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Kurzfassung

Diese Arbeit gibt einen vollstindigen Uberblick iiber Pseudo-Random Noise (PRN)-
Codes und deren fiir den Einsatz in der Satellitennavigation relevante Eigenschaften.

Zunichst wird ein theoretischer Rahmen fiir das Verstdndnis der Rolle von Spreizcodes
als Bestandteil von Navigationssignalen geschaffen. Es werden verallgemeinerte Ausdriicke
zur Beschreibung heutiger Navigationssignale abgeleitet und der Einfluss von PRN-Codes auf
die Spektren dieser Signale erkldrt. Das Konzept von kurzen und langen Codes wird
eingefiihrt, um zwischen Signalen zu unterscheiden, die mit einem Linienspektrum modelliert
werden miissen beziehungsweise mit einem kontinuierlichen Spektrum modelliert werden
konnen.

Ausgehend von der mathematischen Darstellung von Navigationssignalen werden
Ausdriicke fiir die Auto- und Kreuzkorrelation zwischen Spreizcodes als Grundlage fiir das
Verstidndnis von Leistungskennzahlen von PRN-Codes wie dem Korrelationshistogramm und
den Korrelationsperzentilen abgeleitet. Die vorgenannten Ausdriicke werden dann erweitert
und verallgemeinert, um Sekundédrcodes, Untertrigerkomponenten, Chipform und
Integrationszeit beriicksichtigen zu konnen. Sensitivititsanalysen basierend auf den
eingefiihrten Kennzahlen werden in Bezug auf die wesentlichen Designparameter der Signale,
den Dopplerfrequenz-Offsets zwischen den Signalen verschiedener Satelliten und die
Empfinger-Integrationszeit durchgefiihrt. Ergebnisse und Schlussfolgerungen hinsichtlich der
Eigenschaften von PRN-Codes werden skizziert.

Als Hauptbeitrag wird eine neue Hochfrequenzkompatibilitits-Methodik zur Bewertung
der Selbst- und Kreuzinterferenz von Spreizcodes vorgeschlagen. Ziel ist es, die ITU-
Empfehlung ITU-R M.1831 zu ergéinzen, die ausschlieBlich auf der Abschitzung der
aggregierten Storleistungspegel basiert. Die neue Methodik gilt grundsitzlich fiir
Navigationssysteme, die auf der Code Division Multiple Access (CDMA)-Technologie
basieren und sich das gleiche Funkfrequenzband teilen. Die auf PRN-Codes basierende RFC-
Analyse ist allgemeingiiltig, ihre Relevanz ist jedoch vor allem fiir Signale mit kurzen PRN-
Codes von Bedeutung. Die beschriebenen Bewertungskriterien liefern ein MaBl fiir die
CDMA-Isolationseigenschaften von PRN-Codesitzen.

Umfangreiche Simulationsergebnisse belegen die Giiltigkeit der vorgeschlagenen
Methodik. Die Analysen zu spezifischen PRN-Codesitzen zeigen relevante Aspekte in Bezug
auf die Kompatibilitit von PRN-Codes und damit auf die gegenseitige Beeinflussung von

Satellitensignalen auf.
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Abstract

Abstract

This thesis provides a complete overview on Pseudo-Random Noise (PRN) codes
and their performance figures in the context of satellite navigation.

First, a theoretical framework for understanding the role of spreading codes into
navigation signals’ structure is provided. Generalised expressions to describe
nowadays navigation signals are derived and the impact of PRN codes onto the
signals’ spectral content is explained. The concept of short codes and long codes is
introduced to distinguish between signals that can be modelled respectively with the
line spectrum and continuous spectrum approach.

Starting from the mathematical representation of navigation signals, expressions for
the auto- and cross-correlation between spreading codes are given as a basis to
understand PRN codes performance figures such as the correlation histogram and
correlation percentiles. The aforementioned expressions are then extended and
generalised to take into account for secondary codes, sub-carrier components, chip
shape, and integration time. Sensitivity analyses based on the introduced figures of
merit are carried out with respect to the main signals’ design parameters, Doppler
frequency offset, and receiver integration time. Results and conclusions on the
behaviour of PRN codes are outlined.

As main contribution, a new radio-frequency compatibility methodology for the
assessment of spreading codes self- and cross-interference is proposed. The
objective is to complement the ITU Recommendation ITU-R M.1831 which is based
solely on the estimation of aggregate interference power levels. The new
methodology strictly applies to navigation systems based on Code Division Multiple
Access (CDMA) technology that share the same radio-frequency band. The validity
of the PRN codes based RFC analysis is general, however its relevance is mostly
significant for short-code signals. The assessment criteria described provide a
measure of the CDMA isolation properties of PRN code sets in the service volume.
Extensive simulation results prove the validity of the proposed methodology. The
analyses on specific PRN code sets allow observing relevant aspects related to the

PRN codes compatibility.
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Chapter 1. Introduction

1. Introduction

1.1 Objective and Motivation

Over the last years it is observed a significant growth in number and power of
Global Navigation Satellite System (GNSS) and Satellite-Based Augmentation
System (SBAS) signals transmitted in the Radio-Navigation Satellite Service
(RNSS) frequency bands. Aggregate interference levels need to be carefully
assessed and regulated for ensuring that legacy and new-generation GNSS receivers
will work properly within defined coverage areas and can achieve desired
performance.

With the European Union decision in the 1990s to set up Galileo as own Code
Division Multiple Access (CDMA) based navigation system, the need to assure
compatibility with the American Global Positioning System (GPS) grew in
importance as it was planned to use the same centre frequencies of GPS for Galileo
signals. One of EU main objectives was in fact to set up a system not only
compatible with GPS but also interoperable.

After lengthy negotiations between EU and US, the agreement on the common use
of LI/E1 frequency band was signed on June 9™ 2004. In the context of this
agreement a methodology for the computation of the Radio Frequency Compatibility
(RFC) between GPS and Galileo was established [31]. The method is based on the
computation of the Carrier-to-Noise Density Ratio (C/N,) of the desired signal
transmitted by the reference system in the presence of in-band interference generated
by an interfering system. The methodology quantifies the degree of radio frequency

compatibility among RNSS signals through two criteria:

e The Effective C/N, observed by a reference receiver processing the desired
signal when different sources of interference are accounted for, i.e. intra-
system interference, inter-system interference and external interference.

e The C/N, Degradation caused by the presence of a new interfering system
onto the effective C/N, observed by a reference receiver processing the

desired signal.

In the evolving GNSS scenario, compatibility assessments on a multilateral base are
gaining more and more importance. In order to regulate this complex scenario a

specific International Telecommunication Union (ITU) recommendation called Rec.
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ITU-R M.1831 was issued later in 2007 [32]. In this document a coordination
methodology for RNSS inter-system interference estimation was established, mostly
following the approach described in [31].

Later, other RFC assessment criteria have been proposed to complement and
possibly improve Rec. ITU-R M.1831. Among these, a presentation from the
European Commission in the framework of the ICG activities ([33], [34]) suggested
to assess the noise floor increase caused by the current/planned transmitted GNSS
signals in order to agree on a maximum interference level and to limit the
contributions from each GNSS provider.

An important aspect to take into account for RFC assessments is the frequency
representation of the navigation signals. The analytical approach described in [31],
[32] approximates the power spectral densities of the received signals as a
continuous spectrum, where the fine structures of individual signal spectra are
averaged together into a smooth shape. However real spectra of signals with periodic
spreading codes are characterized by a fine structure of spectral lines, whose
frequency and magnitude depends on the specific spreading code sequence, chip
rate, presence of secondary codes and/or navigation data.

The near-continuous noise-like spectral density modelling is valid for long-code
signals but for short-code signals this assumption is not appropriate as the signal
power is significantly concentrated into spectral lines. Since most modernized GNSS
signals belong to the category of long-code signals, the analytical approach of Rec.
ITU-R M.1831 is the most employed in ITU coordination activities for RNSS inter-
system interference estimation. Nevertheless it is believed in the navigation
community that this approach has shortfalls when it comes to the GPS L1 C/A self-
interference and in general to GNSS signals that belong to the category of the so-
called short-code signals.

From a first look, the inadequacy of the RFC methodology to assess the degradation
caused by short-code signals could be neglected as the C/A code is the only short-
code currently transmitted and it is also since the beginning of satellite navigation.

On the other hand, the risk is twofold:

e An underestimation of the C/A code self-interference could lead to ITU
multi-lateral agreements that do not protect the GPS L1 C/A users and

expected performance. Models have been developed to reflect the qualitative
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characteristics of L1 C/A self-interference and to assess its effects on
receiver performance ([35], [36], and [37]), but no such model is recognised
as standard reference and adopted for compatibility assessments.

e An incomplete or inaccurate RFC methodology could allow the design and
transmission of new short-code signals that significantly degrade the
performance of other navigation services. As a matter of fact, while the
effects of intra-system interference are under control of the navigation
system provider, the same cannot be ensured for the inter-system

interference.

The main limitation of the RFC methodology discussed above consists of
considering only the aggregate interfering power levels. The cross-correlation
interference between desired and interfering spreading codes also plays an important
role, especially when it comes to short-code signals. Every navigation system
provider needs to ensure for each service not only a good isolation of the selected
Pseudo-Random Noise (PRN) code set with it-self (self-interference, SI) but also
with all other PRN code sets transmitted in the same radio frequency band (cross-
interference, CI).

Until recently, GPS signals along with a few low-power SBAS signals were the only
signals occupying L-band and investigation on PRN code correlation properties for
the evaluation of self- and cross-interference was primarily of academic interest for

the following reasons:

e the power of individual navigation signals is far less than the noise power in
a receiver front-end;

e the aggregate power of interfering navigation signals is comparable to the
receiver noise floor and the aggregate smooth spectrum is used for
interference computation as described in the abovementioned methodologies
[31], [32];

e the assumption of aggregate smooth spectrum is justified for most GNSS

signals.

Nevertheless, future signals’ design and choice of the spreading codes should be
based on criteria that minimise not only the self-interference but also the cross-
interference with legacy GNSS signals. GPS L1 C/A currently represents the most

relevant case of short-code signal for global systems but other system providers may
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plan new services for fast acquisition based on short codes. The ITU methodology

shall be ready to assess not only the compatibility between transmitted power levels

but also between PRN code sets.

The main objective of this thesis is to investigate the nature of short-code signals and

to propose a new methodology complementary to Rec. ITU-R M.1831 for assessing

the effects of self- and cross-correlation interference between spreading codes.

1.2 Thesis Outline

This thesis is organised as follows:

Chapter 2 provides a review of GNSS signal structures focussing on the
expression of the different signal components such as chip shape,
modulation, spreading codes, overlay codes, presence or absence of data.
The mathematical model for a generic GNSS base-band signal is introduced
both at transmitter side and at receiver side in the time and frequency
domain. An overview on the transmit chain for a typical navigation payload
and a high-level description of a typical receiver chain are also included.

Chapter 3 focuses on spreading codes and starts with an overview of all
publicly known PRN code families currently (or planned to be) transmitted
by GNSS providers. It follows a summary of the measures of randomness
for a spreading code set, i.e. the three Golomb’s postulates [25]. The auto-
and cross-correlation formulas at the basis of spreading codes performance
figures are derived and well recognized figures of merit for PRN codes
design are presented. The concepts of self-interference and cross-
interference are introduced as respectively the interference caused by a PRN
codes set on it-self or onto a different PRN codes set. A sensitivity study,
based on the figure of merits previously introduced, explores the PRN codes
self-interference with respect to some signal design parameters (secondary
codes, sub-carrier, chip shape) as well as Doppler frequency and receiver
integration time. The analysis is then extended to the cross-interference case.
Chapter 4 is the core of the thesis and propose a new methodology,
complementary to the Rec. ITU-R M.1831, based on the spreading codes
cross-correlation interference. The new proposed method combines the PRN

codes performance figures described in Chapter 3 with both the simulation
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and analytical approaches in [32] to provide an overall PRN spreading codes
performance figure. Extensive simulation results for the new methodology
are provided.

Chapter 5 draws the conclusions of this thesis and provides the author’s
recommendations for future work.

Appendix A shows the power spectral densities of the Galileo signals
baseline (E1 OS, E6 CS, E5) as computed with the spectral line model
described in Chapter 2.

Appendix A investigates the concept of nominal and non-nominal signal
distortions for the Galileo signals. This topic is complex and quite
controversial: substantial literature is available on the subject but no
common understanding has been reached up to now in the scientific
community. The Galileo system provider is still investigating the nature,
effects, modelling, and detectability of such distortions. The content of this

Appendix reflects only the author’s view.

1.3 Thesis Contributions

The main contributions of this thesis are summarised in the following:

A new radio-frequency compatibility methodology for the assessment of
spreading codes self- and cross-interference is proposed. The objective is to
complement Rec. ITU-R M.1831 which is based solely on the estimation of
aggregate interference power levels. The assessment criteria described
provide a measure of the CDMA isolation properties of PRN code sets in the
service volume.

Extensive simulation results prove the wvalidity of the proposed
methodology. The analyses on specific PRN code sets allow observing some
relevant aspects related to the PRN codes compatibility among signals.

A complete overview and description of spreading codes performance
figures is provided as well as a sensitivity analysis with respect to the main
design parameters (secondary codes, sub-carrier, chip shape), Doppler
frequency and receiver integration time.

A general representation for current GNSS signal structures is provided,

which allows expressing contributions from the different signal components
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separately, accounting for various chip shapes, modulations, spreading
codes, overlay codes, presence or absence of data. The mathematical
formulation proposed is used to better explain the frequency representation
of navigation signals and the spectral line model.

e The concept of nominal and non-nominal signal distortions affecting
navigation signals is investigated and a threat model for Galileo baseline

modulations is proposed.

1.4 Glossary of Terms

Scope of this section is to provide fundamental definitions in the domain of satellite

navigation for better understanding the topics analysed in the following chapters.

GNSS — Global Navigation Satellite System (GNSS) is a term commonly used for
indicating satellite navigation systems that provide autonomous geo-spatial
positioning with global coverage. This term includes e.g. the GPS, GLONASS,

Galileo, and Beidou.

SBAS — A Satellite-Based Augmentation System (SBAS) is a civil aviation safety-
critical system that supports regional augmentation through the use of geostationary
satellites which broadcast the augmentation information (integrity and error
corrections). Currently there are some SBAS systems already operational, such as

WAAS (USA), EGNOS (Europe), SDCM (Russia), and GAGAN (India).

RNSS — According to ITU Radio Regulations, Section IV. Radio Stations and
Systems — Article 1.43, a Radio-Navigation Satellite Service (RNSS) is “a
radiodetermination-satellite service used for the purpose of radionavigation. This
service may also include feeder links necessary for its operation”. GNSS and SBAS
signals belong to the category of RNSS services and their frequency band allocation

is regulated by the ITU.

Spread Spectrum Technology — Method by which a radio-frequency signal
generated with a particular bandwidth is artificially spread in the frequency domain

to result in a signal with a wider bandwidth. Different Spread Spectrum (SS)
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techniques are available, but they all have one thing in common: they perform the
spreading and de-spreading operation by means of a pseudo random noise (PRN)
code attached to the communication channel. The ratio (in dB) between the spread
baseband and the original signal is called processing gain. Several advantages result

from the use of this technology:

e Resistance to interception: the power level drops below the radio-frequency
noise floor, which makes the SS signal invisible for unauthorized users.

e Resistance to interference: narrow-band interference degradation is reduced
by the de-spreading operation in the receiver processing.

e Resistance to fading. The broad bandwidth resulting from the spreading
operation offer more robustness to channel propagation effects such as
multipath fading.

e Multiple access capability: multiple users can transmit simultaneously in the

same frequency band as long as they use different PRN codes.

Frequency-hopping spread spectrum (FHSS), direct-sequence spread spectrum
(DSSS), time-hopping spread spectrum (THSS), chirp spread spectrum (CSS), and
combinations of these techniques are forms of spread spectrum. Most of nowadays
GNSS systems are based on DSSS signalling. More details are provided in Chapter
3.

When it comes to sharing the same frequency band resource among several
transmitters, there are only few fundamental types of channel access schemes

available:

¢ CDMA - Code Division Multiple Access (CDMA) is a channel access
method where multiple transmitters can send information simultaneously
over a single communication channel. To minimise the interference between
channels, CDMA employs spread spectrum technology and a special coding
scheme (where each transmitter is assigned a code). GPS and Galileo are
two very significant examples of CDMA in which every satellite is assigned
a different code. This enables the receiver to determine the satellite from
which each signal is coming and, consequently, to help the receiver

calculate its position by simultaneous ranging to multiple satellites.
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FDMA —Frequency Division Multiple Access (FDMA) is a channel access
method where multiple transmitters can send information simultaneously by
dividing the bandwidth of the channel into separate non-overlapping
frequency sub-channels and allocating each sub-channel to a separate
transmitter. The number of different users is limited to the number of sub-
channels in the frequency spectrum. FDMA is the least efficient in term of
frequency-band usage. GLONASS is the only satellite navigation system
using FDMA.

TDMA -Time Division Multiple Access (TDMA) is a channel access
method where several transmitters share the same frequency channel by
dividing the signal into different time slots. Thus, different communication
channels can be established for a unique carrier frequency. Nowadays no
GNSS makes use of TDMA for satellite transmission. Examples of TDMA
systems are GSM, DECT, TETRA, and IS-136.

PRN Code — A Pseudo-Random-Noise code (PRN code) is a binary sequence that

has a spectrum similar to a random sequence of bits but is deterministically

generated.

Compatibility — General definition from [30]:

“Compatibility refers to the ability of space-based positioning, navigation, and

timing services to be used separately or together without interfering with each

individual service or signal.

Radiofrequency compatibility should involve thorough consideration of
detailed technical factors, including effects on receiver noise floor and
cross-correlation between interfering and desired signals. The International
Telecommunications Union (ITU) provides the framework for discussions
on radiofrequency compatibility.

Compatibility should also involve spectral separation between each system’s
authorized service signals and other systems’ signals.

Any additional solutions to improve compatibility are encouraged.”
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The definition of criteria together with binding thresholds that would assure
compatibility in line with the above definition cannot be absolutely determined.
Currently, the compatibility among RNSS services is regulated through the
methodology described in Recommendation ITU-R M.1831 [32]. A comprehensive
description of ITU-R M.1831 and its limitations is provided in Chapter 4.

The concept of interoperability is strictly related to the one of compatibility. In
particular, compatibility can be considered as a pre-requisite of interoperability.
Interoperability — General definition from [30]:

“Interoperability refers to the ability of open global and regional satellite navigation
and timing services to be used together to provide better capabilities at the user level

than would be achieved by relying solely on one service or signal.

e Ideal interoperability allows navigation with signals from at least four
different systems with no additional receiver cost or complexity.

e Common center frequencies are essential to interoperability, and
commonality of other signal characteristics is desirable.

e Multiple constellations broadcasting interoperable open signals will result in
improved observed geometry, increasing end user accuracy everywhere and
improving service availability in environments where satellite visibility is
often obscured.

e Geodetic reference frames and system time standards should also be
considered.

e Any additional solutions to improve interoperability are encouraged.”

The concept of interoperability was first introduced when the design of the Galileo
OS signal in E1 and the GPS 2™ generation signal in L1 was under definition. It
must be underlined that being compatible does not necessarily imply that two
systems are also interoperable from the signal point of view. On the other hand, no
interoperability can be achieved as far as the compatibility between the involved

systems is not guaranteed.

The terms ‘short-code’ and ‘long-code’ have been introduced in [32], in the context
of radio-frequency interference assessment, for the purpose of discriminating the

following two categories:
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Long-code signals — Signals for which the ‘continuous spectrum’ modelling
is valid. In this case the Doppler shift between the different signals has a
negligible effect in the overall interference assessment.

Short-code signals — Signals for which the ‘real spectrum’ modelling, also
called ‘line spectrum’, is required. This more realistic modelling takes into
account the real properties of the signals, such as data rate and spreading
code characteristics (code lengths and presence of pilot and/or data
channels), through time/frequency transformation of the modulated signal.
The Doppler shift between the desired signal and the interfering signals is to

be accounted for in this case.

There is no mathematical criterion to determine whether a certain spreading code

associated to a GNSS signal is ‘short’ or ‘long’. It is only a qualitative

characterisation based on the frequency spectrum observation.

Another uncommon terminology used in [32] but also in other sources ([21], [35],

[36]) is the definition of ‘continuous spectrum’ and ‘line spectrum’. The distinction

is of particular importance for radio-frequency interference assessment:

Line Spectrum — Real spectra of signals with periodic spreading codes are
characterized by an envelope and a fine structure. The fine structure is a
sequence of spectral lines, which have different levels. When there is data,
the fine structure spectral lines are smoothed. The spectral lines depend on
the chip rate, the code length, the presence of a pilot code, and on the code
structure, as described in Chapter 2. For RFC evaluation, short-code signals
shall be represented with the line spectrum model.

Continuous spectrum — This analytical model approximates the spectrum
of the received signals as an aggregate spectrum, where the fine structures of
individual signal spectra are averaged together into a smooth spectrum. The
methodology in [32] adopts this modelling for the representation of long-

code signals spectrum.

An in-depth analysis of ‘continuous spectrum’ and ‘line spectrum’ representation for

Galileo signals is provided in Appendix A.

10
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The main objective of this thesis is to propose a new methodology for assessing the
CDMA isolation of a PRN code set with it-self and with another PRN code set. The

definitions of ‘self-interference’ and ‘cross-interference’ are fundamental:

e PRN Codes Self-interference — The interference caused by a PRN code set
on it-self is referred to as self-interference (SI); in communications this is
also called Multiple Access Interference (MAI) and it represents the
opposite concept of CDMA isolation. Self-interference is also referred to as
‘spreading codes auto- and cross-correlation characteristics’ or ‘PRN code
family correlation performance’ (see [23],[24],[27],[29]). For a
mathematical description of self-interference it is referred to Section 3.4.

e PRN Codes Cross-interference — The interference cause by a PRN code
set (interference source) onto another set (desired source) is called cross-
interference, abbreviated with CI. This effect is also referred to as ‘inter-
system spreading codes cross-correlation characteristics’ and it is
investigated for the case of Galileo E1 OS and GPS L1C spreading codes in
[24]. A mathematical description of cross-interference is provided in Section

3.5.

11
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2. Navigation Signal Structure

Most of the current and new GNSS signals are built as a combination of two
components: a data signal and a data-free signal, also called pilot signal. In general
both signals result from the product of two elements which are a sinusoidal carrier
and a spreading code, with the option of an overlay code. The data signal is further
multiplied by the binary data sequence.

Each of these elements has a specific scope. While the carrier puts the signal in the
allocated region of the radio-frequency spectrum, the spreading code or Pseudo-
Random Noise (PRN) sequence is used to perform time measurements and to
provide multiple access. The binary data sequence, also known as navigation
message, carries out different important tasks like delivering the information used to
compute the satellite’s position and clock bias and the time reference to calculate the
pseudorange. Regarding the overlay code, also called tiered or secondary code, there
are various reasons that have brought to the introduction of it. One of the main
purposes is indeed to modulate the primary code with the effect of spreading the
power over more spectral lines; as a consequence, the signal results in an increased
resistance to narrow-band interference.

All these elements reflect on the navigation signals’ waveform giving to each of
them a unique spectral content. In most of the assessments on GNSS performance
however the representation of signals in the frequency domain is done by an
approximation of the actual Power Spectral Density (PSD). A common assumption
in fact is to assume that PRN codes and overlay codes show ideal properties, i.e.
random, non-periodic, identically distributed, equiprobable, and independent
sequences. Under this hypothesis the signal waveform simplifies to its chip
waveform and the PSD assumes the characteristic smooth shape that is typically
considered.

In reality, the non-ideal spreading codes reflect on the PSD and the correlation
function shape with effects that depend on the specific signal design. For some
assessments, like the evaluation of radio-frequency compatibility between signals or
the susceptibility of a signal to a certain narrow-band interference source, the
simplistic assumption just explained could be inadequate.

Scope of this chapter is to provide a flexible representation for current GNSS signal

structures which allows expressing the contribution from the different signal

13
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components separately, accounting for various chip shapes, modulations, spreading
codes, overlay codes, and presence or absence of data. A deep understanding of the
navigation signal structure and models is at the basis of the spreading codes analysis
performed later in this thesis.

The chapter is composed of the following parts:

e Section 2.1 provides an overview of the transmit chain for a typical
navigation payload and the mathematical model to describe a generic
navigation signal at the output of the transmit antenna.

e Section 2.2 provides a high-level description of a typical receiver chain
and the mathematical model to describe the received navigation signal at

the input of the digital signal processing.

2.1 Transmit Signal

GNSS signals are typically transmitted by navigation payloads on board of MEO or
GEO satellites. The transponder architecture may be a regenerative or a transparent
one depending on the GNSS space segment design. A generic regenerative payload

architecture is represented in Figure 2—1.

SIGNAL GENERATOR

Navigation Signal
Generation Unit
Clock Unit

Base-Band Signal
i i Clock
b Atomic Clock Monitoring and
Control Unit

Base-band
Filter Frequency Generation and Modulation Unjt

IF Modulation

SN RF Frequency
RSouercy Synthesizer
Synthesizer Vi
Amplifier Unit Antenna Unit
Predistortion Digital DAC wideband RF Modulation ieamplifier Amplifier OMUX Filter Antenna
Filter Analog Filter Filter

Figure 2—1: Transmit Chain, Functional Block Diagram.

The following five units can be identified in a conventional navigation signal

generation chain:

e The Clock Unit, composed of a set of atomic clocks and a Clock

Management and Control Unit (CMCU). The CMCU is used to generate the

14
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Master Timing Reference (MTR), typically at 10.23 MHz for navigation
signals, that is used by the whole generation block.

The Navigation Signal Generation Unit (NSGU), which generates the
navigation signal, and is composed of a modulator and a pre-distortion
digital filter. The modulator generates the base-band digital signals, and
usually transposes it digitally towards an IF. The pre-distortion filter is used
to limit out-of-band emissions, avoid spectrum mixing, and compensate for
DAC shaping or any distortion brought by the following analog processing.
The Frequency Generation and Modulation Unit (FGMU), which is
composed of frequency synthesizers, a Digital-to-Analog Conversion
(DAC), and mixers. Usually, a wide-band analog filter is also used in order
to limit out-of-band emissions, spectrum distortions due to the DAC, and
spectrum re-combinations after up-conversion. At the output of the FGMU,
the signals should be within its transmission frequency.

The Amplifier Unit, composed of Solid State Power Amplifiers (SSPAs) or
Travelling Wave Tube Amplifiers (TWTAs). The characteristics of these
amplifiers are given by their amplitude and phase response, as well as their
bandwidth. In order to limit the distortions brought by the amplifier non-
linearities, constant envelope signals have been traditionally used by
navigation satellites. However, this might not be the best solution for all
cases and this work will investigate the impact of the use of signals with a
non-constant envelope.

The Antenna Unit, composed of an Output MUItipleX (OMUX) filter that
permits eliminating the inter-modulation products as well as the secondary

lobes caused by the amplification stage, and a transmit antenna.

The names CMCU, NSGU and FGMU are taken from the structure of the Galileo

satellites payload (see [41]).

Note that the mathematical models described later are valid under the assumption of

no distortions in the payload generation chain. In other words, the transmit chain is

simplified to an ideal base-band generation unit, RF up-conversion and transmission

thorough the satellite antenna. An in-depth analysis of nominal and non-nominal

signal distortions is provided in Appendix A.
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2.1.1 Time Domain Representation

Assume that sgg(t) is the navigation base-band signal as it is generated by an ideal
base-band signal generation unit. It is possible to write separately the three elements
contributing to the signal waveform as sp(t), sg(t) and s, (t), being respectively the

primary code, secondary code (or overlay code), and data stream:

+ 00

sp ()= Y cplnl - pplt —nTy) 2.1)

n=—oo
+ 00

s = ) clnl-ps(e = nTy)

n=—oo

(2.2)

+ 00

5o = ) cplnl - ppt = nTy)

n=—oo

with cy[n] the amplitude of the symbol sequence, Ty the time interval between two

(2.3)

consecutive symbols, and py(t) the symbol shape defined over [0,KTx] and
normalized to unit power. Note that the word ‘symbol’ is here used to refer to the
generic information unit, not necessarily binary, which can be the chip of a PRN
code or the data bit of a navigation message. Also the symbol shape is a generic
definition that encompasses any kind of pulse function. The base-band normalized
Signal-In-Space (SIS) can be written as the product of the three contributions:

spa(t) = sp(t) - s5(t) * sp(t) (2.4)

Starting with the primary and secondary codes, it is well known that in actual GNSS
signals these components are generated with periodic sequences so that cy[n +
Ny] = cx[n], being Ny the number of chips characterizing the generic PRN code.

The expressions in Eq. (2.1) and (2.2) can be written as:
Nxy-1

(0= cxlnl pet—nTy) (2.5)

n=0

Further, the PRN sequence can be expressed as the convolution of the pulse shape

px(t) with a unit impulse sequence, weighed by the code chips cx[n] and as long as

the code length Ny:
Nx—1

5¢(0) = px@ x| D exlnl -6 = nTy) @0
n=0

where &(t) is the Dirac delta function or impulse function, and ‘*’ stands for linear

convolution.
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This expression allows writing Eq. (2.1) and (2.2) as the convolution of a basic PRN
sequence with a unit impulse sequence whose inter-distance is the PRN code

periodicity:

sx(t) = 5x(t) = [ Z 6(t - mTcode,X)l

n]lv=—_oi> (2.7)
= px(t) * Z cx[n] - 6(t — nTX)‘ * l Z 6(1: - mTcode,X)l
n=0 m=—co

where T¢pgqe x = Ny - Ty 1s the code repetition period.
The expression in Eq. (2.7) represents the starting point for the derivation of the

frequency-domain representation in Section 2.1.2.

Concerning the data component, also Eq. (2.3) can be written as to underline the
contribution coming from the pulse shape and the contribution coming from the data

stream:

$n(8) = Po(0) + [ > colnl- (e = ny) @)

n=-—oo

Most of nowadays GNSS signals based on Code Division Multiple Access (CDMA)
technology can be expressed with Eq. (2.4) or as a summation of basic signals

described by Eq. (2.4).

Primary Code
!

Secondary Code

| | =

Data Sequence

| | |

Time
Figure 2-2: Generic navigation SIS in the time domain as defined in Eq. (2.4).

Figure 2-2 provides an illustration of the three navigation signal components

described above: the primary code (top, red line) repeats 6 times within the
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represented time frame; the secondary code (middle, blue line) is 4-symbols long
[+1, +1, +1, -1] and each symbol is as long as a primary code sequence; the data
stream (bottom, green line) is the sequence [-1, +1, -1] and its bit duration matches
with the secondary code period.

Note that in Figure 2-2 all symbols are rectangular shaped. Most second generation
GNSS signals however are transmitted together with one or more sub-carrier
components. As widely discussed in [40], these modulations (e.g. BOC, CBOC,
AItBOC) can be seen as specific cases of a more generalised signal class based on
Multi-level Coded Symbols (MCS). For the simplest case of Binary Offset Carrier
(BOC) modulation each primary code symbol pp(t) is represented with a binary
sequence of equal-length segments, also called sub-chips, obtained by extracting the
sign of a sine or cosine wave. An illustration of the BOCg;, and BOC,.s pulse shape

is provided in Figure 2-3.

BOCsln[1,1) Sub-Carrier BOCCOS(M) Sub-Carrier
= Bl a b i

Bk

bbb RENRE G

Vbbb e ey b PrT e

IR AR C R A i VO e

thely L L I_IL 4 = L LlLILl ! Ll I

Primary Code with BOC_, = Pulse Shape [+1, -1] Primary Code with BOC __ Pulse Shape [+1, -1, +1, -1]

Time Time

Figure 2-3: BOCsin (left) and BOCcos (right) pulse shapes applied to a primary code sequence.

Other pulse shapes commonly used for telecommunication applications have been
investigated for their suitability to satellite navigation domain, such as Square-Root
Raised Cosine (SRRC), Gaussian pulse, Prolate Spheroidal Wave Functions
(PSWF). However none of these modulations are currently adopted in GNSS.

All existing navigation signals can be described with the generalised notation
provided in chapter. The mathematical expression of each adopted modulation in

terms of MCS signals (or a sum of them) is derived in [40].

An important operator, widely used in signal processing and in the following

chapters, is the linear Auto-Correlation Function (ACF) of the signal sgg(t):
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+00

Ry(2) = f 555" (6) - Spp (¢ + D)L = 555" (—7) * 555(2)

—00

(2.9)

The linear ACF R¢(7) relates to the linear convolution operator ‘*’ as expressed in

Eq. (2.9) and to the power spectral density as:
+00

Ry(2) = f Sos"(F) - Suu () - 97%df = F1S55(HI)

—00

(2.10)

where Spgp(f) is the Fourier transform of sgp(t) and F~1{-} represent the inverse

Fourier transform operator.

Up to now the basic components of conventional GNSS signals are described for
their deterministic properties. However both data streams and spreading codes are or
tend to behave like stationary random processes and their statistical properties, as
often described in literature [1]-[5], must also be mentioned.

Each signal defined in Eq. (2.6) and (2.8) can be described as the output of a linear
time-invariant (LTI) system defined by its transfer function py(t). The mean

function ug(t) of a random process sy (t) is defined by:

us(t) = E{sxy(®)} = E{ f Z cx[n] - 6(a—nTy) |- px(t — a)da}
~ E{ Y b .S(Q_nTX)}.,,X(t_ e o1

f 1e(@) * Pyt — @)da

— 00

While the statistical autocorrelation function R (ty,t,) is expressed as:

Ry(ty,t5) = E{sx(t))sx(t)}

= ffwﬁ{[f cx[n]-a(a—nrx)l-[i Cx[n]'5(ﬁ—nTx)l }

n=—co n=—co (2.12)
px(ty — a) - px(t; — p)da df
+ oo
— || Re@=p)-patt = @) pi (e~ prda ap
and by a substitution of variables (see [5]), it can be demonstrated that:
+00
(2.13)

R@= [ GO = R Ry (@)
being G.(f) the PSD of the symbol sequence cy[n] and P(f) the FT of the pulse
shape py (t).
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Finally, the covariance C(t;,t,) of the random process sy (t) can be expressed as a
function of the statistical autocorrelation and the mean:

Co(tr, ) = sy (tr) — s ()] - [sx (62) — s ()17} = Ry (b, ) — s () - w3 (£) 214

To conclude on the time domain representation of transmit signals, the RF
expression at the output of the satellite antenna is provided below:

Sgr(t) = Ar - spp(t) * cos(2mfrrt) (2.15)

where A is the signal amplitude and fzr the carrier frequency. Note that Ay is
related to the radiated power by the expression EIRP = A;?/2, being the Equivalent
Isotropically Radiated Power (EIRP) defined as:

PrG
EIRP(a) = TUr (2.16)
Lc
with:
Pr transmission power at satellite [W]
Gr transmit antenna gain for a given off-boresight angle o [unitless]
L. loss of the transmission line [unitless]

2.1.2 Frequency Domain Representation

As known from signal theory, a periodicity in the time domain corresponds to a
sampling in the frequency domain and vice-versa. Thus, the repetition of the basic
PRN code sequence every Teoqex = Ny * Ty implies sampling its Fourier transform

with a frequency step Afy equal to 1/T¢,qe x- In formulas:

+00

Sx(N) =8x(P- D 8(F — kify) = Sxlk]

k=—o0

being Sy (f) and Sy (f) the FT of respectively sy (t) and 5y (t). Note that the second

(2.17)

term of the product represents a unit impulse sequence and stands for the sampling
operation.

