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Abstract

The growing demand for precision, robustness, and reliability in Positioning, Navigation
and Timing (PNT) services has been leading to the exploration of how Low-Earth Orbit
(LEO) satellites can potentially complement the existing Global Navigation Satellite System
(GNSS). Current GNSS operates mainly in Medium-Earth Orbit (MEO). However, the
high altitude of these satellites - which is between 2000 km and 35786 km - leads to weaker
signal strength and increased susceptibility and exposure to interference, which affects
positioning accuracy.

This factor puts the robustness of GNSS at risk, especially in challenging environments
such as urban areas with multipath interference and indoor scenarios.

LEO satellites, located at altitudes between 250 km and 2000 km, offeran alternative and
innovative solution. Their proximity to Earth allows to receive stronger signals, providing
a higher resilience, while the possibility of deploying a larger number of satellites can
ensure continuous coverage, especially in areas where MEO satellites fail to reach. By
integrating LEO signals with the existent GNSS constellations, the PNT performance can
be enhanced, providing additional measurements, increasing system redundancy, and
improving reliability in challenging environments.

This Thesis explores the design and feasibility of a LEO-PNT system, from its initial
definition to the signal processing phase, in two challenging environments: indoor and
multipath. Key system parameters such as the optimal number of satellites, general
orbital configurations, transmitted power, modulation, and transmission frequency band
will be explored to evaluate the performance of a GNSS+LEO constellation through
synthetic signal generation, experimental receiver testing, and Position, Velocity, Time
(PVT) solution analysis. This approach provides a comprehensive view of the benefits
and future direction of the LEO constellation in complementing the current Galileo GNSS
system for PNT.

Keywords: LEO satellites, PNT, GNSS, MEO satellites, Positioning, Multipath interfer-
ence, Indoor positioning, PVT solution
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Resumo

O aumento da necessidade de precisão, robustez e fiabilidade nos serviços de Posiciona-
mento, Navegação e Tempo (PNT) tem levado à exploração da forma como os satélites
de órbita baixa (LEO) podem potencialmente complementar o atual Sistema Global de
Navegação por Satélite (GNSS). Atualmente, o GNSS opera principalmente em órbita
terrestre média (MEO). No entanto, a elevada altitude destes satélites - entre 2000 km
e 35786 km - conduz a uma fraca intensidade do sinal e a uma maior suscetibilidade e
exposição a interferências, o que afeta a precisão do cálculo do posicionamento.

Este fator põe em risco a robustez do sistema GNSS, especialmente em ambientes
difíceis como zonas urbanas com interferências multicaminho e cenários interiores.

Os satélites LEO, localizados a altitudes entre os 250 km e 2000 km, oferecem uma
solução alternativa e promissora. A sua proximidade à Terra permite que recebam sinais
mais fortes e mais resilientes, enquanto que um maior número de satélites garante uma
cobertura contínua, especialmente em áreas onde os satélites MEO podem não conseguir
chegar. Ao integrar os sinais LEO com as constelações GNSS existentes, o desempenho do
PNT pode ser melhorado, fornecendo medições adicionais, aumento da redundância do
sistema e fiabilidade do mesmo em ambientes difíceis.

Esta Tese explora o desenho e a viabilidade de um sistema LEO-PNT. Parâmetros chave
do sistema, tais como o número ótimo de satélites, configurações gerais da órbita, potência
transmitida, modulação e banda de frequência serão analisados de forma a avaliar o
desempenho ao complementar o sistema atual com sinais LEO em céu aberto, ambientes
interiores e com multicaminho.

Adicionalmente, serão desenvolvidos e analisados cenários GNSS+LEO através da
geração de sinais sintéticos, testes de um recetor experimental e análise da solução PVT
(Posição, Velocidade e Tempo). As vantagens de adicionar os satélites LEO na melhoria do
desempenho de tracking do sinal e posicionamento, particularmente em condições difíceis,
será avaliado de forma a determinar o seu papel fundamental na melhoria dos sistemas
PNT atuais.

Palavras-chave: Satélites LEO, PNT, GNSS, Satélites MEO, Posicionamento, Interferência
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Chapter 1
Introduction

1.1 Motivation

To fulfill the pressing demands for enhanced precision, reliability, and robustness, LEO
satellites are emerging with a significant role in PNT, given their potential to revolutionize
these services, which are generally provided by the GNSS.

Relying only on a single constellation, such as Galileo’s, for indoor positioning, is not
feasible yet with today’s technology. Currently, it is not possible to depend exclusively
on Galileo for this purpose, particularly in indoor and multipath environments. In such
scenarios, the number of Galileo satellites with meaningful measurements will likely be
less than four, which is not sufficient for a robust and accurate position calculation, not
guaranteeing the necessary reliability and accuracy.

The GNSS, consisting of GPS (United States), GLONASS (Russia), GALILEO (European
Union), BeiDou (China), NavIC (India), and QZSS (Japan), resides mainly in MEO -
between altitudes of 2000 km and 35786 km - which contributes to weaker signals and
susceptibility to interference, being a potential threat to the robustness of these systems.
This challenge has contributed to the emergence of out-of-domain solutions, like LEO
satellites, to provide a reliable backup for PNT-dependent systems and safeguard the
national critical infrastructure [1, 2].

This is where the inclusion of LEO satellites becomes critical. By integrating these satel-
lites into the system, it is possible to achieve positioning even in very harsh environments,
which marks a significant improvement over the traditional Galileo-only approaches.

It is at this point that the added value of the current study is best seen. In this work,
a LEO system will be designed, aiming at increasing the availability and robustness
of PNT applications that rely on GNSS. The work will not only design the system but
generate and process signals according to that design, in conjunction with Galileo satellites.
Additionally, in a GNSS Software Receiver, the added value of the proposed constellation
will be analysed, from a PVT and tracking loop point of view. For the results analysis,
two main scenarios are going to be considered, in which, it is believed, that the new
constellation will provide a high added value. Those considered scenarios are in indoor
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CHAPTER 1. INTRODUCTION

and multipath environments (mimicking an urban city center), which are expected to
extract meaningful results from the inclusion of the new constellations of satellites.

It is very important to ensure that the new LEO constellation will provide added value
in terms of accuracy and robustness, as user applications keep on demanding higher
performance from the GNSS constellation. Additionally, important conclusions will be
drawn regarding the potential use of the Galileo constellation (MEO+LEO) as a single-use
constellation, without being necessary to rely on other constellations. For this reason, only
Galileo was considered in the current study.

This Thesis contributes to a better understanding of these satellites, and their po-
tential when put together with GNSS, ultimately contributing to the development and
improvement of the current PNT solutions.

1.2 Goals

This work aims to design and evaluate a LEO satellite system able to be used for PNT
applications (LEO-PNT), in order to investigate the potential of these satellites to overcome
the limitations of the current GNSS.

The objectives involve the definition of the system parameters, such as the feasible
number of LEO satellites, the best orbits for visibility, the transmitted power, the modula-
tion to be used, and the frequency band of the transmitting signals. Moreover, scenarios
including GNSS+LEO will be created and their benefits evaluated in indoor and multipath
environments.

System Design and Definition

The System Design consists of the definition of the following parameters:

1. LEO Constellation Design: Define the feasible number of LEO satellites and
their orbital configurations, to maximize coverage for PNT applications. The
final constellation will be based on Starlink’s TLE data, ensuring a more realistic
scenario.

2. Power and Signal Characteristics: Define the transmitted and received power,
based on current values for GNSS satellites.

3. Signal Modulation: Examine various modulation schemes that can be used for
transmitting signals, ensuring compatibility with the existing GNSS system.

4. Transmission Frequency: Identify the optimal frequency band for signal trans-
mission (according to legal requirements and ensure compatibility with the
existing GNSS receivers), considering the challenging environments assessed.

Scenario Generation and Analysis

After defining the system, GNSS+LEO scenarios will be generated under different
environments:
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1. Open Sky Scenario: Evaluate the system in an ideal environment with full
satellite visibility, used as a reference scenario.

2. Indoor Scenario: Analyse the impact and added value when combining LEO
signals with GNSS in environments with limited satellite visibility.

3. Multipath Scenario: Test the system’s robustness in environments where the
reflected signals can decrease performance.

System Performance Evaluation

Assess the key performance metrics of the combined GNSS+LEO system such as
CN0, Code Tracking Jitter Percentile, Doppler, and SV Availability, comparing it
with the GNSS-only reference scenario. For this purpose, synthetic signals will be
generated and processed, using an experimental receiver (with implementation of
new LEO signals).

Additionally, a final examination on the PVT results is made, in order to evaluate
the added value of the purposed system.

1.3 Contributions

This Thesis highlights and analyses how the integration of LEO satellites, in cooperation
with the existent GNSS, can increase the potential of the Galileo constellation to function
as a standalone system and also to improve its overall performance. The present work aims
to demonstrate how such integration can enhance the accuracy, performance, reliability,
and coverage of GNSS aiming at PNT solutions.

As it will be analyzed and demonstrated later, LEO satellites can offer increased
signal power and coverage, due to their proximity to Earth. This is especially useful in
challenging environments, such as those explored in this Thesis - indoor and multipath -
where traditional MEO satellites face limitations.

In the work performed next there are three main components under analysis:

• Signal Generation: A completely new signal was designed where a new frequency
band was introduced - the S-band - and orbits were defined in order to have a reliable
number of LEO satellites in the sky.

• Receiver / Signal Processing: At the receiver processing level, a new signal was
implemented, based on the previous design. Modifications/implementations were
necessary at the tracking level, specifically involving a new central frequency and
fine-tuning to accommodate the new dynamics of such signals in LEO orbits.

• PVT engine - Current PVT engines are not yet prepared to deal with the high
dynamics introduced by the LEO orbits and the increased number of pseudoranges.
Therefore, the ability to retrieve a meaningful position represents a step forward
towards the full definition of such new systems.
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This work contributes in terms of novelty by designing and testing a LEO-PNT system,
which is currently a relatively unexplored area in GNSS. The results of this Thesis bring an
innovative approach, offering a new perspective on how the current positioning systems
can be optimized.

1.4 Thesis Structure

This Thesis is organized in four different parts. The first chapter, the current one, contains
the introduction and a first approach to the main topic of this thesis - LEO Satellites - as a
Motivation. The goals to be achieved are also presented.

Chapter 2 introduces the fundamentals of satellites, GNSS, signals, bands, and modu-
lation specifications. This content should be mastered in order to succeed on achieving
the goals of this thesis.

Chapter 3 focuses on analysing the integration of LEO satellites into GNSS, assessing
the impacts on the signal dynamics, tracking aspects and performance, and positioning
accuracy. Initially, the constellation is designed, which includes the definition of the
frequency band, modulation, and expected power values, among other parameters. Fol-
lowing this theoretical approach, the Testing Phase takes place, where the fine-tuning,
scenarios, and signal generation are assessed. Finally, an analysis is conducted on the
overall system’s performance in order to analyse the added value of LEO satellites.

In Chapter 4, a conclusion is presented, followed by proposals for future work.

4



Chapter 2
Related Work

2.1 GNSS

This section provides a brief overview of the GNSS, focusing on the Galileo European
system.

2.1.1 Navigation System

The GNSS is a constellation of satellites in several orbits that transmits signals from space
that will be used by the receivers to compute a PVT solution to be further used by a wide
range of applications.

Currently, GNSS consists of six constellations: GPS, Galileo, BeiDou, GLONASS,
NavIC and QZSS [3]. What these constellations have in common is the need for precise
timing and accuracy. However, they do mainly differ on some characteristics, such as: the
number of satellites, on the Multiple Access System being used, the amount of revolutions
per day, and coverage area, among others [4].

This thesis will be focused on the Galileo satellite technology given its European origin,
in addition to the future LEO constellation aimed by European Space Agency (ESA). This
constellation, Galileo, came to give independence to the European Satellite navigation,
while still maintaining interoperability with GPS and GLONASS. It is composed out of
three segments: the space segment, control segment, and user segment [5, 6].

Space Segment: Composed of Satellites in orbit, placed in a MEO constellation, transmit-
ting signals, which contain information on the position and time. They also store
and transmit the navigation message, sent previously by the control segment, and
are equipped with atomic clocks in order to guarantee a high precision.

Control / Ground Segment: This segment is responsible for sending and updating
the navigation message, to calculate the Ephemeris data. It is constituted by the
monitoring stations and plays a crucial role in providing corrections to achieve high
precision and robustness to the system.
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User Segment: Consists of the receivers and users. It receives the signals sent by the
Space Segment and is able to determine the pseudoranges and calculate the position,
velocity, and time as it will be later detailed.

Galileo satellites, by transmitting signals, are supporting several services, as described
below [7–9]:

Open Service (OS): Free access to the users to position, navigation, and time services
globally.

High Accuracy Service (HAS): Known before as Commercial Service (CS), this service
provides additional accuracy on the navigation signal in a different frequency band.

Public Regulated Service (PRS): Only accessed by government-authorized users, it
provides a higher level of security.

Support to Search and Rescue service (SAR): To allow real-time distress alerts with a
high level of precision location.

This constellation has 30 satellites located in MEO, and to better understand its signals
it is important to study how the PVT solution is computed taking into account the broadcast
ranging signals that will be used in the user segment to compute a pseudorange, 𝜌𝑖 , – the
distance between the Space Vehicle (SV) and the receiver.

2.1.2 Signals

This section provides a detailed analysis of GNSS signals, which is important to explore
the potential of the LEO satellites.

To guarantee that all services can cooperate without interfering with each other, the
International Telecommunications Union (ITU) allocated the L-band frequencies to GNSS
[10].

GNSS signal frequencies are located in the radio spectrum in the L-band, where Galileo
transmits signals, as represented in Figure 2.1.

Figure 2.1: Galileo Frequency Plan [11].
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Each GNSS signal is mainly composed of:

• Central Frequency: This is a radio-frequency sinusoidal component, denoted 𝑓𝑐 .
Each Galileo signal has its own central frequency, as shown in Table 2.1.

Table 2.1: Galileo Central Frequencies.

