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Abstract

Currently, Advanced Receiver Autonomous Integrity Monitoring (ARAIM) only plans to
support air navigation up to LPV-200, mainly due to limitations imposed by the signal-in-
space (SIS) errors. This work proposes a novel approach where the Galileo High Accuracy
Service (HAS) is integrated within ARAIM, analyzing the potential benefits of using a
more precise continuity Signal-In-Space error model. First, a sensitivity analysis is per-
formed on ARAIM world-wide availability with respect to the main Integrity Support
Message (ISM) parameters and HAS corrections accuracy. Secondly, using precise prod-
ucts from the International GNSS Service (IGS) as a reference, orbit and clock errors of
broadcast and HAS-corrected ephemeris are characterized for GPS and Galileo constella-
tions, obtaining an independent analysis of the expected performance for HAS in terms

of ranging errors. From this analysis, a continuity error model is derived.

Finally, the proposed algorithm is tested with observation data from an experimental flight
campaign, using ionospheric-free dual-frequency dual-constellation observations. The po-
sitioning error is analyzed as well as the key performance indicators of ARAIM, such as
protection levels improvements. Results suggest that a reduction of vertical and horizontal

protection levels between 5 and 10 % can be expected.

Additionally, a reduction of unavailability for LPV-200 navigation requirements of more
than 50 % was found for the validation dataset. This indicates that the integration of
Galileo HAS with ARAIM could be able to deliver an enhancement of performance for

operations with strict requirements such as urban air mobility or civil aviation.

Keywords: GNSS, ARAIM, Galileo HAS, Signal-In-Space error, Air Navigation.
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Abstract in lingua italiana

Attualmente, I’Advanced Receiver Autonomous Integrity Monitoring (ARAIM) prevede
di supportare la navigazione aerea solo fino a LPV-200, principalmente a causa delle lim-
itazioni imposte per gli errori Signal-In-Space (SIS). Questo lavoro propone un approccio
innovativo che prevede l'integrazione del servizio di alta precisione (HAS) di Galileo in
ARAIM, al fine di analizzare i potenziali benefici derivanti dall’utilizzo di un modello di
continuita degli errori Signal-In-Space di maggiore precisione. In primo luogo, viene ese-
guita un’analisi di sensibilita sulla disponibilitd mondiale di ARAIM rispetto ai principali
parametri dell'Integrity Support Message (ISM) e all’accuratezza delle correzioni HAS. In
seguito, utilizzando come riferimento i prodotti precisi dell’International GNSS Service
(IGS), sono stati caratterizzati gli errori di orbita e di orologio delle effemeridi trasmesse
e corrette dall’HAS per le costellazioni GPS e Galileo, al fine di ottenere un’analisi in-
dipendente delle prestazioni previste per 'HAS in termini di errori di ranging. A partire

da tale analisi é stato ricavato un modello di continuita.

Infine, I’algoritmo proposto ¢ stato testato con i dati di osservazione di una campagna di
volo sperimentale, utilizzando osservazioni Iono-Free a doppia frequenza e doppia costel-
lazione. Vengono analizzati l’errore di posizionamento e gli indicatori di prestazione chiave
di ARAIM, come i miglioramenti dei livelli di protezione. I risultati suggeriscono che ci
si pud aspettare una riduzione dei livelli di protezione verticale e orizzontale compresa
tra il 5 e il 10%. Inoltre, per il set di dati di convalida ¢ stata riscontrata una riduzione
dell’indisponibilita per i requisiti di navigazione LPV-200 di oltre il 50%. Cio indica che
I'integrazione di Galileo HAS con ARAIM potrebbe migliorare le prestazioni per oper-

azioni con requisiti rigorosi, come la mobilita aerea urbana o I'aviazione civile.

Parole chiave: GNSS, ARAIM, Galileo HAS, errore Signal-In-Space, Navigazione Aerea
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]_ | Introduction

1.1. Background

Global Navigation Satellite Systems (GNSS) have been used for air navigation for decades.
In particular, the US Global Positioning System (GPS) has been used in commercial

aviation since the 1990s, complementing radio navigation systems on the ground.

With the development of new GNSS constellations such as the European Galileo, as
well as the improvement of GPS, there has been an enhancement on the performance of
GNSS-based systems.

In particular, there is a special interest on the ability of GNSS systems to support civil
aviation navigation requirements for global users that would reduce the need of ground

infrastructures such as Instrumental Landing Systems (ILS) [1].

The main challenge that GNSS systems have to face is to assure the integrity of the po-
sitioning solutions in order to support safety critical operations in accordance to current
operational requirements provided by entities such as the International Civil Aviation Ad-
ministration (ICAO). In this context, several augmentation systems have been developed
that enhance baseline GNSS performance to support such operations. An example of
these systems are the Space Based Augmentation System (SBAS), Ground Based Aug-
mentation System (GBAS) and Aircraft Based Augmentation System (ABAS).

While SBAS and GBAS both require additional infrastructure either on the ground or
in space, ABAS is fully handled by the user by either including additional measurements
(barometric, intertial, etc...) or the use of redundant GNSS information. Among ABAS,
Receiver Autonomous Integrity Monitoring (RAIM) is widely used in aviation. This
system is able to detect potential faults in the pseudorange measurements performed by
users in order to guarantee the integrity of the positioning solution. Currently, RAIM is

only used for lateral guidance [2].

In order to support vertical precision navigation, the Advanced RAIM (ARAIM) con-
cept is currently being developed by the Working Group C of the EU-US cooperation of
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Satellite Navigation [3]. This new system proposes a set of improvements to the legacy
RAIM algorithm in order to support operations requiring vertical precision guidance. In
particular, these include the use of dual-frequency dual-constellation measurements, as

well as information from an Integrity Support Message (ISM).

On the other hand, Galileo High Accuracy Service (HAS) recently entered into service
on 2023 [4], offering live code biases and orbit and satellite clock bias corrections glob-
ally, which aims to reduce the signal-in-space errors of the open service (OS) broadcast

navigation messages for GPS and Galileo users.

Beyond its performance enhancements, Galileo HAS stands out due to its open and free ac-
cessibility. This commitment to open access encourages the development of a wider range
of applications across various sectors such as aviation. Moreover, the dual-frequency na-
ture of the HAS signals enables robust performance even in challenging environments and
its interoperability between global navigation satellite systems (GPS + Galileo) provides

more resilient and accurate positioning solutions worldwide.

1.2. Motivation and problem statement

ARAIM currently plans to support operations up to Localizer Performance for Vertical
Guidance (LPV) 200 [3], mainly due to limitations imposed by the Signal-In-Space error
of Galileo and GPS broadcast ephemeris and satellite clock corrections. In this context, it
is interesting to explore whether Galileo High Accuracy Service could be integrated within
the current baseline algorithm for ARAIM in order to improve the system performance,
potentially enhancing current performance and enabling operations under more strict

navigation requirements.
As a consequence, the following research questions arise
1. Is it possible to integrate Galileo HAS into the baseline ARAIM algorithm?

2. What are the potential improvements provided by this novel approach?

1.3. Objectives

In order to answer the research question proposed in Section 1.2, the following objectives

are set for this work:

e Develop a modified ARAIM algorithm that integrates Galileo HAS corrections into

the positioning solution.
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e Investigate the potential performance improvements of the proposed system based
on simulations of ARAIM with different continuity and integrity performances of

the system.

e Perform an independent analysis of the performance of Galileo HAS in terms of

orbit and satellite clock errors.

e Test the performance of the proposed algorithm in a real scenario using data col-

lected from a experimental flight campaign.