A further step can be done by considering the representation of the repeating basic
signal as given in Eq. (2.6). This expression allows writing the Fourier transform of
5x(t) as a product of two elements: the FT of the pulse shape, Px(f), and the FT of

a discrete sequence, which is the periodic FT of the PRN code sequence, Cx (f):
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Nx-1

_ 2.18

S =P Y Celf —nfy) @19
n=0

Being fx the chip rate equal to 1/Tx. Substituting Eq. (2.18) in Eq. (2.17), the

following expression is obtained:
Nx—-1

Sxlk] = Py[k] - z Cylk — nfxl (2.19)
n=0

This notation shows a very useful property when it comes to the spectral description
of the signal. Note in fact that the periodicity of Sy (f), as observed in [21], allows a
fast Discrete Fourier Transform (DFT) computation: it is sufficient to compute
Cx(f) for n = 0, to replicate it over the desired frequency band, and to weigh it with
the pulse shape Py (f).

Starting from Eq. (2.19), it is straightforward to derive the PSD as:

Nx—-1

GsylK1 = Gpy[k1- D" Geyle —nfy]
n=0
being Gp, [k] = |Px[k]|* and G¢,[k] = |Cx[k]|* the discrete PSDs of respectively

(2.20)

the pulse shape and the repeating code sequence. Note that, as already mentioned in
Section 2.1.1, a typical assumption in GNSS is to consider the PRN codes as ideal,
i.e. to be statistically characterized as an infinite random noise sequence and not as a
periodic one. Under the hypothesis of ideal PRN codes, the chips of the sequence
cx[n] are i.i.d. random variables that assume values in the discrete sample space
{—1,+1}. The statistical autocorrelation R,(t;, t,) of such a process is a Dirac delta
in the origin E{c[k]c*[n]} = 8[0], thus G, [k] tends to be constant in the frequency
domain. The statistical representation of the PSD becomes:

Gs, [k] ~ |Px[k]|? (2.21)

For the data component the Fourier transform S, (f) is given by:

Sp(f) = Pp(f)- i Cp <f—m%) (2.22)

m=—oo

In this case the data sequence cp[n] represents a real stationary random process that,
for binary transmission, assumes values in the discrete sample space {—1,+1}. The

PSD of the data signal can be written as:
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Gsp (f) = Gp,, (f) (2.23)

In other words, under the hypothesis of ideal random data, the PSD contribution of

the data component is equal to the PSD of its pulse shape.

Going back to the base-band expression of the overall signal-in-space in Eq. (2.4), it
is possible to write its Fourier transform as:

S(f) = Sp(f) * Ss(f) = Sp(f) (2.24)

The PSD of s(t) is simply calculated as G;(f) = |S(f)|?. Under the hypothesis of
statistical random process described above, the following simplification can be
applied to the navigation signal representation:

Gs(f) = 1Sp(f) * Ss(f) * Sp(F)I? = |Po(f)|? (2.25)

For illustration purposes the spectral contribution of a primary code, secondary code,
and data stream taken from the Galileo E1 OS are shown below.

Figure 2—4 displays the normalized PSD of the Galileo E1-B Code as transmitted by
SVID 1 with Np = 4092.
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Figure 2—4: Power Spectral Density of Galileo E1-B SVID 1 Primary Code.

Figure 2-5 shows the normalized PSD Gg,(mAfp) for SVID 1 obtained from Eq.

(2.20), where the pulse shape is a Binary Offset Carrier (BOC). In particular the
modulation here adopted is the BOCs(1,1), which means that a PRN sequence with
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chip rate fp = f; is modulated by a sub-carrier that is a squared sine waveform with

frequency f,, being f, = 1.023 MHz the reference frequency.
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Figure 2-5: Spectral Contribution of Galileo E1-B SVID 1 Primary Code to the tansmitted SIS.

The frequency step Afp can be easily computed starting from T4, p = 4 ms and is
equal to 250 Hz. The red lines in Figure 2—-5 represent the normalized PSD sequence
in Figure 24, periodically repeated every 1/Tp = fp and modulated by the pulse
shape, represented with the black dashed line.
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Figure 2—6: Power Spectral Density of Galileo E1-C Secondary Code.

The same plots are proposed in Figure 2—6 and Figure 2—7 for the Galileo secondary
code CS25; with Ny = 25. Note that in this case the pulse shape is a rectangle of
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width Tg¢ = 4 ms and the frequency step, derived from the code period Teoges =

100 ms, is equal to 10 Hz.
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Figure 2—7: Spectral Contribution of Galileo E1-C Secondary Code to the tansmitted SIS.
The spectral contribution of the Galileo E1-B data signal is shown in Figure 2—8. In
this case the pulse shape is a rectangle of width T, = 4 ms.
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Figure 2-8: Spectral Contribution of Galileo E1-B Data Stream to the tansmitted SIS.
As last example, a frequency portion of the Galileo E1-B and Galileo E1-C signals
PSDs for SVID 1 is displayed respectively in Figure 2-9 and Figure 2—10. The
spectral contribution of the primary codes and the smooth spectrum are also
represented respectively in red line and in dashed black line.
Figure 2-9 shows how the effect of the data sequence is to smooth the spectra lines

of the E1-B component; the same is observed in Figure 2—-10 where the effect of the
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secondary code is to modulate the primary code spreading the power over more

spectral lines. Even with the effect of the secondary code, note that the power of E1-

C is by nature concentrated on spectral lines while the E1-B spectrum is continuous.
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Figure 2-9: PSD of Galileo E1-B SVID 1 transmitted SIS (detail).

Further details on the Galileo E1 OS signal are given in Appendix A, where the

computation of the PSD with the spectral line approach is applied to the complete

Galileo signals baseline.
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Figure 2—10: PSD of Galileo E1-C SVID 1 transmitted SIS (detail).
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2.2 Receive Signal

Figure 2—-11 depicts the block diagram of a generic GNSS user receiver from the
antenna reception until the PVT computation. The following five functional units

can be identified:

e The Antenna Unit, that can be either a passive or active element, represents
the first part of the receive chain and it acquires the broadcasted navigation
signals. A typical GNSS antenna can be single-frequency (L1 only) or dual-
frequency (e.g. L1/L2 or LI/L5) depending on the application. Active
antennas often include analog pass-band filtering for out-of-band rejection
and a first stage Low-Noise Amplifier (LNA).

e The RF Front-End Unit, that is responsible for conditioning the analog
signal so that it is suitable for digital signal processing. The main stages are
identified as low-noise amplification, band-pass filtering for Out-Of-Band
(OOB) interference rejection, down-conversion and digitalization (sampling
and quantization). The down-conversion can be performed either at

intermediate frequency or directly to base-band.
RECEIVER

Antenna Unit

Frequency Generation Unit

Antenna

Frequenc Sampling
& ‘y Reference Clock Frequency
Synthesizer 5
Antenna Synthesizer

Amplifier

i

RF Front-End Unit Digital Signal Processing Unit

Replica
G Generation
5 Down- Noise Reduction e 3 Data
[ LNA }»[ QOB Filter }[ fmm }—»[ Filter }4[ ADC [Acqunsmon }4[ Tracking }—{Demodulation}

PVT Computation
Pseudorange Message
Generation Processing

VT Conste!latlon
Provider

Figure 2—-11: Receive Chain, Functional Block Diagram.

e The Frequency Generation Unit, in charge of providing the reference

frequency signal for all internal timing and synchronization.
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e The Digital Signal Processing Unit, that takes as input the streams of In-
phase/Quadrature (I/Q) digitalized samples and implements the following
functionalities: acquisition and tracking of the navigation signals,
computation of pseudorange and carrier phase measurements, and decoding
of navigation data messages.

e The PVT Computation, that starts from the measures provided by the DSP
Unit and calculates for all tracked signals the corresponding satellite
positions, satellite velocities, and atmospheric corrections. This information
is used for resolving the measurements ambiguity and generating
pseudoranges that are combined to obtain the Position, Velocity, and Time

(PVT) information.

Before entering into the time and frequency domain representation of GNSS signals
at receiver side, it is worth dedicating few more lines to the RF Front-End Unit. The
key component of the front-end is the down-conversion that converts the RF signal
to a lower frequency, while providing gain and filtering. In GNSS receivers, two
approaches are commonly used to implement the down-conversion function.

The first and oldest method is the heterodyning chain. In this approach the RF signal
is first filtered and then multiplied with a sine wave to convert it to an IF frequency,
usually between 50 and 400 MHz. A band-pass filter further rejects OOB signals,
after which the IF signal is amplified. Sometimes the process is repeated in a second
stage with similar topology. Finally the signal is quantized by the ADC. The
sampling frequency of the ADC is directly related to the IF frequency to make sure
that the signal is captured without aliasing effects.

More recently the direct conversion architecture gained popularity. In this
architecture the RF signal is multiplied with a complex sinusoid, introducing an in-
phase and quadrature branch. This is filtered by a low-pass filter and amplified. The
amplified signal is quantized by a two-channel ADC running at a frequency higher
than the targeted signal bandwidth. The approaches are almost equivalent but the
latter is taken as assumption for the following signal description.

Further, typical GNSS user receiver features such as secondary channels for aiding
information, integrity algorithms for safety critical applications, and sensor fusion

are not depicted in Figure 2—11 as they are out of the scope of this thesis.
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The receive signal model introduced in the next section is based on the same
assumption taken for the transmit signal that no distortions are introduced in the
payload generation chain. Additionally, it is supposed that the propagation channel
is not dispersive in time or frequency, thus the useful signal is only attenuated and

delayed.

2.2.1 Time Domain Representation

The expression of the receive signal at the input of the receiving antenna is given by:

Trr(€) = Yrr () + Ve (£) + e () (2.26)
= Ag " spp(t — 1) - cos2u(frr + fo)t + @) + Vgr(t) + Ngr(t)

where:

Yrr(t) navigation signal

Ag amplitude coefficient at reception

T delay of the navigation signal

o Doppler frequency of the navigation signal

1 phase offset of the navigation signal

Vre(t) interference term

Nrr(t) noise term

The amplitude Ay, is related to the received power level by the relation Py = Ag 2/2,
that can be further expressed as a function of the user location (¢, 8) and time

instant t through the link budget:

Pu(t, ¢, 0) = IRL " Cr (2.27)
LFSLother (t.p.0)

where:

Py user received power [W]

EIRP EIRP as defined in Eq. (2.16) [W]

Gg user receiver antenna gain [unitless]

Lgs free space path loss [unitless]

Lother other losses [unitless]

The free space loss is the loss in signal strength of an electromagnetic wave that

results from a Line-Of-Sight (LOS) path through free space, i.e. a space with no
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obstacles nearby to cause reflection or diffraction. This term is defined by the

following well-known formula:

LF5=( Wﬁ ) (2.28)

being ¢ the speed of light [m/s°] and R the distance [m] between the user receiver
and the satellite vehicle (SV). The inter-distance between user and SV can be further

expressed by the following equation:

sin(n/2 — B —¢)
) 2 2.29
R= sin(e + /2) exn/ ( )
Rsy — Rysers otherwise

with Rg; the SV position and R, the user position in ECEF Cartesian coordinate
frame. € is the elevation angle [rad] of the satellite with respect to the user position
and f the off-boresight angle [rad].

For what concerns Ly, it groups all the other contributions to the signal
attenuation at the input of the receiver antenna. It can be broken down into the
product of different terms, usually the atmospheric loss Ly, the polarization
mismatch loss Lp,, and the depointing loss Lp.

The dominant sources of signal attenuation in the atmosphere are atmospheric gases
such as dry air (Oxygen, O,) and water vapour (or H,O molecules), rain fall, clouds
or fog, tropospheric scintillation, and ionospheric effects. Each of these components
has been studied in literature and various theoretical models exist to analyse the
signal power attenuation caused by the attenuation sources described above.

Another source contributing to the signal attenuation is the polarization mismatch
loss, which occurs when the polarization of the incident wave is different from the
polarization of the receiving antenna. This mismatch can be caused by two major
reasons: the atmospheric effects or the Faraday rotation. Moreover, the transmitting
and receiving antennas do have different polarizations with respect to each other,
due to imperfections in manufacture.

Finally an imperfect alignment of the transmitting and receiving antennas due to
satellite attitude error, array antenna pointing misalignment, or gain fluctuation by
temperature variation, can cause a fallout of the antenna gain with respect to the

maximum gain. This is referred to as depointing loss.
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With reference to the block diagram in Figure 2—11, assuming an ideal RF Front-
End Unit, the following digital signal model is obtained at the output of the ADC
module:

2.30
rgp(nTs) = Ag * spgp(nTs — 1) - cosnfpnTs + @) + vgp(nTy) + ngp(nTy) ( )

being T the sampling period, inverse of the sampling frequency f;.

In the following, the notation x[n] or x,, is used to indicate discrete-time signals
x[nT;] obtained by sampling continuous-time signals x(t) with a sampling
frequency of f;. The digital received signal is then written as:

rggln] = Ag - sggln — T] - cos[2mOpn + @o] + vggln] + ngglnl (2.31)

where T = t/T; and 0 = fp/fs.

A convenient choice is normally to sample the down-converted BB signal with a
sampling frequency f; = 2Bpg, where Bpy is the front-end frequency. In this case
the discrete-time random process ngg[k] is a white sequence with zero mean and
variance 0,° = N f;/2.

The term vgg[n] represents various sources of interference. The first source of in-

band interference is represented by the so-called GNSS intra- and inter-system

interference:
X NX
< = mn mmn mn mn mn (2'32)
vgpln] = ZZAR' “sppt[n—T™"] - cos[2mB] " n + ™"
m=1n=1

where M¥ is the number of visible satellites in the constellation identified by X (e.g.

GPS, Galileo, BeiDou, IRNSS), an is the number of signals transmitted by the m-th
satellite in the constellation identified by X, and all variables are defined as for the
desired navigation signal in Eq. (2.31). The relevance of this interference
contribution is strongly related to the main objective of this thesis and it is widely
discussed in the following chapters.

Regarding the external sources of interference, depending on the GNSS signal
bandwidth it may be categorized as being of the narrow-band (NB) type, if the
interferer bandwidth B; << Bgyss, or wide-band (WB) type, if B; is comparable or
larger than B;yss. Looking at its characteristics in the time domain, an interfering
signal may be either continuous or pulsed. Additionally, an interference source may
be either in-band, partially in-band, or out-of-band with respect to the radio-

frequency spectrum occupied by the GNSS signal of interest. Figure 2—12 displays
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typical external interference sources and ITU allocations versus the RNSS frequency

spectrum.
Lower L-Band Upper L-Band
|
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| | | |
‘ Frequency [MHz] >
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s ]| w [ s ]

DVB-T/TV harmonics

Interference Sources

Figure 2—12: Interference sources frequency bands.

A very useful operator at receiver side is represented by the linear Cross-Correlation
Function (CCF) between the sampled received signal rgz[n] and the digital local
replica. The CCF is at the basis of the acquisition and tracking functions of the DSP
Unit shown in Figure 2—11. The expression of the CCF is given by:

Ni—1

>5[ -1l + m] = 5[]+ 7gp ]

n=0

1
=N

Rys[m] (2.33)

being 5[n] the discrete-time version of the sgg(t) periodic sequence described in Eq.
(2.6) and N; the number of samples in the integration window. The CCF R, ([m]
relates to the linear convolution operator ‘*’ as expressed in Eq. (2.33) and to the

power spectral density as:
+1/2T
Rr,§[m] =T f 5*(f)RBB(f)ej2nfTsmdf = T_l{g*(f)RBB(f)}
—1/2T,
where S(f) and Rpzp(f) are the Fourier transform of respectively 5[n] and rg5[n].

(2.34)

By considering the random nature of the navigation signals it is possible to express

the statistical cross-correlation function R, (¢, t;) as defined by:

Rr_s’[mp m,] = E{§"[m,]rgp[m,]}

= ffoE{ i c[n] - 6(a—nTy)

n=-oo

ORI nTx)B -

n=-—oo

(2.35)
ps(my — a)p,(m, — f)da

= || Reta=pypstes - @pite, - prdacap

and by a substitution of variables (see [5]), it can be demonstrated that:

31



Chapter 2. Navigation Signal Structure

+1/2Ts

Ry s[m] =T; f Ge(FIPs(FIB (e Tsmdf = R.[m] = ps[m] = py[m]

-1/2T

(2.36)

Note that in general the pulse shape of the transmit signal and the receiver local
replica is the same, leading to the following simplification:

R, 5[m] = R.[m] = R, [m] (2.37)

An exception is represented by the Galileo E1 OS service that is transmitted with the

CBOC modulation and it is processed by aviation receivers as a BOC(1,1) signal.

2.2.2 Frequency Domain Representation

The periodic structure of navigation signals results in a frequency spectral content of
discrete nature. As a result, the linear CCF operation described before turns out to be
equivalent to a circular CCF. Approximating the linear CCF with the circular one
has the advantage that the correlation values can be calculated in the frequency
domain with the FFT approach allowing for a fast computation.

The difference between linear and circular CCF is illustrated in Figure 2—13 and

Figure 2-14:

e Linear CCF (Figure 2—-13): for each relative delay m, the conjugated local
replica §[n] is multiplied by a portion, of equal duration T}, of the receive
signal rgg[n + m]; the product is then integrated over the local replica
length. The portion of the receive signal shifts with index m and the samples

discarded on one side are substituted with zeros on the other (zero-padding).

32



Chapter 2. Navigation Signal Structure
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Figure 2-13: Linear Cross-Correlation Function: Illustration.

e Circular CCF (Figure 2—14): for each relative delay m, the conjugated local
replica 5[n] is multiplied by a portion, of equal duration T;, of the receive
signal rgg[n + m]; the product is then integrated over the local replica
length. The portion of the receive signal shifts with index m and the samples

discarded on one side are added on the other in a circular manner.

5[n]

—— Local Replica

rggln + m]

—-I | Periodic Pattern

|

Integration Time

> DFT

IDFT | —— R, m]

» DFT

Figure 2—14: Circular Cross-Correlation Function: Illustration.

Note that, in principle, when considering the CCF between the local replica and the
entire receive signal, the linear operation equals de facto the circular one as, given
the periodic pattern characterizing the signal structure, if the previous and following
sequences are not sign-inverted for a bit or secondary code chip transition, a linear

shift is equivalent to a circular shift.
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3. Pseudo-Random Noise Codes

Most of nowadays GNSS systems are based on Direct Sequence Spread Spectrum
(DSSS) signalling. This technique consists of adding a third component, namely
spreading code or Pseudo Random Noise (PRN) code, which is typically periodic,
known at the receiver, and transmitted at a higher rate than the navigation data. The
signal just described is also called spread spectrum because of the wider bandwidth
resulting from the spreading operation. The transmission of multiple DSSS signals
having different spreading sequences on a common carrier frequency is referred to
as Code Division Multiple Access (CDMA). A complete overview of spread
spectrum systems can be found in [4].

In every CDMA based navigation system the design of PRN sequences requires the
generation but also the evaluation of different code sets in order to select the best
possible design. Hence criteria need to be identified in order to measure their
performance. Selecting the best code means selecting the code that performs best
when measured against a metric considered to represent the ‘goodness’ of a code.
The PRN codes design for satellite navigation systems is driven by the following

desired signal properties:

e FEach individual signal needs to be distinguishable from a time shifted
version of itself.
e Any individual signal must not be mixed up with any other signal

originating from the same set.

The first point mentioned above refers to the auto-correlation properties, expressed
in Chapter 2 with Eq. (2.9). By definition, only white noise signals present an ideal
ACF, i.e. a Dirac delta function in the origin and zero for any other delay. In the
discrete domain, good auto-correlation properties are achievable through pseudo-
random sequences with a good statistical ‘randomness’. The identification of
sequences with good performance in terms of auto-correlation is essential not only
for GNSS but also for ranging applications (e.g. radar systems), cryptographic
systems, and CDMA-based communication systems.

The second property is described by the cross-correlation function, defined in

Chapter 2 with Eq. (2.33). Again, only white noise signals present ideal CCF. The
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identification of pseudo-random sequences as much as possible uncorrelated is
essential for distinguishing one signal source from any other in CDMA systems.

The selection of spreading sequences showing optimal auto- and cross-correlation
properties must be performed considering some design constraints related to the

following parameters:

e code rate or chip rate,
e code length or period,

e chip shape and/or modulation.

System designers need to select the best code structure and, within it, the best PRN
code set from the spreading code family.

Two methods for the generation of spreading codes can be identified when looking
at the current open service navigation signals. The first one is based on m-sequences
produced by shift registers. Operations like shifting and combining m-sequences
enables the creation of more complex pseudo-random codes. This is the case of the
Gold codes for the GPS L1 C/A signal. Other examples are the Galileo ESa and ESb
and GPS L5 codes which are truncated Gold-codes. A detailed description of the
generation of this type of codes can be found in [8], [9], [11]. The second method is
based on the design of an optimization algorithm to fulfil simultaneously different
selection criteria (see [23]). Such codes are referred as randomly optimized
spreading codes and a typical example is represented by the Galileo E1 OS signals.
A good overview of spreading code families commonly adopted in GNSS signals
design is provided in [28]. The investigation of new PRN code families or a
mathematical analysis on the randomness properties of existing ones is out of scope
of the thesis.

The objective of this chapter is to provide the means for assessing the CDMA
isolation of a PRN code set with it-self (self-interference) and with another PRN
code set (cross-interference). A deep understanding of the PRN code properties,
design parameters, and performance figures is at the basis of the radio-frequency
compatibility analysis performed in Chapter 4.

The chapter is composed of the following parts:

e Section 3.1 provides an overview of all publicly known PRN codes currently

(or planned to be) transmitted by GNSS providers.
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e Section 3.2 recalls for completeness the measures of randomness for a
spreading code set, i.e. the three Golomb’s postulates.

e Section 3.3 derives the auto- and cross-correlation formulas at the basis of
spreading codes performance figures and describes well recognized figures
of merit for PRN codes design.

e Section 3.4 presents a sensitivity study based on the figures of merit
introduces in Section 3.3 that explores the CDMA isolation of a PRN code
set with respect to some signal design parameters as well as Doppler
frequency and receiver integration time.

e Section 3.5 describes the approach of how to extend the figures of merit in
Section 3.3 for assessing the CDMA isolation between two different PRN

code sets.

Note that GLONASS signals are left out from the spreading codes overview and
from the following correlation performance analysis. The Russian satellite
navigation system is currently the only one adopting a combination of FDMA and
CDMA techniques for implementing multiple access. The allocation of PRN
sequences and frequency sub-channels to the SVs is based on the constellation
geometry with the purpose of minimising intra-system interference. GLONASS
signals require a dedicated analysis as the correlation properties of PRN codes need

to be analysed in combination with the frequency allocation.

3.1 Overview on GNSS Legacy PRN Codes

An overview on the current and planned GNSS signal characteristics is provided
below. Table 3-1, Table 3-2, Table 3-3, Table 3-4, and Table 3-5 summarize the
main parameters related to PRN codes for GPS, Galileo, BeiDou, QZSS, and IRNSS
legacy signals. The information is mostly taken from public ICDs and refers to open

services.
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3.2 Randomness Properties

The main target in the design of pseudo-random codes is to approach as much as
possible the characteristics of pure random sequences. The measure of randomness
for a spreading code set can be computed by evaluating the three Golomb’s
postulates as described in [25]. For completeness, the postulates are stated below and
the figures of merit derived in [25] for evaluating the postulates are also recalled.
Note that it is out of scope of this thesis to assess the randomness properties of
existing spreading code families. This section however helps understanding the

performance figures at the basis of the PRN code set selection.

3.2.1 Definitions

Let c[n] = c[0], c[1], ..., c[N — 1] be a finite binary sequence of length N. A run of
c[n] is defined as a sub-sequence consisting of uninterrupted equal symbols (0’s or
1’s) preceded and succeeded by the opposite symbol. A run of 0’s is called ‘gap’ and
a run of 1’s is called ‘block’. The sequence c[n] can be considered random if it

satisfies the three Golomb’s postulates:

1. Balance: the number of 1’s should differ from the number of 0’s by at
most one.

2. Run Property: at least half of the total number of runs should have length
1, at least one-fourth length 2, one-eight length 3, and so forth until the
number of runs left is one. Additionally, for each of these equal-length
groups, there should be almost an equal number of blocks and gaps.

3. Ideal Autocorrelation: The autocorrelation function ACF should be two-

valued, i.e. R[m] = 1 form = 0,and R[m] = —1/N form # 0.

3.2.2 Randomness Performance Criteria

The performance figures derived in [25] for evaluating the postulates are

summarised in the following.
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Normalised Balance Factor (NBF):

K
10 INE = Vel for N
% E N or N even

NBF = (3.1)

k=1
lzK: w for N odd
K & N
where K is the cardinality of the PRN code set, Nf is the number of 0’s and Nj} is
the number of 1’s for the spreading code ci[n].
Run Factor (RF) and Average RF:
Let C{ be the number of runs of length £, £ € [1, L,,,] for the spreading code c;[n],

and let C;, be the total number of runs.

Lmax,k

1 ct ¢\’ 3.2
RF, = Z (—") (1—2*—") (3:2)
Linaxye 4= \C Cr
15 (33)
ARF = Ez RF, :
k=1

Gaps to Blocks Factor (GBF) and Average GBF:

Let C,f’f be the number of gaps and C; * the number of blocks of length £, €

[1, Lyax] for the spreading code ci[n].

Lmax,k 2 p) 2
1 c,ﬁ) ( ce ) (3.4)
GBF, = L Y
. Lmax,k lZl (Ck C]f'f
K
B 1 (3.5)
AGBF = Ekz_l GBF,
Auto-Correlation Deviation Factor (ACDF) and Average ACDF:
N
1 ACF,[n]\? (3.6)
ACDF =5~ 12(1 - —1/N )
(3.7)

K
1
AACDF = Ez ACDF,
k=1

The randomness properties are strictly linked to the auto- and cross-correlation

properties discussed in Section 3.3.

3.3 Auto- and Cross-Correlation Properties

As already mentioned above, two commonly used metrics to weight the goodness of
spreading codes are the auto-correlation and the cross-correlation.
The derivation of the correlation function between spreading codes is well known

from literature ([3] and others), therefore it is out of the scope of this thesis to repeat
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it. The correlation expressions valid for any PRN code family are only recalled, as

they constitute the basis for the following analysis. Below the assumptions

underlying the correlation expressions are listed:

With reference to the notation adopted in Chapter 2, no distinction is done
whether the spreading code family is for primary or secondary use, thus the
subscripts P, S, or X are omitted.

As this chapter focusses on the PRN codes properties, only the discrete code
sequence c[n] is considered instead of the complete navigation signal s(t)
described in Eq. (2.4). The discrete code sequence is sampled at chip rate.

It is assumed that the generic couple of codes c,[n] and c;[n] belong to the
same code family with length N. The removal of this assumption is
discussed in Section 3.5.

In a first place the integration window length N;, as defined in Eq. (2.33), is
assumed to be equal to the code length N. Section 3.4.1 explains the impact
of the integration window on the correlation properties in relation to other
parameters.

Symbols overlying the spreading codes (navigation data bits or secondary
code chips) have an impact on the correlation properties. A stream of binary
symbols modulated with BPSK technique is assumed as it is the most

commonly adopted for navigation signals.

3.3.1 Definitions

The discrete-time linear correlation function between codes cy[n] and ¢j[n] is

defined as:

R; ¢[m]

1
=¥ Z ¢i[n]-c, [n —m], forme [0,2N, — 1]
1n=0

Ni—1

(3.8)

where “*’ as superscript denotes the complex conjugation. The expression above

gives an indication about the interaction between the two codes. In order to

distinguish one signal from the other, the function R; o[m] shall be:
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The first bullet point refers to the CCF while the second and the third points refer to
the ACF out-of-phase and in-phase values. Here it is assumed that the same
mathematical expression is valid for both CCF and ACF by simply considering
J # ¥ for the former and j = ¥ for the latter.

In order to take into account for the impact of the modulated symbols onto the
function R; [m], it is reminded that a phase shift of +, as it is the case for BPSK,
can be expressed also as an Amplitude Modulation (AM). In other words, the BPSK
overlay sequence assumes values in the discrete sample space {—1, +1}. As a matter
of fact, the sign of the PRN code sequence is inverted if the signal is modulated by
BPSK symbols.

The presence of two consecutive symbols with opposite sign leads to the inversion
of the spreading code sequence in the received signal. When no sign flip occurs, the
correlation function is represented by Eq. (3.8) and it is referred to as ‘even’ CF. In

the case of a sign flip, the corresponding CF is called ‘odd’ and it is defined as:

Ni—1
1
R [m] = N Z (=P ¢f[n] ¢, [n —m], forme [0,2N, — 1] 3.9)
: .
n=0
) 1 ifnsm
with b =
0 else
The difference between even and odd correlation is illustrated in Figure 3—1 and
Figure 3-2.
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Figure 3—1: Even Correlation.
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Figure 3-2: Odd Correlation.

The definition of the correlation function in Eq. (3.8) and (3.9) does not account for
the impact of the relative motion between satellite and user. When looking at
correlation properties in a dynamic system, it becomes necessary not only to
consider offsets in the time domain but also a potential offset in the frequency
domain caused by the Doppler frequency f,, which can be as high as +6 kHz for a
static user on Earth observing a passing MEO satellite in L-band.

The correlation function accounting for the Doppler frequency offset between two

PRN codes can be defined as:

Ni—-1
1 .
i [ _1)b . ~* . _ . pi(2TAOpn+e) _
R; ¢[m] N, ZO( DP-ci[n]-c, [n—m]-e ,forme [0,2N, — 1] (3.10)
n=
1 ifnsm
with b = 1 for the even case and b = for the odd case
0 else

where A8, = Afp/f, is the normalized Doppler frequency offset between PRN code
j and 2, f; represents the sampling frequency, and ¢ the Doppler phase rotation.

An important remark must be done regarding the actual software implementation of
Eq. (3.10). As explained in Section 2.2.2 there is a difference between linear and
circular correlation. The Discrete Fourier Transform is the preferred approach
because of its computational efficiency and also because it is at the basis of
acquisition techniques typically used in commercial receivers. Additionally, for
taking into account the effects of sign flips, the correlation function is computed by

extending the integration time to twice the length of the spreading code sequence
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and by zero-padding the local replica. The software implementation of the

correlation function becomes:

2N|—

1

1 ~ iZTTLm — .
Rj,[m] = N, Z Cilk]-CPlk]-e ™" 2N = IDFT{C]-*[k] - CPk]} (3.11)
k=0

where C_‘j[k] is the DFT of the local replica zero-padded over 2N; and C}[k] is the

Fourier Transform of the received signal including the Doppler frequency offset

defined over 2N;. Figure 3—3 provides a visual representation of Eq. (3.11).
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Figure 3-3: Correlation Values Implementaiton.

The result of this operation is displayed in Figure 3—4 where the even and odd ACF
are computed for Galileo E1-C SVID 1.
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Figure 3—4: Auto-Correlation Function for Galileo E1-C PRN Code 1.

Note that correlation values are doubled due to the circular nature of the DFT
computed over a support twice the length of the PRN code (2N; = 8184). In the
same way, spreading codes correlation characteristics do not change by integrating

over multiple replicas. The effect obtained by applying the correlation operation
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over multiple PRN codes is that the signal power, i.e. the correlation magnitudes,
grows linearly with the number of replicas. However, when looking at the
normalized ACF and CCF magnitudes the amplitude of the correlation peaks is
unchanged.

Eq. (3.11) is the selected approach adopted in the next sections for computing the
statistics at the basis of spreading codes performance criteria. The integration over
multiple replicas is further discussed in Section 3.4.3.

Finally, note that the statistical correlation formulas provided in Chapter 2 are also
recalled later and shall be considered as asymptotic behaviour for the linear and

circular correlation functions of pseudo-random codes.

3.3.2 Correlation Performance Criteria

Designing codes optimized for all potential GNSS applications and various types of
receiver implementations is practically impossible. Therefore, given that the design
space of PRN codes is already highly complex and multi-dimensional, the
application of a code-centric approach seems the one followed by both Galileo and
GPS when designing PRN code sets in the last years.

Calculating all correlation levels for any PRN code set, accounting not only for their
relative delay but also including the impact of Doppler frequency offset and data
modulation, results in an extremely huge amount of data, which needs to be
condensed in some way in order to result in a small number of significant figures
being able to characterize the goodness of the set itself. Here are some very well-
known approaches taken from [28].

A benchmark for PRN code correlation properties is represented by the so-called
Welch Lower Bound, which defines the theoretical minimum of the maximum
achievable out-of-phase auto- and cross-correlation magnitudes. [27] provides a
mathematical definition of the Welch Bound for any set of PRN sequences. The
expression is reported in Eq. (3.12), where K is the cardinality of the PRN code set
and N is the length of the sequence. Ry, is normalized to the ACF peak.

K-1 (3.12)
KN —1

%?%{Rj,f[m]} 2 Ry =
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Taking GPS L1-C/A as an example, the 32 Gold codes with length N = 1023 chip

result in a maximum side-lobe higher or equal to ZOlogw( ’%) =

—30.2 dB.

One criterion to measure the performance of PRN code sequences is to compare the
maximum correlation magnitude with the Welch Lower Bound. The comparison
tells, for a given cardinality K and code length N, how good the PRN code family is
and if there is margin for improvement. This approach however does not take into
account for the statistical distribution of the correlation values, which in some cases
can be very low except few outliers.

A way to overcome the limitations represented by this criterion is to look at the so-
called Correlation Percentiles (CP). The correlation percentile criterion is a highly
valuable figure of merit as it identifies not only potential outliers but also the
maximum correlation magnitude and some information about the statistical
distribution.

For a given family of PRN codes, the percentiles are computed on the cumulative

distribution function of the auto- and cross-correlation magnitudes. In probability
theory, given a set of PRN codes {cj [n]};{:l, the following countable sample spaces

can be defined:

e QACF c Qf, is the sample space represented by all possible correlation

values Rfch [m], computed according to Eq. (3.8) and (3.9) respectively for

the even and odd case, withm € {1,...,N},j € {1,...,K},£ = .
e QOCFF c QF, is the sample space represented by all possible correlation
values RﬁfF[m], computed as in Eq. (3.10), with m € {1, ...,N}, (j,?) €

{1,...,K}, £ # j and for a given 6.
Rﬁf F [m] and R]-Cf d [m] are considered as magnitudes (absolute value) and normalized

to Rﬁg F[O].
Defining the Probability Density Function (PDF) fz(r): Q — [0,1] for R as fz(r) =

P(R = r), the correlation percentile CP is expressed by the equality:
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CP
P(R<CP) = f fx(p)dp =P (3.13)

where P is a given probability. In words, the P-th percentile is the value CP below
which P percent of the correlation magnitudes fall, in the group of all possible
correlation values.