E1 E6 E5b E5a
1575.42 MHz 1278.75 MHz 1207.14 MHz 1176.45 MHz

• Navigation Message: Denoted 𝑑(𝑡), it provides useful information on the satellite
ephemeris, almanac, satellite health status, and clock information, among others.
This message is only part of the GNSS data components and it allows a precise
calculation of the position and navigation [12].

• Ranging-code: Each satellite is assigned a unique code, so the receiver is able
to distinguish the signals from different satellites. These codes are called Pseu-
dorandom Noise (PRN) sequences which are periodically repeated and have low
cross-correlation with other signals, so satellites can transmit with low interference
from each other. The ranging code is a sequence of zeros and ones, called "chips" that
will allow an accurate calculation of the pseudorange and in turn the final position
[13].

The main goal for a GNSS receiver is to calculate the user position and reduce the
Time to First Fix (TTFF), which is the time required to acquire the PVT by processing the
satellite signal retrieving the navigation data, and estimating the pseudorange [8, 14].

Figure 2.2: GNSS signal structure [15].

As illustrated in the signal structure diagram in Figure 2.2, the carrier, the sub-carrier,
the ranging code and the Navigation message, all together, form a complex waveform.
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The signal received from a satellite is represented by

𝑠(𝑡) = 𝐴𝐷(𝑡 − 𝜏)𝑐(𝑡 − 𝜏) cos (2𝜋 ( 𝑓𝑐 + 𝑓𝑑) 𝑡 + 𝜃) , (2.1)

where 𝐴 is the signal amplitude, 𝜏 is the code delay from the satellite to the receiver, 𝐷()
is the data or message bit, 𝑐() is the PRN code, 𝑓𝑐 is the central frequency, 𝑓𝑑 the Doppler
frequency and 𝜃 the carrier phase [16].

2.1.2.1 Bands and Modulations

As shown previously in Figure 2.1, Galileo signals are transmitted in three different
frequency bands: E1, E5, and E6. These configurations allow for a broader spectrum of
bandwidth, increasing signal availability and spectral diversity.

E1: The E1-OS signal is characterized by a Composite Binary Offset Carrier (CBOC)
modulation - CBOC(6,1,1/11) -, which is a combination (multiplexing) of BOC(1,1)
and BOC(6,1) modulations in such a way that 1/11 of the power is allocated to the
high frequency component [17]. This signal is divided into two components: a data
component (represented by 𝑒𝐸1−𝐵), containing the I/NAV message (𝐷𝐸1−𝐵) and the
PRN sequence ranging code (𝐶𝐸1−𝐵), and a pilot component (𝑒𝐸1−𝐶), which is a free
data channel. The BOC(1,1) modulation is represented by the sub-carriers 𝑠𝑐𝐸1−𝐵,𝑎
and 𝑠𝑐𝐸1−𝐶,𝑎 , while the BOC(6,1) are 𝑠𝑐𝐸1−𝐵,𝑏 and 𝑠𝑐𝐸1−𝐶,𝑏 [18].

Figure 2.3 represents the scheme of E1 CBOC Signal Modulation. More information
on the BOC modulation can be found further in this section.

Figure 2.3: E1 CBOC Signal Modulation [11].

E6: The E6 signal has a BPSK(5) modulation and is also characterized by two components:
a data component, 𝑒𝐸6−𝐵, containing the C/NAV message (𝐷𝐸6−𝐵) modulated with
an encrypted ranging code (𝐶𝐸6−𝐵), and a pilot component 𝑒𝐸6−𝐶 , which is a free of
data channel. Sub-carriers are not used to modulate the ranging codes in this signal
[12]. The E6 Signal Modulation is represented in Figure 2.4.
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Figure 2.4: E6 Signal Modulation [11].

E5: This signal is allocated in two frequency bands: E5a and E5b. Those signals mod-
ulate E5 using the Alternative Binary Offset Carrier (AltBOC) modulation and its
representation can be found in Figure 2.5.
This signal has four components: two data components and two pilot components.
For the E5a signal, there is the 𝑒𝐸5𝑎−𝐼 component from the F/NAV data (𝐷𝐸5𝑎−𝐼) and
for the E5b there is the 𝑒𝐸5𝑏−𝐼 from the I/NAV data stream. Both components are
modulated with the unencrypted ranging code 𝐶𝐸5𝑎−𝑄 and 𝐶𝐸5𝑏−𝑄 , respectively.

Moreover, those components are multiplexed using the AltBOC modulation [12].

Figure 2.5: E5 Signal Modulation [11].

More information on the modulation schemes can be found in [11].

GNSS uses Spread Spectrum techniques, in which the spreading and dispreading
operations are made through a PRN code attached to a communication channel (the
signal is multiplied by the PRN sequence) [19]. These techniques are important due to
the need of satellites to share the available bandwidth, making sure that their signals are
orthogonal or separated. This is achieved through Multiple Access (MA) techniques. Most
GNSS’s uses DS-CDMA technique, for which the signal of each satellite is distributed
in the time-frequency domain allowing the separation of different channels users (since
satellites are transmitting at the same time) [8].
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Below we present the most common modulation techniques used in GNSS to transmit
different types of information. Direct Sequence Spread Spectrum (DSSS) spreads the
signal through a larger bandwidth allowing it to be transmited over a wide frequency
band [20].

BPSK

Binary Phase Shift Keying (BPSK) was the first modulation to be used for Satellite
Navigation. It is known for its simplicity and so it is possible to say that if a
rectangular chip pulse shape is used, then it is considered a BPSK signal.

For each symbol, the carrier signal is altered by 180 degrees, and that shift represents
the binary values of 0 and 1.

It can be represented as [21]

𝑝Π(𝑡) =
1√
𝑇c

[
𝑈

(
𝑡 + 𝑇c

2

)
−𝑈

(
𝑡 − 𝑇c

2

)]
, (2.2)

where𝑈 has value 0 for 𝑡 < 0 and 1 for 𝑡 ≥ 1 [22].

BOC

Binary Offset Carrier (BOC) modulation is the most common in the Galileo constel-
lation and its main characteristic is the fact of concentrating the power not in its
central frequency but on the frequency of the sub-carriers and can be defined with
two models. The first one is generated by multiplying the PRN code 𝑐(𝑡) with a sine
or cosine square wave sub-carrier 𝑠𝑐𝐵𝑂𝐶 . The expression of sine-phased BOC signal
is

𝑠(𝑡) = 𝑐(𝑡) · sign [sin(2𝜋 𝑓𝑠𝑡)] , (2.3)

with
𝑐(𝑡) =

∑
𝑘

𝑐𝑘ℎ (𝑡 − 𝑘𝑇𝑐) , (2.4)

where 𝑐𝑘 represents the code sequence, 𝑓𝑠 the sub-carrier frequency and ℎ(𝑡) repre-
sents the Non Return To Zero (NRZ) code.

The second model is defined as follows

𝑠(𝑡) =
∑
𝑘

𝑐𝑘𝑝𝑇𝑐 (𝑡 − 𝑘𝑇𝑐) , (2.5)

where 𝑝𝑇𝑐 represents the chip waveform with 𝑛 rectangular pulses of 𝑇𝑐/𝑛 duration.

BOC signals are commonly represented as 𝐵𝑂𝐶( 𝑓𝑠 , 𝑓𝑐), where 𝑓𝑠 = 𝑚 · 1.023 (no
matter what model is chosen) [8, 23].

One important parameter to be analysed is Φ, which represents the number of half
periods that can fit in a chip, represented by

Φ = 2
𝑓𝑠

𝑓𝑐
. (2.6)
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It is possible to conclude that its value can be odd or even. For odd values, some
modifications have to be applied to the second model due to possible misalignment
when the sub-carrier doesn’t fit perfectly within the chip (polarity inversion) [22].

The updated definition for the second model is presented as [8, 23]

𝑠(𝑡) =
∑
𝑘

(−1)𝑘𝑐𝑘𝑝𝑇𝑐 (𝑡 − 𝑘𝑇𝑐) . (2.7)

2.1.2.2 Codes and PRN sequences

As illustrated in Figure 2.2, the GNSS signal structure has a ranging code, or a PRN
sequence of zeros and ones - "chips", in which

𝑎 = (𝑎0 , 𝑎1 , . . . , 𝑎𝑘−1) is a sequence of 𝑘 "chips," where 𝑎𝑖 ∈ {−1, 1}. (2.8)

That sequence is unique for each satellite and has a low-cross correlation with other signals,
which allows to accurately differentiate signals from different satellites. This spreading
codes can be generated through an algorithm or, as in case of Galileo E1 OS, the signals
use memory codes. In this case, there’s no code generator algorithm and the codes need
to be stored in memory [13].

The PRN codes are used due to their Auto-Correlation Function (ACF) properties that
will allow to obtain a single high peak when two codes are aligned, which will contribute
to good tracking results and to make the tracking process possible [24].

This means that when the code is aligned with the local replica, the correlation output
is maximum. On the other hand, when the code is aligned with a non-aligned replica of
itself or with another code of the same family, the correlation output will be low, which is
a bad indicator. This behaviour can be analysed in Figure 2.11.

All the tracking process is done through correlations, where the output has a maximum
value when there’s alignment between the code and the local replica. This correlation
tracking methodology is explored in detail in subsection 2.2.1.

2.1.2.3 Navigation Message and Orbits

Different types of navigation messages are broadcasted depending on the channel and
service being used. Those types are illustrated on the following table 2.2.

Table 2.2: Galileo message types.

Message Type Channel Service
I/NAV E1-B, E5b-I OS/CS
F/NAV E5a-I OS
C/NAV E6-B CS

The structure of a navigation message is organized in a sequence of frames. A
frame comprises multiple sub-frames, which consists of several pages. Each page has
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the fundamental structure that contains the navigation data [25]. An illustration of the
structure can be seen in Figure 2.6.

Figure 2.6: Structure of a Navigation Message (adapted from [25]).

The content of the navigation messages (specifically the navigation data) is crucial,
since it is the key source of information necessary to calculate the PVT solution.

To obtain positioning different types of data are needed, and those parameters are
obtained through the tracking and data demodulation process [26, 27]:

• Ephemeris parameters (Keplerian Orbital elements): there are six Keplerian param-
eters which are used to identify a specific orbit and they contain information on the
satellite’s location (see Figures 2.7a and 2.7b).

• Time and Clock Correction parameters: used for the pseudorange calculation.

• Service Parameters: contains the satellite ID, information on the Signal health status
and a set of navigation data.

• Almanac: contains information on the position of all satellites in the constellation.

(a) Keplerian Paramters [26]. (b) Orbital Parameters [27].

Figure 2.7: Keplerian Elements.
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Specific orbits are identified by six orbital parameters (see Figures 2.7(a) and 2.7(b))
[26, 27]:

• 𝑒, the eccentricity, is what characterizes the ellipse’s shape (𝑒 = 0 for circular orbit,
𝑒 < 1 for elliptical orbit, 𝑒 > 1 for for hyperbolic trajectory and 𝑒 = 1 for parabolic
trajectory). Galileo orbits are near circular since its range values are 0.0001 to 0.0006.

• 𝑎, the semi-major axis, is the sum of the periapsis and apoapsis divided by two.

• 𝑖, the inclination, is the vertical tilt of the ellipse to the reference/equatorial plane
and it is measured at the ascending node.

• Ω, the longitude of the ascending node, orients the ascending node of the ellipse
horizontally with respect to the reference plane’s vernal point 𝛾. It is measured in a
counterclockwise direction when viewed for the positive Z-axis.

• 𝜔, the argument of periapsis, is the angle from the ascending node to the periapsis
(which is the closest point from the satellite to the central body), defining the
orientation of the ellipse.

• Mean anomaly, is the position of the satellite on the ellipse at a precise epoch. Can
be converted to 𝜈, which is the angle from the periapsis to the satellite.

The Galileo constellation / Space Segment (defined as 24/3/1 Walker constellation) is
formed out of 30 MEO satellites, of which 6 are spare (to replace any failed satellite) and
it has an orbital inclination of 56 degrees [28].

The number of visible Galileo satellites is 6 or 7, being 4 or more visible in 90% of the
time [29, 30].

2.1.3 Position Determination

Galileo has in its constellation 30 satellites located in MEO, and to better understand its
signals it is important to study on how the PVT solution is computed.

Those satellites broadcast ranging signals which will be used in the ground segment
to compute a pseudorange, 𝜌𝑖 , – distance between the SV and the receiver, represented by

𝜌𝑖 = 𝑐(𝑇𝑟 − 𝑇𝑖) = 𝑐Δ𝑇𝑖 . (2.9)

Then, to compute the receiver’s position the following equation is used

𝜌𝑖 =
√
(𝑥𝑖 − 𝑥)2 + (𝑦𝑖 − 𝑦)2 + (𝑧𝑖 − 𝑧)2 + 𝑐𝜖𝑡𝑖 , (2.10)

where (𝑥𝑖 , 𝑦𝑖 , 𝑧𝑖) are the known satellite coordinates, (𝑥, 𝑦, 𝑧) are the unknown receiver
coordinates and 𝑐𝜖𝑡𝑖 is the speed of light multiplied by an error due to the not synchronized
clocks of the satellite and the receiver.
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To solve (2.10), we need a 4 equation system, one for each satellite. This means that
the user will need at least 4 pseudoranges at the same time to compute the PVT solution,
as illustrated in Figure 2.8.

Figure 2.8: Receiver with 4 satellites in view.

The PRN code is continuously repeated every few milliseconds, and on top of it, the
navigation data is also modulated, containing information on the orbit, clock, and other
essential parameters.

The main goal for the receiver in the GNSS is to calculate the time for signals to travel
from the satellite to the receiver. This involves generating a local copy of the PRN sequence
that is continuously compared and aligned with the received signal, until the maximum
correlation is obtained. This process is refered to as the "tracking loop".

Once the total transmission time is determined, it can be multiplied by the speed of
light to obtain the range from the satellite to the receiver.