1.4. Thesis outline

The thesis is organized as follows. Chapter 2 lays the fundamentals on GNSS navigation,
error sources and the computation of a navigation solution. Chapter 3 offers an overview
of current navigation requirements in the context of civil aviation, as well as a general
description of ARAIM and its baseline algorithm. Chapter 4 provides a general description
of Galileo High Accuracy Service, with special focus on its implementation from the point

of view of the user and its expected performance.

Chapter 5 defines the proposed integration of Galileo HAS into ARAIM, with a description
of the modified algorithm and its implementation. On Chapter 6 a sensibility analysis is
performed based on ARAIM simulations, that provide information on the dependencies
of the main performance indicators of ARAIM with the continuity and integrity error

models that characterize GPS and Galileo constellations.

An assessment of the performance of Galileo and GPS open services (OSs) and HAS
for 337 days of data is developed in Chapter 7. This aims to provide an independent
characterization of the signal-in-space errors for both constellations, quantifying the per-
formance of each spacecraft separately and estimating the parameters that characterize

the updated continuity error model for Galileo HAS.

Finally, Chapter 8 provides a real scenario application of the proposed algorithm using
observations obtained during a flight test. The results are compared against the base-
line ARAIM solution in order to quantify the enhancements delivered and the potential

viability of its future implementation.
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2 ‘ GNSS Navigation

Fundamentals

2.1. General GNSS concepts

Global Navigation Satellite Systems (GNSS) provide positioning, navigation and timing
capabilities (PNT) to its users with worldwide coverage. Since their establishment, GNSS
have proven to be a strategic asset, as they have become essential across multiple sectors

such as transportation, agriculture, defense, telecommunications, finances, etc. [5]

Currently, 4 different GNSS constellations are active including Galileo, GPS, Glonass and
BeiDou. In spite of their particularities, all GNSS share certain characteristics in terms
of system architecture and principle of operation. In this section, a general description of

such characteristics is given.

2.1.1. High level GNSS architecture

At a system level, current Global Navigation Satellite Systems consist of three main

elements: [6]

1. Space segment: It is composed of a constellation of satellites. Depending on the
system, these are located on different orbital regimes: Medium Earth Orbit (MEO),
Inclined Geo-Synchronous Orbit (IGSO) or Geostationary Orbit (GEO).

Each satellite is associated with a certain orbital plane and slot inside the constel-
lation. Satellites are the responsible for disseminating the navigation signal across
different frequencies. This signal contains information about the satellite’s position
and time. The time is kept by onboard high precision atomic clocks, which are

simultaneously monitored by the ground segment.

2. Ground Segment: It is the responsible for the operation of the system. The
ground segment covers tasks ranging from mission control, constellation mainte-

nance and navigation system control. It also generates the navigation messages and
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monitors the health status of the satellites composing the constellation.

3. User segment: It is composed by the receivers that, based on the broadcast signals,

compute Position, Navigation and Timing (PNT) solutions for a specific purpose.

Currently, four GNSS constellations are operational, whose characteristics are summarized
on table 2.1.

Galileo GPS GLONASS BeiDou
Nominal #SV 30 (MEO) 24 (MEO) 24 (MEO) 27 (MEO), 5 (GEO), 3 (IGSO)
Origin Europe USA Russia China

Table 2.1: Summary of current operational Global Navigation Satellite Systems. [6]

2.1.2. Principle of operation

GNSS are based on the principle of trilateration for estimating the position of the user.
They exploit ranging measurements with respect to a set of space vehicles (SVs) from one

or more constellations, based on the Time of Arrival (ToA). [6]

In particular, GNSS signals are transmitted by the Spacecraft Vehicles (SVs) using specific
carrier frequencies in the range of 1.1 to 1.6 GHz. The use of these frequencies minimizes
atmospheric attenuation under regular weather conditions [6]. Additionally, the carrier is
modulated with specific pseudorandom noise (PRN). This signal consists of a pseudoran-
dom binary sequence of 1s and 0Os that is repeated with a specific period. The objective

of this modulation is two-fold:

1. Tt allows the receiver to uniquely identify each SV by storing local copies of the

PRN associated to each one.

2. Tt is possible to compute an estimate of the travel time of the signal by means of

the cross-correlation between the received signal and the locally-stored PRN.

2.1.3. Basic GNSS observables

Three main types of measurements can be obtained from GNSS signals that allow for the

computation of the navigation solution

e Pseudorange: Asindicated on Figure 2.1, the time delay At can be extracted from
the received signal, exploiting the properties of the PRNs used in the carrier signal

modulation. In particular, PRN codes are designed to be as orthogonal to each
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Figur

time.
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e 2.1: Schematic representation of the use of PRN code for estimating the travel

other as possible. As a consequence, a correlation peak is only found if a copy of the
PRN code associated to the emitting SV is used with a delay equal to At. When
multiplying this results by the speed of light, an "apparent" range (or pseudorange)
is obtained p = cAt.

This value contains the actual distance between the SV and the user, as well as
other terms related with atmospheric delays, time system offsets, clock biases, in-
strumental and relativistic effects and multipath. The user should compensate for
these effect to obtain an estimate of the actual range to the transmitting SV, in

order to obtain an accurate positioning solution.

Carrier Phase: It is possible to obtain measurements of the apparent distance
between the user and the SV by tracking the phase of the carrier signal. Carrier
phase measurements are about two order of magnitude more precise than pseudor-
ange. However, they suffer from ambiguity. In general, they are ambiguous by an
integer number of wavelengths (NA, A ~ 20cm). Cycle slip occurs when there are
unaccounted cycles without loss of track of a SV. Moreover, whenever the receiver

loses lock on a satellite, the ambiguity changes arbitrarily once lock is recovered. |7]

Doppler shift: By measuring the change in the receiving frequency, it is possible
to estimate the time derivative of the range (i.e. range rate). In order to receive the

GNSS signal, the receivers must properly estimate the Doppler shift. |7]
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2.2. GNSS error sources

Ideally, by knowing with perfect accuracy the position of 4 given satellites and their clock
bias with respect to a common time reference frame, it would be possible to compute the
exact position of the user. However, as it was discussed in the previous section, there
are a set of additional effects of different nature that modify the apparent range. For the
purpose of this work, the following code p and carrier phase ® measurement models are

used

p=L+c(6t =)+ T+ 1+ M,+ 6re + Ssagnac + Koy + Kby + ¢, (2.1)

®=L+c(0t—6t"Y)+T — I+ Mg+ 6ret + Ssagnac + Kpx — Kgy + €a (2.2)

where
e [ is the range between RX and SV.

e Ot, 6tV are the receiver and satellite clock biases.

T is the tropospheric delay.

I is the ionospheric delay.

e )M represents the effect of multipath.

0r¢; Tepresents the relativistic clock effect.

Kgrx, Kgy are the user and satellite instrumental delays.

e ¢ represents the receiver’s noise, as well as the rest of unmodeled errors including

solid tides, ocean loading, shapiro effect, etc.

Some of the aforementioned unmodeled errors are included only on Precise Point Position-
ing (PPP) algorithms, where centimeter-level accuracy is required in the position domain.

In the following, a brief description is given regarding each of the terms.