Figure 3-5 shows the histogram of occurrences for the discrete set of auto-
correlation magnitudes Q*F of Galileo E1-C primary PRN codes. Note that
formally an histogram of occurrences is not a probability density function, however
in this case it is treated as an approximation of fz(r). The PDF is intentionally not
normalized to 1 so that the number of occurrences can be read. The number of
events is represented by 50 PRN codes times a code length of 4092 chip (204,600
events). Note that the distribution is mostly concentrated around zero as it is
expected for pseudo random noise codes: Figure 3—6 (left) and Figure 3—6 (right)
represent narrow slices of the PDF in Figure 3-5, respectively for ACF values
respectively close to 0 and 1. A small peak shows the occurrence of RﬁgF[O] =1 that
is equal to 50 for a PRN code family of 50 codes.

Going back to the correlation percentiles computation, the smaller the probability P,
the smaller the CP. On the other hand, for P = 100% the correlation percentile CP
corresponds to the maximum normalized correlation magnitude, which is always

equal to 1 (or 0 dB) for the case of even and odd auto-correlation analysis.
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Figure 3-5: Even Auto-Correlation Histogram for Galileo E1-C Primary PRN Codes.
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Figure 3—6: Even Auto-Correlation Histogram for Galileo E1-C Primary PRN Codes (details).

Correlation percentiles for Galileo E1-C PRN codes family are provided in Table
3-6.
Table 3-6: Correlation Percentiles for Galileo E1-C PRN Codes.

Percentiles
68% 95% 99.7% 99.99% 99.999% 100%
ACF Even -36.1 -30.4 -27.5 0 0 0
[dB] Odd -36.1 -30.5 -27.4 0 0 0
CCF Even -36.0 -30.3 -27.1 -25.5 -24.9 -24.5
[dB] Odd -36.0 -30.3 -27.1 -25.6 -25.0 -24.4

Note that, while the limits for the normalised correlation magnitudes are set by
definition, the resolution or bin width used for the generation of the histogram plays
an important role. A typical choice in this thesis is to assume the resolution equal to
1/N, however smaller bins can be used especially when comparing correlation
performance of PRN code sets with different length. The percentiles computed from

the histogram of occurrences may slightly differ depending on the histogram scale.

The last figure of merit here considered is the correlation histogram that consists in a
two-dimensional plot representing the relative occurrence of correlation magnitudes
in dB. The frequency of occurrence is normalized by the amount of correlation
operations which are computed over the set of spreading codes. Figure 3—7 and
Figure 3-8 show respectively the auto- and cross-correlation histograms for Galileo

E1-C PRN code set.
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Figure 3—7: Auto-Correlation Histograms for Galileo E1-C PRN Codes.

10° T

§§ ¢ ¢ lmmum
1021
10
10°

+  Max/Min Border
108 O  Mean Value
Cumulative Frequency
-70 -60 -50 -40 -30 -20 -10 0
Correlation Values [dB]
0 Nomalised Cross-Correlation Histogram: Even
0 T T T T

(? :p C'I mx-mm(.
102 F
10
10°

+  Max/Min Border
108 O Mean Value
Cumulative Frequency
-70 -60 -50 -40 -30 -20 -10 0

Figure 3-8: Cross-Correlation Histograms for Galileo E1-C PRN Codes.

Correlation Values [dB]

Relative Frequency

Nomalised Cross-Correlation Histogram: Odd

10 [ 1
10° 1
+  Max/Min Border
108 O Mean Value g
Cumulative Frequency
-70 -60 -50 -40 -30 -20 -10 0

Correlation Values [dB]

Three series are depicted for each correlation histogram:
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the blue line disappears beyond the axis representation.
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whole set of correlation operations are represented with black ‘o’.
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e The cumulative frequency of occurrence of correlation amplitudes is
depicted with a red line. This curve must not be confused the cumulative
density function P(R < r) used to compute the correlation percentiles. In

this case the cumulative frequency corresponds to P(R = 7).

Finally, the following rule-of-thumb for the average PRN codes properties is

recalled from [3]:

e From a statistical analysis, it is demonstrated that the standard deviation for
auto-correlation side-lobes tends to 20loglo(1/\/ﬁ). As an example, the
side-lobes for a N = 1023 code are approximately 30 dB below the main
peak.

e The standard deviation for cross-correlation side-lobes is the same as for

auto-correlation side-lobes.

Note that the Welch Bound approaches the above rule-of-thumb for long spreading
codes:

Ry = —,for N - o (3.14)

VN
3.4 PRN Code Set Self-Interference

In this thesis the interference caused by a PRN code set on it-self is referred to as
self-interference (SI); in communications this is also called Multiple Access
Interference (MAI) and it represents the opposite concept of CDMA isolation.

In the previous section the properties and performance criteria of spreading codes
are described only by looking at the pure binary PRN sequences. This section
provides a sensitivity analysis on the influence of signal design parameters such as
overlay codes, chip shape, and sub-carrier onto the PRN code set self-interference.
The effects of Doppler frequency offset and integration time are also analysed with

computational examples taken from legacy GNSS signals.

3.4.1 Tiered Codes

It is well known that a method of generating longer ranging codes is to use a slower
and smaller length code, the secondary code, in combination with a faster and
medium length primary code to form the so-called tiered code. Tiered codes are a

common feature of new GNSS signals; however understanding the pros and cons of
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this code structure is not so straight forward. According to literature, the use of

secondary codes brings the following advantages:

Narrow-band interference resistance. Secondary codes modulate the
primary codes with the effect of spreading the power over more spectral
lines; as a consequence, the signal results in an increased resistance to
continuous waves and narrow-band interference. This is most likely the
main reason for the extensive use of overlay codes in GNSS L5 band which
lies within the ARNS band (see Figure 2—12).

Bit synchronization. For data components, when the bit duration is equal to
multiple primary code periods (e.g. GPS L1-C/A), a bit synchronization
algorithm based on the histogram of sign changes is generally adopted. The
introduction of a secondary code allows for easy and fast bit synchronization
through the sequence alignment. This is for instance the design choice for
the Galileo E5a-I and ESb-I data components.

Time ambiguity resolution. Spreading codes longer than the travel time
allow the receiver to determine unambiguously the time of transmission
without the need to demodulate the navigation message. In other words, if
the a-priori course time is known to within the length of the overlay code,
the precise time of transmission can be determined through code alignment.
An example is represented by the Galileo E1-C secondary code which 100
ms periodicity covers the Galileo satellites maximum ranging distance, in
numbers: (29600 km — 6.371 km) - 103/(3 - 108 m/s) = 98.6 ms.
CDMA isolation. The modulation of primary code sequences with a
secondary code also enables the receiver to perform longer coherent
integrations in weak signal conditions. It is common understanding that

longer ranging codes result in reduced multiple access interference.

Focusing on the last point, in the author’s knowledge there is currently no reference

in the literature that showing the actual advantage introduced by tired codes on the

correlation properties.

In the following, an assessment of the CDMA isolation properties characterizing

tiered codes is presented. The starting point for investigating CDMA isolation

properties of tiered sequences is represented by the current and planned GNSS signal
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characteristics summarized in Section 3.1. By looking at the PRN codes parameters

from Table 3-1 to Table 3-5, the following general observations can be done.

e All primary codes are characterized by a length integer multiple of 1023
chips, as well as a chip rate multiple (or fraction) of the fundamental
frequency 1.023 Mcps. This results in a primary code periodicity always
multiple (or fraction) of 1 ms.

e L1 Band: The primary code length varies from 1023 to 10,230 chip. The
secondary code in some cases is not present (GPS L1-C/A, Galileo E1-B),
while in some other cases it is either only one sequence (Galileo E1-C,
BeiDou B1) transmitted by all SVs or a full set of overlay sequences (GPS
L1-C pilot).

e L[5 Band: Galileo E5 and GPS L5 signals are all characterized by a primary
code length of 10,230 chips and the presence of secondary codes.

o Galileo E5a-1, E5b-I and GPS L5-I, L5-Q present the same secondary
code for all SVs. Three different lengths of secondary codes are used
(4 chip, 10 chip, 20 chip), in accordance with the three different data
rates (250 bps, 100 bps, 50 bps).

o Galileo E5a-Q and E5b-Q on the other hand present a whole PRN
secondary code family, which means that each SV transmits a

different couple of primary and secondary codes.

In [25] the effect of secondary codes on the Galileo E5a-I spreading sequences are
briefly discussed and it is concluded that tiered codes benefit from the additional
CDMA isolation provided by the secondary codes as long as the relative delay
between the two spreading sequences is not a multiple of the secondary code period.
However simulations of the Galileo constellation over one day with 1 s step show
that the difference between the minimum and maximum pseudoranges observed by
any user on the Earth can be up to about 20 ms. When comparing this relative delay
with the periods of secondary codes in Galileo signals baseline, it is clear that the
case described in [25] never occurs for the pilot components E1-C, E5a-Q and E5b-
Q; on the other hand, data components E5a-1, ESb-1, and E1-B are subject to self-

interference when integrating over the secondary codes duration.
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It is of interest to compute the correlation performance of tiered codes in case each
SV transmits the same overlay code and in case each SV transmit a different couple
of primary and secondary codes, and to compare the obtained results with the
CDMAA isolation properties of the primary codes alone.

Starting from the navigation signal description provided in Section 2.2.1, the
periodic pattern combining primary codes sp(t) and secondary codes sg(t) is
constructed by multiplying in Eq. (2.6) the generic secondary code pulse shape ps(t)

with the periodic sequence of the primary code 5p(t):

ng=0

Ns—1
Sps(t) = (§P(t) 'ps(f)) * Z cs[ns] - 8(t — nSTS)]
(3.15)

np=0

Np—1
L§P(f) = pp(t) * [Z cplnp] - 6(t - nPTP)“

Further, it is assumed that the pulse shapes pp(t) and ps(t) are rectangular functions

normalised to unit area:

Np-1 Ng—1
Sps(t) = Z cplnp] - rect(t — nPTP)] * Z cs[ng] - 8(t — ngTy) (3.16)

np=0

ng=0

being T = Np * Tp, and by sampling at sampling frequency fp = 1/T5p, it results:

Ng—-1 Np-1
_ 3.17
Spsn] = Z cslng] - Z cp[n —np — Np " ng] ( )
ng=0 np=0

The statistical auto-correlation function of the signal described in Eq. (3.17) can be
expressed as (see [5]):

Rslm] = Reg[m] * R, [m] (3.18)

Additionally, the statistical cross-correlation function between two period patterns
5p s[n] transmitted respectively by SVIDs j and £ is provided below:

3 P ) 3.19
Rsjelm] = Reg jelm] = Ry j o[m] (3.19)

Note that, in case the same secondary code is transmitted on all signals, I?CS' jelml

assumes always the same value ﬁCS [m].

In the following the even/odd correlation histograms and percentiles are computed
for the Galileo ES5a legacy signal which represents the best candidate for this
analysis as its spreading codes design on components E5a-I and E5a-Q offers both

types of tiered codes under investigation.
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The percentiles of interest for this analysis are the 68%, 95% and 99.7%
corresponding respectively to 1-o, 2-6 and 3-c of a Gaussian distribution. The 100%
percentile corresponds to the maximum normalized correlation magnitude, which is
always equal to 1 (or 0 dB) for the case of even and odd auto-correlation analysis.

The Doppler frequency offset is not considered in this section and 8, is set to 0 in

Eq. (3.9) and (3.10).

Galileo E5a-1

Galileo E5a-I data component transmits a 10,230 chip primary code at 10.230 Mcps.
The spreading code periodicity is thus 1 ms as for GPS L1-C/A. However, being the
sequence 10 times longer that the L1-C/A Gold codes, the CDMA isolation is also
on average 10 dB better. This statement is confirmed by computing the Welch

Bound in Eq. (3.12) for the following two cases:

e GPSLI-C/A: N = 1023 chipand K = 32, R), = —30.2 dB
e QGalileo E5a-I: N = 10,230 chip and K = 50, Ry, = —40.2 dB
As already shown in Eq. (3.14), the cardinality of the PRN code set tends to be

negligible for long codes. The auto- and cross-correlation histograms for Galileo

E5a-I primary codes are shown in Figure 3-9 and Figure 3—10.
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Figure 3-9: Galileo E5a-1 Primary PRN Codes, Auto-Correlation Histograms.
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Figure 3—10: Galileo E5a-1 Primary PRN Codes, Cross-Correlation Histograms.

Note that the maximum normalized magnitude for auto-correlation side-lobes is
about -28.5 dB, and for cross-correlation side-lobes about -25.5 dB. These values are

quite far from the Welch Bound.

Combining E5a-I primary codes with the 20 chip secondary code transmitted at 1
keps, a tiered sequence 204,600 chip long and with 20 ms periodicity is obtained.
The secondary code sequence period matches with the data bit duration, resulting in
a data rate of 50 bps. The analogy with GPS L1-C/A is again strong as both signals
transmit the navigation message at 50 bps. However, while L1-C/A transmits 20
consecutive primary codes without modulation, E5a-I secondary sequence
modulates the 20 primary codes by adding on average a sign flip at each primary
code change.

The auto- and cross-correlation histograms for Galileo E5a-I tiered codes are shown
in Figure 3—11. While the cross-correlation properties show a good behaviour and
even an improvement w.r.t. the E5a-I primary PRN codes, the auto-correlation
function presents high side-lobes at -14 dB and -20 dB. These undesired correlation
peaks are no surprise as they originate from the auto-correlation of the secondary

code.
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Figure 3—11: Galileo E5a-I Tiered PRN Codes, Correlation Histograms.

Figure 3-12 shows that the normalized correlation magnitudes of Galileo ES5a-I
secondary code assume values in the discrete set {0.2, 0.1, 0}, which in dB
corresponds to {-14dB, -20dB, -Inf}. Even case is marked with blue ‘0’ and odd
case with red “*’.

Table 3-7 provides a summary of E5a-I correlation properties in terms of percentiles.
Even if the maximum correlation magnitude is not close to the Welch Bound, the
68th correlation percentile for ESa-I primary codes follows the average performance
for standard deviation as expressed by Eq. (3.14). The same cannot be stated for the

tiered codes: PRN codes 204,600 chip long would result in a standard deviation of
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about -53.1 dB, while the tiered codes show a 1-c value of -61.5dB and -57.5dB for

respectively the even and odd case.

Auto-Correlation Function
1@ T T T T T T

——O Even

—% Odd
08 - b

06 - i

04 | b

Amplitude [-]

02|

QO—*
Q—k

0 2 4 6 8 10 12 14 16 18
Time [chip]

Figure 3—-12: Galileo ESa-I Secondary PRN Code, Auto-Correlation Amplitudes.

With reference to the CDMA isolation property, it can be stated that the tiered codes
show some improvement in cross-correlation performance with respect to the simple
primary code sequence mainly for low correlation values. On the other hand, the
auto-correlation analysis reveals inconveniently high side-lobes that could lead to
false lock during acquisition. The integration over the full E5-I tired code period

does not seem to be an advantage from the point of view of the correlation

properties.
Table 3-7: Galileo E5a-I, Correlation Percentiles.
Percentiles

68% 95% 99.7% 99.99% 99.999% | 100%

ACF Even -40.4 -34.1 -30.7 -28.6 0 0

— & | [4B] 0dd | -40.4 -34.2 -30.7 -28.6 0 0
S5 [ CCF | Even | -404 -34.1 -30.5 -28.3 272 257
A [dB] Odd -40.4 -34.1 -30.5 -28.3 -27.2 -25.9

ACF Even -61.5 -47.4 -35.5 -31.2 -14.0 0

~ 3 [dB] Odd -57.6 -47.1 -354 -30.4 -14.0 0
s ,§ CCF Even -61.5 -47.3 -354 -31.2 -29.7 -27.2
NS Bl | 0ad | 575 -47.0 354 312 29.7 273

Galileo E5a-Q
Like Galileo E5a-1, Galileo E5a-Q pilot component transmits a 10,230 chip primary
code at 10.230 Mcps, resulting in a spreading code periodicity of 1 ms. The auto-
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and cross-correlation histograms for Galileo E5a-Q primary codes are shown in

Figure 3—13.
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Figure 3—13: Galileo ESa-Q Primary PRN Codes, Correlation Histograms.

The correlation properties of ESa-Q primary codes are the same as those of ESa-I

primary sequences as it can be seen by comparing the correlation percentiles in

Table 3-7 with the values provided in Table 3-8.
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Table 3-8: Galileo E5a-Q, Correlation Percentiles.

Percentiles

68% 95% 99.7% | 99.99% | 99.999% | 100%

~ | ACF | Even | -40.4 -34.3 -30.7 -28.6 0 0

E‘§ [4B] | Odd | -40.4 -34.1 -30.6 -28.6 0 0
Q£ | CCF | Even | -40.4 -34.1 -30.5 -28.3 -27.2 -26.2
[dB] | 0dd__| -40.4 -34.1 -30.5 -28.3 -27.2 -25.2

ACF | Even | -70.0 -60.5 -40.3 31.9 21.9 0
T | /4Bl | 0dd | N/A N/A N/A N/A N/A N/A
& | CCF | Even | 626 -53.5 -47.1 -42.9 -40.9 -35.4
[4B] Odd | N/A N/A N/A N/A N/A N/A

& | ACF | Even | -28.0 21.9 0 0 0 0
VS | MB] | 0dd | N/A N/A N/A N/A N/A N/A
X § | CCF | Even | -20.0 -14.0 -10.5 -8.4 7.5 7.5
“ | [dB] | 0dd | N/A N/A N/A N/A N/A N/A

Combining E5a-Q primary codes with 100 chip overlay codes, a tiered sequence
1,023,000 chip long and with 100 ms periodicity is obtained. Figure 3—14 provides
the auto- and cross-correlation histograms for the E5a-Q tired codes. Only the even

case is displayed as no navigation message is transmitted on the pilot component.
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Figure 3—14: Correlation Histograms for Galileo ESa-Q Tiered PRN Codes.
Note that:

e the cross-correlation properties are improved w.r.t. the E5a-Q primary PRN
codes;

e the auto-correlation function presents some side-lobes starting from -22 dB
and -28 dB. These values can be observed also in the auto-correlation

histogram of the E5a-Q secondary codes family (Figure 3—15).
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With reference to the CDMA isolation property, it can be stated that the E5a-Q
tiered codes show a significant improvement in cross-correlation performance with
respect to the simple E5a-Q primary codes. The auto-correlation analysis on the
other hand shows high side-lobes. The integration over the full E5-Q tired code
period is feasible from the point of view of the correlation properties.

The results in Table 3-8 also reveal that the 68th correlation percentile for E5a-Q
tiered codes reaches the -60.2 dB average performance for standard deviation as

expressed by Eq. (3.14).
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Figure 3—15: Galileo ESa-Q Secondary PRN Codes, Correlation Histograms.

To summarise on the findings of this section, the following conclusions on the

CDMA isolation of tired codes can be drawn:

e The use of ‘short’ secondary codes, whether they are the same for all SVs or
different ones, results in degraded auto-correlation properties. This
represents a disadvantage on the receiver side for signal acquisition
operations.

e When the transmitted secondary code is the same on all SVs, the cross-
correlation properties do not show a significant improvement compared to
the cross-correlation properties of the primary code set.

e The use of different secondary codes on the SVs improves significantly the
cross-correlation properties compared to the cross-correlation properties of

the primary code set.
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3.4.2 Sub-Carrier and Chip Shape

Second generation GNSS signals are mostly characterized by a BOC-type
modulation, where the chip sequence is multiplied by a rectangular sub-carrier of
frequency equal or higher to the chip rate. Following this sub-carrier multiplication,
the spectrum of the signal is split into two parts, therefore BOC modulation is also
known as a split-spectrum modulation (see [19]).

The multiplication with one or more square sub-carriers results in a multi-modal
autocorrelation function that makes acquisition and tracking operations more
difficult. In some cases, like for the CBOC modulation adopted for the transmission
of Galileo E1 OS described in [18], the multiplication with square sub-carriers also
results in a multi-level chip shape as the one depicted in Figure 3—16 representing

the anti-phase E1 pilot component.
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Figure 3—16: Castle Chip Shape for Galileo E1-C.

The effect of a multi-level chip shape can be observed through the performance
criteria described in Section 3.3.2. The expression of the auto- and cross-correlation
function can be easily derived taking into account the statistical properties of the
spreading codes. By recalling Eq. (2.13), the statistical auto-correlation function can

be expressed in the discrete domain as:

Rg[m] = R.[m] * R,[m] (3.20)

were the sampling frequency is higher than the chip rate and shall be chosen to
satisfy the Shannon theorem for the pulse shape, the sign ‘~’ stands for ‘statistical’,
and R,[m] is the deterministic auto-correlation of the pulse or chip shape. The same

hold for the statistical cross-correlation:
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(3.21)

Following the example of Galileo E1-C, it is of interest to compute the correlation

percentiles and the correlation histogram for the E1-C PRN code family by

introducing the effect of the chip shape in the following two cases: BOC(1,1)
modulation, and CBOC(6,1,1/11) modulation.

The auto- and cross-correlation histograms for Galileo E1-C signal in the two

abovementioned cases are shown respectively in Figure 3—17 and Figure 3—18.
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Figure 3—17: Galileo E1-C, Correlation Histograms, BOC(1,1) Chip Shape.
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The PRN code auto-correlation histograms for BOC(1,1) chip shape clearly show
the presence of the secondary lobes with magnitude -6 dB and occurrence twice the
occurrence of the main ACF peak. The cross-correlation histograms do not present
any sensitive improvement or deterioration with respect to the case of the pure E1-C

PRN codes analysed in Section 3.3.2.
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Figure 3-18: Galileo E1-C, Correlation Histograms, CBOC(6,1,1/11) Chip Shape.

For the CBOC(6,1,1/11) modulation, the PRN code ACF properties are strongly
impacted by the multi-level chip shape which results in very high correlation values
such as -5 dB, -5.5 dB, -8 dB, -8.5 dB etc. The CCF magnitudes on the other hand

are more spread towards lower values revealing some improvement with respect to
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the pure E1-C PRN codes. This can be observed by comparing the CPs in Table 3-9.
It has to be noted however that the maximum values of the CCF are those that
represent the worst self-interference case and these remain unchanged in all three

modulation cases.

Table 3-9: Galileo E1-C, Correlation Percentiles.

Percentiles

68% 95% 99.7% | 99.99% | 99.999% | 100%

. | ACF [ Even | 361 230.4 275 0 0 0

Sy [9B | 0dd | 361 30.5 27.4 0 0 0
s S | CCF | Even | -360 303 27.1 255 249 245
<9 | [aB] | 0dd | -36.0 303 27.1 25.6 25.0 4.4

ACF | Even | -37.9 31.6 27.9 0 0 0

[dB] odd -37.8 -31.6 -27.8 0 0 0
5 CCF | Even 376 | 314 277 25.9 25.1 245
RO | /4By odd | -376 314 277 258 252 244

ACF | Even | 433 235.6 9.6 5.5 0 0

o | [dB] | 0dd | 432 -35.6 29.7 55 0 0
S5 ccF | Even | -431 355 29.8 26.6 257 245
OO | /dB] | 0dd | -43.1 35.5 29.7 26.6 25.6 4.4

Table 3-9 also reveals the limitations of the CP criterion with respect to other
methods like the correlation histogram: ACF side-lobe values are not entirely
captured by the selected CPs but these are all visible on the correlation histogram.
Note that the correlation points highlighted by the correlation histogram are ‘proper’
side-lobes only for the case of the BOC(1.1) modulation, where ‘proper’ means that
these are stationary points (or local maxima/minima) of the correlation function. The
specific shape of the CBOC(6,1,1/11) results in an ACF with saddle points, still
difficult to handle in tracking. This is the main reason for limiting the choice of
early-late spacing values in Galileo E1 OS tracking.

From the results of this section, the following observations can be made:

e Multi-level coded symbols, such as BOC(1,1) CBOC(6,1,1/11) modulations,
do not lead to a significant improvement of the spreading codes CDMA
isolation in terms of cross-correlation properties;

e On the other hand, the analysed chip shapes introduce undesired high peaks
in the auto-correlation function that can lead to false acquisition or tracking.
Being the position of secondary lobes deterministic w.r.t. the main peak,
several techniques have been proposed in literature for ensuring the correct

code phase lock.
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3.4.3 Integration Time and Doppler Frequency

In Eq. (3.10) the expression of the CCF is provided as a function of the Doppler
frequency offset. This parameter, up to now neglected, also plays an important role
in the CDMA isolation, especially in relation to the integration window.

As widely discussed in Chapter 2, the fine structure of GNSS signals is represented
by spectral lines which magnitude and location depend on the specific spreading
code. By looking at the cross-correlation operation in the frequency domain, the
Doppler frequency offset between two signal spectra translates into a relative
displacement on the frequency axis. It is straightforward that the CCF amplitude is
higher when the spectral lines overlap and it is lower in all other cases. In other
words the self-interference is maximized for Doppler frequency offsets integer
multiple of the lines spacing ([35]).

On the other hand, the ‘line spectrum’ as described in Chapter 2 is represented by an
analytical expression that matches the measured PSD only for an infinite observation
time. The receiver however works with finite integration windows which duration
depends on many factors, both related to the navigation signal structure and to the
receiver technological constraints. The presence of data symbols or overlay code
chips intrinsically limit the coherent integration to the chip or symbol duration.

The best example to clarify this concept is represented by the GPS L1-C/A signal,
which is designed to transmit 20 spreading codes in a symbol period. It is a typical
approach for commercial receivers to acquire and track this signal by integrating
over multiple PRN code sequences. However, as shown in [38], the average bit
alignment loss increases as the coherent interval increases. The coherent interval for
the C/A code continues to be useful up to 13 ms. It is of interest in the following to
analyse the effect of multiple integrations in terms of auto- and cross-correlation
performance. To this scope, the even and odd normalised auto-correlation function
computed according to the methodology in Section 3.3.1 is represented in Figure 3—

19 for an integration time of 1 ms.
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Figure 3—19: GPS L1-C/A PRN Code 1, Auto-Correlation Function, T; = 1 ms.

Further, the same functions are provided in Figure 3—20 and Figure 3-21 for an
integration time of respectively 3 ms and 7 ms.

Note that by increasing the integration time the statistics is unchanged for the even
CF values, while new peaks and magnitude values appear in the odd case. The
explanation is straightforward as the sign flip causes the elimination of opposite

contributions accumulated by coherent integration.
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Figure 3-20: GPS L1-C/A PRN Code 1, Auto-Correlation Function, T; = 3 ms.

In particular, for the case of 3 ms integration time the normalised odd ACF presents

four peaks with value 0.33, that corresponds to -9.6dB. While for the case of 7 ms,
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the normalized odd correlation presents high peaks in the set {0.71, 0.43, 0.14},
which in dB corresponds to {-3dB, -7.3dB, -17.1dB}.
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Figure 3-21: GPS L1-C/A PRN Code 1, Auto-Correlation Function, T; = 7 ms.

The GPS L1-C/A correlation percentiles are provided in Table 3-8 for three different
values of coherent integration and 0 Hz Doppler offset.

Table 3-10: GPS L1-C/A CPs versus Integration Time, 0 Hz Doppler Offset.

Percentiles
68% 95% 99.7% 99.99% | 99.999% | 100%
T;= | ACF | Even | -60.2 -23.9 -23.9 0 0 0
Ims | [dB] Odd | -304 -23.9 -20.3 0 0 0
CCF | Even | -60.2 -23.9 -23.9 -23.9 -23.9 23.9
[dB] 0dd | -304 -23.9 -20.6 -18.4 -17.7 -16.5
T;= | ACF | Even | -60.2 -23.9 -23.9 0 0 0
3ms | [dB] Odd | -384 257 -23.3 0 0 0
CCF | Even | -60.2 -23.9 -23.9 -23.9 -23.9 23.9
[dB] Odd | -384 -25.7 233 221 215 -20.8
T;= | ACF | Even | -60.2 -23.9 -23.9 0 0 0
7ms | [dB] Odd | -444 -26.0 -23.8 0 0 0
CCF | Even | 602 -23.9 -23.9 -23.9 -23.9 -23.9
[dB] Odd | -4438 -26.1 -23.9 233 -23.0 22.6

The previous observation is confirmed by looking at the even percentiles of the
ACEF: these values are unchanged w.r.t. the integration time. The odd percentiles, on
the other hand, fluctuate but not significantly. As pointed out in Section 3.4.2, the
limitations of the CP criterion with respect to the correlation histogram are evident:
ACF peak values are not entirely captured by the selected CPs but these are all

visible on the correlation histogram (see Figure 3-21).
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Figure 3-22: GPS L1-C/A PRN Code 1, Auto-Correlation Histograms, T; = 7 ms.

The relationship between the correlation values and the integration window can be
further extended to the Doppler frequency offset for the cross-correlation case. In the
following, a set of CCF percentiles {60%, 90%, 98%, 99.9%} is displayed as a
function of the Doppler frequency offset for different durations of the integration
window. The percentiles have been selected in order to allow a comparison with
those provided in [1] Table 4.8 and 4.9. For visualisation purposes, and give the
periodic behaviour of the curves, in the following figures the frequency axis is
limited to the interval 0 Hz — 5,000 Hz; the Doppler offset however can reach values

up to about 8,000 Hz for the GPS constellation as shown in Chapter 4, Figure 4-22.

Figure 3-23 displays the behaviour of the correlation percentiles for an integration
window of 1 ms. Note that for this value of integration the correlation percentiles are
almost constant with respect to the Doppler frequency offset variation. The result
seems in contradiction with the statement above, i.e. that the self-interference is
maximized for Doppler frequency offsets integer multiple of the lines spacing which

for GPS L1-C/A is equal to 1 kHz.
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Figure 3-23: GPS L1-C/A CPs versus Doppler Offset, T; = 1 ms.

By looking at the correlation percentiles in Figure 3—-24, the forecasted behaviour is
already visible with an integration time of 3 ms: the correlation percentile values
repeat, after the first interval 0 — 500 Hz, with 1 kHz periodicity and the maximum

values correspond to frequency values integer multiples of 1 kHz.
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Figure 3-24: GPS L1-C/A CPs versus Doppler Offset, T; = 3 ms.

Further, Figure 3-25 shows the correlation percentiles for an integration time of 7

ms. Note that the percentiles at integer multiples of 1 kHz are unvaried disregarding
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the integration time. The correlation percentiles in between fluctuate following the

side lobe of a sinc function.
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Figure 3-25: GPS L1-C/A CPs versus Doppler Offset, T; = 7 ms.

Figure 3-26 and Figure 3—27 show the behaviour of the 99.9% correlation percentile

as a function of the Doppler frequency offset for different integration windows (1, 3,
7,13 and 20 ms).
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Figure 3-26: GPS L1-C/A 99.9% Even CP versus Doppler Offset.

From this analysis it can be concluded that the curves corresponding to 1 ms

integration window represent an envelope or the worst-case correlation interference
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w.r.t. integration time. The results are further confirmed in [26] where the maximum
of the CAF is represented as a function of the integration time and Doppler

frequency for the GPS L1-C/A and Galileo E1 OS signals.
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Figure 3-27: GPS L1-C/A 99.9% Odd CP versus Doppler Offset.

Another intersting result is obtained by computing the correlation statistics over the
entire Doppler freuquency offset axis. In this case, a reference interval of 0 — 8,000
Hz is taken and the occurrence of PRN code couples w.r.t. Doppler offset values is
assumed uniform. The outcome is provided in terms of correlation percetiles in
Table 3-11. As expected, the worst-case is represented by 1 ms integration, and for
increasing integration time the correlation percentiles decrease. With respect to
Table 3-10, a difference of almost -6 dB can be observed on the highest value of the

even cross-correlation function.

Table 3-11: GPS L1-C/A CPs versus Integration Time, Uniform Doppler Offset Weighting.

Percentiles

68% 95% 99.7% 99.99% | 99.999% | 100%
T;= | CCF | Even | -29.6 -24.9 -22.4 -20.5 -19.8 -19.0
I'ms | [dB] Odd | -293 2252 222 -20.1 -19.1 -16.4
T;= | CCF | Even | -363 -28.1 -23.9 214 21.1 -20.9
3ms | [dB] Odd | -34.9 2292 -25.4 229 221.6 -20.5
T;= | CCF | Even | -44.6 -30.8 243 -21.9 21.1 21.1
7ms | [dB] Odd | -40.6 2318 -26.7 -23.7 2223 -20.8
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Signals with a ‘continuous spectrum’, smoothed by the presence of data bits or
secondary code chips transmitted with relatively high rate, do not behave like GPS
C/A codes, i.e. they do not present sensitivity to particular values of the Doppler
frequency offset. An example is represented by Galileo E1-C spreading codes whose
correlation percentiles as a function of the Doppler frequency offset are represented
in Figure 3-28. In this case the coherent integration window is set to 4 ms as the
only possible value. Note the flat behaviour of correlation percentiles w.r.t. the

Doppler frequency offset.
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Figure 3-28: Galileo E1-C CPs versus Doppler Offset, T; = 4 ms..

It is also interesting to observe the case of Galileo E5a-I primary codes with overly
code. One of the main reasons for introducing the secondary codes on Galileo E5
signals was in fact smoothing the spectral lines, with consequent improvement of
narrow-band interference resistance and CDMA isolation. Figure 3—-29 shows the
correlation percentiles for Galileo E5a-I when an integration time of 20 ms is
chosen. The behaviour w.r.t. the Doppler frequency in this case is not as flat as for
Galileo E1-C but varies of several dBs. Despite the presence of the overlay code, the
periodicity of the correlation percentile values at integer multiples of the spectral

line spacing is still visible.
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Figure 3-29: Galileo E5a-I CPs versus Doppler Offset, T; = 10 ms.

To conclude on the analysis presented in this section, the following can be stated:
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The effect of multiple integrations onto auto- and -cross-correlation
performance is investigated taking as reference case the GPS L1-C/A signal.
As expected, the even ACF and CCF are left unvaried by multiple
integrations. On the other hand, odd auto-correlation over multiple
sequences shows high peaks in correspondence of the PRN codes
periodicity. This result was expected and it does not represent any
impairment for acquisition/tracking operations, as the receiver can lock on
the code phase of any PRN sequence within the integration time. It is up to
the bit synchronization algorithm to detect sign changes corresponding to
data symbols’ transitions.

The analysis between correlation values and integration window is further
extended to the Doppler frequency offset. For short codes it is shown that
the worst cross-correlation interference results from the shortest integration
time. The curve of correlation percentiles versus Doppler frequency offset
obtained with the smallest integration window represents an envelope for the
other cases.

Long-code signals with a ‘continuous spectrum’, smoothed by the presence
of data bits or secondary code chips transmitted with relatively high rate, do

not present sensitivity to particular values of the Doppler frequency offset.
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3.5 PRN Code Sets Cross-Interference

With the increasing number of GNSS signals sharing the same navigation bands and
— in some cases — even the same modulation, the impact of spreading codes
transmitted by other system providers cannot be neglected. In the previous sections
some of the most common figures of merit to measure the CDMA isolation are
described and the effect of other signal and receiver design parameters onto the
cross-correlation characteristics is assessed. It is of interest to extend the spreading
codes’ figures of merit for assessing the CDMA isolation between two different
PRN code sets that can be transmitted either by the same GNSS provider or by two
different ones.

