(either at modulation, equipment, antenna properties etc..)

This formulation highlights that the receiver's estimate of the �true� current time is not simply
the broadcast timestamp, but rather the timestamp adjusted for both external (propagation) and
internal (processing) delays. Precise characterization of these terms is critical, since inaccuracies
in propagation modeling or uncalibrated receiver delays directly degrade positioning performance.

4.1 Extracting time from MSK datastream

The process of extracting the time message from the MSK datastream involves several distinct
stages, each of which is critical to obtaining a reliable and interpretable signal. From the initial
demodulation to the �nal decoding of the message bits, every step contributes to the accurate
reconstruction of the transmitted time data.
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