SV and receiver clock biases

In general, the pseudorange p; between the user and the i-th SV is estimated as

pi =ty —7Y) (2.3)
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where ¢ = 299792458 m /s is the speed of light in vacuum, t£¥ is the time of arrival of the
signal to the receiver according to the receiver clock, and #7V is the time of transmission

according to the SV’s atomic clock. This expression can be written as
pi = c(ty —t1) + c(6t — 5t°Y) (2.4)

t2ST - tigT tSV

where represents the actual travel time for the signal, and 0t — §t°" represents

the difference on time biases with respect to a common Time Reference System (e.g.
Galileo System Time, GPS System Time, etc.) of the receiver and satellite clocks. 5tV
is generally monitored by the Control Segment, and clock corrections are periodically
disseminated that allows the user to correct for the specific bias of each satellite. On the
other hand, dt is a priori unknown. As a consequence, it is estimated together with the
user position when computing the navigation solution. This means that users working
with a single constellation require at least 4 satellites in view to obtain a PNT solution

(3 position unknowns plus the receivers’ clock bias).

Tropospheric delay

The troposphere is a non-dispersive media for typical GNSS signals. As a consequence,
its effect on the propagation delay is not frequency dependent. In general, this effect
depends on temperature, pressure and humidity along the travel path of the signal. It

can be modeled as the integral of the refractivity N, along the path [6]

T=10"° / Nt ds (2.5)

where the refractivity is defined as a function of air’s refractive index n
N =10%n —1). (2.6)

In general, refractivity is composed by a dry (i.e. due to dry gases) and wet (i.e. due to
water vapor) components. The former is characterized by a more predictable behavior and
errors of up to 2.5 meters in the zenithal direction. On the other hand, the wet component
is much more complex to model and unpredictable. However, the error associated is in

the order of a few decimeters.
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Ionospheric delay

Ionospheric delay is a frequency-dependent delay caused by the electron content of the

ionosphere. In particular, the total delay can be approximated as
81
=35 / N(s) ds (2.7)

where f is the carrier frequency, and N is the electron content (e~ /m?) along the propa-

gation path. Without any corrections, it can take values of up to 5 meters [6].

As indicated by Eq. (2.7), this effect is frequency dependent. As a consequence, it is
possible to compensate for this delay by exploiting measurements from different carrier
frequencies. For instance, let pi, ps, @1, P be the code and phase measurements taken
from frequencies f; and f; of a GNSS constellation, respectively. Then, the ionospheric-

free combination of measurements for code and phase are given by

I 72

prr = p1— p2; 2.8

=i T (28)
72 72

Oy = (2.9)

o, — D,.
=1 2=
These combinations mitigate up to 99% of the ionospheric error present on the original
measurements. However, the noise level is magnified due to the combination of both
signals and the frequency-dependent proportional factors. For mitigating this issue, a
Hatch Filter [8] can be used, that smooths code measurements exploiting the information

provided by the carrier phase.

Multipath

Multipath error is caused by the arrival of the very same signal to the receiver’s an-
tenna by following different paths. It is mainly caused due to reflections on structures
in the neighborhood of the receiver. In general, multipath affects both phase and code

measurements.

This effect has a high dependency on the satellite elevation. Additionally, it is gener-
ally complex to model, specially in applications such as railway positioning and urban

navigation where it is common to have nearby structures producing multipath.

Many solutions have been proposed for dealing with multipath, such as map-based models
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for railway applications [9] and the use of convolutional neural networks for multipath
detection [10].

Relativistic clock correction

Due to the effect of gravitational potential and relative speed (general and special rela-
tivity, respectively), two identical clocks would measure a different rate of advance when
one of them is placed in orbit around Earth while the other stays on land. This difference

generates two effects

e A constant component that is compensated by an adjustment of the real SV’s clock

oscillating frequency.

e A periodic component due to orbital eccentricity. This correction must be accounted

for by the user as
(I.sat)T Vsat
2 )

Sret = —2 (2.10)

C

sat

where r** and v** are the SV’s position and velocity in an inertial system.

Instrumental delays and receiver noise

Instrumental delays are introduced by the processing that takes place on the satellite and
user sides. For the dual-frequency ionospheric free combination of codes, SV’s instrumen-
tal delays are cancelled out. For single-frequency users, appropiate correction terms are
broadcasted in the navigation message (Time Group Delay - TGD for GPS, and Broadcast
Group Delays - BGD for Galileo) [11]. On the other hand, receiver instrumental delays
are generally absorbed by the receiver clock bias obtained from the navigation solution
(as it is common to all measurements). Finally, receiver noise can be modeled as a white

Gaussian noise, that can be smoothed by means of a low pass filter.

2.3. Single Point Positioning Navigation Solution

In order to estimate the navigation solution at a given epoch based on a set of measure-
ments obtained at that very same epoch, a Single Point Positioning (SPP) algorithm can
be implemented. SPP relies on the instantaneous measurements retrieved by the receiver,

without using any previous information about the state of the user.

The use of a receiver capable of obtaining measurements from two (or, more) constella-
tions greatly improves the number of measurements available at any given epoch, generally

improving the geometry. Additionally, certain techniques, such as Advance Receiver Au-
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tonomous Integrity Monitoring (ARAIM), rely on dual constellation measurements to

guarantee a better integrity performance.

By applying Eq. (2.8) to single frequency measurements, the ionospheric free pseudorange

measurement from satellite ¢ of constellation j are obtained

pl =LY 4 c(0t —btyy,) + T + M+ 6]

rel,i

te (2.11)

Let x be a vector of N; ionospheric free pseudorange measurements corresponding to

constellation j, ﬁf ,

15{ = ,O‘z - <_05t{9\/,i +T+1+ 57"6l) - Pg - Dzja (2-12)

which can be written as
ﬁ{ — p{ — Df ~ ((xu — Xsam‘)T(XU — :xsmg,,-))l/2 + cot? + 6{ i=1,...,N;. (2.13)

Where ez represents the receiver noise, as well as all other error sources affecting the
pseudorange measurement from SV ¢ of constellation j. This expression already includes
corrections for satellite clock bias cdtfv’i, relativistic effects 6Zel7i and tropospheric delay
i

S7j

the i-th satellite of constellation j referred to the Earth-Centered Earth-Fixed (ECEF)

frame of reference, respectively. The equation that relates the range measurements of

T. Let Xy = [Ty, Yu, 2a|" and x%; = [2] 5,945, 2 ;]" be the coordinates of the user and

each constellation j with Xil and x, is given by
pi=pi—Di~ (X =x,) (X =x2 )+ edti 4+ i=1,... N (2.14)

It is important to notice that, as there are two constellations, it is necessary to take into
account the clock bias of the receiver with respect to the system time reference associated
to each of them, dt! and §t2.

This constitutes a system of N; + Ny non-linear equations on the variables {z, yu, 2,
cdtl,cot?}. By linearizing the system around a point x¢ = [xg, ¥o, 20], characterized by
a distance to the i-th SV of constellation j, Lé’j , the system can be written as a linear

system of equations
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[z — ﬁ’l Yo — yf’l 20 — z;,l 1 0_
- - 1 1 1
p— Lyt Ly Ly Ly
: [ dx ]
P To—To1 Yo — YL 20— zed Lol 1d
N 0 N N N Yy
o 2 P dz | +e€, (2.15)
- 12 0 8,2 yO yS,Q 0 s,2 0 1 (5 1
p1 — Ly L2 L2 L cot
: . . . _c5t2_
- Ny.2
_P?VQ — Ly ] To — 55?% Yo — yﬁ% 20 — 2522 01
|1l [N Y22 |

which is an over-determined system for N > 5. The vector of receiver noise and unmod-
elled effects is normally assumed to have a certain mean and covariance matrix
p=Ele], R=F][e€. (2.16)
The error term € on Eq. (2.15) leads to an inconsistent system. An appropriate solution
strategy would be to compute a Weighted Least Squares (WLS) solution, as discussed on
Section 2.3. However, other approaches might be used. Once a solution is obtained, the

user position is estimated as

dx
Xu = Xo + | dy (2.17)
dz
The problem described by Eq. (2.15) can be written in compact form as
y = Gx +e¢, (2.18)

where G is generally known as the Geometry Matrix, as it only depends on the constel-
lation(s) geometry with respect to the user. Due to the error term €, Eq. (2.18) is an
inconsistent system. As a consequence, the problem reduces to finding x that minimizes
the discrepancy between the measurements and Gx (i.e. provides the "best fit" to the

measurements based on a given geometry G).