For the purpose of this analysis, the spreading codes subject to interference are

NDES

identified with the desired PRN code set {CEES [n]} pey ®

while the spreading codes

representing the source of interference are referred to as the interfering PRN code set
NINT . .
{c}"”[n]}j_1 . Additionally, the interference cause by a PRN code set onto another

set is called cross-interference, abbreviated with CI.

Before calculating the cross-interference, the problem of working with different
code lengths has to be solved. In general it is assumed that the code length of the
desired PRN code set NPES is different from the one of the interfering code set N'NT.

It is also assumed that the chip rate used to transmit the two PRN code sets can be

TDES TINT

different. For this reason the code periods and are taken as a reference
instead of the code lengths. In this case the two PRN code sets under analysis need
to be sampled at the same sampling frequency f = max(fPES, fINT), With respect
to the code periods, three possibilities can occur:

e TINT > TDES: This case is handled by applying a zero-padding to the desired
spreading sequences so to reach the code length of the interfering code set.
Because the interfering sequence is longer than the desired one, there can be
only one sign flip in the interfering signal due to the presence of two
consecutive symbols with opposite sign. A number of zeros to cover the time

TINT _ TDES

difference is added to the desired code set for calculating the

even and odd cross-correlation (Figure 3-30).
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Figure 3-30: Correlation patterns illustration for T'NT > TDES,

TINT < TDES: I this case, being the interfering PRN code set shorter than the
desired one, there can be more sign flips due to the transmission of secondary
codes or navigation symbols. All possible correlation patterns together with
their probability of appearance have to be considered for the computation of
the cross-correlation properties (Figure 3-31). In particular, keeping the
naming convention introduced before, there will be one even CCF but more
odd CCFs, depending on the number of correlation patterns. The probability
of occurrence of each CCF case can be computed assuming that the overlay

sequence of symbols or chips is represented by an i.i.d. random variable.
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Figure 3-31: Correlation patterns illustration for TNT < TDES,

TNT = TDES: When the code period is the same for the interfering and the
desired code sets there is no need for zero-padding. Only one even CCF and

one odd CCF need to be computed.



Chapter 3. Pseudo-Random Noise Codes

In formulas, the cross-interference between different PRN code sets can be

expressed as:
Ni—-1

1 * . 3.22
R}, [m] = N Z (éPES[n]) - &N [n —m] - €' @mA0pn+0) form e [0, 2N, — 1] (3:22)
! n=0

where the integration time depends on the relationship between T'NT and TPES as

explained before, ¢°E5[n] is an extended version of CJ-DES when N'NT > NDES and

¢INT is an extended and version of ¢/ that takes into account the sign flip pattern

b.

The most discussed case of cross-interference is represented by the Galileo E1-OS
and GPS L1-C interoperable signals. These two signals are both transmitted in L-
band at the central frequency of 1575.42 MHz. As described in [18] and [19], the
Galileo E1-OS modulation called CBOC slightly differs from the TMBOC
modulation adopted for GPS L1-C but the two signal waveforms result in the same
MBOC(6,1,1/11) power spectral density. This design choice, while ensures a high
level of interoperability between the two systems, also raised concerns about the
PRN codes cross-correlation interference level.
The analysis proposed in [24] computes the PRN codes performance figures
described in Section 3.3.2 between the Galileo E1-OS and GPS L1-C PRN code sets
in order to assess whether GPS could lead to high level of interference for Galileo
signals or vice versa. For this purpose the two following cases are analysed:

e @alileo E1-OS interference onto GPS L1-C,

e GPS L1-C interference onto Galileo E1-OS.
The analysis proposed in [24] is repeated below for verification purposes and later

other cases are investigated.

3.5.1 Galileo E1-OS and GPS L1-C

The CDMA isolation between Galileo E1-OS and GPS L1-C spreading codes is
assessed below by using the Correlation Percentiles (CP) as performance figure. The
parameters describing the two PRN code sets under analysis are summarised in

Table 3-12.
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Table 3-12: Galileo E1-OS and GPS L1-C Code Sets parameters.

Galileo E1-OS GPS L1-C
Primary Code Length [chip] 4,092 10,230
Primary Chip Rate [Mcps] 1.023 1.023
Secondary Code Length [chip] 25 1800
Secondary Chip Rate [cps] 250 100
Symbol Rate [sps] 250 100
PRN Code Set Size [-] 50x2=100 63x2=126
Integration Time [ms] 4 10

GPS L1-C — Galileo E1-OS

This combination falls into the case T'NT > TPES described above. Table 3-13
provides the correlation percentiles for the even and odd CCF between the two PRN
code sets. Additionally, the cross-correlation percentiles for the Galileo E1-OS PRN
code set are provided for comparison. According to the results in Table 3-13 the
interference caused by GPS L1-C signals is higher than the self-interference of

Galileo E1-OS, up to 3 dB on the highest peak.
Table 3-13: GPS L1-C — Galileo E1-OS CPs, T; =4 ms, 0 Hz Doppler Offset.

Percentiles

99.0% | 99.9% | 99.99% | 99.999% | 99.9999% | 100%
2 Iiv;” CCF | 5905 | 279 | 257 | 243 |232 | 224 211
¢ 3
SR ;";g CCF 590 279 | 257 | 243 | 232 | 223 212
2 ;’;1”;;’ CCF | 5905 282 | -265 | 255 |-249 | -246 245
S
R gl‘g CCF 590 282 |-265 | 256 | -249 | 245 244

Galileo E1-OS — GPS L1-C

This case is characterised by T'™NT < TPES | thus multiple combinations need to be
taken into account for the cross-correlation between the two PRN code sets. In

particular, the following four correlation patterns are identified:

P =12.5% +1 +1 +1 +1
P, =50% +1 +1 +1 -1
P;=25% +1 +1 -1 -1
Py=12.5% +1 -1 +1 -1

Table 3-14 shows the computed correlation percentiles for the even and odd CCF
between the two PRN code sets. Additionally, the cross-correlation percentiles for

the GPS L1-C PRN code set are provided for comparison. Also in this case, the self-
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interference of the desired code set is lower than the cross-interference produced by
the interfering code set.

Table 3-14: Galileo E1-OS — GPS L1-C CPs, T; =10 ms, 0 Hz Doppler Offset.

Percentiles
99.0% | 99.9% | 99.99% | 99.999% | 99.9999% | 100%
Z‘;}' CCF | 1250 | 319 | 207 | -283 | -272 | -264 2522
1 | OddCCE | 500 | 319 |97 | 283 | -272 | -263 25.1
% SN:) [dB/ 0 . . . . . .
b [Od‘;‘; CCF | 250 | 319 | 297 | 283 | 272 | 263 252
Z‘;‘; CCF 1205 | 319 | 297 | 283 | 272 | 264 253
o Z‘;}' CCF | spos | 325 130.6 29.1 28.1 275 272
~
~ %;‘j CCF 590 | 321|299 | 285 | 274 | 266 262

3.5.2 GPS L1-C/A and SBAS L1

The cross-interference between GPS L1-C/A and SBAS L1 represents an interesting
case as both services transmit short codes. Additionally, the two PRN code sets are
broadcasted at the same centre frequency with the same modulation. This case is
expected to show high cross-correlation peaks.

The parameters describing the two PRN code sets under analysis are summarised in
Table 3-15.
Table 3-15: GPS L1-C/A and SBAS L1 Code Sets parameters.

GPS L1-C/A SBAS L1
Primary Code Length [chip] 1,023 1,023
Primary Chip Rate [Mcps] 1.023 1.023
Secondary Code Length [chip] - -
Secondary Chip Rate [cps] - -
Symbol Rate [sps] 50 500
PRN Code Set Size [-] 32 39
Integration Time [ms] 1,20 1,2

SBAS L1 — GPS L1-C/A

This combination falls into the case T'NT =

correlation percentiles for the following cases:

TDES

Table 3-16 provides the

e Even and odd CCF for the GPS L1-C/A PRN code set;
e FEven and odd CCF for the SBAS L1 PRN code set;
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e FEven and odd CCF between the two PRN code sets.

Table 3-16: SBAS L1 — GPS L1-C/A CPs, T;=1 ms, 0 Hz Doppler Offset.

Percentiles

99.0% | 99.9% | 99.99% | 99.999% | 99.9999% | 100%
5§ ?Ce; ) | 50% | 238 238 238 238 238 238
57’ [Od‘gCCF 50% | -21.8 -19.8 -18.4 -17.8 -16.5 -16.4
3 ?Ce; ) | 50% | 238 238 238 238 238 238
3 gl‘;‘jCCF 50% | 218 -19.8 -18.4 177 -16.4 -16.4
5 ’é‘g ) | 5% | 238 238 23.8 2338 238 238
§ %g‘jCCF 50% | 218 -19.8 -18.4 -17.6 -17.0 -17.0

According to the results, the interference caused by SBAS L1 signals onto GPS L1-
C/A is exactly the same as the self-interference of GPS L1-C/A.

Further, given the spectral line nature of these PRN code sets, the analysis is
extended to include the Doppler frequency offset values by computing the

correlation statistics in the following cases:

e Even and odd CCF for the GPS L1-C/A PRN code set over 0 — 8,000 Hz;
e Even and odd CCF for the SBAS L1 PRN code set over 0 — 200 Hz;
e FEven and odd CCF between the two PRN code sets over 0 — 4,500 Hz.

Table 3-17: SBAS L1 — GPS L1-C/A CPs, T; =1 ms, Uniform Doppler Offset Weighting.

Percentiles

99.0% 99.9% 99.99% | 99.999% | 99.9999% | 100%
5 § ’é‘g g | 0% | 234 -21.5 -20.4 -19.5 -18.8 -17.0
5 S Z‘;‘jCCF 50% | -23.3 214 -20.0 -19.0 -18.1 -16.5
gg g‘;cefggg 50% | -23.4 -21.6 -20.5 -19.8 -19.4 -19.0
S | apy 50% | -233 215 -20.1 -19.1 -18.0 -16.4
3 ’é”c"; gy | S0% | 238 -23.5 232 -22.8 -22.5 -22.4
§ gl‘gCCF 50% | -21.9 -19.9 -18.5 -17.8 171 -17.0
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For the even CCEF, the interference caused by SBAS L1 signals onto GPS L1-C/A is
slightly higher than the self-interference of GPS L1-C/A.

3.5.3 Galileo ESb-I and BeiDou B2-1

Another case for investigation is represented by the Galileo ESb-I and BeiDou B2-1
signals which are transmitted at the same centre frequency of 1207.140 MHz. The
two signals are characterised by different modulations, respectively a BPSK(10) for
Galileo E5b-I ([8]) and a BPSK(2) for BeiDou B2-I ([12]). While filtering the
Chinese signal decreases the spectrum overlap and thus reduces the interference, the
same cannot be done for the European signal which occupied bandwidth fully
includes the BPSK(2). The CDMA isolation between the Galileo E5b-I and BeiDou
B2-1I is analysed below by looking at the correlation percentiles. The parameters

describing the two PRN code sets under analysis are summarised in Table 3-18.

Table 3-18: Galileo ESb-I and BeiDou B2-I Code Sets parameters.

Galileo E5b-1 BeiDou B2-1

Primary Code Length [chip] 10,230 2,046
Primary Chip Rate [Mcps] 10.230 2.046
Secondary Code Length [chip] 4 20
Secondary Chip Rate [cps] 1000 1000

Symbol Rate [sps] 250 50

PRN Code Set Size [-] 50 37
Integration Time [ms] 1,4 1,20

BeiDou B2-1 — Galileo E5b-1

As shown in Table 3-18, both signals are composed of primary codes, secondary
codes, and navigations symbols. The integration time values considered in this
analysis are the primary code period and the secondary code period. The following

cases are taken into account:

e T, = 1ms for Galileo E5Sb-I and T; = 1 ms for BeiDou B2-1
e T; =4 ms for Galileo E5b-1 and T; = 1 ms for BeiDou B2-1
e T, =4 ms for Galileo ESb-I and T; = 20 ms for BeiDou B2-1

The case of T; = 1 ms for Galileo E5b-I and T; = 20 ms for BeiDou B2-I is
discarded as an integration time window of 1 ms does not allow to see the tired
codes of BeiDou B2-I and this case falls back into the first one listed above.

Table 3-19 provides the correlation percentiles for the even and odd CI between the

two PRN code sets when only the primary codes are taken into account.
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Additionally, the cross-correlation percentiles for the Galileo E5b-I primary code set

are provided for comparison.

Table 3-19: BeiDou B2-1 — Galileo ESb-I CPs, 7, =1 ms, 0 Hz Doppler Offset.

Percentiles

99.0% | 99.9% | 99.99% | 99.999% | 99.9999% | 100%
t o BYenCCF 15y | 318 | 297 | 283|272 | 263 25.1
& [4B
R [Od‘;“;CCF s0% | -318 | -207 | -283 |-272 | 261 254
~ | ByenCCF | o0 1 317 | 207 283|272 | 259 2522
a{ [dB]
= [Od‘g CCF sow | 317 | 297|283 | 272 | 263 25

Note that the correlation percentiles for B2-I — E5b-I are almost equal to the values
for the E5b-I self-interference.

Assuming now an integration time of 4 ms for the Galileo E5b-I tired codes, the
interfering PRN codes of BeiDou B2-1 fall in the case T'NT < TPES| being the
primary code period 1 ms long. Thus multiple combinations need to be taken into
account for the cross-correlation between the two PRN code sets. In particular, the

following four correlation patterns with probabilities of occurrence are identified:

P, =6.25% +1 +1 +1 +1 +1
P, =31.25% +1 +1 +1 +1 -1
P;=31.25% +1 +1 +1 -1 -1
Py=31.25% +1 +1 -1 +1 -1

Table 3-20 provides the computed CCF correlation percentiles in all above
correlation patterns (B2-1 — T-E5b-I).

Finally, the case for BeiDou B2-I tired codes interfering to Galileo E5Sb-I tired codes
is analysed. This time T'NT > TPES and only the even and odd CCF percentiles are
computed (T-B2-1 — T-E5b-1, Table 3-20). The cross-correlation percentiles for the
Galileo E5b-I tired PRN code set are provided for comparison.

Looking at the results in Table 3-19 and Table 3-20 it turns out that the case B2-1 —
T-ESb-I presents a highest correlation peak around -25 dB 62.5% of the times,
similarly to B2-1 — ES5b-I; the other correlation values however are lower. The case
T-B2-1 — T-ES5b-I on the other hand can be seen as an ‘average’ of the correlation
percentiles for the four correlation patterns in B2-1 — T-E5b-I.

The analysis shows the benefit of increasing the integration time to the secondary

code duration.
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Table 3-20: BeiDou B2-1 — Galileo ESb-I CPs, 7; =4 ms, 0 Hz Doppler Offset.
Percentiles
99.0% | 99.9% | 99.99% | 99.999% | 99.9999% | 100%
ﬁlvg;’ CCF | 6259% | 3738 357 343 332 323 311
1 QHMCCE | 31050 | 350 32,0 30,1 287 276 252
~ E [dB]
A %g‘jCCF 31.25% | -35.0 32,0 301 287 276 253
[Od‘g CCF | 31259 | -39.1 367 350 338 328 313
1 ﬁlvg;’ CCF | 5995 | 374 349 331 318 307 287
)
&g
S e [Od‘;‘;CCF 50% | 375 349 331 318 307 287
~ | Even CCF 0 i ) ) ) ) )
3 50% 34.6 31.8 30.1 29.0 28.2 272
0 [Od‘g CCF | 5905 | 342 315 299 288 278 265
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4. Radio Frequency Compatibility Analysis

With the growth in number and power of GNSS and SBAS signals transmitted in the
RNSS frequency bands, aggregate interference levels need to be carefully assessed
and regulated for ensuring that legacy and new-generation GNSS receivers will
work properly within defined coverage areas and can achieve desired performance.
With the European Union decision in the 1990s to set up Galileo as own CDMA
based navigation system, the need to assure compatibility with GPS grew in
importance as it was planned to use the same centre frequencies of GPS for Galileo
signals. One of EU main objectives was in fact to set up a system not only
compatible with GPS but also interoperable.

After lengthy negotiations between EU and US, the agreement on the common use
of the L1/E1 frequency band was signed on June 9™ 2004. In the context of this
agreement a methodology for the computation of the Radio Frequency Compatibility
(RFC) between GPS and Galileo was established [31]. The method is based on the
computation of the Carrier-to-Noise Density Ratio (C/N,) of the desired signal
transmitted by the reference system in the presence of in-band interference generated
by an interfering system. More in details, the following interference sources are

identified and taken into account:

e signals other than the desired one and transmitted by the same reference
system (intra-system interference);

e signals transmitted by the interfering system (inter-system interference);

e interference originating from signals transmitted by all other RNSS systems
other than the reference and the interfering system (inter-system
interference);

e External interference originating from other sources than RNSS.

The methodology quantifies the degree of radio frequency compatibility among

RNSS signals through two criteria:

e The Effective C/N, observed by a reference receiver processing the desired
signal when different sources of interference are accounted for, i.e. intra-

system interference, inter-system interference and external interference.
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e The C/N, Degradation caused by the presence of a new interfering system
onto the effective C/N, observed by a reference receiver processing the

desired signal.

The two identified criteria act complementarily: on the one hand the user
performance needs to be ensured following the effective C /N, criterion; on the other
hand, for a fair regulation of all systems sharing the same radio frequency band, the
impact of each transmitted service needs to be limited by the C/N, degradation
criterion. A combination of both criteria together with criteria limits can provide a
full picture of the RNSS compatibility analysis of a desired signal for a given
interference scenario.

Further, the methodology described in [31] presents two alternative approaches or
models at the basis of the RFC assessment that differentiate for the underlying
assumptions and thus the approximation of the computed results. Looking at the
major differences, in the analytical approach the fine spectral structures of the
received navigation signals coming from the same RNSS are averaged together into
a smooth spectrum. As a result, the Doppler shift between the desired and interfering
signals is negligible and it is not taken into account in the analytical model. The
‘combined’ interfering signals are characterized in terms of maximum received
power and worst-case aggregate gain factor over the constellation repetition cycle,
and the computation of each interference contribution is done for each location on
the Earth. Conversely, the simulation approach propagates each RNSS constellation
for the constellation period and computes the dynamic link budget for every location
on the Earth at each time. The worst-case assumption is in this case replaced by
punctual power levels and aggregate gain. Additionally, the model allow
representing the signals considered in the assessment either with line spectra or
continuous spectra, depending on which assumption fits best with the specific PRN

codes length.

In the evolving GNSS scenario, compatibility assessments on a multilateral base are
gaining more and more importance. In particular there is the need for assessing the
effects of the growing number of GNSS and SBAS signals that will be sharing the
L-band portion of the radio frequency spectrum in the next years. In order to

regulate this complex scenario a specific ITU recommendation called Rec. ITU-R
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M.1831 was issued in 2007 [32]. In this document a coordination methodology for
RNSS inter-system interference estimation was established, mostly following the
approach described in [31].

In this context, other RFC assessment criteria have been proposed to complement
and possibly improve Rec. ITU-R M.1831. Among these, a special mention should
be given to the proposal from the European Commission in the framework of the
ICG activities ([33], [34]): the suggested approach is to assess the noise floor
increase caused by the current/planned transmitted GNSS signals in order to agree
on a maximum interference level and to limit the contributions from each GNSS
provider.

Another important aspect is represented by the assumption on the frequency
representation of the signals. The analytical approach described later in this chapter
approximates the spectrum of the received signals as a continuous spectrum, where
the fine structures of individual signal spectra are averaged together into a smooth
spectrum. This near-continuous noise-like spectral density modelling is valid for
long-code signals and assumes that the Doppler shift between the different signals
has a negligible effect onto the overall interference assessment.

However, as widely described in Chapter 2, real spectra of signals with periodic
spreading codes are characterized by a fine structure of spectral lines, whose
frequency position and magnitude depends on the specific spreading code sequence,
chip rate, presence of secondary codes and/or navigation data. For short-code signals
the continuous spectrum modelling is not appropriate as the signal power is
significantly concentrated in the spectral lines. Since most modernized GNSS
signals belong to the category of long-code signals, the analytical approach of Rec.
ITU-R M.1831 is the most employed in ITU coordination activities for RNSS inter-
system interference estimation. Nevertheless it is believed in the navigation
community that this approach has shortfalls when it comes to the GPS L1 C/A self-
interference and in general to GNSS signals that belong to the category of the so-
called short-code signals (see [35], [36]).

Models have been developed to reflect the qualitative characteristics of L1 C/A self-
interference and to assess its effects on receiver performance (e.g. in [37]), but no
currently available model is recognised as standard reference and adopted for

compatibility assessments.
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The RFC methodologies mentioned above are mainly based on the assessment of
aggregate interfering power levels. However, another important compatibility aspect
is the degradation of spreading codes isolation of the desired signal caused by the
presence of other RNSS systems also based on CDMA. As widely discussed in
Chapter 3, every navigation system provider needs to ensure for each service not
only a good isolation of the selected PRN code set with it-self (self-interference, SI)
but also with all other PRN code sets transmitted in the same radio frequency band
(cross-interference, CI). Until recently, GPS signals along with a few low-powered
SBAS signals were the only signals occupying L-band and investigation on PRN
code correlation properties for the evaluation of self- and cross-interference was

primarily of academic interest for the following reasons:

e the power of individual navigation signals is far less than the noise power in
a receiver front-end;

e the aggregate power of interfering navigation signals is comparable to the
receiver noise floor and the aggregate smooth spectrum is used for
interference computation as described in the abovementioned methodologies
[31], [32];

e the assumption of aggregate smooth spectrum is justified for most GNSS

signals.

Nevertheless, while the effects of SI and intra-system CI are under control of the
navigation system provider and are duly taken into account in the signal design, the
same cannot be ensured for the inter-system CI. The signal design and the choice of
the spreading codes should be based on criteria that minimise the inter-system
interference with legacy GNSS signals, but the navigation services are constantly
increasing and new signals are upcoming. GPS L1 C/A currently represents the most
relevant case of short-code signal for global systems but other system providers
already plan new services for fast acquisition also based on short codes. If this will
happen, the ITU methodology should be ready to assess not only the compatibility
between transmitted power levels but also between PRN code sets.

In the following a new methodology complementary to Rec. ITU-R M.1831 is
proposed based on the computation of spreading codes cross-correlation

interference. The new method combines the PRN codes performance figures
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described in Chapter 3 with the RFC approaches in [31] and [32] to provide an
overall PRN codes CI performance figure.

This chapter is composed of the following parts:

e Section 4.1 provides a complete description of Rec. ITU-R M. 1831. The
overall assumptions, computation steps, and performance criteria are
explained as well as the two methodology approaches (analytical and
simulation). A deep understanding of [31] is fundamental for the
introduction of the proposed method.

e Section4.2 describes the new proposed RFC analysis based on PRN codes
and the assessment criteria for the evaluation of self-interference and cross-
interference within and between PRN code sets.

e Section 4.3 lists all the reference assumptions required for carrying out the
PRN codes based RFC assessments. The systems under analysis are GPS,
Galileo, EGNOS and BeiDou.

e Section 4.4 provides several simulation results that prove the effectiveness
of the proposed methodology and highlight relevant aspects related to the
PRN codes compatibility among signals.

4.1 Recommendation ITU-R M.1831
4.1.1 Methodology

This methodology is intended to provide a technique for assessing RNSS inter-
system interference. The methodology applies to RNSS systems that use CDMA and
FDMA to allow sharing of RNSS bands, and recognizes that a simple summation of
transmission power density is inadequate to determine what effect an RNSS system
has on others. Two are the criteria defined in [32] for assessing compatibility

between RNSS systems:

e Effective C/N,,
e (C/N, Degradation.

As already explained, the effective C/N, measures the absolute C/N, level that a
reference receiver would observe. This value should be higher than a given
operational threshold, typically defined in system ICDs, in order to ensure that the

performance of the service is satisfactorily provided. On the other hand, the
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degradation of the C/N, measures the decrease of the C/N, when additional

interference is introduced. In other words, the degradation criterion gives a relative

measure while the effective criterion provides an entire picture of the interference

environment.

The methodology adopted in order to estimate the Effective C/N, and C/N,

Degradation can be summarized in five high-level steps:

1.

Link budgets are computed from each satellite to each user location. This
computation is done in order to get the desired signal power, the aggregate
power level, and the Doppler shifts for each satellite.

Spectral separation coefficients are computed based on the power spectral
densities and the Doppler shifts.

The effective power of the desired signal and each interference source are
computed.

These results, combined with the thermal noise and external interference,
yield to the Effective C/Ny: [C/No] e

Combining this result with a reference allows assessing the C/N,

Degradation: A[C/N,].

In order to apply the methodology just described, it is fundamental to identify and

compute some key parameters required for the Effective C /N, estimation. The main

elements needed for computing the RFC assessment criteria are:

4.1.2

respective orbit and constellation parameters;

respective satellite parameters (antenna gain pattern);

desired and interfering signals’ characteristics (modulation, data rate and
spreading codes characteristics) and minimum/maximum received power
levels (link budget assumptions for propagation);

external interference from other RNSS and/or non-RNSS sources;

reference receiver parameters (implementation losses, user antenna gain);

reference receiver locations.

Assessment Criteria

The Effective C/N, of the desired signal transmitted by a given navigation system

interfered by RF signals coming from other RNSS systems is defined as follows:
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[C/Nolesr =

with

Iint = lupr + Igem

where:

C

No

IREF

IINT

IALT

IREM

IEXT

c 4.1)
VNg + Ipgr + Iy + lgxr

(4.2)

User received power of the desired signal [W]
Receiver thermal noise floor density [W/Hz]

Effective thermal noise factor [dimensionless], defined as:

Br/2
v= f Gs(F)df <1

-Br/2
with By the bilateral bandwidth of the transmit filter.

Equivalent noise power density introduced into the system and originating
from signals transmitted by the same navigation satellite system than the
desired signal [W/Hz]

Equivalent noise power density introduced into the system and originating
from signals transmitted by all other RNSS satellites than the desired

constellation [W/Hz]

Equivalent noise power density introduced into the system and originating
from signals transmitted by a specific alternate RNSS satellite system

[W/Hz]

Equivalent noise power density introduced into the system and originating

from signals transmitted by all remaining RNSS systems [W/Hz]

External interference originating from other sources than RNSS [W/Hz]

The above expression comes out from the total interference power density

formulation which, in the most general case, is the sum of the four interference

components:

Iror = Irgr + Lapr + Irem + Ipxr

(4.3)

Observe that I;yr gives the total contribution to the interference coming from RNSS

satellite systems other than the reference one.
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The C/N, Degradation concept can be transferred into mathematical equations in
different ways. The different C /N, Degradation formulas here considered according
to [32] are listed below.

Loy (4.4)
VNy + Iggrp
Lt (4.5)
VNo + Irgr + Irgm + Igxr
In the next sections all the elements to be computed for the estimation of [C /Ny

and A[C/N,] are explained.

A[C/No]* =1+

A[C/Ny2 =1+

4.1.3 Link Budget

In the framework of RFC assessment the link budget computation is fundamental for
the determination of the user received power levels to be considered for both the
desired and interfering signals.

In order to compute the minimum and maximum user received power, some
assumptions have to be made about the constellation and satellite models, as well as
for the propagation environment and the user receiver.

Starting from the transmit chain and the receive chain, simplified models are
considered in [32] with respect to the functional block diagrams in Figure 2—1 and
Figure 2—11. The transmitter model is characterized by the signal generation block,

the transmit filter and the transmit antenna (Figure 4-1).

SIGNAL GENERATOR

Signal Transmit Transmit
Generator Filter Antenna

Figure 4-1: Transmit Chain Model for RFC Assessment, Functional Block Diagram.

Regarding the user receiver model, the first stage is the receiver antenna, the output
of which is input to the receiver front-end filter. Then the AGC loop is used to keep
the voltage input to the ADC within its dynamic range. Finally, correlation is
performed using the received signal and a locally generated replica matched to the
transmitted signal. The considered losses, namely filtering, ADC and the correlator

mismatch losses, are grouped into a single loss factor (Figure 4-2).
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RECEIVER

) Receiver
Receive Front-End AGC and ADC Correlator
Antenna Filter

Figure 4-2: Receive Chain Model for RFC Assessment, Functional Block Diagram.

For each individual signal the received power level is computed according to the

user location and time instant as described by Eq. (2.27). Three possible ways of

computing the signal power levels on ground are considered, depending on the

information made available to perform the RFC assessment:

a)

b)

If the power transmitted by the navigation payload is known, the
computation of the link budget is done ‘forward’ from the SV to the
reference receiver. The assumptions on the antenna gain patterns,
propagation environment, and additional losses allow identifying the
minimum and maximum power levels on ground. In other words, the two
received power levels are the results of a best-case and worst-case link
budget computation. The transmit power however in an information typically
not shared by RNSS system providers.

If only the minimum received power is known, the link budget is first
computed ‘backward’ from the reference receiver to the satellite payload
under worst-case assumptions. Once the transmit power is derived, the best-
case link budget is computed ‘forward’ from the SV to the reference receiver
to obtain the maximum received power.

Finally if the minimum and maximum power levels on ground are both
known, the worst-case and best-case link budget computations are performed
‘backward’. This operation may result in a minimum and maximum transmit
power levels that differ. The offset could reflect transmit antenna gain

fluctuations, typically in in the order of 1 dB, or flexible power capabilities.

An example of best-case and worst-case link budget computation based on case ¢) is

provided below in Figure 4-3 and in Table 4-1 for an isotropic user antenna.
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151 Minimim and Maximum User Received Power
- T T T T T

max

Received Power [dBW]

158 | Worst-Case Link Budget | |
Best-Case Link Budget

159 | I I | I | I I
0 10 20 30 40 50 60 70 80 90

Elevation angle [deg]

Figure 4-3: Link Budget Values over Elevation: Example for Galileo E1 OS.

As explained later in Section 4.1.5, the analytical approach makes use of the
minimum received power on ground for the desired signal (marked in Figure 4-3 as
Pin), and the maximum received power curve for pre-computing the aggregate gain
of the interfering signals. On the other hand, the simulation approach computes
dynamically the received power for each location and time instant: the worst-case

link budget applies for the desired signal and the best-case link budget applies for

the interfering signal.

Table 4-1: Link Budget Computation: Example for Galileo E1 OS.

PRI~ PR | P> PR
Min/Max Received Power [dBW] -157.25 -152
@ [deg] 5 50
FSL [dB] 185.45 184.15
Other Losses [dB] 1.5 0
EIRP [dBW] 29.86 32.15
Transmit Antenna Gain [dB] 15.12 16.19
Min/Max Transmit Power [dBW] 14.74 15.96

4.1.4 Spectral Separation Coefficients

The Spectral Separation Coefficient (SSC) is a powerful indicator of the level of
interference that a signal suffers due to another interfering signal sharing the same
frequency band. The concept at the basis of SSC is measuring the power of the

desired signal and its reduction due to the interfering signal at the correlator output.
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In Rec. ITU-R M.1831 it is assumed that the RNSS interfering signal is band limited
at the satellite transmitter. The transmit filter is modelled as an ideal rectangular
band-pass transfer function with linear phase, centred at the signal’s carrier
frequency, with bandwidth Br. Thus, the spectrum of the signal, normalized to unit
power, is given by:

_G&GH
Gs() =I5, Gs(Paf
0 for |f| > By/2
where Gs(f) is the two-sided power spectral density [1/Hz], at frequency f, of the

for |f| < By/2 (4.6)

unfiltered signal, normalized to unity over an infinite bandwidth.
The spectral separation coefficient between the desired signal and an interfering

signal is defined as:

Br/2 . 4.7)
ssemnafmy = [ PG (OG " (f - s |
—BRr/2
where:
Hp Normalized transfer function of the receiver front-end filter [unitless]

Gs(f)  Two-sided normalized power spectral density of the desired signal,

computed according to Eq. (4.6) [1/Hz]

Glm’"(f) Two-sided normalized power spectral density of the interfering signal,
computed according to Eq. (4.6), where m identifies the transmit satellite

and n the signal number transmitted by the m-th satellite [ 1/Hz]

Af™ Doppler difference at user position between the desired satellite and the

interfering m-th satellite [Hz]

Bp Receiver bandwidth [Hz]
Note that, when Hiz(f) = 1, the SSC is equal to the cross-correlation between the

desired and the interfering normalized PSDs:

SSC™MA™) = Gs(F) * 6" ()] _y (48)

Regarding the power spectral densities Gg(f) and G, (f) representation, it is
common assumption to approximate them by a continuous spectrum, where the fine
structures of individual signal spectra are averaged together into a smooth shape.
Under this hypothesis, the dependency of SSC from the Doppler difference is

negligible. This leads to the most commonly used formulation:
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SSC™(0) = Gs(F) 6" (P, (49

Effects of spreading code lines need to be considered in case of short-code signals
for which the assumption of continuous spectrum is not accurate. The analytical
approach as described in [31] and [32] does not allow simulating the effects of line
spectra. In this case, the use of the simulation model is required. The computation of

SSCs for short-code signals is out of scope of this thesis. For further details see [40].

4.1.5 Interference Computation

The equivalent noise power densities Izgp, Iy, and Izg, are calculated according to

the following generic formula:

X

MX Ny
Iy = Z Z SSC?”(ifnm)P;‘_;’; (4.10)
b £ Lpx
where
Iy Equivalent noise  power density [W/Hz] for  GNSS
X € {REF,ALT,REM}
MX Number of visible satellites in the constellation identified by X
NX Number of signals transmitted by the m-th satellite in the constellation
identified by X
PRx User received power of the n-th interfering signal transmitted by the

m-th satellite in the constellation identified by X [W]

SSCx™(Af™) Spectral separation coefficient between the desired signal and the n-th
interfering signal transmitted by the m-th satellite in the constellation
identified by X [1/Hz], expressed as a function of the Doppler

difference between the two satellites of interest

Lgx Additional implementation losses of the n-th interfering signal
transmitted by the m-th satellite in the constellation identified by X
[unitless]

As already stated previously, in [31] and [32] two different methods for assessing

the RNSS inter-system interference are described, based on a different way to

compute the interference contribution in Eq. (4.10).

The simulation approach provides highly accurate results at the cost of requiring a

significantly complex simulation of the environment. For generating the RFC
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metrics according to the simulation model a full orbit propagator needs to run over
time. In this case the interference scenario is processed at every user location on
Earth at each time instant. Clearly the computational load required to perform the
RFC assessment according to the simulation model is significant in most occasions.
To the contrary, for the analytical approach the complexity required to carry out the
interference analysis is significantly lower. Indeed, the impact of the satellites’ orbits
as well as the influence of the user and satellite antenna gain is accounted for in a
simplified way by means of the Aggregate Gain factor. This figure is one of the
main input of the analytical model. In spite of this simplification, the analytical
model is still capable of reproducing accurate results comparable with the more
complex simulation tools.

Sections 4.1.5.1 and 4.1.5.1 describe the interference computation respectively for

the simulation and the analytical approach.

4.1.5.1 Simulation Model

The fundamental characteristic of the simulation model is that, in order to calculate
the user received signal power, the link budget has to be performed for each user
position and at each time instant. The user received power from each satellite is
therefore evaluated as a function of the instantaneous satellite elevation, off-
boresight angle, and distance between user position and satellite vehicle.