The GNSS signals offer three essential measurements, which will be further used to
calculate the PVT solution [8, 31]:

• Pseudorange: measures the distance between the satellite and the receiver from the
travel time of the signal. This distance is not the "real" distance (which is defined
as range) to the satellite since it also includes the clock bias between the satellite
and the receiver and also propagation errors as for example the troposphere and
ionosphere contributions.

• Carrier Phase: measurement of the apparent distance (pseudorange) between the
satellite and the receiver. It is more precise than the code measurements due to the
fact of being intimately related with the number of cycles of the signal between the
satellite and the receiver.

• Doppler Shift: measurement of the changed received frequency caused by Doppler
effect. This value will be further integrated to obtain the Phase Shift, which will be
used to estimate the time delay.
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In addition, it is important to mention the Clock Synchronization factor. Satellite
clocks are equipped with high precision atomic oscillators to stabilize, but they can still
accumulate clock offsets over time. So those offsets are continuously being estimated
by the ground segment and transmitted back to users. The receiver does not need to be
equipped with such high grade clocks, being usually used quartz-based clocks.

The Dilution of Precision (DOP) is a crucial metric that provides an insight on how
precise is the position solution, since the geometry of satellites affect that information [27].
The effect of DOP can be seen on the figure below.

Figure 2.9: The DOP effect variation of the uncertainty region (adapted from [27]).

As can be seen on the previous figure, for two different user positions, the uncertainty
region differs which will affect the final position. In the left figure, the uncertainty region
is lower which in turn will provide a lower DOP that will increase the accuracy of the
position.

2.2 Signal Processing

This chapter will go through the processing of a GNSS signal by a receiver, covering the
key aspects of the signal search acquisition, tracking and the architecture of the receiver
itself.

In the signal processing stage, the GNSS receiver is able to combine and gather
all the satellite’s signals, preparing them for separate analysis and digital sampling.
Following this, the acquisition/tracking stage begins, where the channels synchronize,
the data is decoded, and crucial satellite information, such as the Ephemeris and Almanac
information, is obtained, along with the pseudorange and carrier phase estimation which
are essential to calculate the PVT solution. To accomplish this, the receiver architecture
plays an essential role.

GNSS receivers are designed to determine accurately the user’s PVT by processing the
signals from the satellites.

A general receiver, like the one represented on Figure 2.10, is composed of an analog
and a digital part.
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Figure 2.10: GNSS Receiver Architecture and Baseband Processing Block (adapted from
[32]).

The analog part is composed of an antenna and the RF Front-End, while the digital part
has the baseband processing channels, where all the signal processing happens, including
the signal search acquisition and tracking loops [8]. Furthermore, in the Navigation
Module, all measurements (mentioned in Subsection 2.1.3) obtained by the Processing
Channels are used by the PVT engine to compute the accurate position, velocity, and time
information solution.

In the next subsections, a more detailed approach to the acquisition and tracking stages
is performed, to better understand how the Signal Processing stage works.

2.2.1 Signal Search Acquisition

In signal processing, the first stage that GNSS receivers go through is the acquisition,
which is what allows them to detect an incoming signal, identify the visible satellites, and
give a first estimation of the signal parameters.

For the receiver to be able to detect the presence of a GNSS signal, it uses the auto-
correlation concept, which will be analyzed in the next section.
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Correlation Concept

To better understand this current chapter, it is crucial to master the correlation
concept, how it works and why it matters.

As already mentioned, the acquisition stage aims to detect the presence of a GNSS
signal and estimate the code delay and the Doppler frequency, so the tracking process
can start. To do so, the incoming signal is correlated with a locally generated replica
of the spreading code and carrier of the signal.

The correlation operation has some GNSS signal properties, such as the spreading
code properties. This means that those codes have pseudorandom characteristics,
such that when the spreading code is correlated with itself, the result function equals
1, which is an indicator of a perfect alignment. When the result correlation function
deviates from 1, the opposite situation happens, which means that two distinct
spreading codes are correlated [13].

When a peak is generated, above a predetermined threshold of Carrier-to-Noise
Density Ratio (C/N0), for example, it means that it is a good estimate. An example
of a correlation peak from the acquisition process is depicted in Figure 2.11.

Figure 2.11: Correlation peak from the acquisition process [33].

In Figures 2.12(a), 2.12(b), 2.13(a), and 2.13(b) it is possible to analyze two-dimensions
plots of the Cross-Correlation Function of a real Galileo E1C Signal in Code and
Doppler domain, respectively, and identify its peaks.
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(a) Correlation Function in Code Domain. (b) Zoom Correlation Function in Code Domain.

Figure 2.12: Cross-Correlation Functions of Galileo E1C Signal in Code Domain.

(a) Correlation Function in Doppler Domain. (b) Zoom Correlation Function in Doppler Domain.

Figure 2.13: Cross-Correlation Functions of Galileo E1C Signal in Doppler Domain.

The diagram of a correlation block can be analyzed in Figure 2.14. The RF Front End
performs the Analog to Digital conversion, so at the end, it is possible to digitally
sample the signal.

The local code is generated according to the code delay input, which indicates by
how much the code should be shifted. The Integration & Dump (I&D) block is used
so the correlation outputs can be integrated over time [34].

Upon closer examination on the correlation scheme and after the initial mixing stage,
the incoming signal from the satellite is modulated with a local oscillator. After that,
a low pass filter will make the distinction between 𝑤1 and 𝑤2 waveforms.

Ideally, the correlation would be straightforward if 𝑤1 = 𝑤2. However, due to
variations in phase between both waveforms, the frequencies do not exactly match.
To deal with that, a quadrature mixer is added, introducing two components: In-
phase and Quadrature [35].
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Figure 2.14: Correlation scheme (adapted from [34]).

Acquisition Method

During the acquisition phase, there is a signal search process that includes the
estimation of the code phase and the signal’s Doppler, which is possible through the
analysis of the correlation function. If a peak is obtained with a certain magnitude
(achieving a certain threshold, e.g. the carrier to noise estimation), then it is declared
that satellite is present in the signal and the values to be estimated (Code delay and
Doppler shift) can be obtained through that peak’s position [8].

The TTFF will also depend on how long this process will take and can be reduced by
using the receiver previous information on the position and almanac data. In that
way, there are two different models for the GNSS receiver to start-up [14]:

• Hot/Warm Start-up: when the receiver is powered ON shortly after being
turned OFF (or if the position is continuously being tracked), the data regarding
the almanac, clock, and previous position is still available. That will significantly
reduce TTFF.

• Cold Start-up: when the receiver is powered ON after a long time (or if it is
located in a different geographical area), there’s no information available. In
this case, the receiver will not know which satellites are in view needing to
check for the delay and Doppler values of all satellites in order to assess which
ones are present, this will result in increases in the TTFF.

Search Space
As already mentioned, the Acquisition stage is about estimating the signal’s Doppler
and code phase, which is a two dimensional search space (computational sources
are saved if the space can be reduced).

There are two search directions: Code Direction and Doppler Direction. The Code
Direction resolution should be high enough so it won’t miss the correlation peak.
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The Doppler Direction should be wide enough so it covers the user velocity, clock
information and satellite velocity [8].

As seen in Figure 2.15, each bin has the dimensions of both parameters. The search
space time will be increased if a Cold Start-Up mode is set given the need for
the receiver to check the whole Doppler and Delay possibilities [14]. A Code Bin,
representedbyΔ𝜏, anda Dopplerbin, representedbyΔ 𝑓 , compose a cell. The number
of combinations for the Search Space process will depend on the modulation being
used. Considering a Galileo CBOC(6,1,1/11) signal, it can have 1023 or 4092 chips
(range), a code step of 0.3456 chips (for resolution), and a range of ±5𝐾ℎ𝑧, which will
result in an elevated number of combinations (this number can be lower if another
modulation with less chips is used, like for GPS L1 C/A). Therefore, searching every
bin takes a lot of time and resources will be wasted [36]. To conclude, two main
aspects define the size of the search space: Doppler Frequency and Code Phase.
More details on the calculations and previously values can be found in [36].

Figure 2.15: Search Space.

2.2.2 Signal Tracking

After estimating the code delay and the carrier Doppler, the tracking stage can be per-
formed. This step will allow to obtain good estimates of the signal parameters. For this
process, some filters schemes are commonly used [37]:

• Phase-locked-loop (PLL): for carrier-phase tracking;

• Frequency-locked-loop (FLL): for carrier Doppler frequency shift tracking;

• Delay-locked-loop (DLL): for code delay tracking
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These loops have, as a goal, to adjust the input so the local replica signals match with
the received signals.

In Figure 2.16, it is possible to analyse a basic block diagram for the tracking loops.
The I&D blocks gather correlator’s outputs and provide their in-phase and quadrature
components. The Discriminator blocks are able to process those outputs and provide the
errors from the replica to the incoming signal synchronization (measurable quantities).
Then, the filters based on the estimate errors will be able to reduce noise and keep the
different values tracked throughout the processing. The Numerical Control Oscillators
(NCO) allows the output conversion to usable correction factors of Doppler frequency and
code delay [8, 14].

Figure 2.16: Basic diagram for the Tracking Loops [37].

By analysing the bigger picture of a tracking loop architecture it’ll be easier to under-
stand how it works. It can be seen in Figure 2.17, an Early-Late Delay Lock Loop (DLL),
the most common scheme. This system is built in a feedback system way, being closed by
the NCO block. To match the received signal, the adjustment of the local replica signal is
achieved through the input of this block.

The process works in the following way: the PRN code is generated with the same
phase as the incoming data. To keep on tracking the obtained satellites, the carrier
frequency and code phase are maintained in a locked state.

By using the register that produces the three phases (Early, Prompt, Late) of the PRN
code, the performance is improved. These three code variations will go to correlators and
be multiplied with incoming data, from which the carrier frequency has already been
eliminated.

Eventually, and following the diagram, the correlator’s output is continuously inte-
grated over one code period. Moreover, after this process of continuous correlation and
accumulation, it will be possible to compare the peak value of different phases and acquire
correction information that will be sent back to the NCO. New code phases and carrier
frequencies will keep being adjusted so the visible satellites are locked [14].

To conclude, in order to ensure the tracking of signals, the receiver is continuously
estimating two parameters: Code Delay (to quantify the PRN code replica and satellite’s
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signal misalignment) and the Carrier Phase (defines the relative motion between the
satellite and the user - Doppler Frequency) [38].

Figure 2.17: Scheme of a DLL Architecture [14].

In harsh environments, the estimation of the previous parameters - Carrier Phase and
Code Delay - can suffer degradation. This is especially true in urban areas, where sky
visibility is obstructed and buildings cause what is knwon as multipath, which will be
explained next.

Multipath Definition

The multipath effect occurs when the signal transmitted from a satellite to a receiver
follows more than one path, suffering a delay because of taking a longer and indirect route.
This means that the result signal will be a sum of the first path plus the several echoes.

The first signal path, the one travelling directly from the satellite to the receiver without
obstructions, is referred as Line of Sight (LOS). The additional signals, the reflected ones,
generally arrive later than the LOS and tend to be weaker because of the lost energy during
the reflection.

In a simple multipath scenario, the equation for the receiver’s input can be described
as

𝑟(𝑡) = 𝐴𝑋(𝑡) cos [(𝜔0 + 𝜔𝑑)𝑡 + 𝜃0] + 𝛼𝐴𝑋(𝑡 − 𝜏) cos
[
(𝜔0 + 𝜔𝑑)𝑡 + 𝜃0 + 𝜙

]
+ 𝑛(𝑡), (2.11)

where 𝛼 represents the attenuation coefficient of the reflected rays, 𝜏 and 𝜙 are respectively
the considered delay and phase errors, and 𝑛(𝑡) is the noise [39].

To summarize, the first term of the sum represents the direct received signal, while
the second term represents the reflected signals.
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Figure 2.18: ACF without the Multipath effect.

Figure 2.19: ACF with the Multipath effect.

Due to the reflected signals caused by this effect, there is an impact on the ACF, as seen
in Figures 2.18 and 2.19. It is possible to observe a distortion when multipath is present,
causing the early and late samples to become unbalanced. This can lead to a signal loss of
lock, reduced robustness and overall degradation of signal accuracy, making it essential
to mitigate this effect in order to improve the GNSS accuracy.

2.2.2.1 PVT Computation

In order to compute the PVT solution two approaches can be considered [40]:

• Least Squares (LS) - The least squares method is a static, deterministic technique
used to solve for the receiver’s position by minimizing the sum of the squares of the
residuals (difference between the measured satellite pseudoranges and the calculated
pseudoranges), based on an initial estimate of the receiver’s position. All available
measurements at a single epoch (moment in time) are processed simultaneously to
determine the receiver’s position. This method does not save a history of the previous
position computations, being the solution in the current epoch independent from
the previous one.

• Kalman Filter (KF) - The Kalman filter is a recursive, dynamic estimation technique
that considers not only the current pseudorange measurements but also the history
of past states (e.g., position, velocity) to provide an optimal estimate of the receiver’s
position and velocity over time.
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In the table 2.3 a comparison between the two different methods is provided.

Table 2.3: LS and KF Positioning Techniques Summary.
Least Squares (LS) Kalman Filter (KF)

Nature Static, batch Recursive, dynamic
Temporal Dynamics No (processes on epoch at a time) Yes (considers past and future states)
Noise Handling Less robust to noise Explicitly models noise and uncertainty
Computational Complexity Simpler but requires multiple iterations per epoch More complex, but efficient for real-time updates
Estimation Quality Provides a single best estimate at a time Provides an optimal estimate over time
Smoothing Does not smooth over time Provides smoother estimates due to temporal modeling
Measurement Use Uses all measurements at once per epoch Uses measurements incrementally over time

2.3 LEO Satellite Systems

The traditional satellite-based positioning system is based on MEO and Geostationary
Orbit (GEO) satellite systems. However, the search for alternatives to improve these
systems has been increasing a lot in the past few years given the constant need to overcome
the current challenges such as in indoor and some outdoor scenarios due, for example, to
multipath [41].

The study of LEO Satellites and their applicabilities has proven to be a promising
solution to improve the current systems. Several studies already analyzed the benefits of
combining this system with GNSS, but no major practical advances have been made yet
for enhancing positioning accuracy and robustness [2].