In particular, since in general not all satellites or constellations are affected by the same
error (due to geometry, characteristics, faults, etc.), its interesting to add a symmetric

semi-positive definite weighting matrix W that penalizes those measurements character-
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ized by larger errors.

Equation (2.18) transforms in a minimization problem on the variable X,

minly = yl[iy =min(y - y)' W(y -y) withy = Gx (2.19)

In the case where W = Iy, 1 n,, the problem would be reduced to

j=2 1=Nj
min|ly — ¥||* = min (v = )| (2.20)
y y |-
7j=1 =1
The solution of Eq. (2.19) is given by [11]
%= (GTWG) ' G"Wy. (2.21)

By using Eq. (2.18) and Eq. (2.21), an estimate on the error is obtained [11]
% —x=(GTWG) ' GTWe. (2.22)

Furthermore, assuming that € is characterized by a mean pu. = 0 and covariance R, the

mean p and covariance matrix P characterizing the solution are given by

p=Ex-x]=(G"WG)  G'Wg, =0,
P=FE [(fc —x) (x— x)T} = (G"WG) G"WRWG (G"WG) . (2:23)

If we assume uncorrelated errors with equal variance, R = ¢?I, P is reduced to

P =0 (G"WG). (2.24)

It can be proven that, by taking W = R™!, the best Linear Unbiased Minimum Variance
Estimator is obtained [12]. In general, the characterization of R is not trivial. As a

consequence, it is normally assumed that the errors are uncorrelated across satellites and

2
75

k=1...N;+ Ny. Each term represents the uncertainty associated to the different error

constellations, where R is a diagonal matrix whose diagonal elements are Ry, = o

sources affecting the range measurement from the i-th SV of constellation j.
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3 ‘ Navigation System
Requirements and ARAIM

fundamentals

When implementing GNSS-based navigation on safety-critical applications (i.e. Aircraft
and railway positioning, urban air mobility, etc...) it is necessary to fulfill a series of
navigation requirements in terms of accuracy, integrity, continuity and availability. For
this purpose, several augmentation systems exist that provide a certain performance level
according to its characteristics. These augmentation systems may rely on ground infras-
tructure, on space infrastructure or on additional logic on the receiver side. The latter is
particularly interesting as it does not require any additional equipment as it solely relies
on the information readily available for the user. The main example of this technique is
the so-called (Advanced) Receiver Autonomous Integrity Monitoring - (A)RAIM.

On this chapter, a formal definition of each requirement is provided in the context of safety
critical operations. Additionally, the ARAIM concept is defined, discussing its principle

of operation and implementation on dual-frequency dual-constellation GNSS receivers.

3.1. Navigation Requirements

A definition for each of the aforementioned requirements is provided by the Interna-
tional Civil Aviation Organization (ICAO) on its Standards and Recommended Practices
(SARPs) [13] and the 2008 US Federal Radionavigation Plan [14]:

o Integrity: A measure of the trust that can be placed in the correctness of the in-
formation supplied by the total system. Integrity includes the ability of a system to

provide timely and valid warnings to the user (alert).

e Continuity: The continuity of a system is the ability of the total system (compris-
ing all elements necessary to maintain aircraft position within the defined airspace)

to perform its function without interruption during the intended operation. More
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specifically, continuity is the probability that the specified system performance will
be maintained for the duration of a phase of operation, presuming that the system

was available at the beginning of that phase of operation.

e Availability: The availability of a navigation system is the percentage of time that
the services of the system are usable by the navigator. Availability is an indication
of the ability of the system to provide usable service within the specified coverage
area. Signal availability is the percentage of time that navigation signals transmitted
from external sources are available for use. It is a function of both the physical
characteristics of the environment and the technical capabilities of the transmitter

facilities.

e Accuracy: the accuracy of an estimated or measured position of a craft (vehicle,
aircraft, or vessel) at a given time is the degree of conformance of that position with
the true position of the craft at that time. Since accuracy is a statistical measure
of performance, a statement of navigation system accuracy is meaningless unless it

includes a statement of the uncertainty in position that applies.

e Time-to-alert: The maximum allowable time elapsed from the onset of the navi-

gation system being out of tolerance until the equipment enunciates the alert.

3.1.1. Integrity risk and protection level definition

Depending on the type of operation, a determined alert limit (horizontal, HAL; or vertical,
VAL) is provided with an associated integrity risk. The integrity risk (or probability of
hazardous misleading information, Py y,r) is defined as the probability that, at any given

instant, the positioning error along one dimension exceeds a certain alert limit [2]

where e is the error in a given dimension (horizontal, vertical) and AL is its associated alert
limit (HAL, VAL). Given a certain integrity budget (i.e. the required maximum Pppy),
the user computes a set of protection levels (PLs) along each dimension. In particular,
vertical and horizontal protection levels (VPL, HPL) define a cylinder centered at the
real user position. The probability for the estimated position to be outside the volume
defined by this cylinder is the associated integrity risk. Figure 3.1 shows a schematic

representation of the concepts of alert limits and protection levels.

By definition, the protection levels are only a function of satellite and user geometry as
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HAL

:IL
T
AK_/
VAL
VPL
! ﬁ:ﬁl T
 HPL

Figure 3.1: Concepts of Alert Limit (HAL, VAL) and Protection Level (HPL, VPL).

well as expected error characteristics. In principle, they do not depend directly on the
value of specific measurements. However, PL. can rely on the performance of a monitor

that creates an indirect dependence with the measurements.

3.1.2. Navigation performance requirements for civil aviation

For civil aviation, navigation requirements are defined in terms of integrity (integrity risk
and alert limits), accuracy, time to alert, continuity and availability. Table 3.1 provides
a summary of the requirements organized per operation. It can be seen that there is no
vertical requirement for cruise operations (Oceanic en-route, Continental en-route) nor

Terminal and non-precission approach (NPA).