With this approach, the equivalent noise power density expressed by Eq. (4.10) is
further expanded for each user position at each time instant:

X))

L (6. 0,0) Z G (t, 0,0)G,(t, 0, 9) ssc’""(Afm)P (4.11)
t B =
X v L;'nSX(t P, B)LotherX

where:

Ix(t, p,0) Equivalent noise power density [W/Hz] for RNSS
X € {REF,ALT,REM}

1%(t,,0)  Number of visible satellites in the constellation identified by X

JX Number of signals transmitted by the m-th satellite in the

constellation identified by X

Gr(t,p,0)  Transmitting antenna gain at place identified by position coordinates

(¢, 0) and at time t for the m-th satellite of the constellation
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identified by X [unitless]

Gr(t,,0)  User receiver antenna gain at place identified by position coordinates
(¢, 0) and at time t for the m-th satellite of the constellation
identified by X [unitless]

L% x(t,¢,0) Free space path loss from the m-th satellite of the constellation
identified by X to the place identified by position coordinates (¢, 0)

and at time t [unitless]

Lother x Other losses (atmospheric loss, polarization mismatch loss,

depointing loss) [unitless]

mn

Pry Transmit power of the n-th interfering signal transmitted by the m-th

satellite in the constellation identified by X [W]

SSCy"™(Af™) Spectral separation coefficient between the desired signal and the n-
th interfering signal transmitted by the constellation identified by X
[1/Hz]

RX Additional implementation losses of the n-th interfering signal
transmitted by the m-th satellite in the constellation identified by X

[unitless]

Note that, differently from the analytical approach, the simulation model allows
taking into account for the Doppler frequency offset between the desired signal and
the interfering signal. However, as explained in Section 4.1.4, for long-code signals
the dependency of SSCs from the Doppler difference is negligible.

The defined equivalent noise power density Iy(t,¢,0) is used to evaluate the
different interference metrics. As a result, also the Effective C/N, and C/N,
Degradation depend on (t, ¢, 8), and therefore a strategy to represent the metrics is
needed. A common approach is to take the mean over time, reducing the dependency
only to geographical coordinates (¢, 8), and then to represent the results in a plot
over the Earth. Representative values can be also extracted by taking the variance or

the minimum/maximum values over time.
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4.1.5.2 Analytical Model

In case the analytical model is selected, the equivalent noise power densities coming
from the interfering systems are computed according to the following formula,

which is a simplified expression for equation (4.10):

X
m

- Sscy(0)max{Py,} (4.12)
IX = Z agg,X j
n=1 LR'X
where
Iy Equivalent noise power density [W/Hz] for RNSS X € {REF,ALT,REM}
NX Number of signals transmitted by the m-th satellite in the constellation
identified by X
aga X Aggregate gain factor [unitless]

max{P{y} Maximum user received power of the n-th interfering signal transmitted

by the constellation identified by X [W]

SSCx(0) Spectral separation coefficient between the desired signal and the n-th
interfering signal transmitted by the constellation identified by X [1/Hz],

the Doppler difference is assumed to be 0

Lrx Additional implementation losses of the n-th interfering signal transmitted
by the constellation identified by X [unitless]

Note that, as explained in Section 4.1.4, the assumption of Doppler frequency offset

equal to 0 is justified only for long PRN codes. In case of short codes, the analytical

model cannot be adopted and the simulation approach needs to be used instead.

The Aggregate Gain G,,, factor is a fundamental element of the analytical

agg
interference methodology. As described in [32], the G,q4q factor depends on a specific
simulation scenario, i.e. satellite constellation, satellite antenna gain pattern, user
antenna gain pattern and carrier frequency of the signal. The overall Gg,
computation is based on the link budget which provides the user receiver power
level.

Given a user position defined by longitude ¢ and latitude 6, and a time instant ¢, the
aggregate user received power Pg 40 x(t, @, 0) from all satellites of a given RNSS

constellation is given by:
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M* (t,0,6)

Pp agg,X(t' ®,0) = Z P’,?,X(t, ®,0)

m=1

(4.13)

where:
1%(t,9,0) Number of visible satellites within the constellation identified by X at

time instant t and user position (¢, 8)

PR (t,@,0) User received power transmitted by the m-th satellite in the

constellation identified by X at time instant ¢t and user position (¢, 8)
The aggregate user received power is dependent on both time and user location on
Earth. For simulation purposes, the aggregate user received power is calculated over
an Earth and time grid, which resolution and granularity strongly influence the time
of computation.

In order to obtain the G

agg factor, the aggregate user received power Pg ag0 x (¢, 9, 0)

is normalized by the maximum received user power for an isotropic user antenna.

The maximum G

agg Value is expressed by

mtaX{PR agg,X(t’ b, 9)} (414)

max{P R iso,X}

The maximum G

Gagg,X (<P, 9) =

age factor is the maximum G,y x(9,0) over all longitudes and
latitudes:

Gaggx = n;%X{Gagg,x(w, 0} (4.15)

In addition to the methodology expressed by equation (4.15) adopted in [32], it is
also possible to assess the aggregate impact of a GNSS constellation by keeping the
spatial information of the G,g,. Therefore a variant of the methodology described in
[32] takes into account the G,.,(®,0) matrix over the Earth. In this way, the
geographical distribution of RNSS interference is taken into account and the

resulting interference analysis is more realistic, especially when considering regional

RNSS systems.
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4.2 New RFC Analysis based on PRN Codes

This new methodology is intended to complement Rec. ITU-R M.1831 by providing
the means for estimating the spreading codes cross-interference within and between
RNSS systems. The methodology strictly applies to navigation systems based on the
CDMA technology that share the same radio-frequency band. The validity of the
PRN codes based RFC analysis explained in this chapter is general, however its
relevance is mostly significant for short-code signals.

The main idea behind the proposed method is an adaptation of Rec. ITU-R M.1831
that, starting from the consolidated models and assumptions described in Section
4.1, computes the spreading codes correlation performance criteria presented in
Chapter 3. When looking at the transmission of spreading codes from a real RNSS
constellation, the following two important aspects shall be introduced in the auto-
and cross-correlation metrics.

Signal power levels: It is always assumed that signals are normalised to unit power
and the cross-correlation interference evaluation takes into account only for the
spreading code properties. In reality, as detailed in Section 4.1.3, each navigation
signal of a RNSS service is received with different power levels depending on the
satellite orbit, payload characteristics, propagation environment, and reference
receiver parameters. The minimum and maximum receive power can be derived
from the link budget computation provided realistic assumptions on the previously
mentioned elements. With respect to Rec. ITU-R M.1831, the analytical approach
assumes the worst-case power levels: for each user location on Earth, the desired
signal is received with minimum power while the interfering signals are received
with maximum power. On the other hand, the assessment based on the simulation
model computes the actual power levels by calculating the link budget for each user
location and at each time instant. The signal power levels need to be introduced in
the cross-correlation interference evaluation as the signal power has a direct impact
on the correlation magnitudes.

Doppler offset values: in Chapter 3 the effect of the Doppler frequency offset onto
the CDMA isolation is analysed by computing the correlation percentiles in a typical
frequency offset range (0 kHz — 5 kHz). The analysis however evaluates the cross-
correlation for every PRN codes couple and for each Doppler offset value by

assuming that all PRN code combinations are possible and with equal probability. In
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reality, even by considering all user locations and time instants, there are
combinations that never appear. The distribution of Doppler offset values for each
PRN code couple needs to be taken into account for a more accurate assessment,
especially for short-code signals which spreading code properties are strongly
impacted by spectral lines.

In order to remove the two above-mentioned simplifications, the actual RNSS
constellation geometry must be considered and in particular the association between
SVs and PRN codes. The Doppler shift between the desired signal and the

interfering signals needs to be accounted for as well as the link budget.

4.2.1 Methodology

The methodology here described is meant for assessing the following cases:

e Self-Interference of a PRN code set with it-self;
e Cross-Interference between two PRN code sets, one called ‘desired’ and the

other ‘interfering’.

The method can be extended to the case of more than two RNSS services sharing the
same navigation frequency band by computing the ‘aggregate’ cross-interference.
The multi-RNSS scenario however is not investigated in this thesis.

With respect to the in-band interference classification presented in Rec. ITU-R

M.1831, the mapping between naming conventions is described below.

e Interference caused by a PRN code set on it-self is referred to as PRN code
set self-interference (e.g. GPS L1-C/A transmitted by different SVs). The
PRN code set self-interference contributes to the term Ipgp.

e Interference cause by a PRN code set onto another set is referred to as PRN
code sets cross-interference and can refer to one of the following two cases:

o Intra-system interference between signals transmitted by the same
GNSS system and sharing the same frequency band (e.g. GPS L1-
C/A and L1-C); this contribution is also part of Izg.

o Inter-system Interference between signals with the same band
allocation but belonging to different navigation systems (e.g. GPS
L1-C and Galileo E1-OS signals); the Inter-system interference

belongs to the term I;yr.
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The following methodology focusses on the spreading codes correlation interference
between CDMA based systems, thus external sources Igyr are not taken into

account.

Two are the assessment criteria identified for the PRN codes based RFC analysis:

e Self-interference histogram of the desired PRN code set correlation values,
e Cross-interference histogram of correlation values between the desired and

the interfering PRN code sets.

Recalling the definition provided in Section 3.3, the self-interference histogram is

the histogram of occurrences for the discrete set of cross-correlation magnitudes

QF of a given PRN code set. Similarly, the cross-interference histogram is the

. . . . CCF
histogram of occurrences for the discrete set of cross-correlation magnitudes (1

obtained by computing the cross-correlation between the desired and the interfering
PRN code sets.
The methodology proposed for the assessment of a PRN code set self-interference

can be summarized with the following steps:

1. Satellite orbits of the reference system are computed over the simulation time
in order to generate satellites’ position and velocity.

2. Link budgets and Doppler shifts are computed from each satellite to each
reference receiver location.

3. Based on the power levels and the Doppler frequency offsets, the SI

histograms are computed.

A representation of the algorithm steps is depicted in Figure 4—4. The block diagram

provides a high-level view of the input parameters, output values and key functions.
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Figure 4-4: Methodology Synthesis for Self-Interference Assessment.

Similarly, the methodology proposed for the assessment of the cross-interference
between desired and interfering PRN code sets can be summarized with the

following steps:

1. Satellite orbits are computed over the simulation time for the reference
system and the interfering system in order to generate satellites’ position and
velocity.

2. Link budgets and Doppler shifts are computed from each satellite to each
reference receiver location for the desired signals and the interfering signals.

3. Based on the power levels and the Doppler frequency offsets, the CI

histograms are computed.

Figure 4-5 shows the block diagram of the above described methodology.
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Figure 4-5: Methodology Synthesis for Cross-Interference Assessment.
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Note that in both cases of self- and cross-interference assessment the Doppler

frequency shift takes into account only for the relative motion of the SV w.r.t. the

receiver location. As in Rec. ITU-R M.1831 user dynamics are neglected. This

assumption is justified by considering the general scope of the methodology that

aims at providing system performance on a service volume.

In order to apply the methodology just described, it is fundamental to identify some

key parameters required for computing the PRN codes based RFC assessment

criteria;

e respective orbit and constellation parameters;

e respective satellite parameters (antenna gain pattern);
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e desired and interfering signals’ characteristics (modulation, data rate and
spreading codes characteristics) and minimum/maximum received power
levels (link budget assumptions for propagation);

e reference receiver parameters (implementation losses, user antenna gain);

e reference receiver locations.

Section 4.3 provides the complete set of assumptions and key parameters at the basis
of the simulation results presented in Section 4.4.

In the following the PRN codes based RFC assessment criteria are explained in
details. Note that a description of constellation models and satellites’ orbit
propagation is out of scope of this thesis. For a general understanding of orbital
equations it is reminded to the literature [1],[2],[3]. The transmit payload model,
receive model, and link budget computation are already described in Section 4.1.3

therefore they are not repeated here.

4.2.2 Assessment Criteria

Similarly to Rec. ITU-R M.1831, two different approaches are proposed in order to
assess the PRN code set self-interference and cross-interference. Before providing
the expression of the SI and CI some variables need to be defined.

The total number of reference receiver locations [¢, 0] defined for the RFC

assessment is called N, g). Each analysis is performed over a selected simulation

time T;,, broken down into discrete time instants t uniformly spaced at AT; both
T,im and AT shall be chosen carefully, taking into account the repetition cycle of the
RNSS system constellation and the relative motion performed by its SVs with
respect to ground in the time interval AT. The total number of simulated time

instants is referred to as N;.

4.2.2.1 Simulation Model

The simulation approach implies that the received power levels as well as Doppler
shifts due to satellite motion are computed dynamically through link budgets based
on the orbital parameters of the different systems, satellite and user antenna gain
patterns, as well as user receiver location.

Starting from the computation of self-interference, for any reference receiver

location [¢, 8], MX[t, @, 8] represents the number of visible satellites at time t for
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the RNSS system identified by X. Assuming that each satellite transmits a different
PRN code, j and ¢ are the indices of two PRN codes belonging to the set {c,[n]}}_,
and visible at time t from the location [¢,@]. Additionally, ABp;,[t,@,0] =
Afpjelt, @, 0]/ fs is the normalized Doppler frequency offset between PRN codes j
and ¢, and P;(t, ¢, 0) is the power received from satellite j computed according to
Eq. (2.27) at time t from location [¢, 8]. According to Section 4.1.3, the worst-case
link budget applies for the desired signal and the best-case link budget applies for
the interfering signal.

The expression of the correlation function in Eq. (3.10) is recalled with the addition

of the power levels contribution:

NI

Rf}(EN[m t, @, 0] = N z (Pm“"[t ®,0] " ¢ci[n ) (PM™¢t, ¢,6] - Co[n —m]) (4.16)
exp{ (ZnAHD][[t @,0ln+ (p)} forme [0,2N, — 1]
N, 1

ROPm, , 9,6] = Z( 1? - (B (6, 0,01 - G n]) - (PF"[2,,6] €l — m])

exp{ (ZnAHD”;[t ®,0ln+ @)}, forme [0,2N, — 1]
{1 ifn<m

0 else

For a given PRN code set {c,[n]}}_, transmitted by RNSS X, the even/odd SI

(4.17)

histogram of correlation values is computed for each receiver location over time as:

Hm, 9,01 = ). z z Ry olm, . 9,0] (4.18)

where R; ,[m, t, ¢, 0] is computed according to Eq. (4.16) for the even case and to
Eq. (4.17) for the odd case.

The histogram of correlation values for the self-interference analysis is nothing else
than the probability density function fz(r) of the cross-correlation magnitudes
ch_gF [m] described in Section 3.3.2, extended to account for the actual power levels
and Doppler over receiver locations and simulation time instants.

Regarding the integration time N,, a conservative assumption is to take the smallest
possible value, i.e. the length of one PRN code sequence. It is demonstrated in

Section 3.4.3 that this corresponds to the worst-case scenario.

In the same way, the cross-interference between a desired PRN code set

DES
{CDES n]}I{Ll transmitted by RNSS X and an interfering PRN code set
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INT
{C}NT [n]}?’:1 transmitted by RNSS Y is computed as the histogram of correlation

values for each receiver location over time:

T, MY[t,0,0] MX[t,0,0]

H[m, p,0 Z Z Z R e[m,t, ¢, 0] (19

j=1 £=1

R;,[m, t, , 0] is defined as in Eq. (3.22) with the addition of the power levels:

N[ 1
Ryelm, t,,01 = 3 Z (P7e[t, , 6] - eV [n])" - (PP [t, 9, 6] - DS [n — m]) (4.20)
exp{ (ZnAHDH[t @,0ln+ @)}, forme [0,2N, — 1]
where the integration time N, depends on the relationship between T'™NT and TPES as

explained in Section 3.5, é755[n] is an extended version of c/£5 when N'NT > NPES,

INT

and CINT is an extended and version of ¢;" that takes into account the sign flip

pattern b. In this case there are as many CI histograms H¢ [m, ¢, 8] as the identified
correlation patterns.

The SI and CI histograms computed with the simulation approach depend on
[m, @, 0] and therefore a strategy to represent the metrics is needed. In Section 4.4 a
selected set of correlation percentiles are displayed over the geographical

coordinates [¢, 6].

4.2.2.2 Analytical Model

Given the extremely high computational load required to perform the PRN codes
based RFC assessment according to the simulation model just described, the
analytical approach is introduced as a simplified computation that can be adopted by
taking some elements into consideration.

Similarly to Rec. ITU-R M.1831, the dynamic link budget calculation over receiver
locations and simulation time instants is substituted by taking instead the pre-
computed minimum and maximum power levels for respectively the desired PRN
codes and the interfering ones. However, in the RFC analytical approach explained
in Section 4.1.5.2 the maximum interfering power for an isotropic user antenna is
scaled by the aggregate gain that is representative for the maximum number of
visible satellites and the user receiver antenna gain. For the PRN codes based RFC
assessment the aggregate gain cannot be used as the correlation interference is
computed signals’ couple wise. The absolute power levels are in this case not

relevant and what counts is only the offset between power levels. It can be
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demonstrated by simulation that the average offset tends to the difference between
the best-case and worst-case link budget curves that is constant over the elevation
(see results in Section 4.4). In other words, in the analytical approach the received
power offset AP is pre-computed and it is assumed constant for each PRN code
couple. This simplification clearly represents a worst-case assumption when

compared to the simulation model.

In the same way, the Doppler frequency offset statistics can be pre-computed for
each PRN code couple over the receiver locations and simulation time instants
[t, @, 8]. The occurrences of Doppler offset values between code pairs can be used to
weight the summation of cross-correlation values R; ,[m] that generate the SI and CI
histograms.

Let kpj ¢(d) be the histogram of occurrences for the Doppler frequency offset values
ABpjlt, @, 0] between spreading codes cj[n] and cy[n] over the entire set of
receiver locations N[, ) and time instants N;:

n° of occurrences for46p;,[t, ¢, 0] € [(d — 1) - A0, d - AO)
kpje(d) = N N
[@.,6] t

where d is the counter of Doppler offset bins, A@ is the bin width, and N is the total

(4.21)

,d = {1, ""Nd}

number of frequency bins. The product Ny, g) - N; represents the total number of
observations. An illustration of kp; ,(d) histograms for different PRN code couples
is provided in Figure 4—6.

The integral of kp; ,(d) over Doppler offset bins gives the probability of occurrence
for the PRN code couple (j, £) w.r.t. the total number of observations. The following
cases are identified:

Na {= 0, couple (j,¥) never occurs (4.22)

Kpjo = Z kpje(d) {=1, couple (j,?) is always visible
d=1 <1, for MEO constellations

The case of PRN code couple (j,#) always visible happens for instance for GEO
satellites when the reference receiver locations are all in the service area. The
correlation performance assessment is Section 3.4.3 with uniformly distributed

Doppler offset values corresponds to the case of kp;,(d) = 1/N4,Vd and Kpjp =
1.
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By further normalising the histogram kp;,(d) with the probability of occurrence
Kpj ¢, the numerical probability density function of each PRN code couple Doppler
offset fp;(d) is obtained.
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Figure 4-6: Doppler Offset Statistics for different PRN code couples: Example for GPS.

Let K be the sum of all probabilities of occurrence K 4:

X X
K= i i K { Ncouples)  all couples always visible (4.23)
& DIt 1< Neoypiess  for MEO constellations
j=1
t#]

For a given PRN code set {c,[n]}}_, transmitted by RNSS X, the even/odd SI

histogram of correlation values is computed as:

MX mMX
Hm =Y 5
j=1t=1

I

Where the histogram H; p[m, d] is derived for each PRN code couple (j, ¢) from the

Z foge(d) - Hyglm, ] (424)
d=1

correlation functions R; ,[m, d] defined as:

Nll

RfYFN[m,d] = N ZAP ¢i[nl* - coln —m] (4.25)
1

exp{l(an A® -n+ @)}, forme [0,2N; — 1]
For the even case, and for the odd case:

ROPP[m, d] = Z(—l)b-AP-Cj[n]*-C{z[n—m]

n=0
~exp{i(2nd - A® - n + @)}, forme [0,2N; — 1]
{1 ifn<m

0 else

(4.26)

b=
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NDES .
The cross-interference between a desired PRN code set {CDES n]} oot transmitted by

INT
RNSS X and an interfering PRN code set {C}NT[n]}?]_l transmitted by RNSS Y is

computed as the histogram of correlation values for each receiver location over time:

o & 4.27
Hel[m] = ZZ SXCRALE @27
j=1+¢=1
i elm, d]1 eﬁned as:
NI
Ry [m, d] = ZAP EINT[]* - EDES [ — m] (4.28)

exp{t(eran Ad -n+ @)} ,forme [0,2N; — 1]
The representation of HS'[m] and H¢'[m] can be done as in Chapter 3 since the

analytical approach reduces the assessment metrics to a histogram of one-dimension.
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4.3 Reference Assumptions and Scenarios

The assumptions and scenarios described in this section are used for producing the

simulation results in Section 4.4.

4.3.1 Orbit and Constellation Parameters

Nominal parameters for the RNSS constellations under analysis are provided in this
section. The tables below are mainly indicative as the precise satellite orbit
parameters used in the simulations are the Two-Line FElement (TLE) files
downloaded from [39]. TLE is a data format for encoding a list of orbital elements
describing the motion of any Earth-orbiting object for a given point in time or epoch.
Further details on the data format and the orbit parameters description can be found
in [39].

Note that the association between orbital slot, SV number, and PRN code for each
RNSS system is done according to the constellations status on January 2", 2017.
When the SV number is not indicated in the table it means that the orbital slot is
currently empty or the satellite does not transmit in nominal mode. As the scope of
simulation results in Section 4.4 is to validate the proposed methodology by
providing some computational examples of PRN codes based RFC assessment,

constellation variations following the reference date are not taken into account.

43.1.1 GPS

Nominal parameters for the GPS satellite orbits are provided in Table 4-2. The
constellation is composed of 36 satellites in 6 orbital planes. The so called ‘repeat
cycle’ for the GPS satellite orbits is 1 day. The situation on the reference date is that
5 orbital slots are not active and, with respect to the GPS L1-C/A family of 32 PRN

codes, PRN code n° 4 is not transmitted.

Table 4-2: GPS Nominal Orbital Parameters.

Plane/Slot | SV Semi-major | Ecc. Inclination RAAN | Argument | Mean
axis of Perigee | Anomaly
- [km] - [deg] [deg] | [deg] [deg]
A01 24 26559.8 0 55 296.23 | 0 272.394
A02 31 26559.8 0 55 296.23 | 0 296.124
A03 30 26559.8 0 55 296.23 | 0 59.124
A04 07 26559.8 0 55 296.23 | 0 168.874
AO05 - 26559.8 0 55 296.23 | 0 32.594
A06 - 26559.8 0 55 296.23 | 0 160.000
BO1 16 26559.8 0 55 35623 | 0 332.174
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B02 25 26559.8 0 55 35623 | 0 76.774

B03 28 26559.8 0 55 35623 | 0 110.624
B04 12 26559.8 0 55 35623 | 0 213.674
B05 26 26559.8 0 55 35623 | 0 191.294
B06 20 26559.8 0 55 35623 | 0 170.000
C01 29 26559.8 0 55 56.23 0 359.224
C02 27 26559.8 0 55 56.23 0 126.774
C03 19 26559.8 0 55 56.23 0 238.424
C04 17 26559.8 0 55 56.23 0 262.674
C05 08 26559.8 0 55 56.23 0 22.974

C06 - 26559.8 0 55 56.23 0 210.000
DO1 02 26559.8 0 55 11623 | 0 35.874

D02 01 26559.8 0 55 11623 | 0 62.124

D03 21 26559.8 0 55 11623 | 0 151.174
D04 06 26559.8 0 55 11623 | 0 175.124
D05 11 26559.8 0 55 11623 | 0 287.574
D06 - 26559.8 0 55 11623 | 0 195.000
EO1 03 26559.8 0 55 17623 | 0 82.174

E02 22 26559.8 0 55 17623 | 0 201.174
E03 05 26559.8 0 55 17623 | 0 222.554
E04 18 26559.8 0 55 17623 | 0 304.724
E05 - 26559.8 0 55 17623 | 0 337.574
E06 10 26559.8 0 55 11623 | 0 195.000
FO1 14 26559.8 0 55 23623 | 0O 123.224
F02 15 26559.8 0 55 23623 | 0 146.954
F03 09 26559.8 0 55 23623 | 0 246.474
F04 23 26559.8 0 55 23623 |0 355.224
FO05 32 26559.8 0 55 23623 | 0 20.654

F06 13 26559.8 0 55 23623 | 0 170.000

Figure 4-7 represents the ground track of GPS satellites for 1 day orbits propagation

starting from the reference date.

180" W 120" W 60" W 0 60" E 120" E 180" E

5030

Figure 4-7: GPS Constellation Groud Track.
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Figure 4-8: GPS Constellation, Average Number of Visible Satellites.

A world chart with the average number of GPS visible satellites is shown in Figure

4-8. The masking angle used to produce the figure is 5° elevation.

4.3.1.2 Galileo

Nominal parameters for the Galileo satellite orbits are provided in Table 4-3. The
constellation is composed of 24 operational satellites in 3 orbital planes (Walker
24/3/1) plus up to 6 active spares. The repeat cycle for Galileo satellite orbits is 10
days, nevertheless simulations over 1 day are considered enough representative of
the constellation behaviour. The situation on the reference date is that 8 orbital slots
are not yet filled. With respect to the Galileo PRN code families of 50 codes, the
PRN codes n° 06, 10, 13, 15, 16, 17, 21, 23, 25, 27, 28, 29, 31-50 are not transmitted
while PRN codes n° 14 and 18 are assigned to satellites on wrong orbits (GSAT0201
and GSAT0202).

Table 4-3: Galileo Nominal Orbital Parameters.

Plane/Slot | SV Semi-Major | Ecc. Inclination | RAAN | Argument | True
Axis of Perigee | Anomaly
- [km] - [deg] [deg] | [deg] [deg]
A01 - 29599.8 0 56.0 25.0 0.0 -21.67
A02 01 29599.8 0 56.0 25.0 0.0 23.33
A03 - 29599.8 0 56.0 25.0 0.0 68.33
A04 - 29599.8 0 56.0 25.0 0.0 113.33
A0S 30 29599.8 0 56.0 25.0 0.0 158.33
A06 02 29599.8 0 56.0 25.0 0.0 -156.67
A07 - 29599.8 0 56.0 25.0 0.0 -111.67
A08 24 29599.8 0 56.0 25.0 0.0 -66.67
BO1 - 29599.8 0 56.0 145.0 0.0 -6.67
B02 - 29599.8 0 56.0 145.0 0.0 38.33
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B03 22 29599.8 0 56.0 145.0 0.0 83.33
B04 - 29599.8 0 56.0 145.0 0.0 128.33
B05 11 29599.8 0 56.0 145.0 0.0 173.33
B06 12 29599.8 0 56.0 145.0 0.0 -141.67
B07 - 29599.8 0 56.0 145.0 0.0 -96.67
B08 26 29599.8 0 56.0 145.0 0.0 -51.67
C01 05 29599.8 0 56.0 265.0 0.0 8.33
C02 09 29599.8 0 56.0 265.0 0.0 53.33
C03 04 29599.8 0 56.0 265.0 0.0 98.33
C04 19 29599.8 0 56.0 265.0 0.0 143.33
CO05 20 29599.8 0 56.0 265.0 0.0 -171.67
C06 07 29599.8 0 56.0 265.0 0.0 -126.67
C07 08 29599.8 0 56.0 265.0 0.0 -81.67
C08 03 29599.8 0 56.0 265.0 0.0 -36.67

For illustration purposes the ground track of Galileo satellites for 1 day orbits

propagation is provided in Figure 4-9 starting from the reference date.

A world chart with the average number of Galileo visible satellites is shown in
Figure 4-10. As for GPS, the masking angle used to produce the figure is 5°

elevation.
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Figure 4-9: Galileo Constellation Ground Track.
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Figure 4-10: Galileo Constellation, Average Number of Visible Satellites.

4.3.1.3 EGNOS

Nominal parameters for the EGNOS satellite orbits are provided in Table 4-4. The
constellation is composed of 3 satellites placed on the GEO orbit with 2 operational
SVs plus 1 in-orbit spare for testing and qualification activities. The situation at the
observation time (03.01.2017) is the one represented below, with PRN codes n° 120
and 123 actively transmitting the EGNOS service, while 126 and 136 are used for
testing purposes. The actual orbital placement of EGNOS hosting satellites is subject

to change over time due to commercial or operational requirements.

Table 4-4: EGNOS Nominal Orbital Parameters.

SV Name | Slot PRN | Semi-Major | Ecc. | Inclination | Status
Axis
[deg] - [km] - [deg]
AOR-E 15.5W 120 42164.2 0 0 active
ARTEMIS | 21.5E 124 42164.2 0 0 retired
IOR-W 250E 126 42164.2 0 0 testing
SES-5 50E 136 42164.2 0 0 testing
Astra 5B 315E 123 42164.2 0 0 active

Figure 4-11 shows the ground track of EGNOS satellites for one day propagation
from the reference date. As expected, the satellites are stationary w.r.t. reference

location on Earth.
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180° W 120° W 60" W 0° 60" E 120°E 180" E

Figure 4-11: EGNOS Constellation Ground Track.

For the simulations in Section 4.4 both active and testing satellites are taken into
account since testing satellites produce PRN codes cross-interference even if they
are not transmitting a valid EGNOS signal. A world chart with the average number
of EGNOS satellites is shown in Figure 4-12. The masking angle used to produce

the figure is 5° elevation.

180" W 120" W 60" W 0 60" E 120" E 180" E

Number of SVs

Figure 4-12: EGNOS Constellation, Average Number of Visible Satellites.

4.3.1.4 BeiDou

The BeiDou satellites constellation is currently under deployment and it is planned

according to the following phases:

e Phase II or BD-2 (actual): the operational constellation is composed of 5

GSO, 5 IGSO, and 4 MEO.
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e Phase III or BD-3 (future): the operational constellation is composed of 3

GSO, 3 IGSO, and 24 MEO satellites deployed in 3 orbital planes (Walker

24/3/1) plus 3 spares.

Nominal parameters for the BeiDou GSO SVs are provided in Table 4-5. The first

column indicates for each satellite its deployment phase. With respect to the 5 GSOs

planned for Phase II, G7 has been added for reliability redundancy improving.

Table 4-5: BeiDou GSO Nominal Orbital Parameters.

SV Name Slot PRN | Semi-Major | Ecc. | Inclination Status
Axis
[deg] - [km] - [deg]
BD-2/3G 1 140 E 1 42164.2 0 0 active
BD-2/3G3 110.5E 3 42164.2 0 0 active
BD-2G 4 160 E 4 42164.2 0 0 active
BD-2G5 58.75E 5 42164.2 0 0 active
BD-2/3G 6 80 E 2 42164.2 0 0 active
BD-2/3G7 144 E 17 42164.2 0 0 active

Table 4-6 summarises the nominal parameters for the BeiDou IGSO/MEO satellites.
The first 6 IGSOs and the following 4 MEOs belong to Phase II. The PRN codes

assignment is indicated according to the current status.

Table 4-6: BeiDou IGSO/MEO Nominal Orbital Parameters.

Plane/Slot | SV Semi-major | Ecc. | Inclination | RAAN | Argument | Mean
axis of Perigee | Anomaly
- [km] - [deg] [deg] | [deg] [deg]
IGSO 1 6 42164.2 0 55 24882 | 0 0
IGSO 2 7 42164.2 0 55 128.82 | 0 120
IGSO 3 8 42164.2 0 55 88247 | 0 240
IGSO 4 9 42164.2 0 55 17573 |0 60
IGSO 5 10 42164.2 0 55 55732 |0 180
IGSO 6 13 42164.2 0 55 N/A 0 N/A
M3 11 27878 0 55 120 0 105
M 4 12 27878 0 55 120 0 150
M5 - 27878 0 55 240 0 300
M 6 14 27878 0 55 240 0 345
BD-311 31 42164.2 0 55 0 0 187.6
BD-3 12 32 42164.2 0 55 120 0 67.6
BD-3 13 - 42164.2 0 55 240 0 307.6
BD-3M1 |33 27878 0 55 0 0 0
BD-3M2 | 34 27878 0 55 0 0 45
BD-3M3 | 35 27878 0 55 0 0 90
BD-3 M4 | - 27878 0 55 0 0 135
BD-3M5 | - 27878 0 55 0 0 180
BD-3 M6 | - 27878 0 55 0 0 225
BD-3 M7 | - 27878 0 55 0 0 270
BD-3 M8 | - 27878 0 55 0 0 315
BD-3M9 | - 27878 0 55 120 0 15
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Plane/Slot | SV Semi-major | Ecc. Inclination RAAN | Argument | Mean
axis of Perigee | Anomaly

- [km] - [deg] [deg] [deg] [deg]
BD-3 M10 | - 27878 0 55 120 0 60
BD-3 M11 | - 27878 0 55 120 0 105
BD-3M12 | - 27878 0 55 120 0 150
BD-3 M13 | - 27878 0 55 120 0 195
BD-3 M14 | - 27878 0 55 120 0 240
BD-3 M15 | - 27878 0 55 120 0 285
BD-3 M16 | - 27878 0 55 120 0 330
BD-3 M17 | - 27878 0 55 240 0 30
BD-3 M18 | - 27878 0 55 240 0 75
BD-3 M19 | - 27878 0 55 240 0 120
BD-3 M20 | - 27878 0 55 240 0 165
BD-3 M21 | - 27878 0 55 240 0 210
BD-3 M22 | - 27878 0 55 240 0 255
BD-3 M23 | - 27878 0 55 240 0 300
BD-3 M24 | - 27878 0 55 240 0 345
BD-3 M25 | - 27878 0 55 0 0 10
BD-3 M26 | - 27878 0 55 120 0 55
BD-3 M27 | - 27878 0 55 240 0 105
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Figure 4-13: BeiDou Phase II Constellation Groud Track.

For the simulations in Section 4.4 only BeiDou Phase II constellation is taken into

account. In Figure 4-13 the ground track of BD-2 satellites is represented over 24

hours. A world chart with the average number of BeiDou satellites is shown in . The

masking angle used to produce the figure is 5° elevation.
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Figure 4-14: BeiDou Phase II Constellation, Average Number of Visible Satellites.
4.3.2 Satellite Antenna Characteristics

Representative satellite antenna gain patterns are provided below for GPS, Galileo,
EGNOS, and BeiDou systems for the navigation frequency bands of interest. The
values reported are nominal mean values over azimuth. It is understood that this
assumption is a simplification and it does not take into account the variation of
antenna patterns among satellites of the same constellation. This simplified approach

is still considered to be a good approximation for the purpose of this study.

4.3.2.1 GPS

Table 4-7 provides reference antenna gain patterns for GPS L1 and L5 bands.
Table 4-7: GPS Nominal Satellite Antenna Gain.

Off-Boresight | L1 Band Gain L5 Band Gain
Angle @1575.42 MHz | @1176.45 MHz
[deg] [dBic] [dBic]

0 13.6 13.6

2 13.4 13.5

4 13.2 13.1

6 13.4 12.6

8 14.3 12.5

10 15.0 12.8

12 15.1 13.3

14 14.4 13.5

16 12.7 13.2

4.3.2.2 Galileo

Table 4-8 provides reference antenna gain patterns for Galileo E1 and E5 bands.
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Table 4-8: Galileo Nominal Satellite Antenna Gain.