As outlined on [42] and [1], the following approaches can be used for positioning with
LEO satellites:

• LEO as Signals of Opportunity

These signals are not designed for positioning, although they can be used for that
purpose as a positioning opportunity, by using some measurements such as the
Angle of Arrival, Received Signal Strength, and Doppler shifts. Some examples
of these constellations can be Iridium, ORBCOMM, Globalstar and Starlink. More
information and developed studies on these LEO satellite constellations can be found
on [1, 41].

• LEO dedicated positioning signals

As previously mentioned, no constellations for LEO-Position, Navigation and Timing
(LEO-PNT) system exist yet. However, studies and plans to implement such a system
exist, and an example can be found in [43]. In the paper, it is mentioned that LEO
satellites, by being 20 times closer to the Earth and having a rapid geometric change,
can contribute to an enhanced Position Dilution of Precision (PDOP) value and a
better accuracy and convergence of Precise Point Positioning (PPP). Although the
approach could be using LEO satellites as an independent solution, this Thesis
will focus on the combined LEO and GNSS perspective, given the need to have an
extended amount of LEO satellites to provide full coverage (independently) and to
also use the already functioning satellites from GNSS.
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During the development of this Thesis, the last presented approach - LEO dedicated
positioning signals - will be followed given its highly promising potential to achieve better
positioning results when GNSS and LEO operate together. This collaboration is also
expected to achieve superior outcomes while ensuring cost-effective investments.

2.3.1 LEO-PNT dedicated

LEO Satellites offer enhanced signal strength due to their proximity to Earth, which makes
them particularly attractive for PNT solutions, commonly referred to as LEO-PNT [1, 42].

Finding ways to improve PNT robustness has been increasingly studied due to the need
to provide higher positioning accuracy for users and services (particularly in automation
fields) and to address insecurities such as spoofing.

GNSS operates at medium to high orbital altitudes, which leads to low signal power
(weak signal reception), vulnerability to interference, and difficulties in harsh environ-
mental conditions [44]. This thesis will be focused on two of this environments:

• Indoor: The energy and signals are spread out due to the MEO satellites’ distance
from Earth, resulting in attenuation. These challenges are even more emphasized
when referring to indoor conditions. This way, with the addition of the LEO satellites,
more measurements will be available with also a higher power (due to the lower
distance to earth) helping to mitigate the previously stated challenges.

• Multipath: Signal whitening and high Doppler shift, can contribute to the mitigation
of multipath, due to the high variation of the satellite position since signals are no
longer seen as static over a short duration of time. This way a reflected ray will be
much shorter in time than when considering MEO satellite signals.

A study developed by [43] demonstrates significant results when combining LEO
satellites with the Beidou system, revealing improvements in both PDOP and satellite
visibility.

PDOP describes the ratio between the error in user position and satellite position. It
takes into account the geometry of satellites and the lower the value is, the better.

When it comes to satellite visibility, the previously mentioned study, [43], concluded
the following: with 3GEO+3IGSO+24MEO the minimum number of tracked satellites was
7.6. However, after adding 120 LEO Satellites, that number increased to 10.1. Additionally,
the average number of tracked satellites has a significant increment as well, rising from
10.7 to 16.3 visible satellites. Regarding the obtained results on the PDOP, which is an
indicator for the position accuracy, and considering the same constellation, the value for
the maximum PDOP reduced from 2.24 to 1.93, and the minimum from 1.63 to 1.22.

Transitioning to an analysis of satellite-related economic aspects, the subsequent Table
2.4 provides insights on the costs of production, launch and annual expenses, along with
the number of satellites produced and the expected lifetime for LEO, MEO and GEO
satellites [45].

25



CHAPTER 2. RELATED WORK

Table 2.4: LEO, MEO and GEO - Economic Aspects.
LEO MEO GEO

Product Cost per Satellite ($MM) 15 to 40 250 to 400 500 to 1900
Launch Cost per Satellite ($MM) 80 (for 6 satellites) 240 (for 1 satellite) 240 (for 1 satellite)
Average Annual Costs ($MM) 410 to 770 390 to 510 200 to 570
Number of Satellites Produced (over 30 years) 432 24 8
Expected Lifetime (years) 5 10 14

When compared to MEO and GEO, LEO satellites have the lowest cost per Satellite.
However, given the necessity for a higher quantity of satellites needed to provide continu-
ous coverage, the overall constellation cost is higher. Additionally, the increased frequency
of maintenance and the lower expected lifetime for these satellites adds to operational
expenses.

2.3.2 Challenges of LEO-PNT Dedicated

When using LEO Dedicated some challenges might be faced [42, 45]:

• Signal Design: Choosing the right parameters such as the carrier frequency, band-
width, modulation, channel coding, multiple-access schemes, and beamforming is
an important part to take into consideration when designing these systems, given the
fact that the layers - carrier wave, code, and data - will continue to be used to build
the signal. LEO-PNT systems may have compatibility with the current developed
systems, contribute to enhanced robustness and improve positioning accuracy.

• Ground Segment: Receivers must be able to handle challenges related to the sub-
stantial Doppler range/shift resulting from the rapid movement of these satellites.
LEO satellites can complete one Earth revolution in a couple of hours, which means
that signal measurements need careful consideration. For instance, the acceleration
and the Doppler shift vary along the LOS with the satellite’s elevation angle.

• Economic Aspects: As analyzed in Table 2.4, when designing and planning the orbit
involving LEO satellites, a consideration between all these factors needs a balanced
trade-off. However, if LEO satellites had a significant price reduction per unit, due
to an elevated production quantity, their cost could get closer to MEO and GEO.
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Chapter 3
Design and Definition of the LEO

Satellites System

3.1 Basic Link Analysis and Link Budget

In a Satellite Communication System, or in any Communication System, the evaluation of
its performance is an important analysis which provides insights into the signal parameters
(transmitted and received power, receiver sensitivity, noise and interference, etc) [46].

This way, in order to assess the impact of LEO satellites for PNT, it is mandatory at a
first stage to define the system, since at the day of this Thesis does not exist any dedicated
LEO constellation for PNT.

Considering that, the following section presents a description of the different design
choices proposed for a dedicated LEO constellation for PNT purposes. Most of the defined
parameters were based on existing PNT constellations in MEO, such as GPS, Galileo,
BEIDOU, and also on existing LEO constellations for other purposes, like monitoring for
example. This Chapter will go through the fundamental aspects to be taken into account
when performing a Satellite Link Design analysis, such as the transmitted/received power,
frequency band, general orbital parameters, modulation, etc.

3.1.1 Parameters and Components Determination

When performing a Satellite Link Analysis, some properties are being determined, such as:
transmitted and received power, frequency band, general orbital parameters (Keplerian
parameters), number of visible Satellites, modulation, antenna gain, propagation losses,
etc.

Considering the outlined goals in this Thesis, some parameters are defined by default
by the Skydel Software, meeting the requirements while being aligned with the analysed
scenarios.
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3.1.1.1 Constellation Design

Constellation design allows to define and distribute strategically several satellites, sharing
similar characteristics, across one or more orbits.

The study presented in [47], delves into several options for optimized hybrid LEO
constellations, particularly for LEO-based navigation system, aligning closely with the
objectives of this Thesis. It explores severalpossible schemes of constellation configurations
and analyses the obtained results for each.

For efficiency purposes the proposed constellation scheme was not fully implemented
in this Thesis. Instead, it was used an orbit of an existing LEO constellation, Starlink.
Still, the theoretical insights gained from this study provide valuable guidance for future
research and practical applications. Additionally, the study was mandatory and important
to determine if the chosen TLE’s orbit were feasible and in line with a possible LEO
constellation for PNT.

In the referenced Thesis [47], a careful analysis was made in order to determine the
optimal number of LEO satellites required to achieve globally even coverage with 6 visible
satellites in every instant for different elevation mask angles: 7º, 15º, and 20º. For that
purpose, the constellation type was fixed to a hybrid orthogonal circular-orbit/Walker
constellation.

The results of this analysis are insightful for theoretical exploration and can be seen in
Figure 3.1, which shows the penalty values for each scheme.

Figure 3.1: Traces of the penalty values for S6, S7 and S8 [47].

From all the presented schemes, S7 seems to be the most balanced option due to its
favorable compromise between coverage and penalty value and its technical advantages.
This scheme, which uses an elevation mask of 15º and 6 visible satellites on average,
requires a total number of 172 satellites. Such configuration ensures global coverage and
offers a significant redundancy, enhancing the system’s resilience against any individual
satellites failures and ensuring continuous and reliable coverage. Moreover, the increased
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number of visible satellites in this scheme can improve location accuracy as it allows for
a better diversity of lines of sight, leading to a better GDOP. Therefore, the choice of 172
satellites is theoretically ideal for balancing the requirements of coverage, accuracy and
resilience in a LEO-PNT system [47].

While the mentioned constellation scheme analyzed previously was not implemented
in this Thesis, these theoretical insights influenced the decision to use a Starlink constel-
lation for practical simulations, as it aligns closely with the theoretical aspects discussed,
offering global coverage, redundancy and high accuracy.

3.1.1.2 Transmitted and Received Power Characteristics

The power received on ground is an important factor in determining the robustness and
reliability of the positioning signal. This value, at the ground level, is influenced by several
factors, including the transmitted power, free-space path loss and atmospheric attenuation.
Due to the LEO satellite’s proximity to Earth, less signal attenuation and slightly higher
received maximum power are expected, compared to MEO satellites.

Considering user elevation angles above 5 degrees, the expected value for the total
received minimum power can be considered the same as for the Galileo satellites, which
is -155 dbW. Regarding the total received maximum power, a value of -150 dbW is
typically considered for Galileo satellites. However, due to the lower orbital altitude and
reduced atmospheric attenuation associated with LEO satellites it was determined to add
an additional 2dB, resulting in a maximum received power of -148 dbW [11].

It is important to emphasize that the focus is not necessarily on achieving higher
received power levels on ground, but rather on leveraging the proximity of LEO satellites
to Earth to reduce their technical requirements. This means that, with less demanding
transmission characteristics, LEO satellites can ensure power levels on ground equivalent
to those of the Galileo system.

3.1.1.3 Transmission Losses

Although for simulation purposes propagation losses were not taken into account, it is
important to be aware that they exist and affect the quality and reliability of the signal.

The main losses affecting LEO-PNT systems include:

• Atmospheric Losses (Ionospheric and Tropospheric)

• Multipath Losses (signal reflections from surfaces)

• Free-Space Path Loss (spreading of the signal as it travels through space)

The ionospheric layer is the highest one on the atmosphere, and due to sun’s radiation, it is
full of ionized particles that will cause absorption, propagation delay, frequency changes,
dispersion of the signal, etc. The radio waves crossing the troposphere are affected by
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rain attenuation, fog, clouds, and other factors, which will affect a small percentage of the
signal that won’t reach the receiver antenna at the ground station.

Regarding multipath, signals coming from LEO satellites have a higher power, which
contributes for a better mitigation of this effect. Additionally, by having more satellites
available in the sky, makes the recovery of the original signal way easier.

Free-Space Path Loss refers to a decrease of signal intensity as it travels through space.
Although LEO signals are closer to Earth, this loss is not that much affected, which can be
seen through its equation

𝐹𝑆𝑃𝐿 = 20log10
4𝜋𝑑𝑓
𝑐

, (3.1)

where 𝑓 is represented in MHz and 𝑑 in km [48].
Another consideration is that, while LEO satellites orbit within the ionosphere, MEO

satellites are above it (as can be seen in the illustration in Figure 3.2). This means that
the ionospheric effects on LEO signals are less predictable (due to the variability of the
ionosphere), compared to MEO signals. The current correction models used for GNSS
may not be entirely valid for LEO satellites and future research is needed to develop more
accurate models for this conditions [49, 50].

Figure 3.2: Ionosphere layer representation [49].

3.1.1.4 Frequency Band and Modulation

The current GNSS system operates using several frequency bands, as already studied in
subsection 2.1.2.

Currently, and given the success of the GNSS, the L-band is significantly congested,
which may cause interference or additional attention to where the signal should be
allocated to minimize that interference. For the purpose of this Thesis and to implement
a LEO satellite system, the selection of the S-band seems the most appropriate choice for
several reasons presented below and as it is already analysed in [51, 52].
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Firstly, the S-band can be easily compatible with the existent GNSS (due to its proximity
with L band), ensuring integration and interoperability, and it is already in use in many
countries, namely in ITU Region 3 [52].

Secondly, the propagation attenuation increase with the frequency, and the required
antenna input powers are around 2 times larger than it is for the L-band, which is still
feasible [51].

Additionally, the S-band propagation characteristics make it particularly well-suited
for indoor signal penetrations and some applications like agriculture, when compared
to C-band or X-band [53], which is an important detail due to the indoor and multipath
scenarios yet to be analyzed further in this Thesis.

Regarding the selection of the modulation scheme for the purposed LEO system, the
choice of BPSK(10) presents several advantages.

The BPSK modulation is a robust technique due to the 180 degrees phase shift between
the binary 1 and 0, and it is also simple to implement, making it well-suited for satellite
communication systems and minimizing computational complexity and receiver require-
ments [54]. This modulation has no problems with compatibility since this technique is
already implemented in the existent GNSS, which facilitates its integration. BPSK also
occupies less bandwidth, when compared to a high order modulation scheme for the same
data rate. BPSK(10) transmits one bit per symbol while maintaining a good robustness
against noise, interference and multipath. Since conserving the bandwidth is an important
aspect, due to the high number of allocated frequencies, these characteristics point to
BPSK(10) to be a good option.

An additional consideration is to ensure the signal integrity by carefully select the
central frequency, given the existence of the BPSK modulation within GNSS. Although
the S-band frequency range goes from 2GHz to 4GHz, the Skydel Software, used to
generate the signal, exclusively supports the frequency 2492.028 MHz in the S-band. This
central frequency selection is good due to its compatibility with the receiver and given
the favourable characteristics which include reduced interference and enhanced signal
stability within the bandwidth range.