The minimum horizontal alert limit is 40 m, while the vertical alert limit is reduced
down to 10 meters for autoland operations. Additionally, note that on final approach
procedures, the integrity risk is provided per operation (and not per flight hour). For this
purpose, on LPV-200 and CAT I (Autoland), a standardized operation time is provided
of 150 seconds.
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Accuracy Time
. (Horizontal, | Integrity | HAL, Continuity o1
Operation Vel Risk VAL to Risk Availability
) Alert
(Equiv. 1-0)
Oceanic _ 7.4 km, : _4 _g 0.99 to
en-route 3.7 km, N/A 1077/h N/A 5min | 107*/h to 107°/h 0.99999
Continental 1.85 km, _ 3.7 km, : _4 _g 0.99 to
en-route N/A 07y p | 5min 107 /hto 1075/h ) g0
1.85 km 0.99 to
: -7 ) —4 -8
Terminal 370 m, N/A 10" /h N/A 15s | 107*/h to 107%/h 0.99999
556 m 0.99 to
-7 ’ —4 -8
NPA 110 m, N/A 10~"/h N/A 10s | 107*/h to 107°/h 0.99999
9%x107/ | 40 m, . 0.99 to
APV-I 8 m, 10 m approach 50 m 10 s 8x107°/ 15 s 0.99999
8m, 2 m _
LPV-250 | (187 m ?;012 / gg Ml 6s | 8x1079/ 15s 8'339?9
fault-free) '
8m, 2 m _
LPV-200 (1.87 m ?;012 / ;12 N 8x1076/ 15 s 8'339t909
fault-free) '
CAT I 2x10°7/ | 40 m, . 0.99 to
Autoland | O™ 2™ | 5054 lom | 08 | S0/ 15s 0.99999

Table 3.1: Summary of current navigation performance requirements for aviation. Ex-
tracted from [2|, based on [13, 15-17].
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3.2. Advanced Receiver Autonomous Integrity Mon-

itoring (ARAIM)

In order to guarantee the integrity requirements necessary for Safety-of-Life (SoL) applica-
tions (e.g. Table 3.1), GNSS require the implementation of so-called GNSS augmentation
systems. These systems provide an enhancement of the positioning solution by exploiting
redundant or additional information available to the user. In this way, it is possible to

provide a guarantee of integrity together with the navigation solution.
There are 3 GNSS augmentation systems according to ICAO [13]

e Ground Based Augmentation System (GBAS),

e Satellite Based Augmentation System (SBAS),

e Aircraft Based Augmentation System (ABAS).

SBAS guarantees GNSS signal integrity using data broadcasted by geostationary satellites.
On the other hand, GBAS exploits information provided by a network of ground stations in
the vicinity of the airport location, allowing operations down to CAT I precision approach
procedures (see table 3.1). Both systems provide differential corrections and integrity

monitoring.|2|.

Finally, ABAS exploit additional information onboard, without relying on any external
infrastructure. In particular, Receiver Autonomous Integrity Monitoring (RAIM) provides

an integrity layer by exploiting the redundancy of GNSS measurements.

Due to the requirement of additional infrastructure and its local and regional nature,
GBAS and SBAS systems are not always ideal neither economically or operationally. In
this context, RAIM evolved as a versatile technique that allows the computation of an

integrity solution onboard anywhere around the globe.

RAIM algorithms perform two main tasks in order to provide integrity monitoring capa-

bilities to the user

e Fault detection and exclusion (FDE): By exploiting redundant GNSS mea-
surements, it aims to detect potential faults by performing statistical tests on the
residuals of the least squares navigation solution. Additionally, it is possible to try
to mitigate or avoid potential faults by excluding certain measurements from the

navigation solution.

e Protection Levels Computation: RAIM computes, based on the satellite ge-
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ometry and error characteristics, the Horizontal Protection Level (HPL) associated

with the navigation solution.

Currently, RAIM is certified for its use on civil aviation for horizontal guidance [17]. With
the commissioning of new GNSS constellations (e.g. Galileo), as well as the broadcast of
navigation signals on multiple frequencies (e.g. L1/L5, E1/Eb5a), multiple-constellation
users will benefit of better geometry and the ability of mitigating first order ionosphere

error (see Section 2.2). [3]

In this context, Advanced RAIM (ARAIM) aims to exploit these improvements on GNSS
systems. The objective of ARAIM is to provide, in a first phase, support down to RNP
0.1 non-precission approach based on Horizontal ARAIM (H-ARAIM) (see Table 3.1). In
the future, ARAIM aims to support down to LPV-200 with Vertical ARAIM (V-ARAIM).

13l

ARAIM relies on information regarding the error and error model provided by an In-
tegrity Support Message (ISM). This message will be broadcast using GNSS satellites. In
particular, GPS will broadcast the integrity message via de CNAV Navigation Message
(L2C & L5) and the CNAV2 message through L1C [18]|. On the other hand, Galileo will
broadcast the integrity data through the I/NAV navigation message via E5b-1 and E1-b
signals. [19]

Additionally, the integrity data can be stored in the receivers’ non-volatile memories or

transmitted through existing aviation databases. [3]

3.2.1. ARAIM user algorithm

This section provides a brief description of the ARAIM user algorithm proposed by (3, 17].
ARAIM requires a set of input parameters in order to solve the navigation problem with
FDE and PL computation. First, a set of standard deviations that characterize the Signal-
In-Space error (SISE) error of each SV for integrity (User Range Accuracy, URA) and
continuity (User Range Error, URE) purposes are provided by the ISM, which are obtained
by analyzing historical system performance. The ISM also provides a nominal bias b,,,,, for
each SV that characterizes its Signal-In-Space Range error (SISRE) distribution, together
with the URA for integrity purposes. Finally, the a priori probabilities of satellite and
constellation-wide fault, P,,; and P.,,s, are also provided by the ISM.

On the receiver side, ARAIM requires a set of iono-free pseudorange observations for each
SV (after performing smoothing and implementing tropospheric corrections), as well as

the number of satellites and constellations that are in view. ARAIM requires that any SV
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used for the positioning solution must not have been flagged as unhealthy for a certain

period Trecon- [3]

A summary of these parameters and their source can be found on Table 3.2. Currently, ac-
cording to [3], there are only plans to support GPS-+Galileo measurements within ARAIM.
On the other hand, Table 3.3 provides a brief description of the constants used by the

algorithm.
Inputs to the ARAIM user algorithm. |3, 17]
Name | Definition Source
Iono-Free pseudorange for SV i, after smoothing
PR; . . RX
and tropospheric correction is performed.
| Standard deviation of Signal-In-Space error of SV i, 1SM
TURAG | ysed for integrity.
- | Standard deviation of Signal-In-Space error of SV i, ISM
URE | ysed for continuity.
brom,i Maximum nominal bias for satellite i used for integrity. ISM
Paat Prior probability of fault in satellite i per approach. ISM
Prior probability of a fault affecting more than one satellite
Peonstj | - . ISM
in constellation j per approach.
Ieonstj | Index of satellites belonging to constellation j. RX
Nt Number of satellites. RX
Neonst | Number of constellations. RX

Table 3.2: Input to the ARAIM user algorithm for receiver (RX) and Integrity Support
Message (ISM) parameters.

ARAIM applies a FDE mechanism by implementing a Multiple Hypothesis Solution Sepa-
ration (MHSS) test [20] that allows the user to detect potential faults in the measurements
and attempt to exclude them. Then, if the FDE is passed,it estimates a set of Protection
Levels (PLs). In particular, a set of fault modes is monitored (the number of monitored
fault modes depend on the value of Prgrrsy chosen). Each fault mode (k) corresponds to
the failure of 1 or more measurements. As a consequence, a subset of non-faulty measure-
ments is generated per fault-mode and tested against the all in view solution (0). The
navigation problem is solved using a Weighted Least Square (see section 2.3) with weight
matrix W equal to the inverse of the integrity covariance matrix C;,;

W =01

int

(3.2)

where
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Name Definition

PHMI Total integrity budget.

PHM Iy grr | Integrity budget for the vertical component.
PHMIgor | Integrity budget for the horizontal component.
Threshold for integrity risk coming from

Prures unmonitored faults.
Py Continuity budget allocated to disruptions

because of false alert.
PravErr Continuity budget allocated to the vertical solution.
Pranor Continuity budget allocated to the horizontal solution.
Pr oy 2 Continuity budget associated to the chi-squared test.
TOLpy, Tolerance for solving protection levels equation.
Koo Inflation factor for accuracy.