Off-Boresight | E1 Band Gain E5 Band Gain
Angle @I1575.42 MHz | @1191.795 MH¢,
[deg] [dBic] [dBic]

0 13.9 13.7

1 13.9 13.7

2 14.2 13.8

3 14.5 14.0

4 14.9 14.4

5 15.25 14.8

6 15.6 15.1

7 16 15.4

8 16.2 15.6

9 16.2 15.7

10 16.1 15.7

11 15.9 15.6

12 15.4 15.3

13 14.7 14.9

14 13.7 14.2

15 12.9 13.5

4.3.2.3 EGNOS

Table 4-9 provides reference antenna gain patterns for EGNOS L1 and LS5 bands.
Table 4-9: EGNOS Nominal Satellite Antenna Gain.

Off-Boresight | L1 Band Gain L5 Band Gain
Angle @I1575.42 MHzy | @1176.45 MHz?
[deg] [dBic] [dBic]

0 18.8 18.8

1 18.8 18.8

2 18.6 18.6

3 18.4 18.4

4 18.1 18.1

5 17.8 17.8

6 17.3 17.3

7 16.8 16.8

8 16.2 16.2

9 15.6 15.6

4.3.2.4 BeiDou

Table 4-13 provides reference antenna gain patterns for BeiDou Phase II satellites

transmitting in B1 and B2 bands.
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Table 4-10: BeiDou Nominal Satellite Antenna Gain.

GSO/IGSO MEO
Off-Boresight | Bl Band Gain B2 Band Gain B1 Band Gain B2 Band Gain
Angle @I1561.098 MH; | @1207.140 MHz | @1561.098 MHz | @1207.140 MHz
[deg] [dBic] [dBic] [dBic] [dBic]
0 14.2 13.4 12.5 12.4
1 14.2 13.4 12.5 12.4
2 14.2 13.5 12.6 12.5
3 14.3 13.6 12.8 12.7
4 14.4 13.7 13 12.9
5 14.4 13.9 13.3 13.1
6 14.5 14.1 13.6 13.4
7 14.5 14.2 13.9 13.7
8 14.5 14.4 14.1 13.9
9 14.4 14.5 14.3 14.2
10 14.3 14.5 14.2 14.3
11 14.0 14.6 14 14.4
12 13.6 14.5 13.6 14.4
13 13.1 14.4 13 14.3
14 12.5 14.2 12.3 14.1
15 11.8 14 12.3 14.1

4.3.3 Signal Characteristics

The navigation signal characteristics of interest are provided below for GPS, Galileo
and EGNOS systems. The information reported in the tables is mainly taken from
the navigation systems’ respective SIS ICDs.

Note that the ‘PRN Code Set Size’ indicates the cardinality of the full spreading
codes set reported on the SIS ICD, however the PRN codes used in the simulations
are only those actually transmitted according to the constellations status described in
Section 4.3.1.

Note also that the values reported under ‘Integration Time’ are to be meant as values
of interest for the simulations and not necessarily all possible values. The primary
code period is always indicated as the minimum integration time. When the signal is
modulated by navigation symbols, the symbol period is also indicated as the
maximum integration time. If secondary codes are present, the secondary code chip

length and secondary code period are possible integration time values.
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4.3.3.1 GPS

Table 4-11: GPS Signals Characteristics.

L1-C/A LI-Cdata | L1-C pilot | L5-1 L5-Q
Carrier Frequency [MH7] 1575.42 1575.42 1575.42 1176.45 1207.14
Modulation BPSK(1) | BOC(1,1) | TMBOC | BPSK(10) | BPSK(10)
Tx Bandwidth [MHz] 30.69 30.69 30.69 24.0 24.0
Primary Code Length [chip] 1,023 10,230 10,230 10,230 10,230
Primary Chip Rate [Mcps] 1.023 1.023 1.023 10.230 10.230
Secondary Code Length [chip] | - - 1800 10 20
Secondary Chip Rate [cps] - - 100 1000 1000
Symbol Rate [sps] 50 100 - 100 -
PRN Code Set Size [-] 32 63 63 37 37
Integration Time [ms] 1,20 10 10 1,10 1,20
Fraction of Power (%) 100 25 75 50 50
Min Power [dBW] -158.5 -157 -154.9
Max Power [dBW] -153.0 -152 -148.0

In Table 4-11 the minimum received power is measured at the output of a 3 dBi

linearly polarised terrestrial user receiving antenna (located near ground) at worst

normal orientation, when the SV is at or above 5 degree elevation angle, accounting

for free space path loss, 0.5 dB excess atmospheric loss, and worst-case polarization

ellipticity (4 dB) of the transmitted signal. The maximum received power is

measured at the output of a 0 dBi circularly polarised user receiving antenna (located

near ground), for any elevation angle, accounting for free space path loss, no excess

atmospheric loss, and no polarization loss.

4.3.3.2 Galileo

Table 4-12: Galileo Signals Characteristics.

EI-B El1-C E5a-1 E5a-Q E5b-1 E5b-Q
Carrier Frequency [MHz] 1575.42 | 157542 | 1176.45 1176.45 1207.14 1207.14
Modulation CBOC+ | CBOC- | BPSK(10) | BPSK(10) | BPSK(10) | BPSK(10)
Tx Bandwidth [MHz] 32.84 32.84 55.59 55.59 55.59 55.59
Primary Code Length [chip] | 4,092 4,092 10,230 10,230 10,230 10,230
Primary Chip Rate [Mcps] 1.023 1.023 10.230 10.230 10.230 10.230
Sec. Code Length [chip] - 25 20 100 4 100
Sec. Chip Rate [cps] - 250 1000 1000 1000 1000
Symbol Rate [sps] 250 - 50 - 250 -
PRN Code Set Size [-] 50 50 50 50 50 50
Integration Time [ms] 4 4,100 1,20 1, 100 1,4 1,100
Fraction of Power (%) 50 50 50 50 50 50
Min Power [dBW] -157.25 -155.25 -155.25
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| Max Power [dBW] | -152 | -150 | -150

In Table 4-12 the minimum and maximum received power levels are measured at the
antenna port of a RHCP 0 dBi terrestrial user receiving antenna on-ground when the
SV is at any elevation angle above a 5 degree. For the minimum link budget, 0.5 dB

excess atmospheric loss and 1 dB polarisation mismatch loss are considered.

4.3.3.3 EGNOS

Table 4-13: EGNOS Signals Characteristics.

Ll L5-1 L5-Q
Carrier Frequency [MHz] 1575.42 1176.45 1207.14
Modulation BPSK(1) BPSK(10) BPSK(10)
Tx Bandwidth [MHz] 24.0 24.0 24.0
Primary Code Length [chip] 1,023 10,230 10,230
Primary Chip Rate [Mcps] 1.023 10.230 10.230
Secondary Code Length [chip] - - -
Secondary Chip Rate [cps] - - -
Symbol Rate [sps] 500 500 TBD
PRN Code Set Size [-] 39 39 39
Integration Time [ms] 1,2 1,2 1, TBD
Fraction of Power (%) 100 50 50
Min Power [dBW] -158.5 -161.0
Max Power [dBW] -152.5 -153.0

In Table 4-13 the minimum and maximum received power levels assumption is the

same as for Table 4-12.

4.3.3.4 BeiDou

Table 4-14: BeiDou Signals Characteristics.

BI-1 B2-1
Carrier Frequency [MHz] 1561.098 1207.140
Modulation BPSK(2) BPSK(2)
Tx Bandwidth [MHz7] 20.46 20.46
Primary Code Length [chip] 2,046 2,046
Primary Chip Rate [Mcps] 2,046 2,046
Secondary Code Length [chip] - -
Secondary Chip Rate [cps] - -
Symbol Rate [sps] 500 500
PRN Code Set Size [-] 37 37
Integration Time [ms] 1,2 1,2
Fraction of Power (%) 100 100
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Min Power [dBW] -158.2 (GSO/IGSO) | -157.7 (GSO/IGSO)
-156.4 (MEO) -156.0 (MEO)

Max Power [dBW] -153.0 (GSO/IGSO) | -152.9 (GSO/IGSO)
-151.3 (MEO) -151.0 (MEO)

4.3.4 Reference Receiver Parameters

The front-end filter of the reference receiver is designed according to the desired
navigation signal and it results from a trade-off between the target performance and
the receiver complexity, cost and size. For the RFC assessment only the receive
bandwidth is relevant as it determines the filtering loss and thus impacts the link
budget computation. In accordance with Rec. ITU-R M.1831, the steps to compute

the filtering loss for each signal under analysis are the following:

1. Calculate the signal power spectral density from the analytical expression of
the signal modulation (continuous spectrum);

2. Normalise the PSD to unit power in the defined transmit bandwidth, as
expressed by Eq. (4.6);

3. Compute the received power by integrating the resulting PSD over the

reference receiver bandwidth, assuming an ideal rectangular filter.

For the simulations in Section 4.4 three are the reference receivers or use cases taken
into account, each related to a different application: Mass-Market, Aviation, and
RIMS Station. Table 4-15 provides the receive bandwidth assumptions for the three

use cases and for each frequency band of interest.

Table 4-15: Reference Receiver Bandwidth.

Mass Market Aviation User RIMS Station
User

L1/E1/B1 Rx Bandwidth [MHz] | 4 12 24

L5/E5/B2 Rx Bandwidth [MHz] | N/A 12 24

Table 4-16 provides the antenna gain patterns for each of the three use cases’
reference receivers.

Table 4-16: Reference Receiver Antenna Gain.

Mass Market Aviation User RIMS Station
User
Elevation All Bands All Bands L1 LS
[deg] [dBic] [dBic] [dBic] [dBic]
0 0 -7.0 -5 -5.5
5 0 -5.5 -3 -3.5
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10 0 -1.4 -2.5 -2.5
15 0 0.0 -1 -1.5
20 0 0.8 0 -0.5
25 0 1.1 0.5 0.5
30 0 1.2 1 1.5
35 0 1.2 2 2.25
40 0 1.2 3 3

45 0 1.3 3.5 3.75
50 0 1.3 4 4.5
55 0 1.5 4.25 5
60 0 1.6 4.5 5.5
65 0 1.8 4.75 6
70 0 1.9 5 6.5
75 0 2.1 5 6.75
80 0 2.2 5 7

85 0 23 5 7

90 0 23 5 7

4.3.5 Reference Receiver Locations

Three different sets of reference receiver locations are taken into account in the
following simulations.

The first one is composed of 4586 points uniformly distributed over an Earth grid
with about 3 degrees resolution. This scenario is adopted for global RFC

assessments of the mass-market and aviation users (Figure 4—15).

180" W 120°W 60" W 0 60" E 120" E 180" E

Figure 4-15: Reference Receiver Locations: Earth Grid.

The second set, illustrated in Figure 4—16, is composed of 587 points that correspond
to the Earth population sites with more than 500,000 inhabitants. These reference

receiver locations are used only in combination with the mass-market use case.
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180° W 120° W 60" W 0° 60" E 120°E 180" E

Figure 4-16: Reference Receiver Locations: Cities.

The last set of interest is represented by the EGNOS RIMS Network. The EGNOS
ground segment is continuously evolving and new sites have been added recently to
the original network. For the purpose of the following RFC assessment only the 39

stations depicted in Figure 4-17 are considered.

180° W 120° W 60" W 0 60" E 120°E 180" E

Figure 4-17: Reference Receiver Locations: RIMS Network.

The RIMS sites locations are also provided in Table 4-17. Following the North East
Down (NED) coordinate system, positive latitudes indicate North and positive

longitudes East. Clearly this scenario is used only for the RIMS station use case.
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Table 4-17: RIMS Sites Coordinates.

130

Station ID Latitude [°] |Longitude [°] Station ID Latitude [°] |Longitude [°]
ALB 57.10 9.09 MON 46.07 -64.78
ACR 38.51 -28.62 RKK 64.13 -21.93
BRN 52.32 13.25 ROM 41.80 12.58
CNR 27.95 -15.38 LAP 61.53 27.55
CTN 37.47 15.07 SDC 42.92 -8.42
CRK 51.85 -8.50 SOF 42.80 23.42
WRS 52.22 21.07 GVL 60.67 17.13
DJA 33.87 10.77 TLS 43.42 1.50
EGI 65.28 -14.40 TRD 63.45 10.90
GLG 55.70 -4.10 TRO 69.67 18.95
HBK -25.88 27.70 ZUR 47.45 8.57
GOL 39.63 32.80 LYR 78.24 15.52
KOu 5.17 -52.68 JME 70.99 -8.48
LSB 38.78 -9.13 NOU 18.10 -15.95
SWA 50.88 -1.28 LPI 28.61 -17.76
MAD 32.75 -16.70 ATH 37.85 23.78
MLG 36.68 -4.52 ALY 31.18 29.96
KIR 69.68 29.92 AGA 30.40 -9.60
PDM 39.57 2.73 ABS 22.35 31.61
PAR 48.83 233
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4.4 Simulation Results

Scope of this section is to provide computational examples of the PRN codes based
RFC methodology proposed in this thesis and to compare the results obtained by

applying the simulation model with respect to the analytical model.

4.4.1 GPS L1-C/A Self-Interference

Three Scenarios are selected for the GPS L1-C/A self-interference assessment as
reported in Table 4-18.
Table 4-18: GPS L1-C/A Self-Interference Scenarios.

Open Sky Urban RIMS Sites
RNSS System GPS
Constellation Table 4-2
Satellite Antenna Pattern L1 Band from Table 4-7
Signal L1-C/A from Table 4-11
Reference Receiver Aviation User Mass Market User RIMS Station
Rx Bandwidth [MH7] Table 4-15 for L1 band
Integration Time [ms] 1
Simulation Start GPS week: 906

Seconds into week: 86400
(02.01.2017)

Duration 1 day

Time Interval 60 s

Reference Receiver Location Earth Grid Cities RIMS Network
Masking Angle 10° 30° 5°

The first scenario named ‘Open Sky’ aims at assessing the global GPS L1-C/A self-
interference for a reference aviation user. Starting from the simulation approach, the

Even and Odd SI histograms HS/[m, ¢, 8] are computed as described in Section

4.2.2.1.

Even Self-Interference, GPS L1 C/A, Percentile 0.68 Even Self-Interference, GPS L1 C/A, Percentile 0.95
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° ) =} ° 3
20" N § % 20°N ]
o 2072 0o 20 2
20°S | 2 20°s 2
o b « o «
40 S § 25 9 40 S| 25 9
60" S § 3 60°S 3
. -30 . -30
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Even Self-Interference, GPS L1 C/A, Percentile 0.997
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Figure 4-18: GPS L1-C/A Even SI, Open Sky, All Percentiles.
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The correlation percentiles for each reference receiver location over simulation time

are shown in Figure 4-18 and Figure 4-19. The correlation values, displayed in

colour scale, are represented in the same interval [-30, -10] dB for all world charts in

order to ease the comparison.
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Odd Self-| Interference GPS L1 C/A, Percentlle 0.99999 0Odd Self-Interference, GPS L1 C/A, Percentile 1
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Figure 4-19: GPS L1-C/A Odd SI, Open Sky, All Percentiles.

By looking at the percentile values over the Earth Grid these are clearly constant.
The uniform spread of self-interference on the Earth Grid was expected considering
the global coverage of GPS constellation — Figure 4-8 shows that the average
number of visible satellites fluctuates between 10 and 11 SVs — and the almost flat
distribution of correlation percentiles over Doppler offset values for 1 ms integration

time (Figure 3-23).

Table 4-19 reports the worst-case correlation percentiles over the reference receiver
locations for the three scenarios under analysis. Note that the CPs do not change
significantly for the different scenarios. The results confirm that in general power
variations due to non-uniform antenna gain, masking angle, and receiver bandwidth
do not have a significant impact onto the correlation metrics.

Table 4-19: GPS L1-C/A Worst-Case CPs, Simulation Model, 7; = 1 ms, All Scenarios.

Percentiles

68% 95% 99.7% | 99.99% | 99.999% | 100%

g,f;” [Cdg Even | 162 215 -19.1 17.0 -16.3 -15.8
[Cdg 0dd | 160 217 1188 16.6 115.5 13.1

Urban [C‘g?Even 262 213 -19.0 -17.0 -16.3 -15.8
[c['g]v 0dd 1 160 217 187 116.5 -15.3 -13.1

RIS [C‘g; Even | 262 214 | -191 170 | -163 -15.8
[c;g]v 0dd 1 160 217 1188 16.6 154 13.1

The minimum and maximum power curves versus elevation are displayed in Figure
4-20 for the three scenarios under analysis. Even if the power levels are different for

each scenario, the received power offset is always 3.4 dB as it depends only on the
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link budget assumptions that are the same for three cases. The power offset is the
most relevant element that sums up linearly to the correlation values (in logarithmic

scale).
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Figure 4-20: GPS L1-C/A Received Power Levels, All Scenarios.

The received power statistics are represented in Figure 4-21 for the Open Sky
scenario. The plot on the left shows the numerical probability density function of the
received power for each of the 31 transmitted PRN codes. Two distributions are
displayed: one represents the worst-case link budget applied to the desired signal
(dashed line), and the other one the best-case link budget used for the interfering

signals (continuous line).
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Figure 4-21: GPS L1-C/A Power Offset Statistics, Open Sky.
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The horizontal shift between the two curves matches with the 3.4 dB received power
offset displayed in Figure 4-20. In Figure 4-21 (right), the receiver power offset
statistics is obtained by counting the number of occurrences over the total number of
observations. Note that, as anticipated in Section 4.2.2.2, the average receiver power

offset tends to 3.4 dB.

The Doppler frequency statistics computed over simulation time are represented in
Figure 4-22. On the left, the numerical probability density function for the Doppler
frequency values is build up for the transmitted PRN codes. Each curve takes into
account for all reference receiver locations over the simulation time. The Doppler
frequency resolution of the histogram is set to 50 Hz. Figure 4-22 (right) represents
the Doppler offset statistics computed for each PRN code couple over reference
receiver locations and simulation time instants. The histogram of occurrences is

generated according to Eq. (4.21).
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Figure 4-22: GPS L1-C/A Doppler Frequency Statistics, Open Sky.

The analytical approach described in Section 4.2.2.2 makes use of the curves in

Figure 4-22 (right), called kp;,(d), to compute the even and odd SI histograms

HS'[m]. In Table 4-20 the correlation percentiles computed with the analytical

model are summarised for the three scenarios under analysis.
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Table 4-20: GPS L1-C/A CPs, Analytical Model, 7; = 1 ms, All Scenarios.

Percentiles

68% 95% 99.7% | 99.99% | 99.999% | 100%

glfy"” [Cg; Ever | 60 214 -19.0 A17.1 1163 -15.6
[C‘g; Odd | 56 217 -18.8 -16.6 155 -13.1

Urban l‘;‘l;’; Even | 160 214 119.0 17.0 1163 115.6
[Cdgjo"d 260 | -217 | -188  |-l66 | -154  |-131

P /ngl; Even | 6.0 215 -19.0 171 -16.4 1156
[Cdg’;"d" 126.0 217 1188 -16.6 -15.5 -13.1

Again, the correlation percentiles are almost identical for

analysed. By a comparison between Table 4-19 and Table 4-20 it is observed that

the three use cases

the results of the analytical model match with those of the simulation model.

The GPS L1-C/A self-interference assessment with analytical model is repeated for
the three scenarios by varying the value of the integration time. Results are reported

in Table 4-21 only for Open Sky. Urban and RIMS Sites are omitted as the obtained

CPs are almost identical.

Table 4-21: GPS L1-C/A CPs versus Integration Time, Analytical Model, Open Sky.

Percentiles

68% 95% 99.7% | 99.99% | 99.999% | 100%

113 . [Cd%’; Even | 333 246 | 205 -18.0 17.7 -17.6
[C(g; Odd | 316 | 257 | 220 |-195 181 1722

117 . [C‘g;Eve” 417 276 211 18,7 177 177
[C(g; Odd | 374 | 283 | -233 204 1189 175

1113 . [C‘;’;Eve" -46.9 313 214 [18.7 177 177
l‘;‘l;’; 0dd | e | 307 | -238 206 -18.9 -17.6

As expected, the distribution of correlation magnitudes shifs significantly to lower
values for increasing integration time. On the other hand, maximum correlation
peaks are almost the same except for T; = 1 ms which represensts the worst-case.
The behaviour of maximum correlation percentiles over Doppler offset bins is

shown in Figure 4-23. Here an even/odd SI histogram of correlation values is

constructed for each Doppler offset bin d as:
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MX mMX

_ Kn: _ _
H![m, d] = Z Z IID(M foje(d) - Hye[m, d]

j=1+¢=1
L+

(4.29)

Note that the histogram of each correlation couple (j,¢) is weighted by the

occurrence of the couple it-self over the number of observations.
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Figure 4-23: GPS L1-C/A 100% CP versus Doppler Offset, Open SKy.

4.4.2 EGNOS L1—-GPS L1-C/A Cross-Interference

9000

9000

It is of interest to assess the cross-interference caused by EGNOS L1 singals onto

the GPS L1-C/A spreading codes. The assumptions undelying this RFC assessment

are summarised in Table 4-22.

Table 4-22: EGNOS L1—GPS L1-C/A Cross-Interference Scenario.

Open Sky RIMS Sites

Des. RNSS System

GPS

Des. Constellation

Table 4-2

Des. Satellite Antenna Pattern

L1 from Table 4-7

Des. Signal L1-C/A from Table 4-11
Int. RNSS System EGNOS
Int. Constellation Table 4-4

Int. Satellite Antenna Pattern

L1 from Table 4-9

Int. Signal

L1 from Table 4-13

Reference Receiver

Aviation User RIMS Station

Rx Bandwidth [MH7]

Table 4-15 for L1 band
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Open Sky

RIMS Sites

Integration Time [ms]

1

Simulation Start

GPS week: 906

Seconds into week: 86400

(02.01.2017)

Duration 1 day

Time Interval 60 s

Reference Receiver Location Earth Grid RIMS Network
Masking Angle 10° 5°

This scenario is characterised by T'NT = TPES | thus only two bit flip patterns — Even

and Odd — are to be taken into account for the CI histogram computation.
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Figure 4-24: EGNOS L1—GPS L1-C/A Even CI, Open SKky.
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Starting with the simulation approach, the correlation percentiles obtained for each
reference receiver location over the simulation time are displayed in Figure 4-24 and

Figure 4-25.
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Figure 4-25: EGNOS L1—-GPS L1-C/A Odd CI, Open Sky.

The levels or cross-interference displayed are extremely high: the maximum
correlation value over the coverage is measured on the equatorial region below
Europe and is about -10.0 dB.

EGNOS L1 cross-interference onto GPS L1-C/A is further investigated by taking as
reference receiver locations the RIMS Sites scenario. The correlation percentiles

obtained are reported in Table 4-23.
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Table 4-23: EGNOS L1—GPS L1-C/A CPs, Simulation Model, RIMS Sites.

Percentiles
68% 95% 99.7% 99.99% 99.999% | 100%
ALB | CCF Even [dB] | -29.3 -22.8 -18.6 -15.8 -14.8 -13.4
CCF Odd [dB] | -29.3 -22.8 -18.5 -15.7 -14.4 -11.7
ACR | CCF Even [dB] | -27.3 -20.4 -15.1 -12.2 -10.9 -8.8
CCF Odd [dB] | -27.3 -20.4 -15.2 -11.9 -10.5 -8.6
BRN | CCF Even [dB] | -28.6 -22.2 -17.7 -15.2 -14.0 -12.6
CCF Odd [dB] | -28.6 -22.2 -17.9 -14.8 -13.4 -10.5
CNR | CCF Even [dB] | -24.5 -17.7 -12.8 -10.0 -8.9 -7.5
CCF Odd [dB] | -24.6 -17.7 -12.9 -9.9 -8.5 -6.3
CTN | CCF Even [dB] | -25.9 -19.4 -14.6 -11.8 -10.5 -9.0
CCF Odd [dB] | -26.0 -19.4 -14.7 -11.6 -10 -7.6
CRK | CCF Even [dB] | -28.2 -21.8 -17.5 -14.8 -13.7 -11.7
CCF Odd [dB] | -28.2 -21.8 -17.5 -14.6 -13.2 -11.2
WRS | CCF Even [dB] | -28.6 -22.1 -17.8 -15.2 -13.9 -12.4
CCF Odd [dB] | -28.6 -22.2 -17.9 -14.9 -13.4 -11.2
DJA | CCF Even [dB] | -25.4 -18.7 -14.0 -11.1 -9.9 -8.2
CCF Odd [dB] | -25.4 -18.8 -14.0 -11.0 -9.6 -8.1
EGI | CCF Even [dB] | -30.7 -24.6 -20.5 -17.7 -16.6 -15.1
CCF Odd [dB] | -30.7 -24.6 -20.5 -17.7 -16.3 -14.4
GLG | CCF Even [dB] | -28.8 -22.4 -18.2 -15.5 -14.4 -12.6
CCF Odd [dB] | -28.8 -22.5 -18.1 -15.3 -13.9 -11.8
HBK | CCF Even [dB] | -24.5 -18.0 -13.2 -10.1 -8.8 -7.3
CCF Odd [dB] | -24.6 -18.0 -13.2 -10.0 -8.6 -6.7
GOL | CCF Even [dB] | -26.6 -20.0 -15.3 -12.3 -10.9 9.3
CCF Odd [dB] | -26.6 -20.0 -15.3 -12.2 -10.6 -8.3
KOU | CCF Even [dB] | -26.2 -18.9 -14.1 -11.6 -10.3 -8.9
CCF Odd [dB] | -26.0 -19.1 -14.2 -11.0 -9.6 -8.1
LSB | CCF Even [dB] | -26.4 -19.4 -14.6 -11.8 -10.7 -8.5
CCF Odd [dB] | -26.4 -19.5 -14.6 -11.6 -10.3 -7.6
SWA | CCF Even [dB] | -28.6 -22 -17.5 -14.8 -13.6 -12.1
CCF Odd [dB] | -28.6 -22.1 -17.5 -14.6 -13.1 -10.9
MAD | CCF Even [dB] | -25.2 -18.4 -13.6 -10.8 -9.5 -8.3
CCF Odd [dB] | -25.2 -18.5 -13.6 -10.6 9.2 -7.1
MLG | CCF Even [dB] | -26.6 -19.4 -14.4 -11.6 -10.3 -8.5
CCF Odd [dB] | -26.6 -19.4 -14.5 -11.4 -9.9 -7.6
KIR | CCF Even [dB] | -31.9 -26 -22.0 -19.2 -18.2 -16.4
CCF Odd [dB] | -31.9 -26 -22.0 -19.2 -17.9 -16.4
PDM | CCF Even [dB] | -26.6 -19.9 -15.0 -12.1 -10.9 -9.5
CCF Odd [dB] | -26.6 -19.9 -15.1 -12 -10.6 -8.9
PAR | CCF Even [dB] | -28.4 -21.7 -17.0 -14.4 -13.2 -11.5
CCF Odd [dB] | -28.4 -21.8 -17.1 -14.1 -12.7 -10.3
MON | CCF Even [dB] | -31.3 -24.8 -20.0 -17.1 -15.9 -14.2
CCF Odd [dB] | -31.6 -24.8 -20 -17.0 -15.5 -14.2
RKK | CCF Even [dB] | -30.7 -24.6 -20.4 -17.5 -16.3 -14.8
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Percentiles
68% 95% 99.7% 99.99% 99.999% | 100%
CCF Odd [dB] | -30.7 -24.6 -20.4 -17.5 -16.1 -14.2
ROM | CCF Even [dB] | -26.8 -20.1 -15.4 -12.7 -11.3 -9.7
CCF Odd [dB] | -26.8 -20.2 -15.5 -12.4 -10.9 -8.5
LAP | CCF Even [dB] | -30.1 -23.8 -19.7 -16.9 -15.7 -14.0
CCF Odd [dB] | -30.1 -23.8 -19.7 -16.8 -15.5 -13.4
SDC | CCF Even [dB] | -26.9 -20.2 -15.4 -12.6 -11.4 -9.7
CCF Odd [dB] | -26.9 -20.2 -15.5 -12.5 -11.1 -8.9
SOF | CCF Even [dB] | -26.9 -20.5 -15.7 -12.9 -11.5 -9.9
CCF Odd [dB] | -26.9 -20.5 -15.8 -12.7 -11.1 -8.6
GVL | CCF Even [dB] | -29.8 -23.5 -19.4 -16.5 -15.4 -14.0
CCF Odd [dB] | -29.8 -23.5 -19.4 -16.5 -15.2 -13.9
TLS | CCF Even [dB] | -27.3 -20.6 -15.7 -12.9 -11.7 -9.9
CCF Odd [dB] | -27.5 -20.6 -15.8 -12.6 -11.3 -8.9
TRD | CCF Even [dB] | -30.1 -24.2 -20.0 -17.3 -16.2 -14.6
CCF Odd [dB] | -30.4 -24.2 -20 -17.3 -16 -14.4
TRO | CCF Even [dB] | -31.9 -26.0 -21.9 -19.2 -18.3 -16.6
CCF Odd [dB] | -31.9 -26.0 -21.9 -19.1 -17.8 -16.5
ZUR | CCF Even [dB] | -27.9 -21.4 -16.8 -14.1 -12.9 -11.1
CCF Odd [dB] | -27.9 -21.5 -16.9 -13.8 -12.3 -10.0
LYR | CCF Even [dB] | NaN NaN NaN NaN NaN NaN
CCF Odd [dB] | NaN NaN NaN NaN NaN NaN
JME | CCF Even [dB] | -31.9 -26.2 -22.2 -19.4 -18.3 -16.9
CCF Odd [dB] | -31.9 -26.2 -22.1 -19.3 -18 -16.1
NOU | CCF Even [dB] | -23.4 -16.7 -11.8 -8.9 -7.7 -6.3
CCF Odd [dB] | -23.5 -16.7 -11.8 -8.8 -7.4 -5.9
LPI CCF Even [dB] | -24.8 -17.9 -13.1 -10.2 9.1 -1.7
CCF Odd [dB] | -24.8 -17.9 -13.1 -10.0 -8.7 -6.8
ATH | CCF Even [dB] | -26.2 -19.5 -14.8 -11.9 -10.6 -9.0
CCF Odd [dB] | -26.2 -19.6 -14.9 -11.7 -10.3 -8.4
ALY | CCF Even [dB] | -25.2 -18.5 -13.8 -10.9 -9.6 -8.0
CCF Odd [dB] | -25.2 -18.5 -13.8 -10.7 -9.4 -7.6
AGA | CCF Even [dB] | -29.3 -22.8 -18.6 -15.8 -14.8 -13.4
CCF Odd [dB] | -25.4 -18.4 -13.4 -10.5 -9.0 -7.3
ABS | CCF Even [dB] | -27.3 -20.4 -15.1 -12.2 -10.9 -8.8
CCF Odd [dB] | -24.1 -17.4 -12.6 -9.5 -8.2 -6.0

The significant difference in correlation

percentiles among RIMS sites can be

explained by remembering that the EGNOS satellites are on geostationaly orbits and

therefore do not move significantly over time when observed from the Earth.

Therefore the EGNOS L1 signal power received from a specific location is almost

constant during the GPS constellation repeat cycle and it can be always high in some

sites and always low in some others.
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In Figure 4-26 the minimum and maximum power levels versus elevation are
provided for the two scenarios under analysis. The received power offset AP
between the GPS minimum link budget and the EGNOS maximum link budget is
independent from the scenario however, differently from Figure 4-20, AP is not
constant anymore w.r.t. elevation due to the different transmit antenna patterns for

GPS and EGNOS. The offset ranges from 1.4 dB to 5.5 dB for highest elevations.
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Figure 4-26: EGNOS L1 and GPS L1-C/A Received Power Levels, All Scenarios.
Further, the received power statistics are represented in Figure 4-27 for the Open
Sky scenario.
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Figure 4-27: EGNOS L1 and GPS L1-C/A Power Offset Statistics, Open Sky.
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The plot on the left shows the numerical probability density function of the received
power for each of the 31 GPS satellites (blue dashed lines) and the 4 EGNOS
satellites (yellow lines).

In Figure 4-27 (right), the receiver power offset statistics is obtained by counting the
number of occurrences over the total number of observations. The offset ranges from
-9.5 dB to +3 dB with a peak at -2 dB.

Differently from the case of GPS L1-C/A self-interference where the power offset
values are highly concentrated around -3.4 dB (Figure 4-21), in this case the

distribution is triangularly shaped with highest occurrence for the value -2 dB.

In Figure 4-28 (left) the Doppler frequency statistics of the EGNOS L1 signals are
represented for the Open Sky scenario. As expected, Doppler frequency values are
very limited around 0 Hz, being the signals transmitted from GEO satellites. The
statistics for GPS L1 C/A is omitted as already provided in Figure 4-22 (left). Figure
4-28 (right) shows the Doppler frequency offset computed for each PRN code

couple over the simulation duration.
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Figure 4-28: EGNOS L1 and GPS L1-C/A Doppler Frequency Statistics, Open Sky.

By comparing the EGNOS L1—GPS L1-C/A cross-interference results with the
GPS L1-C/A self-interference correlation percentiles in Section 4.4.1, a significant

difference can be noticed when looking at the highest correlation peaks (see Table

4-24).
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The explanation however cannot be found in the correlation properties between the
GPS and the SBAS spreading code families: Table 3-16 shows that for 0 Hz Doppler
offset the interference caused by SBAS L1 signals onto GPS L1-C/A is exactly the
same as the self-interference of GPS L1-C/A; Table 3-17 demonstrates that by
uniformly weighting the CPs over Doppler offset values the even cross-interference
is only slightly higher than the self-interference. The reason for this significant
difference in correlation percentiles has to be found mainly in the statistics of

received power offset values.

Table 4-24: EGNOS L1—GPS L1-C/A Worst-Case CPs, Simulation Model, Open Sky.

Percentiles
68% 95% 99.7% 99.99% 99.999% | 100%
CCF
~ _ R - R - R
a, X | Even [dB] 25.5 20.0 16.3 13.6 12.3 9.9
SO
Z 3 | CCF 0dd
o~ - - - R - R
R 1| [dB] 25.5 20.3 16.3 13.0 11.4 9.9
CCF
E :\E Even [dB] -26.2 -21.5 -19.1 -17.0 -16.3 -15.8
O~
S | CCFOdd | ) ) ) ) )
/dB] 26.0 21.7 18.8 16.6 15.5 13.1

The cross-interference analysis for the Open Sky scenario is repeated with the
analytical model. Clearly, the choice of the power offset parameter plays a key role

for the analytical results to match with the simulation results.

Table 4-25: EGNOS L1—GPS L1-C/A CPs, Analytical Model, Open Sky.

Percentiles
68% 95% 99.7% | 99.99% | 99.999% | 100%
ngfn [c;lg}]?Even 275 228 203 -18.3 -17.4 -15.7
[Cdg’; Odd | 75 223.0 1202 -18.0 168 -153
giltgs [Cdgj Even | 575 229 -20.4 -18.3 175 -15.7
[Cdg’; Odd | 575 230 | 202 |-180 | -170 | -153

For a power offset of -2 dB the results obtained with the analytical model do not
match with the simulation model and the difference between the two increases for
high percentiles. This outcome was expected as the correlation percentiles capture

not only the 1-c0, 2-6 and 3-c statistics (68%, 95% and 99.7% percentiles) but also
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the values at the edge of the distribution (99.99%, 99.999%, 100%). The assumption
of taking the average power offset can be representative of the average CPs but

cannot capture the peaks.