3.2 Testing Phase

In this subsection, the Testing Phase of the LEO-PNT system, previously designed, will
be performed. The purpose of this phase is to assess the performance of the system by
presenting the scenario final design, simulation dynamics, and signal generation, which
will be processed by the receiver.

31



CHAPTER 3. DESIGN AND DEFINITION OF THE LEO SATELLITES SYSTEM

3.2.1 Scenario Design

To define the constellation design, it is necessary to provide the orbits of the satellites.
This can be done through a Two-Line Element (TLE) format file, which is then processed
by the Skydel software.

As previously mentioned in subsection 3.1.1.1, the Starlink constellation aligns best
with the theoretical aspects and goals of this Thesis. The Starlink TLE was then used to
represent the LEO-PNT constellation’s orbit parameters. This was accomplished by access-
ing the https://celestrak.org/NORAD/elements/ website and retrieving the Element
Sets of the current Starlink data.

Further details and analysis on the TLE are following provided.

Two-Line Element Set Format

The TLE format encodes orbital elements of an Earth-orbiting object, describing its trajec-
tory for a given point in time (epoch).

An example of a TLE for Galileo is shown in Figure 3.3:

Figure 3.3: Two-Line element set for Galileo [55].

Each line of a TLE has a specific structure and format.

The Title Line is optional, and it contains the satellite designation, as shown in Figure
3.4.

Figure 3.4: TLE Title Line.

Figures 3.5 and 3.6 illustrate the structure of Lines 1 and 2 of the TLE for Galileo,
with the corresponding fields and their content description detailed in Tables 3.1 and 3.2,
respectively.

Figure 3.5: TLE Line 1.
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Table 3.1: Line 1 structure.

Field Content
1 Line Number
2 Satellite Catalog Number
3 Classification (U: Unclassified)
4 International Designator (last two digits of launch year)
5 International Designator (launch number of the year)
6 International Designator (piece of the launch)
7 Last two digits of the Epoch Year
8 Epoch
9 First Derivative of Mean Motion
10 Second Derivative of Mean Motion
11 Second Derivative of Mean Motion
12 Ephemeris type
13 Element set number
14 Checksum

Figure 3.6: TLE Line 2.

Table 3.2: Line 2 structure.

Field Content
1 Line Number
2 Satellite Catalog Number
3 Inclination (º)
4 Right ascension of the ascending node (º)
5 Eccentricity
6 Argument of perigee (º)
7 Mean anomaly (º)
8 Mean motion (revolutions per day)
9 Revolutions
10 Checksum
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3.2.1.1 Scenarios Overview

In this testing phase, several scenarios were evaluated using the GNSS software receiver,
XRC, to analyse the performance and added value of using LEO Satellites.

The three main scenarios, their definitions, and purpose are presented below:

• GAL+LEO Open Sky: This scenario combines both Galileo and LEO satellites in an
open sky environment. This means that all 4 quadrants are considered, providing
an optimal setup with a rich set of visible satellites. In the current scenario, the LEO
constellation is not expected to provide a high added value due to the substantial
number of visible Galileo satellites. However, it is important to assess the reference
performance and understand how transitioning from the current scenario to indoor
and multipath environments affects performance.

• GAL+LEO Indoor: Combines Galileo and LEO satellites under indoor conditions.
For the scenario to be considered indoor it is assumed that the first and fourth
quadrants are visible (mimicking a scenario in which the satellites are only visible
through a window, which is very representative of an indoor scenario).

• Multipath in GAL+LEO: In the current scenario, the focus is to simulate an urban
scenario in which a multipath is present (like a city center). The scenario is equal
to the GAL+LEO Open sky, but buildings and trees are considered. Consequently,
the processed signal will experience multipath impairment, which can be observed
through indicators like degradation in the Carrier-to-Noise-Ratio (CN0).

It is important to note that, for each scenario analysed, only satellites above 5º elevation
are considered, as this threshold ensures more realistic conditions, both in indoor and
outdoor environments. In typical conditions, signals coming from satellites below this
elevation are often obstructed or not visible, making them unavailable for processing.

3.2.1.2 Simulation Dynamics and Signal Generation

In this section, the dynamics of the simulation, including the signal generation, will be
presented.

During this phase, the complete scenario was created, using the Skydel Software, which
is a GNSS simulation tool offering multi-constellation/multi-frequency signal generation
[56]. The main scenario incorporates both Galileo (MEO satellites) and LEO satellites,
considering the four quadrants visible. From now on, this specific scenario will be referred
as "GAL+LEO Open sky".

The process and configuration aspects used to develop the scenario will now be
analysed.

For the simulation purposes, the receiver was considered fixed/static, with the follow-
ing coordinates:
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• Latitude: 6.55180000º

• Longitude: 152.74400000º

• Height: 2.0000m

These specific coordinates were chosen based on a previous analysis of that particular
location and start time (GPS Time: 2024-05-15 10:16:00), ensuring that, as previously
designed, multiple satellites were visible in the sky, providing representative results for the
future LEO constellation. By carefully selecting the time and location with representative
satellite visibility, the results become more reliable, allowing us to obtain better data and
results.

For the purpose of this simulation, a TLE from Celestrak [55] forLEO Satellites (Starlink)
was injected, as previously stated in subsection 3.2.1.

As mentioned in subsection 3.1.1.4, the chosen modulation for the new LEO signal
was defined as being a BPSK(10). In order to achieve the signal, a Custom Signal, based on
the L5Q (BPSK(10)), was created. To be in line with the defined system (via the Custom
Signal plug in) the central frequency was defined in the S-band as 2492.0280 MHz, instead
of the L5Q native central frequency of 1176.45MHz. With the previous understanding, it
is possible to simulate the LEO constellation taking into account all of the assumptions
and design decisions presented in previous subsections.

At this point, two signals are being used: Galileo E1 and LEO L5Q_S.
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The obtained visible satellites are shown in Figure 3.7.

Figure 3.7: Sequence of frames showing satellite displacement over time (every 30 seconds).

It is evident from the figures that while the MEO satellites, represented by the blue
color, appear to remain relatively stationary (not moving), there is a noticeable difference
with the LEO satellites, represented by the green color. These satellites, due to its orbits,
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show a significant distance traveled and changes in position every 30 seconds. As will
be discussed later, this increased movement, velocity, and rapid shifts in position, have a
substantial impact on the processing of tracking loops and the overall performance at the
receiver level.

The obtained elevation, azimuth and range (at a 60 seconds rate), corresponding to
the available satellites in the open sky scenario, are presented in the following Table 3.3.

Table 3.3: Time series Open Sky.
Elev (º) Az (º) Range (m) Elev (º) Az (º) Range (m) Elev (º) Az (º) Range (m) Elev (º) Az (º) Range (m)

SV ID
Time (ms) 500 60000 180000 300000

E4 26,65311 -85,14931 26184751.5026 26,66547 -84,71382 26183649.15322 26,68644 -83,83579 26181782.38425 26,70224 -82,95825 26180379.23548
E31 1,878713 -147,9028 28685933.41774 1,99713 -148,1743 28672822.6028 2,241526 -148,719 28645789.45754 2,493377 -149,2595 28617967.71186
E12 38,23749 -34,57904 25224726.92547 38,56359 -34,80386 25200182.37323 39,2191 -35,27373 25151262.5568 39,87144 -35,76608 25103138.17557
E27 0,903684 68,493021 28804258.81639 0,883026 68,14944 28806609.86054 0,836503 67,45811 28811890.99107 0,783411 66,76907 28817901.99315
E21 23,46907 113,14555 26474557.21432 23,58368 112,7478 26463923.88872 23,81325 111,9425 26442667.70956 24,04051 111,133 26421682.48699
E26 31,35112 148,32887 25770430.39595 31,02049 148,5224 25798364.82581 30,3528 148,9005 25855177.44046 29,6841 149,2624 25912606.82355
E19 39,61217 -12,80004 25124594.4523 39,40968 -12,43123 25139565.80512 39,00477 -11,69091 25169665.7692 38,60457 -10,95504 25199625.60087
E10 14,65664 -33,54458 27326441.73956 14,95974 -33,6363 27295618.5741 15,57083 -33,83101 27233720.00878 16,18152 -34,03889 27172195.62047
E33 82,10927 161,64767 23260984.33367 81,68612 162,7897 23266208.23313 80,82438 164,7731 23277689.98927 79,95403 166,4158 23290433.62565
L26 - - - - - - 2,790474 -8,243907 2385366.24584 10,75892 6,538769 1740300.211708
L04 - - - 0,172957 -6,544971 2678677.467134 6,692128 7,016166 2055435.252577 13,14143 30,4157 1613381.479934
L27 2,710857 -12,36276 2412207.452596 6,615133 -7,101918 2060700.19213 16,41122 11,48799 1441958.189988 24,50528 50,54663 1132884.338541
L10 19,78995 -177,5962 1319832.013387 13,72785 170,833 1606060.913532 4,256787 158,1448 2294891.487294 - - -
L18 22,30337 -102,5016 1227415.757466 26,37679 -124,3938 1100473.193178 20,85618 -169,8579 1279185.571995 9,831761 167,4285 1848576.828305
L11 16,70794 -132,7842 1411403.140704 14,31665 -149,5628 1530256.981614 6,903042 -172,6516 2018648.560362 0,029236 174,7463 2674649.714502
L08 - - - 1,833498 -28,31081 2480476.647381 11,56523 -24,56959 1687964.967535 30,83537 -13,55409 956283.5736238
L06 - - - 2,193992 -22,39423 2444010.098675 11,73336 -15,06427 1677849.378474 28,43481 5,111327 1011716.469411
L23 2,032769 -107,181 2459796.391605 2,766047 -117,3007 2386282.151744 2,201354 -138,1624 2442555.132813 - - -
L24 79,56223 3,2520181 567870.6571344 56,14558 123,2959 661536.7027234 20,22199 131,7243 1303097.300878 6,777593 133,222 2077226.862676

Based on the table presented above, some observations can be made regarding the
behaviour of the LEO and MEO constellations satellites.

LEO satellites, represented in green, exhibit significantly different dynamics compared
to the MEO satellites, represented in blue. The range values for LEO satellites are
considerably smaller, which reflects their proximity to Earth. Additionally, these range
values fluctuate considerably over time, indicating the fast movement of these satellites as
they enter and move through the orbit. In contrast, MEO satellites show relatively stable
range values, as their higher orbits lead to slower movement and less changes in position
when viewed from Earth.

The elevation values for LEO satellites also exhibit greater variation compared to the
MEO satellites. For instance, satellite L24 show significant changes in elevation in the
time frames presented, which reflects their rapid motion across the sky. This is contrasted
with MEO satellites, whose elevation angles remain relatively stable (when considering a
static user), indicating that they are consistently positioned at higher altitude and moving
in a gradual way across the field of view.

Another important aspect worth mentioning, is the appearance and disappearance
of satellites in the LEO constellation. Given their lower orbit and rapid movement, LEO
satellites enter and exit the visible sky area more quickly than MEO satellites, which
remain in view for longer periods. This aspect will have a significant impact on system
performance and signal tracking, as the receiver will have to acquire and lock onto new
satellites as other pass out of view.

Table 3.4 shows a summary of the generation parameters discussed earlier and used
for the desired GNSS scenario.
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Table 3.4: GNSS generation parameters [11].

Trajectory Fixed
Coordinates Lat: 6.55180000º ; Long: 152.74400000º ; Height: 2.0000m

Period 15-05-2024 10:16:00 UTC + 00:00
Duration 5 min

Constellation
Galileo E1

LEO L5Q_S

Visible Satellites
E04, E31, E12, E27, E21, E26, E19, E10, E33

L26, L04, L27, L10, L18, L11, L08, L06, L23, L24

Central Frequency
Galileo E1C: 1575.4200 MHz

LEO L5Q_S: 2492.0280 MHz
Sampling Rate 25.000 MSps

Modulation
Galileo E1C: CBOC(6,1,1/11)

LEO L5Q_S: BPSK(10)

Minimum Power on Ground
Galileo E1C: -157.25 dbW

LEO L5Q_S: -155 dbW

Maximum Power on Ground
Galileo E1C: -150 dbW

LEO L5Q_S: -148 dbW

3.2.1.2.1 Multipath Generation

In order to simulate the multipath scenario it is necessary to provide a time series that
will have information regarding the environment of the user. In this case, and according
to the multipath definition, it is represented by an extra replica of the signal, which in
turn its defined with a phase, code delay and power offset. The generated time series will
have this information, which will be injected into the signal and later tracked with the
software receiver.

The time series used for the multipath generation was created using the DLR Land
Mobile Multipath Channel tool [57]. In this tool, the user can configure the desired
environment (urban or suburban), and then all the parameters (like height of trees, size of
the road, number and height of buildings) are automatically defined according to it. For
the purpose of this Thesis, the urban environment was the chosen option.

Since this tool is not yet prepared to deal with LEO satellite dynamics, different time
series had to be created, dividing the simulation into 5 (5 different time series, representing
1 minute each), to more realistically represent the satellite’s trajectory. This was necessary
because the tool was designed taking into account MEO satellites, in which, for a static
user, the elevation and azimuth of the satellites is constant on a 5 minute period. For a
LEO satellite this is not true, and 5 different time series were needed in order to update
with the correct azimuth and elevation of the satellites in Table 3.3.

This time series are .mat files composed by a set of parameters, such as: a list of all the
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SVID (Space Vehicle Identification) to be affected by multipath, and the multipath array
itself to be injected in the base signal (phase and code delay offsets). This array contains,
for each satellite:

• Values for LOS delay, LOS phase, and LOS attenuation, relative to the LOS base
signal.

• Values for ECHO’s delay, ECHO’s phase, and ECHO’s attenuation, relative to the
LOS base signal.

This parameters mentioned above are responsible to define the multipath dynamics.

As a result, a set of time series composed of 3 L0S and 10 ECHOS is generated, for
each visible satellite and for the configured multipath scenario.

The Skydel will then directly process this time series using the GMV SDXPAND plug
in, by injecting the multipath into the base signal.