Inflation factor for the 1E-7 fault-free
Krp

vertical position error.

Pyt Probability used for computing the EMT?!,

Minimum time a previously excluded satellite remains
out of the all-in-view solution.

TrECOV

I Effective Monitor Threshold.

Table 3.3: Definition of the constant parameters used on ARAIM. [3, 17]

Cint (17 Z) = O’?fRA,i + O-t%"opo,i + Uiser,i? (33)

being rop0,i the residual tropospheric error, and oy4.,; the nominal noise and multipath
error. The error models used in ARAIM are discussed on Section 3.2.2. The estimator S

for subset k is given by

S® — (GhyyWHGpny) ™ GhyyWH. (3.4)

where Ggyp is the geometry matrix in East, North, Up (ENU) coordinates.

Let ¢ = 1,2, 3 refer to East, North and Up components, respectively. The variances of

the position solution for each subset k is given by [3]

-1

(U(k))Q = (G W Gin) (2.9)°

q

(3.5)

where the subindex denotes the element in position (g, q) of the matrix.

The nominal bias of the SiS error for each SV, by, Will affect the user depending on

its projection into the positioning domain through the corresponding projection matrix
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S®*). Tt can be proven that the worse case impact on the position solution of the bias is
provided by [17]

Nsat
b =" 18| o (3.6)
i=1

On the other hand, the variance of the difference between the fault-tolerant position x*)

and the all-in-view position x( is provided by

(O'(k) )2 — el (S(k) _ SO) Cloce (S(k) _ SO)T e,. (3.7)

58,9 q
where the covariance matrix for accuracy purposes is given by

CGCC(iJ Z) = U%RE,’L' + O-tzropo,i + O-Zser,i‘ (38)

and e, is the unit vector along direction ¢ (North, East, Up).

Based on o, 4, a threshold T" is defined per coordinate g of each subset % as

Tk,q — Kfa,qaglz?q7 (39)
where
_ Pra ror ) 1 ( Praverr
K fon = Ko :Ql(+ D K =Q7 (o ) 510
fot Jaz2 4Nfaultmodes fa? 2Nfaultmodes ( )

and Q7 !(p) is the (1 — p) quantile of a standard normal distribution. This threshold is
used for evaluating each of the statistical tests, that depend on the difference between the
g-th component of the fault-tolerant position igk) and the correspondant component of
the all-in-view solution

P — 20 < Ty (3.11)

If any of these tests fail exclusion must be attempted based on the measurements excluded
on subset (k).

Once the test is passed, ARAIM computes the horizontal and vertical protection levels.
Let prqurr be the a priori probability associated to each fault mode k based on the
information of the ISM (see Table 3.2). Then, the horizontal and vertical protection
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levels (HPL, VPL) can be computed by solving the following equations

VPL - bgo) NFauitmodes VPL o Tk73 . bgk)
2@ (T + Z pfault,k@ (k) =
3

k=1 93 (3.12)
psat not monitored + Pconst not monitored
=PHMI 1-— : :
VERT ( PHMIypgr + PHM Iyor ’
HPL _ b(o) NFaultmodes HPL _ Tk _ b(k)
2Q (# + Z Prault Q) . ®) N 1 =
Tq k=1 %q (3.13)

L L ‘ I itore
— _PHM[HOR 1— sat,not monitored + const,not monitored .
2 PHMIygrr + PHMIgor

with HPL = \/HPL? + HPL}. Note that in these expressions there is an indirect depen-
dency ON OyRE thI‘OUgh the threshold Tk,q' Addltlonally: Psat,not monitored and Pconst,not monitored
correspond to the a priori probability associated to the fault modes that have not been

included on any subset because the associated probability was below Pryrgs.

In the navigation requirements of Table 3.1 there is also a limit in terms of accuracy of
the navigation solution. For this purpose, the 95th percentile vertical accuracy measure

is obtained as

Oace,95% = Kacc \/egs(o) Cacc (S(O))T €3, (314)

where K. is an inflation factor equal to 1.96. Finally, the Effective Monitoring Threshold
(EMT) is defined as the largest T} 5 such that the a priori probability associated with its

fault mode is above Pgusr:

EMT = max Tjgs. (3.15)

pk>PeEMT

3.2.2. ARAIM error models

For computing the nominal values for g,4p, and oy, specific error models are proposed
on [17]. These models are the ones that ARAIM uses to account for residual tropospheric
errors (after tropospheric corrections have been applied to the pseudorange measure-
ments), as well as other effects such as receiver noise and multipath. These models are

elevation-dependent, thus providing larger errors to those SV with lower elevation angles.

Galileo error model for o, is provided on Table 3.4. On the other hand, the GPS model
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] Elevation [°] agffm [m] ‘ | Elevation [°] aﬁﬁger [m] ‘
5° 0.4529 50° 0.2359
10° 0.3553 55° 0.2339
15° 0.3063 60° 0.2302
20° 0.2638 65° 0.2295
25° 0.2593 70° 0.2278
30° 0.2555 75° 0.2297
35° 0.2504 80° 0.2310
40° 0.2438 85° 0.2274
45° 0.2396 90° 0.2277

Table 3.4: Galileo Elevation-Dependent Signal-In-Space User Error for ARAIM. [17]
corresponds to the Airborne Accuracy Designator - Model A [21]

4 4
+
odrs = |t ()
(le - fL5)

onp(0) = 0.13 4+ 0.53exp (—0/10)  [m]
ONoise(8) = 0.15 +0.43exp (—0/6.9)  [m)]

(3.16)

where @ is the elevation angle in degrees. Finally, the nominal troposphere error is provided

by
1.001

70
.002001 in| —
\/O 002001 + <SlIl <180))

For the default ISM input parameters, a value consistent with those used on the ARAIM
Milestone Report 3 [3] are used, and can be found on Table 6.1. Note that the probability

of a fault affecting more than one satellite for Galileo is four orders of magnitude larger

O tropo(0) = 0.12

m). (3.17)

than that of GPS as there is more historical data available for the latter.

3.2.3. Gaussian overbounding

In safety-critical applications, it is necessary to rigorously quantify the errors so the in-
tegrity requirements can be satisfied. For GNSS Navigation systems this means character-
izing ranging errors. In general, empirical distributions are unknown and complex. In this
context, [22] proposes a methodology that is able to substitute the real distribution with
an overbounding Gaussian distribution. This distribution has many advantages which,

while ensuring safety, greatly simplify the calculation of integrity risk. In particular, this
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distribution is characterized by predicting a higher integrity risk than that predicted by

the empirical distribution.

Given a sample distribution f,, it is replaced by a unimodal, symmetric distribution
fsu- Then, fy, is bounded following the procedure proposed by [22] obtaining a left-
side Gaussian overbound f% ~ N(uz,0r). Analogously, one can obtain the right-hand
overbound, f& ~ N(ur,or). The CDF for the left and right overboundings are provided
by

Fi(z) = (1+¢) /_x N(—pr,or) de, (3.18)
Fi(x)=(1+¢) /_w N(pr,or) dx, (3.19)

where € is a relaxation factor, known as excess mass [22|. Lastly, the final overbounding

distribution is given by
fob ~ N (max(pr, pug), max(or,or)) - (3.20)

The final CDF overbound is provided by

Fopr(xz), <0

(3.21)
Far(x), >0

F(I‘) S FOB(.T) = {

As Gaussian distributions remain stable through convolution, the resulting positioning
error based on the over bounding distribution of the range error will also be bounded thus

becoming a crucial tool for integrity assessment.
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4: ‘ Galileo High Accuracy Service
(HAS)

The Galileo High Accuracy Service (HAS) provides free-of-charge precise orbits, clock cor-
rections and code biases that allows Precise Point Positioning (PPP) capabilities globally.
This is achieved by broadcasting satellite clock and orbit corrections for the broadcast
ephemeris, as well as biases for single frequency users [4]. In this chapter, a general
description is provided regarding HAS architecture and capabilities. Additionally, an

overview of the HAS user algorithm used for applying the corrections is given.