4.4.3 Galileo E1 OS Self-Interference

The same three Scenarios analysed for GPS L1-C/A self-interference are proposed
for the Galileo E1 OS signal (Table 4-26). Given the strong similarities between E1-
B and E1-C PRN code sets in terms of cross-correlation properties, the following SI

histograms are computed only for Galileo E1-C component.

Table 4-26: Galileo E1 OS Self-Interference Scenarios.

Open Sky ‘ Urban RIMS Sites
GNSS System Galileo
Constellation Table 4-3
Satellite Antenna Pattern E1 Band from Table 4-8
Signal E1-C from Table 4-12
Reference Receiver Aviation User Mass Market User RIMS Station
Rx Bandwidth [MH7z] Table 4-15 for L1 band
Integration Time [ms] 4
Simulation Start GPS week: 906

Seconds into week: 86400
(02.01.2017)

Duration 1 day

Time Interval 60 s

Reference Receiver Location Earth Grid Cities RIMS Network
Masking Angle 10° 30° 5°

Starting from the simulation approach, Figure 4-29 and Figure 4-30 show the
Galileo E1-C self-interference for the Open Sky scenario.
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Even Self-Interference, GAL E1-C, Percentile 0.68
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Figure 4-29: Galileo E1-C Even SI, Open Sky, All Percentiles.

As already observed for the GPS L1-C/A, given the global coverage of the Galileo

constellation the SI correlation percentiles over the worl chart are flat.
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Odd Self-Interference, GAL E1-C, Percentile 0.68
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The simulation is repeated for the Urban and the RIMS Sites scenarios. The worst-

case results are provided in Table 4-27.

Table 4-27: Galileo E1-C Worst-Case CPs, Simulation Model, All Scenarios.

Percentiles
68% 95% 99.7% 99.99% 99.999% | 100%
Open | CCF Even
Sky [dB] -32.6 -28.4 -25.5 -23.5 -22.6 -20.7
CCF Odd
[dB] -32.6 -28.4 -25.5 -23.5 -22.5 -20.8
Urban | CCF Even
[dB] -32.6 -28.4 -25.5 -23.5 -22.6 -20.7
CCF Odd
[dB] -32.6 -28.4 -25.5 -23.5 -22.4 -20.8
RIMS | CCF Even | -32.6 -28.4 -25.5 -23.5 -22.6 -20.7
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Percentiles
68% 95% 99.7% 99.99% 99.999% | 100%
Sites [dB]
CCF 0Odd
[dB] -32.6 -28.4 -25.5 -23.5 -22.5 -20.8

By comparing Table 4-27 with Table 3-6 (CCF) a difference between 2 dB and 4 dB
can be observed on the correlation percentile values. This offset cannot be solely
explained with the power levels introduced by the RFC methodology that scale the
cross-correlation values. It is in fact a combination of the Doppler frequency offset
and power distribution.

The minimum and maximum power curves versus elevation are displayed in Figure
4-31 for the three scenarios under analysis. Even if the power levels are different for

each scenario, the received power offset is always equal to 2.9 dB.
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Figure 4-31: Galileo E1-C Received Power Levels, All Scenarios.

Further, the received power statistics are represented in Figure 4-32 for the Open
Sky scenario. On the left, the curves represent the numerical probability density
function of the received power for each of the 16 transmitted PRN codes. It is
possible to identify two main distributions: one for the worst-case link budget
applied to the desired signal, and one for the best-case link budget used for the
interfering signals. The horizontal shift between the two curves matches with the 2.9

dB received power offset displayed in Figure 4-31.
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In Figure 4-32 (right), the receiver power offset statistics is computed by summing
up the number of occurrences for each power bin over the total number of

observations. As expected, the average receiver power offset tends to 2.9 dB.
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Figure 4-32: Galileo E1-C Power Offset Statistics, Open Sky.

Finally, the Doppler frequency statics for the Galileo satellites are provided in
Figure 4-33.
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Figure 4-33: Galileo E1-C Doppler Frequency Statistics, Open SKky.

On the left, the numerical probability density function for the Doppler frequency
values is build up for the transmitted PRN codes. Each curve takes into account for

all reference receiver locations over the simulation time. The Doppler frequency
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resolution of the histogram is set to 50 Hz. Figure 4-33 (right) represents the
Doppler offset statistics computed for each PRN code couple over reference receiver
locations and simulation time instants. The histogram of occurrences is generated
according to Eq. (4.21).

Table 4-28 provides the self-interference RFC assessment results obtained with the

analytical model for the three scenarios under analysis.

Table 4-28: Galileo E1-C CPs, Analytical Model, All Scenarios.

Percentiles

68% 95% 99.7% | 99.99% | 99.999% | 100%

glfye” [Cdgj Even | 36 28.4 255 235 226 20.5
ﬁicl;i 0dd | 36 284 25.5 23.6 226 21.0

Urban [Cdg; Even | 356 28.4 255 235 226 205
/ngl; Odd | 36 284 255 236 227 213

gi’tgs /Cdf;l; Even | 36 28.4 255 235 226 205
/ngl; Odd | 36 284 255 236 226 210

Again, by a comparison between Table 4-27 and Table 4-28 it is observed that the

results of the analytical model match perfectly with those of the simulation model.

4.4.4 GPS L1-C—Galileo E1-OS Cross-Interference

It is of interest to assess the cross-interference caused by GPS L1-C singals onto the
Galileo E1-OS spreading codes. The assumptions undelying this RFC assessment

are summarised in Table 4-29.

Table 4-29: GPS L1-C—Galileo E1-OS Cross-Interference Scenario.

Open Sky RIMS Sites
Des. RNSS System Galileo
Des. Constellation Table 4-3
Des. Satellite Antenna Pattern El from Table 4-8
Des. Signal E1-C from Table 4-12
Int. RNSS System GPS
Int. Constellation Table 4-2
Int. Satellite Antenna Pattern L1 from Table 4-7
Int. Signal L1-C pilot from Table 4-11
Reference Receiver Aviation User RIMS Station
Rx Bandwidth [MH7] Table 4-15 for L1 band
Integration Time [ms] 4
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Open Sky ‘ RIMS Sites

Simulation Start GPS week: 906
Seconds into week: 86400
(02.01.2017)

Duration 1 day

Time Interval 60 s

Reference Receiver Location Earth Grid RIMS Network
Masking Angle 10° 5°

This scenario is characterised by T'NT > TPES thus only two bit flip patterns — Even
and Odd — are to be taken into account for the CI histogram computation. Given the
computational load required to perform the RFC assessment with the simulation
model, only the results for the RIMS Sites scenario are computed and reported in

Table 4-30.

Table 4-30: GPS L1-C—Galileo E1-C CPs, Simulation Model, RIMS Sites.

Percentiles
68% 95% 99.7% 99.99% 99.999% | 100%
ALB | CCF Even [dB] | -30.1 -22.8 -17.6 -14.4 -13.0 -10.3
CCF 0dd [dB] | -30.1 -22.8 -17.6 -14.4 -13.0 -10.5
ACR | CCF Even [dB] | -30.0 -22.8 -17.6 -14.4 -13.0 -9.6
CCF Odd [dB] | -30.0 -22.8 -17.6 -14.4 -13.0 -9.6
BRN | CCF Even [dB] | -30.1 -22.7 -17.4 -14.3 -12.9 -8.4
CCF Odd [dB] | -30.1 -22.7 -17.4 -14.3 -12.9 -8.4
CNR | CCF Even [dB] | -29.8 -22.6 -17.5 -14.4 -13.0 -9.0
CCF Odd [dB] | -29.8 -22.6 -17.5 -14.4 -13.0 -8.7
CTN | CCF Even [dB] | -30.2 -23.0 -17.7 -14.5 -13.1 -8.7
CCF Odd [dB] | -30.2 -23.0 -17.7 -14.5 -13.1 -8.7
CRK | CCF Even [dB] | -29.9 -22.7 -17.5 -14.3 -12.9 -9.2
CCF Odd [dB] | -29.9 -22.7 -17.5 -14.3 -12.9 9.2
WRS | CCF Even [dB] | -30.1 -22.7 -17.4 -14.3 -12.8 9.1
CCF Odd [dB] | -30.1 -22.7 -17.4 -14.3 -12.8 9.1
DJA | CCF Even [dB] | -30.0 -22.8 -17.6 -14.4 -13.0 -8.6
CCF Odd [dB] | -30.0 -22.8 -17.6 -14.5 -13.0 -8.6
EGI | CCF Even [dB] | -30.2 -233 -18.0 -14.7 -13.3 -8.6
CCF Odd [dB] | -30.2 -23.3 -18.0 -14.7 -13.3 -8.7
GLG | CCF Even [dB] | -30.0 -22.7 -17.5 -14.4 -13.0 -9.6
CCF Odd [dB] | -30.0 -22.7 -17.5 -14.4 -13.0 -9.9
HBK | CCF Even [dB] | -30.0 -22.7 -17.5 -14.4 -13.0 -9.6
CCF Odd [dB] | -30.2 -22.9 -17.6 -14.4 -13.0 -9.5
GOL | CCF Even [dB] | -30.4 -23.1 -17.6 -14.4 -13.0 -9.5
CCF Odd [dB] | -30.4 -23.1 -17.6 -14.4 -13.0 -9.7
KOU | CCF Even [dB] | -30.7 -23.7 -18.3 -14.8 -13.3 -9.6
CCF Odd [dB] | -30.7 -23.7 -18.3 -14.8 -13.3 -9.6
LSB | CCF Even [dB] | -29.8 -22.7 -17.5 -14.4 -13.0 -8.7
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Percentiles
68% 95% 99.7% 99.99% 99.999% | 100%
CCF Odd [dB] | -29.8 -22.7 -17.5 -14.4 -13.0 9.1
SWA | CCF Even [dB] | -30.0 -22.8 -17.5 -14.4 -13.0 -9.2
CCF Odd [dB] | -30.0 -22.8 -17.5 -14.4 -13.0 -9.2
MAD | CCF Even [dB] | -29.8 -22.6 -17.6 -14.4 -13.0 9.1
CCF Odd [dB] | -29.8 -22.6 -17.6 -14.4 -13.0 -8.8
MLG | CCF Even [dB] | -29.8 -22.6 -17.4 -14.3 -12.9 -8.7
CCF Odd [dB] | -29.8 -22.6 -17.4 -14.3 -12.9 -8.8
KIR | CCF Even [dB] | -30.3 -234 -18.2 -14.8 -13.3 -10.1
CCF 0Odd [dB] | -30.3 -23.4 -18.2 -14.8 -13.3 -10.1
PDM | CCF Even [dB] | -29.9 -22.6 -17.5 -14.4 -13.1 -9.6
CCF Odd [dB] | -29.9 -22.6 -17.5 -14.4 -13.1 -9.6
PAR | CCF Even [dB] | -30.2 -23 -17.8 -14.6 -13.1 -8.7
CCF Odd [dB] | -30.2 -23 -17.8 -14.6 -13.2 -8.7
MON | CCF Even [dB] | -30.0 -22.7 -17.5 -14.4 -13.0 -10.1
CCF Odd [dB] | -30.0 -22.7 -17.5 -14.4 -13.0 -10.3
RKK | CCF Even [dB] | -30.2 -23.2 -18.0 -14.7 -13.3 -9.7
CCF Odd [dB] | -30.2 -23.2 -18.0 -14.7 -13.3 -9.6
ROM | CCF Even [dB] | -30.1 -22.8 -17.6 -14.4 -13.0 -8.9
CCF Odd [dB] | -30.1 -22.8 -17.6 -14.4 -13.0 -8.9
LAP | CCF Even [dB] | -30.2 -23.0 -17.8 -14.6 -13.1 -9.9
CCF Odd [dB] | -30.2 -23.0 -17.8 -14.6 -13.1 -9.7
SDC | CCF Even [dB] | -29.9 -22.8 -17.6 -14.4 -13.0 -8.9
CCF Odd [dB] | -29.9 -22.8 -17.6 -14.4 -13.0 -8.9
SOF | CCF Even [dB] | -30.4 -23.1 -17.7 -14.4 -13.0 -9.5
CCF Odd [dB] | -30.4 -23.1 -17.7 -14.5 -13.0 -9.5
GVL | CCF Even [dB] | -30.2 -23.0 -17.8 -14.5 -13.1 -9.3
CCF Odd [dB] | -30.2 -23.0 -17.8 -14.6 -13.1 -9.3
TLS | CCF Even [dB] | -30.0 -22.8 -17.7 -14.5 -13.1 -94
CCF Odd [dB] | -30.0 -22.8 -17.7 -14.5 -13.1 94
TRD | CCF Even [dB] | -30.2 -23.1 -17.9 -14.7 -13.2 -9.8
CCF Odd [dB] | -30.2 -23.1 -17.9 -14.7 -13.2 -10.1
TRO | CCF Even [dB] | -30.3 -234 -18.2 -14.8 -13.4 -9.8
CCF 0Odd [dB] | -30.3 -23.4 -18.2 -14.8 -13.4 -9.7
ZUR | CCF Even [dB] | -30.2 -23.0 -17.8 -14.6 -13.1 -8.9
CCF Odd [dB] | -30.2 -23.0 -17.8 -14.6 -13.1 -8.9
LYR | CCF Even [dB] | -30.4 -23.7 -18.5 -15.1 -13.6 -10
CCF Odd [dB] | -30.4 -23.7 -18.5 -15.1 -13.6 -10.1
JME | CCF Even [dB] | -30.4 -23.5 -18.3 -14.9 -13.4 -9.8
CCF Odd [dB] | -30.4 -23.5 -18.3 -14.9 -13.4 -9.7
NOU | CCF Even [dB] | -29.6 -22.5 -17.5 -14.3 -12.9 -8.4
CCF Odd [dB] | -29.6 -22.5 -17.5 -14.3 -12.9 -8.4
LPI CCF Even [dB] | -29.9 -22.7 -17.6 -14.4 -13.0 -9.5
CCF Odd [dB] | -29.9 -22.7 -17.6 -14.4 -13.0 -9.9
ATH | CCF Even [dB] | -30.4 -23.2 -17.8 -14.5 -13.1 -8.9
CCF Odd [dB] | -30.4 -23.2 -17.8 -14.5 -13.1 -8.9

152




Chapter 4. Radio Frequency Compatibility Analysis

Percentiles
68% 95% 99.7% 99.99% 99.999% | 100%
ALY | CCF Even [dB] | -30.4 -23.3 -17.9 -14.6 -13.1 -10
CCF Odd [dB] | -30.4 -233 -17.9 -14.6 -13.1 -10
AGA | CCF Even [dB] | -29.7 -22.5 -17.4 -14.3 -12.9 -8.7
CCF Odd [dB] | -29.7 -22.5 -17.4 -14.3 -12.8 -9.0
ABS | CCF Even [dB] | -30.4 -23.1 -17.9 -14.6 -13.2 -9.5
CCF Odd [dB] | -30.4 -23.1 -17.9 -14.6 -13.2 -9.5

In Figure 4-34 the minimum and maximum power levels versus elevation are
provided for the two scenarios under analysis. The received power offset AP
between the Galileo minimum link budget and the GPS maximum link budget is

independent from the scenario and it is almost constant along the elevation.
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Figure 4-34: GPS L1-C and Galileo E1-C Received Power Levels, All Scenarios.

Further, the received power statistics are represented in Figure 4-35 for the Open
Sky scenario. The plot on the left shows the numerical probability density function
of the received power for each of the 16 Galileo satellites and the 31 GPS satellites.

In Figure 4-35 (right), the receiver power offset statistics is obtained by counting the
number of occurrences over the total number of observations. The power offset

values are highly concentrated around -5 dB.
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Figure 4-35: GPS L1-C and Galileo E1-C Power Offset Statistics, Open Sky.
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Figure 4-36: GPS L1-C and Galileo E1-C Doppler Frequency Statistics, Open Sky.

In Figure 4-36 (left) the Doppler frequency statistics of the Galileo and GPS signals
are represented for the Open Sky scenario. Figure 4-36 (right) shows the Doppler
frequency offset computed for each PRN code couple over the simulation duration.

Table 4-31 reports the correlation percentiles of the cross-interference caused by
GPS L1-C pilot onto Galileo E1-C component computed with the analytical model.
As expected, the CPs do not change significantly by comparing Open Sky to RIMS

Sites results.
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Table 4-31: GPS L1-C — Galileo E1-OS CPs, All Scenarios.

Percentiles
99.0% | 99.9% | 99.99% | 99.999% | 99.9999% | 100%
glfye” ﬁ;;;’ CCF | 335 2293 6.4 243 231 -20.0
IO[I‘ZCCF 335|293 | 264 | 243 | 232 193
Rivs Z‘;}' CCF 1335 |203 | 264 |-243 | -232 -20.0
%}‘j CCF | 335 | 203 | -264 |-243 | -232 193

The difference between analytical model and simulation model for the RIMS sites
scenario is significant. As already observed in Section 4.4.2, the assumption to take
the average power offset is only representative of the average performance. In
particular, the highly directive antenna of the RIMS sites is responsible for the big
variation in received power levels that, as displayed in Figure 4-34, ranges from
approximately -149 dB to -163 dB (14 dB offset). This justifies why percentile
100% computed with the analytical model is about 10 dB lower than the one

computed with the simulation model with the assumption of 5 dB power offset.

4.4.5 BeiDou B2-I—Galileo ESb-I

In this section the cross-interference caused by BeiDou B2-I singals onto the Galileo
ESb-I spreading codes is evaluated. The assumptions undelying this RFC assessment

are summarised in Table 4-32.

Table 4-32: BeiDou B2-I—Galileo ESb-I Cross-Interference Scenario.

Open Sky
Des. RNSS System Galileo
Des. Constellation Table 4-3
Des. Satellite Antenna Pattern ES5 from Table 4-8
Des. Signal ESb-I from Table 4-12
Int. RNSS System BeiDou Phase II
Int. Constellation Table 4-5, Table 4-6
Int. Satellite Antenna Pattern B2 from Table 4-10
Int. Signal B2-I from Table 4-14
Reference Receiver Mass Market User
Rx Bandwidth [MH7] Table 4-15 for L1 band
Integration Time [ms] 1
Simulation Start GPS week: 906

Seconds into week: 86400
(02.01.2017)

Duration 1 day
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This scenario is characterised by TNT =
and Odd — are to be taken into account for the CI histogram computation. Given the

computational load required to perform the RFC assessment with the simulation

Open Sky
Time Interval 60s
Reference Receiver Location Earth Grid
Masking Angle 10°

TDES

model, only the analytical approach is used in this case.

Table 4-33 reports the correlation percentiles of the cross-interference caused by
BeiDou B2-I onto Galileo E5Sb-I component for the two scenarios under analysis. By

comparing the results with Table 3-19 an offset of about 5 dB is observed on the

correlation percentiles.

Table 4-33: BeiDou B2-1 — Galileo ESb-I CPs, Open Sky.

, thus only two bit flip patterns — Even

Percentiles
99.0% 99.9% 99.99% 99.999% | 99.9999% | 100%
Open Even CCF
Sky [dB] -35.2 -30.7 -27.3 -24.7 -23.4 -20.3
0Odd CCF
/dB] -35.2 -30.7 -27.3 -24.7 -23.4 -20.2

In Figure 4-37 the minimum and maximum power levels

provided for the Open Sky scenario.
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Figure 4-37: BeiDou B2-I and Galileo ESb-I Received Power Levels, All Scenarios.

In this case, the received power offset AP between the Galileo minimum link budget

and the BeiDou maximum link budget depends on the SV orbit and payload
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characteristics. Two values are considered in the analytical simulation, respectively
6 dB for MEO and 4 dB for GSO/IGSO.

Further, the received power statistics are represented in Figure 4-38. The plot on the
left shows the numerical probability density function of the received power for each
of the 16 Galileo satellites (red) and the 15 BeiDou satellites. The difference
between the MEO and GSO/IGSO link budget is clearly visible. In Figure 4-38
(right), the receiver power offset statistics is obtained by counting the number of
occurrences over the total number of observations. The power offset values are

highly concentrated around -6 dB and -4 dB.
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Figure 4-38: BeiDou B2-I and Galileo ESb-I Power Offset Statistics, Open Sky.

In Figure 4-39 (left) the Doppler frequency statistics of the Galileo and BeiDou
signals are represented for the Open Sky scenario. Again, the difference between
GSO, IGSO, and MEO satellites is visible from distribution of Doppler frequencies.
The y-axis is cut to 0.05 in order to display all distributions however the numerical
PDF for GSOs goes up to 1. Figure 4-39 (right) shows the Doppler frequency offset

computed for each PRN code couple over the simulation duration.
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Figure 4-39: BeiDou B2-I and Galileo ESb-I Doppler Frequency Statistics, Open SKy.
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5. Conclusions and Recommendations

This chapter presents the conclusions from the results obtained in the previous

chapters and draws recommendations for future work.

5.1 Conclusions

This thesis has provided a complete overview on Pseudo-Random Noise (PRN)

codes and their performance figures in the context of satellite navigation.

First, Chapter 2 has provided a theoretical framework for understanding the role of
spreading codes into GNSS signals’ structure. Generalised expressions to describe
nowadays navigation signals have been derived and the impact of PRN codes onto
the signals’ spectral content has been explained. The concept of short-code and long-
code signals has been introduced to distinguish between signals respectively with

line spectrum and continuous spectrum.

Later in Chapter 3 a complete review of the spreading code properties and the
typical performance figures has been provided. Mathematical expressions for the
auto- and cross-correlation between spreading codes have been given as a basis to
understand the correlation histogram and correlation percentiles computation.
Several examples have been presented in support to the description of the figures of
merit and for proving the correct implementation with respect to referenced sources.
The aforementioned expressions and figures have been extended to take into account
for overlay codes, sub-carrier components, chip shape, and integration time.

From the analysis on PRN code set self-interference, the following conclusions on

the CDMA isolation of tired codes (Section 3.4.1) have been drawn:

e The use of ‘short’ secondary codes, whether they are the same for all SVs or
different ones, results in degraded auto-correlation properties. This
represents a disadvantage on the receiver side for signal acquisition
operations.

e When the transmitted secondary code is the same on all SVs, the cross-
correlation properties do not show a significant improvement compared to

the cross-correlation properties of the primary code set.
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The use of different secondary codes on the SVs improves significantly the
cross-correlation properties compared to the cross-correlation properties of

the primary code set.

From the investigation on the effects of chip shape (Section 3.4.2), the following

observations have been made:

Multi-level coded symbols, such as BOC(1,1) CBOC(6,1,1/11) modulations,
do not lead to a significant improvement of the spreading codes CDMA
isolation in terms of cross-correlation properties;

On the other hand, the analysed chip shapes introduce undesired high peaks
in the auto-correlation function that can lead to false acquisition or tracking.
Being the position of secondary lobes deterministic w.r.t. the main peak,
several techniques have been proposed in literature for ensuring the correct

code phase lock.

To conclude on the integration time and Doppler frequency aspects, the following

has been demonstrated:
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The effect of multiple integrations onto auto- and cross-correlation
performance is investigated taking as reference case the GPS L1-C/A signal.
As expected, the even ACF and CCF are left unvaried by multiple
integrations. On the other hand, odd auto-correlation over multiple
sequences shows high peaks in correspondence of the PRN codes
periodicity. This result was expected and it does not represent any
impairment for acquisition/tracking operations, as the receiver can lock on
the code phase of any PRN sequence within the integration time. It is up to
the bit synchronization algorithm to detect sign changes corresponding to
data symbols’ transitions.

The analysis between correlation values and integration window is further
extended to the Doppler frequency offset. For short codes it is shown that
the worst cross-correlation interference results from the shortest integration
time. The curve of correlation percentiles versus Doppler frequency offset
obtained with the smallest integration window represents an envelope for the

other cases.
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e Long-code signals with a ‘continuous spectrum’, smoothed by the presence
of data bits or secondary code chips transmitted with relatively high rate, do

not present sensitivity to particular values of the Doppler frequency offset.

The analysis on PRN code set cross-interference (Section 3.5) has provided a
generalised expression for the cross-correlation between PRN code sets that
encompasses all cases of desired and interfering code periods. Three computational
examples have been provided, namely Galileo E1-OS versus GPS L1-C, GPS LI-
C/A versus SBAS L1, and Galileo E5b-I versus BeiDou B2-1. The results have
shown the validity of the mathematical model and provide cross-interference values

for navigation signals of interest.

Chapter 4 has presented a new methodology for assessing spreading codes
interference within and between satellite navigation systems based on CDMA
technology.

First, the context of ITU radio frequency compatibility assessments has been
described to the best knowledge of the author. The motivation for introducing a new
methodology has been justified by highlighting the shortfalls of current methods that
focus solely on the interfering power levels. As a starting point for the new proposed
methodology, Rec. ITU-R M.1831 has been explained. The concept of self-
interference and cross-interference has been introduced and the computation of the
assessment criteria with the simulation model and the analytical model has been
described. Finally a long section of simulation results has proven the effectiveness of
the methodology and has highlighted relevant aspects related to the PRN codes
compatibility among signals.

The main considerations on the RFC methodology with respect to the two proposed

models are summarised in Table 5-1.

Table 5-1: Conclusions on the PRN Codes based RFC Methodology.

PRN Code based RFC Methodology
Simulation Model Analytical Model

Self-Interference Results from the two approaches match perfectly. Therefore the
analytical model can be adopted instead of the simulation model for
a reduced computational load.

Computed examples:
GPS L1-C/A in Section 4.4.1
Galileo E1-OS in Section 4.4.3

Cross-Interference Results obtained with the Results obtained with the
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simulation model are analytical model are
representative for the whole representative of the average CI
correlation percentile statistics. | behaviour but cannot capture the

values at the edge of the
distribution. This approach is
more suitable for reflecting the
1-0, 2-0 and 3-c statistics.

The assumption of taking the
average power offset between
the two PRN code sets instead
of the full distribution represents
a limitation of the methodology.

Computed examples:

EGNOS L1—GPS L1-C/A in Section 4.4.2
GPS L1-C—Galileo E1-OS in Section 4.4.4
BeiDou B2-1—Galileo E5b-I in Section 4.4.5

The major outcomes regarding the simulation results in Section 4.4 are listed below

for each case considered:
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GPS L1-C/A Self-Interference: By comparing the CPs for 1 ms integration
time (worst-case) in Table 4-19 with those obtained in Table 3-10 (0 Hz
Doppler offset) and in Table 3-11 (uniform Doppler offset), the increase of
L1-C/A self-interference measured by the new RFC methodology is
enormous. The values obtained for even and odd cross-correlation
(maximum peaks at -15.8 dB and -13.1 dB) are significantly higher because
of the method takes into account for the real power levels and Doppler
frequency offset distribution.

EGNOS L1—-GPS LI1-C/A Cross-Interference: The levels or cross-
interference computed with the simulation model are extremely high: the
maximum correlation value over the coverage is measured on the equatorial
region below Europe and it is about -10.0 dB. Again, the proposed
methodology reveals an inter-system interference scenario more severe than
what can be observed by computing the simple cross-correlation figure (see
percentiles in Table 3-16).

Galileo E1-OS Self-Interference: Simulation results show that the self-
interference of Galileo E1-OS spreading codes computed with the new
method is about 4 dB higher than the one obtained with cross-correlation
performance figure in Chapter 3 (compare Table 4-27 with Table 3-9). This
case has revealed that the spreading codes RFC analysis can be relevant also

for long-code signals and not only for shot-code ones.
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e GPS L1-C—Galileo E1-OS Cross-Interference: The difference in CI between
analytical model and simulation model for the RIMS sites scenario is huge.
This case demonstrates the limitations of the analytical model as the
assumption to take the average power offset is only representative for the
average performance. Additionally, the highly directive antenna of the RIMS
sites is responsible for the big variation in received power levels that explains
why percentile 100% computed with the RFC methodology is about 11 dB
above the ones computed with cross-correlation performance figure
(compare Table 4-30 with Table 3-13).

e BeiDou B2-I—Galileo E5b-I Cross-Interference: By comparing the CP
results in Table 4-33 with those in Table 3-19 (0 Hz Doppler offset) an
increase of about 5 dB is observed. Again, the RFC methodology here
proposed is shown to be relevant also for long-code signals and not only for
shot-code ones.

Additionally, some considerations regarding the influence of reference assumptions
onto the PRN codes self- and cross-interference assessment are summarised in Table
5-2.

Table 5-2: Considerations on the Impact of RFC Reference Assumptions.

Self-Interference Cross-Interference

Power Level | Absolute power levels are not Absolute power levels are not
relevant. Only the offset between the relevant. Only the offset between the
best-case and worst-case link budget desired signal worst-case link budget
is important. and the interfering signal best-case
link budget is important.

Antenna The satellite transmit antenna and the | The transmit antenna gain patterns
Pattern reference receiver antenna gain from the desired and the interfering
patterns have a negligible impact. systems are relevant. The reference

receiver antenna pattern has a
significant impact only when RNSS
systems with non-uniform coverage
are involved.

Doppler The Doppler frequency offset is relevant for short-codes for which the

Frequency correlation values distribution varies w.r.t. the Doppler offset value.

Offset

Elevation When RNSS systems with non-uniform coverage are involved, the elevation

Angle angle determines the coverage area. However its impact on the CP values is
negligible.

To conclude, this thesis has provided new means to support future analysis in the
field of radio-frequency compatibility. In view of extending Rec. ITU-R M.1831 by
including the PRN codes based RFC methodology proposed in this thesis, the
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following information should be specified in addition to the classical reference
assumptions:

e PRN codes, available from public SIS ICDs.

e Association between spreading codes and SVs. Depending on the satellites
constellation and the goodness of the PRN codes family, this information
might not play a significant role for the RFC assessment.

e Minimum integration time for the desired signal (worst-case assessment).
Finally, note that Rec. ITU-R M.1831 does not provide ‘acceptable’ levels of
Effective C/N, and C /N, Degradation as it is the task of service providers to reach
a common agreement. Similarly, the PRN codes RFC methodology here proposed
does not set a threshold for the cross-correlation interference generated by satellite
navigation systems onto each other. However a detailed analysis should be carried

out by each system provider to determine what is a tolerable figure.

5.2 Recommendations for Future Work

In order to guarantee the right coexistence of all current, planned, and future signals
a complete understanding of all radio frequency compatibility aspects is
fundamental. The PRN codes based RFC methodology presented in this thesis
should be further investigated and consolidated though more self- and cross-
interference assessments.

An extension to allow for multi-constellation PRN codes analysis is necessary to
fully assess nowadays GNSS interference scenario. The aggregate level of cross-
interference cannot be computed by a simple addition of the correlation percentiles.
The spatial and temporal information is needed for correctly considering the
correlation peaks originating from PRN codes transmitted by different navigation
systems. The simulation model seems to be the only approach suitable for a multi-
constellation assessment.

The analytical model proposed for the PRN codes based RFC methodology could be
improved by making use of the received power distribution instead of only the
average power offset. This information should be carefully combined with the
Doppler offset statistics in order not to lose the spatial-temporal correlation.
Moreover the impact of PRN codes self- and cross-interference onto the receiver

signal processing has not been discussed in this thesis. In particular, the effects
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caused by the cross-correlation peaks onto the signal acquisition process should be
investigated. Classical navigation literature always refers to the single cell detection
approach in AWGN, but it would be of interest to modify the noise model by
assuming self- and cross-interference contributions for the detection hypothesis.
Additionally, temporary effects are produced on the tracking operations when
interfering PRN codes slide into the correlator. As discussed in [35], for the case of
GPS L1-C/A self-interference this happens when the Doppler offset between two
spreading codes is a multiple of 1 kHz. In [37] a model for predicting C/A-code self-
interference is proposed.

A final recommendation goes to the GNSS system providers with reference to the
on-going discussions on GPS L1-C/A signal evolution ([38]) and on a future Galileo
E1-D acquisition aiding component: spreading codes aggregate cross-interference
should be carefully assessed on a global scale. It is dangerous to design new CDMA
navigation services neglecting the complex radio-frequency interference scenario

where they should coexist.
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A. Spectral Line Analysis for Galileo Signals

The content of Appendix A is partly based on the author’s work in [51].

In this Appendix power spectral densities of the Galileo signals baseline (E1 OS, E6
CS, and ES5) are computed according to the spectral line model presented in Chapter
2.

Table A—1 provides the list of Galileo signals together with the relative carrier
frequency, modulation, and receiver reference bandwidth as described in [8]. The
following analysis considers, for each of the selected signals, the normalized PSD
(unit area over an infinite bandwidth) filtered within the reference bandwidth. A
brick-wall filter is assumed to avoid the introduction of distortions related to the

specific band-limiting filter.

Table A—1: Galileo Signals Overview.

Signal Name Carrier Frequency | Modulation Ref. Bandwidth
Galileo E1 OS 1575.420 MHz CBOC(6,1,1/11) 24 1,
Galileo E5 1191.795 MHz AItBOC(15,10) 50 fy
Galileo E6 CS 1278.750 MHz BPSK(5) 40 1,

Information regarding the primary code, secondary code, and data rate
characteristics for each signal is available in [8] and summarised in Table 3-2. The
only exception is represented by the primary codes of Galileo E6 CS which are
currently not in the public domain.

It is out of the scope of this Appendix to describe the Galileo signals modulations.

Well-renowned references are provided for further details.

A.1 Galileo E1 OS

The E1 Open Service (OS) modulation receives the name of CBOC which stands for
Combined Binary Offset Carrier. According to [18], CBOC(6,1,1/11) is the result of
multiplexing a wideband signal - BOC,(6,1) - with a narrow-band signal - BOC,(1,1)
- in a way that 1/11 of the power is allocated in average to the high frequency
component. The transmitted Galileo E1 OS signal consists of the following

components:
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e The E1 OS data channel, or E1-B, which results from the combination of the
navigation data stream, the ranging code, and the in-phase CBOC
component.

e The E1 OS pilot channel, or E1-C, resulting from the combination of

primary code, secondary code, and the anti-phase CBOC component.

The two channels E1-B and E1-C are generated independently and then summed up,
as explained in [8]. The normalized PSD of the combined E1 OS service, without the
effect of band-limiting filters and payload imperfections, is given by:

1 .
Gpi-os(f) = 3 (GEI—B )+ GEl—C(f)) A1

being the two channels statistically uncorrelated.

Figure A—1 shows the normalized PSD of respectively Galileo E1-B (left) and E1-C
(right) components as transmitted by SVID 19. The PSD is constructed following
the spectral line model explained in Chapter 2. The real spectra are overlapped by
the ideal smooth spectrum corresponding to the CBOC modulation (black dashed
line).Note how spectral lines are far above the power level of the smooth spectrum
especially in the case of the pilot component, where there are no navigation symbols

to smooth the spectrum.

Galileo E1-B Galileo E1-C

PSD [dB/Hz]
PSD [dB/Hz]

10 5 0 5 10 10 5 0 5 10
Frequency Offset [MHz] Frequency Offset [MHz]

Figure A-1: Galileo E1-B/C PSD trasmitted by SVID 19.

Figure A—2 shows the combined Galileo E1 OS spectrum.
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Figure A-2: PSD of Galileo E1 OS trasmitted by SVID 19.