3.2.1.3 Signal Characteristics and Transmission Parameters

As mentioned above, the Galileo satellites transmit the E1C signal, while the LEO satellites
transmit a signal equivalent to GPS L5Q, with a central frequency shift to the S band
(2492.0280 MHz).

The GPS L5 signal has two carrier components: in-phase component, L5I, which
contains data (navigation messages), and a quadrature component, L5Q, known as pilot,
meaning it doesn’t carry any data (only the PRN code).

The L5 signal is modulated using the BPSK modulation, whose advantages were
already mentioned in subsection 3.1.1.4. This signal (specifically the L5Q component),
and all the modernized GPS civil signals, are designed to improve signal acquisition and
tracking robustness. The L5Q component uses a primary code length of 10,230 chips,
and it is further modulated by a secondary code - Neuman-Hofman code - that reduces
interference and allows a higher data bit synchronization within GNSS receivers. The
Neuman-Hofman code for L5Q is 20 bits long.

During each PRN code repetition interval (1 ms), the secondary code modifies the PRN
sequence (primary code) by either leaving it as it is or inverting it, based of the secondary
code value (0 or 1). For instance, for the L5Q Neuman-Hofman code of ’0000110000’, the
first 4 repetitions of the PRN code will be transmitted as the original, while the fifth and
sixth will be inverted, and so on [8].

There is always one secondary code chip per epoch of the primary code. Note that
epoch represents the duration of N chips. This is illustrated in Figure 3.8.
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Figure 3.8: Tiered Codes Generation [11].

The power level of the L5Q signal is an important parameter to ensure robust signal
reception, especially in challenging environments. The nominal power level for the L5Q
signal from GPS satellites is typically around -157 dBW. However, LEO satellites, due to
their closer proximity to the Earth, can afford to transmit signals with an additional 2 dB of
power (as previously mentioned in subsection 3.1.1.2). This results in a stronger received
signal at the Earth’s surface, enhancing the signal quality and reliability for end-users [11].

3.2.1.4 Signal Output Generation

In this subsection, the outputs generated through Skydel are discussed, specifically the
IQ data and RINEX files, which are crucial outputs for further processing and analysis on
the receiver side (xrc - experimental GMV receiver). Figure 3.9 shows a screenshot from
the Skydel interface, representing the outputs for both signals, LEO L5Q_S and Galileo
E1C.

Figure 3.9: Skydel output with signal configurations.

The In-phase and Quadrature (IQ) file is generated with the .iq extension, 16-bit
IQ samples in binary format and has a sampling rate of 25.000 MSps. The Receiver
Independent Exchange (RINEX) format is the international standard to store and exchange
GNSS data, enabling interoperability between different receiver brands, while having an
easy readable form.

The Skydel generates this file which contains information about satellite orbits and
other essential parameters (satellite ephemeris, clock corrections, observation data) in a
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nominal format. An example of a RINEX file can be seen in Figure 3.10. The RINEX files
play a crucial role in the receiver’s processing stage by providing the necessary aiding
data for initial acquisition and tracking of satellite signals [58, 59].

In summary, while the IQ data provides the received satellite signal in binary formats,
the RINEX files offer information for aiding signal acquisition and tracking.

Figure 3.10: RINEX Example File.

3.2.2 Receiver Processing

XRC (eXperimental Receiver Canvas [60]), is the GMV experimental receiver, that is able
to process multiple signals in different scenarios and approaches. It has a high array of
possible configurations and expansion capabilities, which allows to design and evaluate
the performance of innovative GNSS processing algorithms. The experimental receiver is
scalar, from a computational processing point of view, allowing to operate and run in low
specifications laptops, but also in high end components, since it explores the available
hardware resources. The main difference will be the processing times and capabilities, in
terms of the tracked channels.

The software receiver is also able to generate Signal quality monitoring (SQM) metrics
which makes it the ideal solution for performance assessment and implementation of
innovative techniques, as is the case of the current Thesis, in which new signals need to
be tracked (S-band).

The main inputs of the receiver are the IQ file, which has the signal to be processed and
correlated, and the RINEX files to aid in acquisition and re-acquisition. Finally, the config-
urations, which allow to select the desired constellations/satellites/bands/modulations
with a high degree of flexibility.
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3.2.2.1 Fine-Tuning

The signal processing begins with the acquisition phase. If a signal is detected, it enters the
FLL while keeping on checking the code lock (synchronization between locally generated
and received satellite signal’s code). Once the code and frequency are locked, the FLL will
be switched to a PLL tracking, providing the correct carrier phase value enabling carrier
positioning. If the receiver loses the lock of the phase, the tracking continues but only
with carrier doppler tracking, through the FLL, not providing accurate phase estimates.
In the case both code and phase lock are lost, the acquisition phase starts all over again,
which is refereed to re-acquisition [8].

To successfully process the incoming LEO signal, an implementation had to be per-
formed in the experimental receiver. Since the signal was newly designed in the scope of
this Thesis, the receiver was not prepared to handle it and a new central frequency signal
had to be generated in order to successfully correlate it with the incoming LEO signal.

Additionally, a fine tune at the configuration level was mandatory in order to handle
the different characteristics of the LEO signal when compared with the nominal MEO
satellites. This is especially true for the satellite dynamics, which will have a big impact
on the tracking loop filters as will be shown next.

Table 3.5 presents the summary of configurations used in the software receiver.

Table 3.5: XRC configuration parameters.
Configuration Value Description

L5Q_S
BPSK(10)

E1C
CBOC(6,1,1/11)

Mask Angle [ª] 5 Satellite elevation mask
Sky Scan Period [s] 10 Receiver period of operation of updating visible satellites
Sampling Frequency [MSps] 25 Sampling frequency / rate
C/N0 [db-Hz] 35 Threshold for C/N0
Coherent and Non Coherent Integration Time [s] 20e−3 100e−3 Acquisition Duration of which the signal is integrated
C/N0 Loss of Lock [db-Hz] 25 Threshold for C/N0 Loss of Lock flag
Phase Lock 65º Phase error to assume loss of lock (degrees) - PLL
Time to declare Loss of Lock [s] 4 Threshold of the time to declare loss of lock
Coherent and Non Coherent Integration Time for reacquisition [s] 20e−3 100e−3

Reacquisition

Duration of which the signal is integrated during reacquisition
Coherent and Non Coherent Integration Time for tracking [s] 1e−3 4e−3 Correlation Process Duration of which the signal is integrated during tracking
Bandwidth PLL 45 15 Phase-locked loop bandwidth
Bandwidth FLL 5 1 Frequency lock loop bandwidth
Bandwidth DLL 5 1 Delay lock loop bandwidth
Order PLL 3 2 Order of the PLL Filter
Order DLL 3 2 Order of the DLL Filter
Phase Lock FLL (º) 65º Phase error to assume loss of lock to activate FLL
Discriminator PLL and FLL ATAN2

FPLL Carrier Filters

Type of Discriminator

By analysing the previous table, it is clear that the main fine tune at tracking level was
performed in the phase lock loop.

The decision to use a third-order instead of a second-order filter to track LEO satellites,
is primarily due to the dynamic nature of these satellites, when compared to MEO satellites
(such as the ones in the Galileo constellation).
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Figure 3.11: Second Order PLL Phase Error Estimate.

Figure 3.12: Third Order PLL Phase Error Estimate.

As it is possible to analyse from Figures 3.11 and 3.12, the phase error estimate for a
second order PLL shows an initial high error value, which gradually decreases over time.
However, despite reaching a low phase error value, this PLL takes a considerable amount
of time to stabilize, specially given the dynamic nature of LEO satellites. Additionally, it is
evident, by the slow curve’s descending, that the second order PLL struggles to track the
rapid motion and velocity changes of LEO satellites, not being able to lock on the phase.

On the other hand, Figure 3.12 shows the phase error estimate for a third order PLL.
The main difference lies in the behaviour of the error over time. This PLL starts with
a lower phase error, maintaining a stable phase lock over the entire observation period.
Despite some variations, the overall phase error remains significantly lower compared to
the second order PLL.

Third order PLL are specially designed to deal with acceleration, which is a critical
factor when dealing with LEO satellites. For that reason, by using a third order PLL, the
receiver is able to adapt to maintain a signal lock [61].

To provide more information and context on the PLL, a brief explanation is presented
below.
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Basics of a PLL architecture

Figure 3.13: PLL standard architecture [62].

On a standard PLL architecture, illustrated in Figure 3.13, there are three main blocks:
the phase detector, the loop filter, and the NCO block (an integrator). The phase detector’s
output represents a phase estimation error, which goes through the loop filter that will
drive that error to zero and filter out the noise, while the NCO is responsible to generate
the local replica.

The loop filter attenuates the phase error due to the Doppler frequency shift, caused
by the motion. As analysed on [61], the steady state (difference between the input and
output) error is not zero under high dynamic conditions and a wider bandwidth is needed
in order to that error converge faster to zero.

The third-order PLL comes to solve this problem and its elements are a phase detector,
VCO and a loop filter with external velocity aiding and feedback.

3.2.3 Analysis of Results and Added Value

In this section, the results of the previously described scenario are presented in order to
retrieve the added value that the proposed LEO constellation will provide. For this, an
analysis will be made in order to evaluate both the final positioning accuracy (the error is
assessed based on the real reference position) and the performance of the signal tracking
loops, in terms of its power during the processing and the estimates of the code delay,
which will be translated into a position in the PVT engine.

3.2.3.1 Reference Scenario - Open Sky

3.2.3.1.1 Tracking Loops Performance Analysis

In the following sections, the Open Sky scenario is presented. This scenario is essential to
assess the performance and will serve as a reference when analyzing the obtained results
in the indoor and multipath environments. As previously specified, the key difference
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between these two scenarios is that, in indoor environment, only two quadrants are
considered, while there are four for the open sky scenario. As a result, fewer satellites
are available for analysis in indoor scenario. This can be seen in Figures 3.14(a), 3.14(b),
3.15(a), and 3.15(b), representing the sky plot for both scenarios.

Due to the low number of Galileo satellites in the indoor scenario, it is already clear
that relying solely on the Galileo constellation will not provide a position solution. This
highlights the significant added value of the LEO constellation, which makes it possible to
obtain a position solution, as will be demonstrated in the analysis of the indoor scenario.

(a) SkyPlot Open Sky - MEO Satellites. (b) SkyPlot Open Sky - LEO Satellites.

Figure 3.14: SkyPlot of MEO and LEO visible Satellites for the open sky scenario.

(a) SkyPlot Indoor - MEO Satellites. (b) SkyPlot Indoor - LEO Satellites.

Figure 3.15: SkyPlot of MEO and LEO visible Satellites for the indoor scenario.
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Open sky: LEO + Galileo satellites
Following is presented the performance analysis of the tracking loop estimates for

the considered satellites. The analysis will focus on the estimated CN0, doppler and
code delay, because these present a meaningful overview of the receiver performance.
The code delay estimates are tied to an ambiguous pseudorange, meaning that the noise
in these estimates will have an impact in the overall position solution. Keeping track
on the Doppler is crucial, especially with the LEO constellation, since new dynamics
will be present, making it an essential parameter for a comprehensive and full view of
performance. Finally, the CN0 offers a clear indication if the signal tracking is being
performed correctly, gathering the expected signal power from the signal tracking.

The carrier-to-noise density ratio (CN0), expressed in (db-Hz), is an important metric
used to evaluate the strength and quality of a signal, indicating its clarity, and is defined
as the ratio of the received carrier power to the noise power.

Figure 3.16 and Table 3.6 depict the carrier-to-noise ratio estimation of the different
satellites and their respective mean values.

Figure 3.16: CN0 results.

Table 3.6: CN0 - Mean results.
CN0 - Mean

[db-Hz] E04 E10 E12 E19 E21 E26 E33 L04 L06 L08 L10 L11 L18 L24 L26 L27

E1C 42.267 40.341 44.123 44.16 42.04 42.987 47.209 nan nan nan nan nan nan nan nan nan
L5-Q nan nan nan nan nan nan nan 38.6 41.221 41.305 39.027 39.151 44.165 47.105 37.418 42.0

46



3.2. TESTING PHASE

Due to the high range of motion of LEO satellites, it is common to experience signal
loss of lock when the satellite’s elevation decreases below the configured elevation mask
of 5 degrees, which is the main reason why not all the signals have a doppler estimate
contemplating the full simulation time of 5 min. Additionally, discontinuities are often
observed when a satellite enters (for the TOW of 296341 s, the satellite L04 becomes visible)
or exits the visible sky (L10 exits the visible area approximately at a TOW of 296350 s).

As expected, the maximum value of CN0 is achieved when a satellite is at its highest
elevation (close or at the zenith point) and that value decreases and gets noisier with low
elevation angles. Moreover, it is easy to distinguish LEO from MEO satellites by observing
the variations on the CN0 values, in which they seem constant for the Galileo constellation
when compared to the LEO satellites.

As previously mentioned, propagation losses play a significant role, where the received
power on Earth is a function of the distance between the receiver and the satellite. Since
this distance has more variation for LEO satellites, due to their rapid movement across
the sky, the received power fluctuates significantly as well. In contrast, for MEO satellites,
where the orbital periods are much longer, a similar behaviour to what is observed over 10
minutes for LEO satellites would only be noticeable over several hours for MEO satellites.
This highlights the faster changes in signal strength and dynamics with LEO satellites.

A detailed observation on this type of behaviour can be found on Figures 3.17 and
3.18, for LEO satellite 24 and Galileo 33, respectively.

Figure 3.17: L24 - CN0, real, and imaginary part results variation.

Figure 3.18: E33 - CN0, real, and imaginary part results variation.
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As already mentioned, the rapid movement of LEO satellites across the sky leads to
significant changes in signal strength over short times. The received power decreases as
they move away from the receiver. This is illustrated in the plots of the real part variation,
showing that, as the CN0 decreases (meaning low elevation angles and moving away),
the received power also declines. This is the case of satellite L24, in Figure 3.17, serving
as an excellent example of this behavior. In contrast, the real components for satellite E33,
in Figure 3.18, remain relatively constant throughout the simulation. This occurs because,
during the simulation period, E33 barely moves compared to L24, resulting in minimal
variations in the received power.