4.1. HAS Architecture

Currently, Galileo HAS provides multi-constellation multi-frequency corrections that sup-

port the following signals:
e GPS L1/L2C,
e Galileo E1/Eba/E5b/EG.

Galileo HAS relies on several Galileo system elements for the generation, dissemination
and exploitation of correction messages. The High Accuracy Data Generator (HADG)
processes data from Galileo Sensor Stations (GSS) to generate corrections for both Galileo
and GPS. These high-accuracy (HA) corrections are transmitted in real-time to the Galileo

core infrastructure.

The infrastructure then compiles this information into a single message (448 bps per
connected satellite) and uploads it to the Galileo constellation via Uplink Stations (ULS).
HA data are broadcast by the satellites through the E6-B signal component (see the
Galileo HAS SIS ICD [23] for details on E6 signal reception). Additionally, users can also
access HA data through a terrestrial internet connection (see Galileo HAS Internet Data
Distribution (IDD) Interface Control Document (ICD) [24]). Figure 4.1 shows a schematic

representation of Galileo HAS high level architecture, with the interaction among its
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Galileo E1, E5, E6

Q Up to x20 Galileo SVs GPS Ll L2

b_

HAS SIS High Accuracy 'x Measurements
Data Generator (HADG) “

Users 4
Vla GCC
4_—.

HAS IDD

Figure 4.1: Schematic representation of Galileo HAS high level architecture.

SL1 SL2
Coverage Global ECA!
Orbit, clock, biases

Corrections Orbit, clock, biases (code and phase) +

(code and phase) atmospheric corrections
Dissemination | Galileo E6b / Internet Data Distribution (IDD)
Availability 99 % \ 99%

! European Coverage Area.

Table 4.1: Summary of Galileo HAS service levels. [24]

elements.

Compatible user receivers can apply these corrections to supported Galileo and GPS

signals to achieve enhanced positioning performance.

HAS deployment is organized in three phases (0, 1 and 2). Currently Galileo HAS is on

Phase 1, which ensures Service Level 1 capabilities with relaxed performance.

Two service levels (SL) are defined for Galileo HAS. SL1 provides global coverage and
corrections for orbits, clocks and biases (codes and phase). On the other hand, SL2 will
also include atmospheric corrections only for the European Coverage Area. See Table 4.1

for a summary on the characteristics of each service level.

4.2. HAS corrections

HAS corrections are disseminated either through Galileo Satellites on the E6b frequency,
and through the Internet Data Distribution (IDD). On Phase 1, all corrections are pro-
vided in the same message type (Message Type 1). Each page is composed of 448 bits,
24 of which are used for the HAS page header, and 424 for the message itself. [25]
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Galileo HAS IDD references per GNSS. [24]

Reference Nav. | APC reference
System
message frequency
Galileo I/NAV E1l
GPS LNAV L1

Table 4.2: Galileo HAS IDD references per GNSS.

In particular, for this work only HAS IDD corrections will be implemented. Even though
both share the same Service Definition Document (SDD) [4], there are some particularities
regarding the correction implementation. As a consequence, what follows is specifically
valid for HAS IDD corrections. For information about the implementation with HAS SIS,

refer to the correspondent Interface Control Document [23].

HAS provides orbit and clock corrections, as well as biases that substitute the Broadcast
Group Delay (BGD) and Timing Group Delay (TGD) for single frequency users [24].
Both orbit and clock corrections are provided as a delta correction term that is added to
the orbital position and SV clock bias computed from the broadcast navigation message.
Only these corrections are implemented for the purpose of this work, as the ionospheric
free L1/L2C E1/E5b combinations are used thus removing the need of single frequency
code biases. Orbit and clock corrections are disseminated with a frequency of 10 seconds

and have a period of validity of 40 seconds. [4]

4.2.1. Orbit corrections

Orbit corrections are provided as a set of delta and delta dot parameters
6rHAS = [6n7 €t, ew]T ér‘.HAS = [én, ét7 éw]T' (41)

These corrections are implemented on top of the broadcast ephemeris provided by the
reference navigation message (I/NAV for Galileo and LNAV for GPS). In particular,
the message indicates the associated Issue of Data (IOD), which might not correspond
to the latest message available. Orbit corrections are referred to the NTW Satellite

Coordinate System, which is defined by the radial (N), tangential (T) and cross-track
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(W) components, that are defined as follows

Vg
€ = 3
Vs
Xs X Vg
Cw = )
|xs X Vg

(4.2)

where x, and v, are the orbit position and velocity in ECEF frame, as provided by

the reference navigation message. Figure 4.2 shows the definition of the NTW frame of

reference with respect to ECEF frame.

Figure 4.2: Definition of NTW frame of reference {e,, e;, e, } with respect to ECEF frame

{es. ey, €.}

Given the reference time of the HAS message t,¢f ras, the orbit corrections at time ¢ in

the NTW frame are given by

5rNTW

as (t) = 0rgas(trermas) + 0t gas(t — trermas).

These corrections can be rotated to ECEF frame as
5rHAS(t>ECEF — Rgg}%/F(erAS(t)NTW

where

Rﬁ%ﬁ/p - [enu €4, ew]

(4.3)

(4.4)

(4.5)

is the rotation matrix from NTW to ECEF frame of reference. Finally, HAS-corrected
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position is provided by

X, = x, — orEGEL(1). (4.6)

It is important to highlight that orbit corrections should be substracted from the position
provided by the reference navigation message. This is not the case for HAS SIS corrections,
which should be added instead according to its Interface Control Document [23]. The
resulting orbital position corresponds to the L1/E1 Antenna Phase Center location, as
indicated on Table 4.2. For dual frequency users, it is necessary to translate the solution
using an appropriate attitude model and the Antenna Phase Center offsets provided by
the IGS ANTEX files [6]. More information about how to perform this transformations
is provided on Appendix A.

4.2.2. Clock corrections

HAS clock corrections 6C'iag are incremental corrections to be added to the ionosphere-
free satellite clock error, provided by the reference broadcast navigation message. Each
correction is composed of 3 coefficients for a second-order polynomial. The value of the

correction is given by [24]
6Cras = Co+ Cy (t — trepras) + Co (t — tresmas)’. (4.7)

This correction should be added to the SV clock bias broadcast in the navigation message,

together with the relativistic correction d,.

0CH s

5255\/ = 0ty + + Oper (48)
where ¢ = 299792458.0 m/s is the speed of light in vacuum and 6, is provided by
Eq. (2.10). The corrected clock error is referred to Galileo System Time (GST). A common
offset per epoch has to be taken into account when working with GPS clock offsets.

However, from the user side, this offset is absorbed by the receiver clock biases.

4.2.3. HAS IDD message reception

HAS IDD messages are distributed using the N-TRIP protocol [24]. In order to access
the data, the user should apply on the European GNSS Service Center (GSC) website 1.

Thttps:/ /www.gsc-europa.eu/galileo /services/galileo-high-accuracy-service-has /internet-data-
distribution-registration-form
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Then, several tools exist for retrieving the corrections live. In particular [24]| proposes the

use of the open-source tool BKG Ntrip Client.