Figure A-3 represents the fine structure of the normalized PSDs displayed in Figure
A-1, and the combined E1 OS spectrum (blue) obtained as the linear sum of E1-B

(purple) and E1-C (green) components.

Galileo E1 OS - Detail

40 -

.50 -

60

-70

PSD [dB/Hz]

-80

-a0

-100
1.016 1.018 1.02 1.022 1.024 1.026 1.028 1.03

Frequency Offset [MHz]

Figure A-3: PSD of Galileo E1 OS (detail) trasmitted by SVID 19.

A.2 Galileo E6 CS

The E6 Commercial Service (CS) modulation is a Binary Offset Phase Shift Keying
BPSK(5) at 5.115MHz. The Galileo E6 CS signal consists of the following two

components:

e The E6 CS data channel, or E6-B, that is the combination of the navigation

data stream with the primary code sequence.
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e The E6 CS pilot channel, or E6-C, which results from the combination of

the primary code with the secondary code sequence.

For E6 CS as for El OS the two channels E6-B and E6-C are generated
independently and then summed up [8]. The normalized PSD of the combined E6

CS service is given by:

1 A2
Gro-cs() = 5 (Gro-s(F) + Gro-c() 2

being the two channels statistically uncorrelated.

Figure A—4 shows the normalized PSD of respectively Galileo E6-B (left) and 6-C
(right) components as transmitted by SVID 19.
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Figure A—4: Galileo E6-B/C PSD trasmitted by SVID 19.

Figure A-5 displays the normalized PSD of the Galileo E6 CS (blue) for SVID 19.

The ideal smooth spectrum corresponding to the BPSK modulation is drawn with a

black dashed line.
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Galileo E6 CS
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Figure A-5: PSD of Galileo E6 CS trasmitted by SVID 19.

Figure A—6 represents the fine structure of the normalized PSD displayed in Figure
A-5 together with the two components E6-B (purple) and E6-C (green).
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Figure A—6: PSD of Galileo E6 CS (detail) trasmitted by SVID 19.

A.3 Galileo E5

The Galileo ES modulation receives the name of AItBOC and is a modified version
of a BOC with code rate of 10.23 MHz and a sub-carrier frequency of 15.345 MHz
[8]. The AItBOC multiplexing combines the E5Sa and E5b services in a composite
constant envelope signal which is then injected through a very wideband channel.
The different Galileo E5 signal components are generated according to the following

scheme:
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e The E5a data channel, or E5a-I: this channel is the combination of the E5a
data stream with the E5a-I primary code sequence and the secondary code
CS20;.

e The ES5a pilot channel, or E5a-Q: this channel is the combination of the E5a-
I primary code sequence and the secondary code CS100;_s.

e The E5b data channel, or E5Sb-I: this channel is the combination of the E5b
data stream with the ESb-I primary code sequence and the secondary code
CS4,.

e The E5Db pilot channel, or ESb-Q: this channel is the combination of the E5a-

Q primary code sequence and the secondary code CS100s;;¢o.

The AItBOC multiplexing of the aforementioned signals is slightly more complex
with respect to the previous cases where the components are simply summed up. To
keep the envelope constant, four additional signals are constructed as a combination
of the four single components egsq_;, €gsq—q, €gsp—1> €rsp—g- 1hese ‘product
components’ are defined in [8] as:
€Esa—1 = €Esa—q " €Esb—1 " €E5h—Q
€rsa-Q = €gsa—1 " €Esb-1 " €Esh—Q (A.3)
€espb—1 = €gsa—1 " €E5a-Q " €E5h—Q
€Esh—Q = €Esa—1 " €E5a—Q " CEsh-I
Following the signal description proposed in Section 2.1, it is possible to define the
primary codes, secondary codes, and data rate for each of the product components as
in Table A-2.

Table A—2: AItBOC product components.

Primary Code Secondary Code Data Rate [sps]

s Length: 10230 Length: 100 250

Esa-1 {CP}ESa—Q “{cp}psp-1- {CP}ESb—Q {cs}esi00 * {€s}esa * {€s}es100
B Length: 10230 Length: 100 250

ESa-Q {cp}esa—r " {cp}Espr - {CP}ESD—Q {cs}es20 * {es}esa - {es}esi00
s Length: 10230 Length: 100 50

ESb=1 {cp}esa-r- {CP}ESa—Q ) {CP}ESb—Q {cs}es20 * {es}esi00 * {Cs}es100
z Length: 10230 Length: 100 250

ESb-Q {cp}esa-r- {CP}ESa—Q “{cp}esp-1 {cs}eszo * {es}estoo * {Cs}esa

The eight components are then modulated with two complex subcarriers to result in

the Galileo ES5 signal bi-modal spectrum.
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From the analysis of the AItBOC constant envelope modulation provided in [20], it
is known that the statistical autocorrelation function of the total signal is the sum of
sixteen terms, i.e. four single components plus four product components, each of
them modulated by the sub-carrier function in quadrature with a delayed version of
it. The cross-terms cancel out under the hypothesis that the codes are ideally
orthogonal with each other, that the cross correlation between the two subcarriers is
zero, and that the cross-correlation between a sub-carrier and its delayed version is
Zero.

Thus, the normalized PSD of the combined E5 service is computed as:

Ges(F) = 5 (60t (1) + Gfsars () + Gfsamg () + g (1) +
Glsp1 () + Gisp_ () + Gisp—o(f) + Ggst;—@(f) + (A4)
GEsa—1(F) + Ghsa-1(f) + GEsa-o(F) + GEsao(F) +
Gesp—1 (f) + GEﬁSb—I N+ Ggsb—Q N+ Gll-735b—Q (f))

where the superscript S refers to the sub-carrier function for the single components

and the superscript P refers to the sub-carrier function for the product components;

the sign * " is used to indicate the delayed version (or quadrature component) of the
sub-carrier function.

Figure A—7 and Figure A—8 show the normalized PSD of the Galileo ESa-I and E5a-
Q single components transmitted by SVID 19 and their ideal smooth spectrum
(black dashed line). As a convention, data components with a continuous spectrum

are represented in purple, while line spectra are drawn in green.
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Figure A—7: PSD of Galileo E5a-I single component trasmitted by SVID 19.
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Figure A—8: PSD of Galileo ESa-Q single component trasmitted by SVID 19.
In the same way, Figure A—9 and Figure A—10 show the normalized PSD of the
Galileo E5b-I and E5b-Q single components transmitted by SVID 19 and their ideal

smooth spectrum (black dashed line).
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Figure A-9: PSD of Galileo E5b-I single component trasmitted by SVID 19.
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Figure A-10: PSD of Galileo ESb-Q single component trasmitted by SVID 19.
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Figure A-11: PSD of Galileo E5Sa product components trasmitted by SVID 19.
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Figure A-11 and Figure A—12 represent the 8 product components generated by

multiplying the primary and secondary code sequences as reported in Table A-2.
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Figure A-12: PSD of Galileo E5Sb product components trasmitted by SVID 19.

Finally, the Galileo E5 signal resulting from the sum of the 16 components is

represented in Figure A—13.
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Figure A-13: PSD of Galileo ES trasmitted by SVID 19.
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B. Galileo Signals Distortions

The content of Appendix A is partly based on the author’s work in [52].

With the advent of Galileo, Satellite Based Augmentation Systems (SBAS) such as
EGNOS will rely also on the new signals to provide higher position accuracy and
integrity of service.

SBAS users need to be protected against potential signal distortions causing
‘unideal’ correlation peak shapes that introduce biases into the position solution.
Although differential corrections transmitted by the SBAS service, users generally
do not have identical receiver characteristics as the reference receiver of the
monitoring network. Therefore differential corrections cannot completely remove
errors for all users and signal deformations limit user ranging accuracy.

Waveform distortions may result from imperfections in the signal generation chain
and in particular in the clock unit, transmission filters, and antenna characteristics.
Depending on the specific payload design, imperfections of the reference timing
may cause variations in the chip widths of the spreading codes (digital distortion).
Filtering effects may also introduce analog distortions onto the transmitted codes
and signal modulation. In the literature some authors identify as sources of
waveform imperfections also multipath effects and receiver front-end characteristics.
These aspects are here not included in the definition of signal distortions even if they
do cause ranging errors. Both propagation effects and receiver components
behaviour are specific either of the user location or of the user equipment, and
therefore they are considered limitations of the measurement means.

There is a fine line between nominal and non-nominal signal distortions. From a
logical point of view, nominal distortions can be defined as ‘natural’ imperfections
of the signal resulting from unideal payload elements that still behave within the
design specifications; on the other hand, non-nominal distortions are caused by a
failure of one or more payload elements resulting in a user ranging error far above
mission requirements. From a user perspective however this distinction is not so
clear. It is up to the SBAS systems to characterise the augmented navigation signals
in order to discriminate between nominal and non-nominal distortions and to

promptly alert the users.
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For this purpose, SBAS systems implement the so-called Signal Quality Monitoring
(SQM) algorithms which are capable of recognizing distorted navigation signals and
thus discarding the corrupted information. The advent of new GNSS signals
introduces the necessity to perform a new characterisation for nominal/non-nominal
signal distortions and to extend already accepted failure models to the new
modulations techniques.

Several models have been proposed to describe payload imperfections and non-ideal
effects affecting a radio navigation signal, so as to recognize and discard the
corrupted information. Appendix A investigates the concept of nominal and non-
nominal signal distortions for Galileo signals. This topic is complex and quite
controversial. Substantial literature is available on the subject but no common
understanding has been reached up to now in the navigation community. Galileo
system provider is still investigating the nature, effects, modelling, and detectability

of such distortions. The content of this Appendix reflects only the author’s view.

B.1 Nominal Signal Distortions

Nominal distortions are defined as imperfections of the navigation signal resulting
from unideal payload elements behaviour. A performance indicator commonly used
for measuring nominal signal distortions is represented by the S-Curve Bias (SCB).
The expression below defines the SCB as:

SCB = seimax CD(6) ~s min CD(5) (B1)

€[0,6maxl €[0,6max]
where the parameter § is the early-late spacing of the code tracking loop defined in
the range [0, 8,qx]; the Code Delay (CD) is a function of the correlator spacing and

is equal to the zero-crossing point of any unbiased DLL discriminator:

CD(8) = arg min|SC(g, 6)| (B.2)
&

For a non-coherent DLL discriminator, the S-Curve (SC) is computed as:

SC(e,8) = |CCF (e —g) 2— |CCF (g +g) ’ (B.3)

being CCF the Cross-Correlation Function between the received signal and the local
replica as defined by Eq. (2.33).

The ideal case is represented by an SCB equal to zero. However filtering effects and
amplifier non-linearities may cause significant distortions of the SCB.

A measure of filter imperfections is represented by the Differential Group Delay

(DGD) characteristics. In general the DGD is associated to the ranging function of
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the navigation signal: for the ranging to be as accurate as possible, both GNSS
system providers and user receiver manufacturers need to ensure an in-band Group
Delay (GD) as flat as possible. For this purpose, GNSS satellites and SBAS
navigation payloads are tested at different manufacturing stages to ensure that the
resulting group delay characteristics satisfy a certain specification mask. Figure B—1
provides an example of test results for group delay in-orbit measurements.
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Figure B—1: Example of E1 Group Delay In-Orbit Test Measurements.

Also on the receiver side, group delay variations and asymmetries are typically
introduced by user antennas and front-end filters whose behaviour fluctuate with
environmental conditions.

In order to protect aviation users from undesired range biases, the approach followed
by the standardisation community in MOPS DO-229D [17] is to constrain the
equipment contribution to the correlation distortions through a maximum DGD. This
value changes according to the different services and user receiver types.. The DGD

definition from [17] is reported in Figure B-2.

The equipment differential group delay in seconds is defined as:

L [dlo()] _ dlo(f,)]
360 | df df

| where:

f) and f; are any frequencies within the 3 dB bandwidth of the pre-correlation
filter.

@(f) is the combined phase response of the equipment in degrees (excluding the
antenna).

fis the frequency in Hz.
Figure B-2: Extract from MOPS DO-229D [17].

The approach adopted in MOPS DO-229D [17] shows some criticalities that raise
concerns in the standardisation community currently in the process of defining

future Dual-Frequency Multi-Constellation (DFMC) MOPS.
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First, there is only one maximum DGD value for each transfer function but there are
infinite filter realisations with the same maximum DGD. Each of these filter
realisations has a different impact on the correlation shape: the distortion caused can
be none as well as severe, resulting in a ranging bias of several meters. This means
that limiting the maximum DGD does not constrain the correlation distortions with a
one-to-one relationship. As a result, starting from a maximum DGD value (e.g. 150
ns) and few other filter requirements (e.g. bandwidth, minimum attenuation per
octave) it is not possible to define the ‘worst-case’ filter, i.e. the filter resulting in the
worst correlation distortions.

Additionally, non-linear effects do not sum up linearly. Thus distortions introduced
by the equipment DGD cannot be separated in principle from signal distortions
characterising the SIS. In other words, the correlation distortions need to be
constrained considering the complete chain from generation to reception and the
worst correlation distortions result from a combination of the SIS and the equipment

characteristics.

20 - b

-40 1

Magnitude [dB]

80 1 1 1 I 1
-312Bg -Bg -Bg/2 0 Bg/2 Bg 312 By

Frequency [MHz]

Group Delay [ns]

-3/2 By By -Bg/2 0 Br/2 Bg 3/2Bg
Frequency [MHz]

Figure B-3: Illustration of the Stanford Filter Model.
To overcome the issue of the definition of a worst-case filter, a theoretical model for

the filter transfer function has been proposed by the Stanford community with the

following constraints:

e the nominal filter group delay profile should be of a ‘typical’ type (e.g.,
resonator or SAW) that, in general, magnifies the errors from signal

distortion faults;
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e the filter model should not create additional fault modes in and of itself. In

other words, the filter is assumed to behave nominally.

The Stanford filter model is illustrated in Figure B-3 for a generic bilateral receiver

bandwidth Bp.

In the context of defining future DFMC MOPS specifications, several studies have
been carried out concerning the characterisation of nominal signal distortions for
GPS and Galileo new signals ([47], [48]).

Focussing on the Galileo system and on the signals that will be supported by
EGNOS evolution (V3), nominal signal distortion analyses are based on the
computation of user bias maps that provide an upper bound of ranging errors
obtained by users with different receiver parameters than for the ground reference
receivers.

The bias maps are calculated using the code delay expression in Eq. (B.2) and

depend on a set of key parameters:

e receiver front-end bandwidth
e receiver front-end characteristics (magnitude, group delay)
e DLL discriminator type

e correlation spacing

The computation of worst-case user bias maps for Galileo satellites starts from
recorded I/Q-sample-files measured via high gain antenna in EI/L1 and E5/L5
frequency-bands. It is assumed that the measurement system is very well calibrated
and that continuous signal recordings over satellite passes are available for post-

processing. For each sample-file the methodology described below can be adopted:

e For each receiver bandwidth, the selected receiver filter is applied to the
sample-file.

e The filtered sample-file is processed with the selected DLL discriminator
providing the code delay.

e The obtained CD values are normalised by subtracting the reference receiver
CD values.

e The user bias map represents the worst-case CD value over time for each

combination of receiver bandwidth and correlator spacing.
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Note that the methodology described implies a very high computation load but the

efficiency can be increased by inverting some of the implementation steps.

Finally, as only the differential biases between different satellites are relevant for
positioning errors, the average user biases over all satellites and time can be further
subtracted for each value set of user receiver parameters in an additional optional
step. This subtraction has the very important advantage that the results become
independent from the absolute measurement system calibration accuracy. However

this makes only sense if sufficient representative satellites and measurements are

available.

Figure B—4 provides an example of user bias map for Galileo E1-C component over

the user space (correlator spacing, receiver bandwidth).
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Figure B—4: Example of User Bias Map Computation from [47].

The current proposal for the user space is summarised in Table B-5.

Table B-1: Proposed User Space for future DFMC MOPS.

Receiver Correlator Spacing
Bandwidth [MHz] | [chip]

GPS L1-C/A, 12,24 0.08,0.12

Galileo E1-OS

GPS L5, 12,24 0.9, 1.1

Galileo ESa

Additionally the following assumptions are under consideration:

e Group Delay for both L1/E1 and L5/E5a less than 150 ns (including

antenna);

e DLL discriminator: only early minus late (E-L)
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By taking into account the assumptions above, the maximum impact of nominal
signal distortions onto GPS and Galileo signals is expected not to exceed 15 cm. The
assessment is based on Stanford approach to define arbitrarily a worst-case filter.
However this does not prevent a receiver manufacturer to design a receiver with
transfer function characteristics respecting the maximum DGD value and resulting in
correlation distortions worse than those obtained with the Stanford worst-case filter.

A revised requirement on the Differential Group Delay seems to be needed for

future DFMC MOPS.

B.2 Non-nominal Signal Distortions

The ICAO 2nd-Order Step (20S) threat model defines a class of signal deformations
that represent potential integrity threat to GPS-based aircraft landing systems. This
model, as introduced in [44] and [45], consists of three possible failure modes:
digital, analog, and combined. The names Threat Model A (TM-A), Threat Model B
(TM-B) and Threat Model C (TM-C) refer to each of the respective failure modes.
In particular the anomalous waveform, or Evil WaveForm (EWF), results from the
combination of second-order ringing (analog failure mode) and lead/lag of the
pseudorandom noise code (PRN) chips (digital failure mode). The effect of such
deformations is described in the time domain and consists of dead zones, distortions,
and false peaks on the receiver correlation shape.

Always according to this model, the digital and analog distortions are defined by
means of three parameters: the lead/lag for the digital distortion; the damped natural
frequency and the damping factor for the analog one. Bounds for the three
parameters are also provided (Table B-2). Note that T, is the chip period for GPS

L1-C/A signal,i.e. T, = 1/(1.023 MHz).
Table B-2: ICAO Threat Model Parameters Space.

GPS L1-C/A Parameters
Threat Model
A[s] fa [MH7] 64 [MNep/s]
TM-A —-0.12T,, 0.12T, | - -
TM-B - 4,17 0.8,8.8
T™-C -0.12T.,0.12T, | 7.3,13 0.8,8.8

An illustration of the digital and analog distortions is provided respectively in Figure

B-5 and Figure B—6.
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Figure B-5: Illustration of TM-A as defined for GPS L1-C/A signal.

Although this model has been adopted by ICAO as the standard threat scenario for
GPS L1-C/A signal, there is still no agreement for new signals such as GPS
L5/Galileo E5a and GPS L1/Galileo El. In this context, some assumptions are made
in B.2.1 in order to extend the ICAO model to the signal modulations described in

B.2.1.
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Figure B-6: Illustration of TM-B as defined for GPS L1-C/A signal.
B.2.1 Threat Model Formulation

Unlike for the GPS constellation, Galileo satellites are relatively recent and no signal
anomalies have been recorded up to now. For this reason, it is quite difficult to
predict how potential payload failures could affect the navigation signal shape and
even more to tell how the distortions could be modelled. It is no surprise that the
Galileo system provider struggles in taking an official position on this matter in front
of the aviation community that pushes to have realistic assumptions for the EGNOS
V3 standardisation process.

A lot of effort has been done by the scientific community to extend the ICAO threat
model to the new modulations, but the payload architecture of Galileo satellites is in
general different from the GPS one(s). This information, that is not in the public
domain, would certainly help formulating the assumption at the basis of the threat
model. Still, even with that knowledge, there is no guarantee that signal distortions
will be as predicted.

The main assumption taken here is to consider that the NSGU generates a code
sequence already spread by the sub-carrier, thus both the digital and analog failures
affect directly the sub-chip generation. A similar approach is adopted in [45], where
the digital deformation is assumed to occur on the squared wave generator. Starting
from the hypothesis to consider the sub-chip autocorrelation peak instead of the chip
autocorrelation peak, some modifications have to be done to the mathematical

description of the EWF threat model.
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First, a particular representation of the navigation signals needs to be introduced
before the derivation of the threat model expressions. As described in Section 2.1,
each navigation component can be written as the product of symbols (or chips) times
a sequence of pulses. The pulse shape or waveform can be in general a rectangle, a
Square Root Raised Cosine, a Gaussian shape, or any number of equal-length
deterministic segments. The name Multilevel Coded Symbol (MCS) is used to
designate a generic symbol which can adopt in principle any value or shape. The

expression for the chip waveform is given by:

Nsyp—1

. T, B.4
pchtp(t) — z aipsub (t —i 4 ) ( )
Nsub

i=0
where Ng,; is the number of equal-length segments, or sub-chips, within one chip,
{a;} is the deterministic sequence of sub-chip amplitudes and pS*?(t) is a function
representing the sub-chip shape.

Assume that s(t) is the received DSSS signal as it is defined in base-band. It is

possible to represent s(t) as a MSC sequence:

+o00

SO = ) cp™P(t—nT)

n=-—oo

(B.5)

being {c,} the amplitude of the PRN code sequence and p™P(t) the chip shape
defined in Eq. (B.4). Under the hypothesis ideal PRN codes, the power spectral
density (PSD) of s(t) simplifies to G;(f) = |S(f)|/T,, which can be written as (see
[40] for the derivation):

2

. fT, Su.
sin? <Nj:u§) noub _2mjfiT, (B.6)
GO = | 2, e
c(nf i=1

Being the sub-chip function pS“?(t) a rectangular shape. From this formulation it is
possible to identify a first term corresponding to the PSD of a Binary Phase Shift
Keying (BPSK) with chip rate N5¥? - £., being f. = 1/T,, and a second term which
represents the modulation:

Gs(f) = G (F)G(f) (B.7)

Starting from the navigation signal formulation in Eq. (B.7), the expressions of the

threat model A, B and C are derived in the following.

TM-A
The digital failure mode is described as a variation in the timing of the individual

PRN chip transition with respect to ideal. This error is modelled as an advance or
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delay (A) of the falling edge of the code chip and is assumed to be introduced in the
generation of the digital sequence. As demonstrated in [45], the correlation function

for the distorted signal at the receiver can be written as:

RIM=A(t) = 5(t) * s(t) = Ras(t) + Ry () (B.8)
being:
§(t) =s(t) +d(t) (B.9)

the distorted signal, resulting from the sum of the ideal signal s(t), defined in Eq.
(B.5), and the deformation d(t).

Taking into account of the aforementioned payload generation scheme, the lead/lag
applies directly to the sub-chip generation. Since the ICAO model is described in
terms of correlation functions, the signal PSD formulation given in Eq. (B.7) is

written in the time domain as:

Ri(t) = R () = RI(2) (310
Applying now Eq. (B.8) to R$*?(t) in Eq. (B.10), a new expression for the distorted
correlation peak is obtained:

RINA() = [RE(6) + R3()] » RIU(E) = [RE™(2) » RII(D)] + R, (1) 10

This formulation applies to all the signal modulations described in Section B.2.2.
Figure B—7 shows the correlation peak and the PSD of a distorted BOC(1,1) signal,
obtained by applying Eq. (B.11).
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Figure B—7: Illustration of TM-A for a BOC,(1,1) signal.
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TM-B

The analog failure mode is described as an amplitude modulation or ringing that
occurs at every PRN chip transition independently of a digital failure. This error is
modelled as a second order system with a pair of complex conjugate poles at
(w, + jwnm, being w,, the undamped natural frequency and { the damping

ratio. The impulse response of this system is described as:

0 0

Jl__(ze‘(“"tsin(a)d t) t=0

where w; = wy+/1 — {2 is the damping natural frequency and the damping factor is

04 = {w,. The classical formulation of the model is given by:

TM—B 1\ _ (B.13)
Rss 77 (8) = h(t) * R (©)
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Figure B-8: Illustration of TM-B for a BOC,(1,1) signal.

Again, taking into account that the deformation applies on the sub-chip generation,
Eq. (B.13) can be substituted in Eq. (B.10) giving:

RIM=B(t) = [h(t) * R$“P(£)] * RI4(t) = h(t) * Ry (£) (B.14)

It is evident that for TM-B nothing changes with respect to the formulation in [45].
Figure B-8 illustrates the effect of the analog distortion on the correlation peak a

BOC,(1,1) signal.
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TM-C

Threat Model C describes the EWF as the combination of the digital and analog
failure modes. As reported in Table B2, the parameters space for TM-C are slightly
different from the one characterizing TM-A and TM-B, thus it can’t be defined as
the direct combination of both of them. Keeping in mind the underlying hypothesis
that the deformation applies to the sub-chip autocorrelation peak, the combined
threat model can be described from a mathematical point of view as follows:
RIVC(6) = h(t) + [RG () + R ()] = RI“1(2) (B15)

B.2.2 Signals Description

All Galileo signals can be written according to Eq. (B.7), as a generalisation of Eq.
(B.6). Table B-3 gives the sub-chip and the modulation components characterizing

the PSDs for the Galileo signals generic formulation.

Table B-3: PSDs for GNSS Signal Modulations.

. Power Spectral Densities
Modulations 6 (f) Gmod(f)
1 2 T,
BPSK(n) sin (nfz )
Tc (f)
BOC,(p,q) N sub sin? ( wi Tg) et 2mfil,
N =2 NTE) s 42 ' (DN = Deos ()
P T = Now
Nsub
2nf(2i — 1T,
Nsub+2 Z( 1)1 ( f( ) >+
sub
BOC.(p,q) N sub Sin? (ngg)
Nsub =4p/q M_l
T 2
- 0D < (Nows N\ (2mf@DT,
) 20 (=)o (R
=1 sub
Gzoca,n ()
2 SiTlZ (nf C) mod
— _—2 GBOC(l 1)(f) =2 —2cos(nfT)
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Referring to Table B-3, first the general expression for the BPSK modulation is
given as a reference. The notation BPSK(#n) is used to indicate a BPSK modulation
with f. = nf,, being f, = 1.023 MHz the reference frequency, and f. the chip rate.
Then the expressions for Binary Offset Carrier (BOC) signals are given, as in [40],
under the assumption that the PRN sequence with chip rate f. = qf, is modulated by
a sub-carrier that is a squared sine/cosine waveform with frequency f; = pf,. The
formulation is also extended to the Multiplexed Binary Offset Carrier (MBOC), the
modulation introduced in 2007 for the GPS/Galileo interoperable signal [18]. Since
it is a composed signal, the total spectrum is expressed as:

10 1 (B.16)
GMBOC(6,1,1/11) (f) = HG%IE(LQ (f) ' ngocd(Ln(f) + 0532(6,1) ' (f)Ggf)og(e,n

A similar approach is used for the Alternate 1BSOC, AltBOC(p,q) modulated signals.
In particular p and q refers to the sub-carrier frequency and chip rate factors. With
reference to the AItBOC modulation description provided in [20] and Section A.3,
the expression of the constant envelope AItBOC spectrum under the hypothesis ideal
PRN codes is given by:

Gaesocm)(f) = %Gsub(f) [GIod(F) + GTU(f) + GEOU(f) + G ()] (B.17)

where the four modulation spectra refers respectively to the four components:
prompt or in-phase ‘single signal’ sub-carrier, delayed or quadrature ‘single signal’
sub-carrier, prompt or in-phase ‘product signal’ sub-carrier and delayed or
quadrature ‘product signal’ sub-carrier. The modulation spectra of the four

components are derived using the following sub-chip sequences:

Table B—4: AItBOC Sub-Chip Sequences.

Signal | Sub-Chip Sequences

@ | GZ+D) 1 1 (V2+1)
iJs 2 2 2 — 2
(als 1 (V2+1) (V2 +1) 1
iJS 2 2 2 2
. (V2-1) 1 _1 (vV2-1)
{a’l}P - T 2 2 T
1 1 (V2-1) (V2-1) 1
{a’l}P 2 - 2 — 2 2
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Note that each of these sequences is repeated 2 - p/q times (with sign inversion)

within one single chip.

B.2.3 Threat Model Parameters Space

As for the threat model formulation, the same difficulties apply for the definition of
the parameters space applicable to each of the modulations defined in Table B-3. In
particular, the Galileo signals of interest for this analysis are the Galileo E1 OS and
the Galileo E5a. These two signals in fact are in the baseline for the future EGNOS
V3 DFMC Service. In particular, the pilot components E1-C and E5a-Q are planned
to be monitored by SQM algorithms for EWF detection.
By definition an evil waveform occurs when the signal is distorted but tracking and
acquisition operations are still possible. This is the situation when the distortion is
‘evil’ as it causes an excessive ranging error and a faulty PVT. A severe deformation
of the correlation shape on the other hand would cause the user receiver tracking
loops to lose lock and the satellite pseudorange would be discarded from the PVT
solution. The assumption of considering the sub-chip autocorrelation peak instead of
the chip autocorrelation peak leads to the following observations:

o the lead/lag parameter describing the digital distortion should be ‘scaled’ to

the sub-chip duration and not anymore to the chip duration;
e a damping natural frequency lower than the sub-chip frequency or a very

high damping factor result in an excessive analog distortion.

Since no official threat bounds have been derived yet, for the simulations presented
in Section B.2.4 these considerations are taken into account.

Table B-5 provides the parameters space used for the generation of the simulation
results in Section B.2.4.

Table B-5: Assumption on Parameters Space for Galileo Signals.

Galileo E1 OS Parameters

Threat Model

A[s] fa [MH7] 64 [MNep/s]
TM-A -0.24 T5p,0.24 Toup | - -
TM-B - 4,23 2.8,8.8
T™-C -0.24 Toup, 0.24 T | 4,23 2.8,8.8

Galileo E5a Parameters

Threat Model

Als] fa [MHZ] 04 [MNep/s|
TM-A -0.25 7.,0.25 T, - -

193



Appendix B. Galileo Signals Distortions

Galileo E1 OS Parameters
Threat Model
Afs] fa [MHz] 04 [MNep/s|
TM-B - 4,23 8.8,18.8
T™-C -0.25 7,,0.25 T, 4,23 8.8,18.8

It has to be underlined that a particular case is represented by the Galileo E1 OS
modulation whose composed spectrum is characterized by two different sub-chip
lengths (see [8]). Since the threat model here illustrated is purely theoretical, various
are the possible assumptions on where the deformation is introduced in the signal
generation chain: the distortion in fact could occur before or after the summing up
the BOC(1,1) and BOC4(6,1) components. From a formulation point of view the
analog distortion is simulated simply by applying Eq. (B.11) to the two components
separately: this corresponds to the assumption that the failure occurs before. In any
case, as already said previously, remember that the advance or delay affecting the
falling edges of the digital sequence can’t be longer than the sub-chip duration itself.
Also for the TM-B it is reasonable to assume that the deformation can occur on the
two components independently or on both of them with the same characteristics. In
the last case remember that the principle of superimposition holds for LTI systems,
thus the distortion can be equally applied to the single components before summing

or directly to the composed signal.

B.2.4 Performance Analysis

In order to evaluate the impact of the EWF threat model here proposed on new
generation signals, the tracking error bias with respect to an ideal correlation peak is
analysed. No measurements noise or multipath delay is taken into account. The
tracking error is computed for two different correlators, Narrow Early-minus-Late
(E-L) and Double Delta (DD), and for various correlator spacing. The two different
discriminators are defined as:

6 é B.18
SCeule8) = REY (e =) — R (e +2) (5:18)

) é 1 .
SCon(e,8) = [REY (£ = 2) — REY (e 4 2)] = S [REM (e = 6) — RE¥ (e + 8)] (B:19)

where ¢ is the correlator spacing and Rszﬁ" is the filtered distorted correlation peak,
computed according to Eq. (B.11) and (B.14) for respectively TM-A and TM-B. The

selection of the correlators is done according to the current standard for aviation

receivers in MOPS DO-229D [17]. The same holds for the applied filtering that is
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modelled according to Stanford assumptions (Figure B-3). Regarding the range of
correlator spacing values and receiver bandwidth, the user space reported in Table
B-1 is taken as a reference.

In the following analysis of the Galileo signals user bias maps are computed for TM-
A and TM-B. As introduced in Section B.1, a user bias map represents the maximum
code delay suffered by the user receiver as a function of its filter bandwidth and
correlator spacing. First, the code delay is computed by applying Eq. (B.2) to the S-
curve expressions in (B.18) and (B.19); the worst-case value is then obtained by
normalising the code delay with respect to a reference receiver value. It is here
assumed for the reference receiver a filter bandwidth Bry of 24 MHz and correlator
spacing & of 0.1 chips. Being II the set of parameters identified for each threat

model, it is possible to express the maximum code delay or worst-case user bias as:

Bias(8, Brx) = max|CD"*" (8, Byx, I1) — CD"°/ (8, Brx, )| (B.20)
A TM-A

=1 faoq4 TM-B
A fy,04 TM-C

Galileo E1 OS

The first signal under analysis is the Galileo E1 OS. The latest standardization plan
foresees that future aviation receivers will process E1 signals by correlating with the
BOC(1,1) component and neglecting the BOC(6,1) component; further, of the two
E1-B and E1-C components, only the pilot would be subject to signal quality
monitoring. Figure B-9 shows the ideal and filtered S-curve bias for the Early-Late

and Double-Delta correlators.
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Figure B-9: Galileo E1 OS: Ideal and Filtered S-Curve for EL and DD correlators.

Note the ringing effect introduced by the filtering and bandwidth limitation. By
comparing the two S-curves, the DD correlator is expected to be less robust against
signal distortions than the EL. This is further confirmed by Figure B—10 that shows
the TM-A user bias maps for respectively the EL (left) and DD discriminators
(right).
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Figure B-10: Galileo E1 OS: TM-A User Bias Maps.
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Figure B-11: Galileo E1 OS: TM-B User Bias Maps.

The user bias maps for the TM-B distortion are provided in Figure B—11. Again the
EL discriminator proves to be more robust against distortions than the DD. It seems
reasonable that the DD discriminator is planned to be excluded from the future

DFMC MOPS.Note also that the analog distortions have a much higher impact than
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the digital ones. By comparing the maximum impact of nominal signal distortions
(15 cm) with the TM-A user bias map for the EL discriminator, it is clear that most
of the user space is below that threshold. Only the up-left portion (0.08 — 0.09 chips,
16 — 24 MHz) is above 15 cm. By further reducing the allowed user space, or by
slightly increasing the nominal distortions assumption, the TM-A could be excluded

from the signal quality threats or feared events.

Galileo ESa

The second signal under analysis is the Galileo E5a. This service is composed by
two components, E5Sa-1 and E5a-Q, that are multiplexed with other components to
form the Galileo E5S AItBOC(15,10) signal. The latest standardization plan foresees
that future aviation receivers will process ES5a components as a BPSK(10)
modulation and that only the pilot will be under signal quality monitoring. Figure B—

12 shows the ideal and filtered S-curve bias for the Early-Late and Double-Delta

correlators.
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Figure B—12: Galileo ESa: Ideal and Filtered S-Curve for EL and DD correlators.

Figure B-13 and Figure B—14 below provide the user bias maps for respectively the
TM-A and TM-B. The results for Galileo E5a confirm the worse performance of the
DD discriminator in presence of non-nominal signal distortions. On the other hand,
the EL user bias map for the TM-A scenario is below the nominal signal threshold of
15 cm. In other words, by keeping the current assumption on the TM-A parameters
space, analog distortions would be hidden by the Galileo E5a signal nominal

behaviour.
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Figure B—13: Galileo E5a: TM-A User Bias Maps.
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Figure B—14: Galileo ESa: TM-B User Bias Maps.
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