As can be seen in Figure 3.19, satellite 24 starts the simulation with a Doppler shift
close to zero, indicating the moment when it is near the receiver. As the simulation
continues and just within 5 minutes, the satellite moves away from the receiver, resulting
in a symmetric change on the Doppler shift values.

Figure 3.19: L24 - Doppler shift variation.

This behavior is expected, since the simulation begins when the satellite is closest
to the receiver (doppler shift near zero), and the received power is also at its highest, as
indicated by the real component of the signal.

In Figure 3.20 is presented the receiver’s code delay accuracy for the different modu-
lations considered. The code delay accuracy is defined here as the third order difference
metric. Due to the satellite movement, and in order to assess the noise of the tracking, it is
necessary to remove the dynamics. To achieve this, it is applied the third order difference
method to fully assess the noise present in the code delay estimations, by removing the
geometry contribution and doppler. This method, applied on four consecutive code
observables, allows to determine instantaneously the code phase error, and assumes that
the satellite’s acceleration relative to the receiver is negligible compared to the code error.
This is a useful method to filter the acceleration variations, specially when high dynamic
conditions are present.
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Figure 3.20: Code Tracking Jitter Percentile results.

This variable (code delay accuracy) provides the accuracy of the estimates and sheds
some light on the expected values of the position solution. It is important to state that
there is not a direct relation from this value to the position error, however, it is a good
indicator of what can be achieved in the position solution and also to assess if the tracking
loops are processing the signal as expected.

The X-axis may be interpreted as the magnitude of the jitter, the variation, or ranging
error, in meters. Lower jitter values means the receiver is tracking the signal more smoothly.
The Y-axis represents the percentage of the data points with the corresponding jitter values.

The 95th percentile is a standard measure often used to analyse performance data. At
this value, Galileo E1C signal has a jitter of 0.624 meters, which is lower than the obtained
value of 0.910 for LEO L5Q_S signal. Therefore, under most conditions, Galileo E1C signal
offers better performance in terms of tracking stability when compared to LEO L5Q_S
signal. This can be justified by the fast orbit of the LEO satellites, in which many points of
the tracking are under noise conditions (low elevation). Since the MEO satellites have a
“constant” carrier-to-noise ratio, all their estimates correspond to high values and do not
decrease.

In Figure 3.21, it is possible to observe an increase of the code delay jitter for L24,
represented by a larger "cloud" of points over time. This correlates with the observed
CN0 plot for L24, in Figure 3.17, where the initial higher values of CN0 (representing
the closest point to the receiver) correspond to a lower instantaneous range noise, as the
estimates are more accurate during this period. The noise increases (represented by the
larger "cloud" in Figure 3.21) as the CN0 values decrease.
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Figure 3.21: Code Tracking Jitter for L24.

In contrast, the instantaneous range noise for E33, observed in Figure 3.22, maintains
a general constant value, which is also in accordance with its CN0 values, in Figure 3.18.

Figure 3.22: Code Tracking Jitter for E33.

Table 3.7 presents the code tracking jitter results for all satellites.

Table 3.7: Code Tracking Jitter results - Percentile 95%.
Code Tracking Jitter

Percentile 95 E04 E10 E12 E19 E21 E26 E33 L04 L06 L08 L10 L11 L18 L24 L26 L27

E1C 0.539 0.696 0.469 0.432 0.615 0.577 0.277 nan nan nan nan nan nan nan nan nan
L5-Q nan nan nan nan nan nan nan 0.971 0.677 0.649 0.690 0.979 0.436 0.539 1.071 0.715

It is possible to conclude that, despite LEO satellites having less than 15 minutes of
visibility, only about half of that time provides accurate positioning estimates comparable
to MEO satellites [63]. This highlights the challenges of LEO satellites, where only limited
windows offer optimal signal quality.
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It is important to note that, in open sky conditions, the LEO satellites contribution
for a more accurate position are negligible due to the previous understanding. However,
the aim of the LEO constellation, is for more demanding scenarios such as the ones to be
analysed later: multipath and indoor conditions.

Figure 3.23 presents the overall doppler values for the different tracked satellites. Since
Doppler effect is a critical factor in satellite communications, this graph is essential to
understand the impact of the satellite motion on the signal tracking.

Figure 3.23: Doppler results.

LEO satellites show a much wider range of Doppler shifts, caused by the higher relative
speed between those satellites and the receiver due to their lower orbital altitude, which
results in rapid changes in signal frequency. In contrast, Galileo satellites almost appear
static, and their Doppler shifts are clustered around -3kHz and 3kHz, which suggest a
much lower relative motion between this satellites and the receiver.

Due to their high dynamic nature (only less than 15 minutes of visibility), and as
previously analysed, the provided accuracy by LEO satellites, despite using a BPSK(10)
modulation (which is theoretically more accurate than the CBOC(6,1,1/11) modulation
of the Galileo satellites), is largely in line with the accuracy of Galileo’s E1C signal. This
means that the added value in terms of code delay accuracy is marginal. This is explained
by the fact that approximately half of the visibility time is spent with low CN0 values (as
the satellite enters and exits view) as previously analysed from the code accuracy study.
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Figure 3.24 analyses the satellite availability.

Figure 3.24: SV Availability.

This graph simply shows each satellite’s availability over time. It reinforces the previous
idea that LEO satellites are constantly entering and exiting view, which leads to lower
accuracy. Only two LEO satellites show 100% of availability, L18 and L24, which are
the best ones in terms of performance as also visible in the accuracy Table 3.7 (as these
satellites are the ones with the lower code tracking jitter results, meaning higher accuracy).

It is important to highlight that, when new satellites enter the sky view in the middle
of the simulation, their accuracy is generally weaker. However, when there is full visibility,
it becomes possible to achieve the best accuracy for LEO satellites. In these cases, in
approximately half of the time, we have high-quality BPSK(10) values, and during the
other half (entering and exiting the sky view), worse values (as can be seen in Figure 3.21,
where L24 has a good code tracking jitter for about half of the simulation time only). The
average of these results aligns closely with the Galileo E1C signal at a CN0 of 42 dBHz
(the code tracking jitter percentile has the same value for L24 and E04), as can be seen
in Table 3.7. This means that, although the accuracy of LEO satellites may be affected
at certain moments of the simulation, it is still comparable to the results obtained with
Galileo, suggesting that the same accuracy can be achieved ultimately, even not being as
reliable for a stand-alone system for continuous tracking.
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3.2.3.1.2 PVT Performance Analysis

In this section it is analysed the Receiver Position Estimation Error over time for the base
scenario (Galileo-only) and for GAL+LEO in open sky environments.

In order to analyse the accuracy of the PVT performance, the estimated position (in
The Earth-Centered, Earth-Fixed (ECEF)) will be compared with the real position and its
error will be analysed from the mean (bias) and standard deviation (stability) point of
view.

In Figure 3.25 it is possible to assess the error in terms of the horizontal deviation.

Figure 3.25: Horizontal Deviation and Mean and STD Deviation of Position Estimates
(Full Simulation vs Last 50 seconds) for Galileo in Open Sky using Kalman Filter.

In the previous Figure it is shown the PVT error for the Galileo-only open sky scenario.
As was previously seen in Figure 3.14(a), in the open sky scenario there are 7 Galileo
satellites available, so it is expected to have a position with a high degree accuracy, and
this is clearly seen in the values of Figure 3.25, especially if we consider the last 50 s of the
simulation, in which the filter has already converged to the final values.

The standard deviation of the solution has a maximum value of 20 cm in the X-axis,
with all of the other axis being below the 10 cm mark. When the full simulation is
considered, these values are higher, but it is justified by the time that the Kalman filter
takes to converge.
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The performance is shown in Figure 3.26, but considering the full case of Galileo+LEO
satellites.

Figure 3.26: Horizontal Deviation and Mean and STD Deviation of Position Estimates
(Full Simulation vs Last 50 seconds) for Galileo+LEO in Open Sky using Kalman Filter.

As can be seen in Figure 3.26, when the LEO constellation is also considered for the
PVT computation in the open sky scenario, the position is more accurate, with reported
standard deviation below 5 cm for the last 50 s of the simulation. This is a high improvement
when compared with the Galileo-only scenario.

The same understanding is not true if the full simulation is considered. For this
case, the Galileo-only scenario presents more accurate results (below 1 m) whereas the
GAL+LEO has a STD value of approximately 2, 4 and 9 meters for the X, Y and Z axis,
respectively. This behavior is clearly seen in the plots of Figure 3.26, in which the position
takes a long time to converge to the right location. This behavior can be explained by
the orbits of the LEO satellites, which take approximately 12 min for a full run across
the sky. In contrast, for MEO satellites, this process takes several hours and during this
time the number of visible satellites remains constant. Now, the number of available
pseudoranges/satellites is always different along the simulation (as LEO satellites keep
entering and exiting the solution) and the continuous input and ouput of new estimations
on the PVT engine provokes the behavior seen in Figure 3.27.
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Figure 3.27: Detailed view on the PVT error time series for Galileo+LEO in Open Sky
using Kalman Filter.

This is a very important point to take into account because it leads to the conclusion
that PVT Engines should be reviewed when tracking MEO+LEO satellites. It is mandatory
to improve this feature so it can be in the same order of performance as with only the
MEO satellites.

In the next figure it is possible to find the same solution, but using a Least Squares
instead of a Kalman Filter. As previously seen in subsection 2.2.2.1, Least Squares
performs each estimation independently from the last one, which makes it invulnerable
to the entering and exiting of satellites, as can be seen in Figure 3.28.

Figure 3.28: Horizontal Deviation and Mean and STD Deviation of Position Estimates
(Full Simulation vs Last 50 seconds) for Galileo+LEO in Open Sky using LS.
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By analyzing the results in Figure 3.28, the last 50 seconds of simulation and the full
simulation reported results are very similar, which is expected due to the use of the LS
solution. For the current technique, the entering and exiting of the satellites does not
produce any issue regarding convergence of the solution, since for LS this is independent
of previous measurements. This result also reinforces the fact that Kalman filter estimation
should be assessed when implementing the use of LEO constellation for the final position
estimation.

Galileo+LEO, Indoor, Kalman Filter

In the current subsection, results considering the indoor scenario are going to be
presented. This scenario, as already stated, is the same scenario as previously analyzed,
but only with two quadrants being considered (simulating, for example, a user next to a
window).

Figure 3.29: Horizontal Deviation and Mean and STD Deviation of Position Estimates
(Full Simulation vs Last 50 seconds) for Galileo+LEO in Indoor using Kalman Filter.

By analyzing the results in Figure 3.29, in indoor conditions, when both Galileo and
LEO constellations are considered, it is possible to compute a solution for the full 5 minutes,
being in line with the performance shown for the open sky scenario. This is a significant
and relevant result, as it shows that not only is possible to have a positioning solution in
indoor, but the performance achieved - due to the use of LEO satellites - is in line with the
one shown for the open sky scenario (reference scenario), as can be seen in the tables of
Figure 3.8.
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Table 3.8: Positioning results for Galileo+LEO in Indoor scenario and Galileo+LEO in
open sky scenario, respectively.

Galileo+LEO Indoor Galileo+LEO Open sky
X [m] Y [m] Z [m] X [m] Y [m] Z [m]

Mean Position - Full Simulation 0,81 0,07 0,13 0,58 -2,75 8,70
STD of Position - Full Simulation 0,35 0,03 0,12 2,17 3,86 9,14
Mean Position - Last 50sec Simulation 0,26 0,05 -0,02 -0,52 0,08 0,66
STD of Position - Last 50sec Simulation 0,06 0,01 0,01 0,03 0,02 0,05

It is important to note that, with LEO satellites, when the filter is stable (represented by
the last 50 s of the simulation) the accuracy increases significantly, since geometry plays
a crucial role in accuracy. The LEO satellites not only provide more measurements, but
also enhance the geometry of the constellation, which results in more precise positioning
solutions.

Once again, it is important to notice the small discrepancies in the position, but as
previously analysed, this happens due to the high number of satellites entering and exiting
the position computation. However, for the current scenario, these are minimal, which is
translated in the very high accuracy values reported previously.

3.2.3.2 Multipath Scenario

In this subsection it is analysed the tracking loops performance for Galileo signals and
LEO L5Q_S in the multipath scenario, as previously defined in subsection 2.2.2.

3.2.3.3.1 Tracking Loop

In the current scenario, the key difference from the previous ones is the presence of
signal impairments, which degrade the tracking performance. This can be observed in
the tracking availability metrics shown in Table 3.9.

Table 3.9: SV Availability results without and with multipath, respectively.

Without Multipath With Multipath
SV Availability SV Availability SV Availability SV Availability

E04: 100.00% L04: 38.98% E04: - L04: 38.98%
E10: 100.00% L06: 62.71% E10: 64.41% L06: 62.71%
E12: 100.00% L08: 62.71% E12: 83.05% L08: 62.71%
E19: 100.00% L10: 63.05% E19: 83.05% L10: -
E21: 100.00% L11: 77.63% E21: 83.05% L11: -
E26: 100.00% L18: 100.00% E26: 86.44% L18: -
E33: 100.00% L24: 100.00% E33: 86.44% L24: 58.98%

L26: 22.03% L26: 22.03%
L27: 76.27% L27: 25.42%

As can be seen in Table 3.9, for most of the satellites, there is a clear degradation in
availability, specially in the LEO signals. In the multipath scenario, three LEO satellites
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(L10, L11, and L18) experienced a constant loss of lock and did not provide any estimates
during the simulation. The same occurred for one Galileo MEO satellite, however, due
to the high number of available Galileo MEO satellites, it should be possible to retrieve a
position estimation without making use of the LEO measurements.

When examining the sky location of the loss of lock satellites (as shown in Figure 3.14),
it is possible to see that a clear obstruction (a building, for example) is present between
the 160º and 280º azimuth relative to the receiver. This is the main reason why no estimate
could be retrieved from some satellites.

Finally, for the satellites that were able to provide measurements, the Galileo ones had
an approximate 20% loss of availability and the LEO satellites L24 and L27 experienced
availability degradation of approximately 41% and 51%, respectively.

As already mentioned and, despite losing several satellites, there are still six Galileo
satellites remaining, which theoretically would be sufficient to provide a position by
themselves without the need for LEO satellites. However, in urban scenarios such as
city centers, the environment is constantly changing. From one moment to the next, an
obstruction could block the azimuths where the Galileo satellites are located, making it
impossible to retrieve a solution. For this reason, the addition of the LEO constellation is
highly valuable, as it would allow to retrieve a position by using at least six satellites.

Due to the multipath effect, the carrier-to-noise ratio will be significantly affected when
compared to the reference scenario, as shown in Figure 3.30.

Figure 3.30: CN0 results in multipath scenario.
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Table 3.10: CN0 - Mean values.
CN0 - Mean

[db-Hz] E04 E10 E12 E19 E21 E26 E33 L04 L06 L08 L10 L11 L18 L24 L26 L27

E1C - 25.271 39.775 40.342 41.338 35.878 42.81 nan nan nan nan nan nan nan nan nan
L5-Q nan nan nan nan nan nan nan 38.617 41.243 41.332 - - - 42.152 37.445 33.017

Figure 3.30 and Table 3.10 present the CN0 results in the multipath scenario, from
which it is evident that there are significant fluctuations and drops for several satellites,
unlike the previously analysed scenarios (like the ones presented previously in Table 3.6).

This fluctuations and variations are expected since it occurs due to the impact of the
reflected signals, which are typical in urban environments, leading to overall degradation
in the signal quality, as also assessed previously in the availability of the tracking in Table
3.9.

Even when the signal is tracked under multipath conditions, the obtained measure-
ments are not reliable and highly noisy, leading to inaccuracies in the estimated position,
as shown in Figure 3.31.

It is also important to note that, although L5Q_S signal uses BPSK(10) modulation,
which is expected to be more resilient to multipath challenges, this satellites are in a
lower altitude and with rapid movement, which makes them less susceptible to multipath
(when in view), compared to MEO satellites. The frequent changes in position lead to
more variations in the line-of-sight (LOS) paths between the satellite and the receiver, and
if multipath exists, it will have a shorter impact when compared with MEO signals (the
position of the satellite is “more constant”). So, given this circumstances, LEO satellites are
shown to remain quite stable under this environments, even with these high fluctuations
(comparing to MEO satellites), as can be seen in the Figure 3.31, depicting the code tracking
jitter of the two different constellations.

Figure 3.31: Code Tracking Jitter Percentile results in multipath scenario.

While in the open sky scenario the Galileo constellation satellites were more stable
than the LEO ones, and this was reflected in the error regarding the 95th percentile of
the code delay tracking error (Figure 3.20), in the current scenario the same is not true.
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Due to the multipath impact in the signal, the Galileo constellation suffers variations in
its power estimates and its performance is similiar with the one shown for LEO satellites.
Because of this and the higher multipath rejection of BPSK(10), the LEO satellites’ signals
accuracy is more visible here, providing more accurate estimations with a 95th percentile
code jitter of 1.3m versus the 1.9m of the E1C modulation.

These results align with the expected ones, given the nature of the modulation schemes
used by both signals.

From the previous results it was shown that the main advantage of having LEO
satellites added to the system is making it more robust by having a higher total number
of satellites available to track and retrieve a position - rather than mitigating directly
the multipath in the tracking loops or in the observation filter of the PVT engine. With
the current strategy, many more measurements are available, leading to a more robust
position estimation, which will be analyzed next.

3.2.3.3.2 Position Solution

In the next sections we present the results of the position for the multipath scenario. The
position results will be organized according to the different constellations used, specifically
the Galileo and the Galileo+LEO cases.

Galileo-only Solution
Figures 3.32 and 3.33 present the horizontal error of the position solution for the

Galileo-only constellation, using Kalman Filter and Least Squares methods, respectively.

Figure 3.32: Position Horizontal Deviation for Galileo in Multipath scenario, using Kalman
Filter.
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Figure 3.33: Position Horizontal Deviation for Galileo in Multipath scenario, using Least
Squares.

From the previous Figures 3.32 and 3.33, it is possible to observe the difference between
the Kalman Filter and the Least Squares estimator, as the convergence time of the first one
is much longer than for the second one. Table 3.11 present the accuracy results for the
current simulation.

Table 3.11: Mean and STD Deviation of Position Estimates (Full Simulation vs Last 50
seconds) for Galileo in Multipath scenario using Kalman Filter and Least Squares.

Kalman Filter Least Squares
X [m] Y [m] Z [m] X [m] Y [m] Z [m]

Mean Position - Full Simulation 4,02 1,40 -2,98 0,44 0,06 -0,15
STD of Position - Full Simulation 6,42 2,44 5,11 3,36 1,21 2,31
Mean Position - Last 50sec Simulation 1,05 0,26 -0,60 0,26 0,04 -0,02
STD of Position - Last 50sec Simulation 0,05 0,02 0,04 1,92 0,69 1,13

For the current scenario, due to the already high availability of the Galileo satellites
(with only one being blocked, E04, as shown in Table 3.9), the PVT engine is able to
compute a solution despite the affected satellite. Because of this, the positioning errors are
quite low if the last 50 seconds are taken for the Kalman solution (after filter convergence)
and for the least squares (despite results being quite similar, for full and last 50 seconds,
due to the nature of the solution, which is not smoothed and does not rely on previous
estimates).

Since there is already a high number of available satellites and nearly two quadrants of
the sky are blocked, the addition of LEO satellites in the current scenario is not expected
to add benefit to the final solution. This is because it will not enhance the geometry, as the
same area of the sky remains blocked and signal reflections occur independently of the
distribution of satellite positions, nor the availability (given the high number of Galileo
satellites under tracking).
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Now that the Galileo-only test case has been analyzed, we can compare it with the
Galileo+LEO solution to assess the added value of the newly designed constellation.

Galileo+LEO Solution
Figures 3.34, 3.35, and Table 3.12 present the horizontal error of the position solution

and the mean and std deviation of Position Estimates for the Galileo+LEO constellation,
using Kalman Filter and Least Squares methods, respectively.

Figure 3.34: Position Horizontal Deviation for Galileo+LEO in Multipath scenario, using
Kalman Filter.

Figure 3.35: Position Horizontal Deviation for Galileo+LEO in Multipath scenario, using
Least Squares.
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Table 3.12: Mean and STD Deviation of Position Estimates (Full Simulation vs Last 50
seconds) for Galileo+LEO in Multipath scenario using Kalman Filter and Least Squares.

Kalman Filter Least Squares
X [m] Y [m] Z [m] X [m] Y [m] Z [m]

Mean Position - Full Simulation 2,65 0,73 -1,66 0,42 0,07 -0,16
STD of Position - Full Simulation 6,54 2,64 5,41 3,25 1,16 2,21
Mean Position - Last 50sec Simulation -2,29 -1,63 3,08 0,21 0,01 0,01
STD of Position - Last 50sec Simulation 1,08 0,33 0,78 1,56 0,56 0,81

When comparing the current results with the ones from the Galileo-only scenario
(Table 3.11), they are overall quite similar for both solutions.

Due to the high availability of the Galileo satellites, the introduction of new satellites
will only cause marginal improvements in positioning accuracy, as the initial solution
(Galileo-only) is already performed using a large number of satellites, and the geometry
does not improve with the LEO satellites (because, as already mentioned, reflections occur
independently from the geometry).

This is evident in the results, where only slight improvements are observed with the
addition of the LEO constellation. In fact, the accuracy slightly degrades when considering
the Kalman filter solution.

Due to the high rate of satellites entering and exiting the PVT solution, it negatively
impacts its accuracy. Therefore, special attention should be given to the PVT engine in
order to deal and mitigate these fluctuations.

In contrast, the same conclusions are not drawn from the LS solutions, where the entry
and exit of satellites have a minimal impact on the solution. When more LEO satellites
are available (during the last 50 seconds of the simulation), the LS solution shows an
overall improvement in accuracy, which is also in line with the previously analysed results
in the code tracking loops, regarding the code accuracy, in Figure 3.31. Since there are
more accurate measurements available, the PVT engine will prioritize these over the less
accurate measurements from the E1C modulation, when computing the solution.

Even in scenarios where Galileo is able to provide a solution using only MEO satellites,
the LEO constellation still has an added value, even being marginal.

It is important to emphasize, once again, that these urban scenarios are highly dynamic,
and if a different azimuth range in the sky were blocked, the LEO satellites would not only
provide the user a solution but also deliver a similar performance to the one encountered
in the open sky scenario.
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3.2.3.3 Main Conclusions

Based on the previous analysis of the positioning solutions through all the scenarios, the
following key conclusions can be drawn:

• Performance with LEO Constellations: The PVT solution presents fluctuations (as
depicted in Figure 3.27) when the LEO constellation measurements are added to
the position solution. This is explained by the perturbations caused by the new
satellite measurements entering and exiting the filtering solution. Additionally,
contaminated environments, like in a multipath scenario, can lead to worse results.

• Kalman Filter Limitations: The Kalman filter generally shows improvement on the
accuracy with the inclusion of LEO satellites in Open Sky conditions. However, it
becomes less stable when high multipath interference is presented, due to the fast
entering and exiting of new satellites, leading to jumps on the position estimates.

• Advantages of Least Squares: LS method shows a great robustness against fluc-
tuations, caused by rapid changes in satellite visibility. The performance of the
purposed system stays consistent in several scenarios, with a small impact when
satellites entry or exit the visible area. This stability is crucial to obtain a reliable
positioning, especially in challenging environments.

• Challenges in Multipath environments: Both Galileo and LEO constellations face
significant challenges in this scenario. However, LEO satellites, by using the pur-
posed BPSK(10) modulation, show a good resistance to this effects. Multipath
becomes an important factor that affects positioning accuracy, which shows the need
to implement effective multipath mitigation strategies in the future GNSS.

• Adaptation of PVT Engines: The analyzed results show the importance of adapting
and improving PVT engines for PNT applications, in order to address the challenges
caused by LEO constellations, challenging environments and its complexities. For
this, special attention and fine tune tests need to be performed, in order to be able
to deal with new circumstances that the innovative LEO constellations bring.

• Overall Performance Results: The combination of Galileo and LEO constellations
generally shows improvement on the system robustness and coverage. However,
the dynamic nature of LEO satellites requires careful consideration, design and
development of PVT algorithms, capable of dealing with the introduced complexity.
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Chapter 4
Conclusion and Future work

4.1 Conclusions

In the previous sections, a LEO constellation for PNT was designed, with an initial
parameters proposal for the constellation, from an orbital (number and orbits of the
constellation) and a signal (modulation, center frequency, power, among others) point
of view. With the proposed designed system, and running signals mimicking this same
system, it was possible to draw meaningful conclusions regarding the added value of the
proposed constellation.

From a receiver processing perspective, the designed signals proved to add value to
the considered scenarios. In the reference scenario, open sky, the inclusion of the LEO
satellites was able to provide more accurate results than the one with only Galileo. During
the analysis of this scenario, it was also noticed that the Kalman filter solution suffers
from the constant inclusion of new measurements, and this should be a point to be further
addressed when designing receivers able to cope with such constellations.

It was also visible that the higher dynamics of the LEO satellites when compared
with the MEO ones, bring an added challenge for the tracking engine, which needs to be
adapted in order to cope with the new signals. This point was successfully performed in
the current study, with fine tuning and the best configurations found for the problem at
hand.

When analyzing the more demanding scenarios, for the indoor case, the inclusion of
the LEO satellites was fundamental and necessary in order to have a position. Without
these satellites, a solution was not possible to be provided, due to the low number of
available Galileo satellites. Since indoor scenarios have always been one of the weaker
points of the GNSS solution, it is possible to conclude that, with the inclusion of LEO
satellites, an accurate solution can be available just by relying on the Galileo constellation,
considering MEO+LEO.

In the multipath scenario, the added value and benefits of the LEO constellation could
not be fully assessed, as is the case for the indoor one, because the PVT engine was able to
remove the erroneous measurements only with the Galileo MEO constellation, being able
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to provide an accurate and reliable positioning without the need for LEO satellites. In
these circumstances, the inclusion of more satellites will not provide a higher robustness
and the added accuracy will be marginal, as seen in the results. However, if a more
demanding multipath scenario was considered, the scenario would be closer to the indoor
one, and the inclusion of the LEO satellites would prove to be fundamental in order to
gather a position.

Therefore, LEO satellites effectively complement the Galileo system, enabling it to
function as a stand-alone solution to achieve high levels of precision. This is particularly
valuable in environments where traditional GNSS signals would struggle due to limited
satellite availability.

4.2 Future Work

In the current work, several points for future work improvement were identified in order
to make the LEO constellation suitable and capable of providing higher robustness and
accuracy in the GNSS positioning, such as:

• The design of the link budget of the constellation should be carefully addressed.
This is essential to ensure that LEO signals will provide a higher robustness to
the position solution. Key factors include defining the central frequency to avoid
interference with existing signals, determining the signal power, and choosing the
right modulation scheme, since the accuracy of new signals is linked to these design
choices. Additionally, the orbit and number of satellites to be deployed must be
optimal to ensure a meaningful sky plot with sufficient LEO satellites, enabling
Galileo to function as a single constellation solution in most scenarios. This Thesis
presents an initial proposal, so further work should be performed on all of these
aspects to fully define the system.

• It was assessed that the PVT engine, when computing the Kalman filter solution,
faces some fluctuations in its position estimate due to the constant entering and
exiting of new LEO satellites. A robust design should be implemented into the PVT
engine to accommodate this new understanding. Additionally, fine-tuning should
be performed in terms of the smoothing time and new adaptations in the Kalman
filter, to better adapt the new signals coming from the LEO satellites in the final
positioning solution.

• To draw more realistic conclusions regarding the added value of a LEO constellation,
a diverse array of different multipath, indoor, and multi-dynamic user scenarios
should be considered, in order to have a full overview of the benefits and downsides
of the new constellation. This way, work can be performed to improve the solution
by using the proposed LEO constellation.
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