4.3. Expected Signal-In-Space error performance

The Galileo HAS Service Definition Document (HAS SDD) defines and commits to a
set of Minimun Performance Levels (MPLs) in terms of orbit and clock accuracy. Orbit
accuracy is defined as the instantaneous 3D RMS of the residuals between the reference
and the corrected orbital position. On the other hand, clock accuracy is defined as the
instantaneous residual error between the HAS corrected clocks and the Galileo System
Time reference. The values of the MPLs for each constellation are collected on Table 4.3.
HAS MPLs are refereed to the accuracy computed over a period of 30 days. Galileo HAS
commits to the MPL values shown on 4.3, according to its statistical characterization and

assuming that the following assumptions are fulfilled [4]:
e Any of the following signal combinations are used:
1. E1/Eba (4 L1/L2C)
2. E1/E5b (+ L1/L2C)
3. E1/Eba/E6-B (+ L1/L2C)

e User receivers are compliant with the technical requirements found in the corre-
sponding ICD |23, 24].

e The user uses [/NAV (Galileo) and LNAV (GPS) navigation messages that have

been declared healthy /marginal as per the correspondent interface document.

e Broadcast position and errors should be computed based on the correspondent ICD
[19, 26].

] SiS component | GPS \ Galileo ‘

Orbit MPL (95% RMS) | <33 cm | <20 cm
Clock MPL (95% RMS) | <15 cm | < 12 cm

Table 4.3: Galileo HAS minimum performance levels (MPL) acording to HAS SDD. These

values correspond to the 30 day average per constellation. [4]
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4.3.1. HAS Service Area

HAS service Area is defined as the geographical region in which the users can expect a
fulfillment of the Minimum Performance Levels (MPLs) defined in Table 4.3. This region
is defined on Figure 4.3. [4]

Note that users outside the Service Area are able to use the service, however MPLs are
not expected to be satisfied. This is a consequence of the geographical location of Galileo

Sensor Stations, that are the responsible of performing measurements on Galileo and GPS
SVs. [4]

Galileo HAS Service Area _

90" N

45" N

45" s

90°S
180" W 135" W 90" W 45" W 0 45" E 90" E 135°E 180" E

Figure 4.3: Definition of HAS Service Area (SA) (green) [4]. Users outside the SA, should
not expect compliance with MPLs defined on table 4.3.
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5 ‘ Integration of Galileo HAS
within ARAIM

In this chapter, a general discussion is provided on the methodology implemented for
addressing the research questions proposed on Section 1.2. In particular, it aims to discuss
the integration of Galileo HAS IDD into ARAIM.

From Eq. (3.12) and (3.13), it can be seen that ARAIM performance is driven both by
the integrity (oprg) and continuity (oygrg) error models, the latter having an indirect
impact through the threshold 7 ,.

On the other hand, Galileo HAS IDD is a service that provides improvements in accuracy
to the positioning solution based on a set of orbital and clock corrections that are trans-
mitted in real time. In particular, HAS establishes a set of commitments commitment
in terms of the 95th percentile of the constellation-wise RMS of the 3D orbit and clock
errors computed over a period of 30 days, assuming that the user is inside the Service
Area [4]. These MPLs are collected on Table 4.3.

As a consequence, it is proposed to integrate Galileo HAS into ARAIM, in such a way
that the ISM’s continuity model (oygg) is modified with values consistent with HAS
performance, and HAS IDD is used for the computation of the positioning solution. In
this chapter, a modified ARAIM algorithm is proposed that integrates Galileo HAS with
the already existing ARAIM baseline algorithm described in [17].

5.1. Modified ARAIM user algorithm

The ARAIM algorithm described in Section 3.2 is modified in order to integrate HAS
corrections into the processing pipeline. Since Galileo HAS is an accuracy service, only

the continuity model is modified from the ISM.

By using HAS IDD, the corrected pseudorange measurements defined in Eq. (2.12) are
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updated taking into account HAS satellite clock bias corrections
p=pl - (—cévtfgvyi +T+ 5rel) =pl - DI, (5.1)

where (U) indicates that HAS corrections have been applied for the computation of that
value. Additionally, let the refined satellite position of satellite j from constellation i,
)u(iz = [iiw ggw Z’gz]T

tor y and geometry matrix G based on Eq. (2.19) and using the HAS-corrected geometric

. Then, it is possible to compute a HAS-corrected measurements vec-

distance L}", obtaining

7= Gx + ¢, (5.2)
for which an update of the WLS solution is provided as

% = (éTWé>1 GTWy. (5.3)

Solving iteratively, one obtains an estimate of the position in ECEF, .

As it is proposed that HAS only modifies the continuity model, the weight matrix is given
by W = C;,, where C;,; is maintains its original definition provided by Eq. (3.3).

wnt’

The HAS-corrected estimator for each subset k is given by

v

v v -1
gk — <G§NUW(’“)GENU) GT W, (5.4)

where G envu is the HAS-corrected geometry matrix in ENU coordinates. The variances

of the HAS-corrected position solution in ENU (¢ = 1,2, 3) are given by

(&ék))2 = <é£NUW(k)éENU> - (5.5)

(9,9)

where (g, ¢) indicates the g-th element in the diagonal of the matrix.

The nominal bias by, also remains unmodified after applying HAS corrections, as it

corresponds to the integrity model. However, its projection do changes, obtaining

Nsat

-3

i=1

v

Sgi

)

bnom,i- (5.6)
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Additionally, the covariance matrix for accuracy is directly updated by using an appropiate
continuity error model that characterizes HAS accuracy performance. This model is
proposed to be defined by a set of ofl45 for each SV. This leads to

24 .. 2
CGCC(Z’ 7’) = (05[£E7Z) + Utzropo,i + Uiser,i' (57)

Based on this definition, the value of a§’§?q is redefined as

T

(60)° = f (8- 8) &, (59— 8) e, 55)
The thresholds for the statistical tests are then updated as

where Ky, , definition remains unchanged with respect to that provided on Eq. (3.10).
Finally, an updated set of vertical and horizontal protection levels is obtained by applying

the newly defined HAS-corrected parameters:

VPL _ [;go) NFaultmodes VVPL _ jivk73 _ l;gk)
2Q (T + D Prawns@ @) =
3

b1 03 (5.10)
Psat notmonitored 1 Pconst notmonitored
=PHMI 1-— ’ ’
VERT ( PHMIygrr + PHMIpor )’
HPL o B(O) NFauitmodes H_\JPL o Tk o l;(k)
2@ <#q + Z pfault,k@ . o (k) 4 ! =
T po T (5.11)

1 psat notmonitored + Pconst notmonitored
=-PHMI 1-— : : )
2 HoR ( PHMIyprr + PHM Iyon

with HPL = \/ H luDLf + H PL; These equations provide an updated value for the protec-

tion levels, taking into account HAS-corrected measurements and the updated continuity

model that characterizes Galileo HAS performance through of/45 ;.
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Legend

v

D:D Pre-defined process .
Preprocessing

|:| Process/Statement ‘
D Baternal data Generate fault- HAS IDD
:l Modified process tolerant subsets message

(k=1...K) |
IR
Compute
ISM parameters HAS-col'rected
X5, Otgy
>y
WLS SPS
estimator

¥

Apply Fault
detection N |

HAS-updated
Continuity model

Attempt Fault
exclusion detected?
yes Compute )
PLs h
no
Flag solution with end
failed FdE

Figure 5.1: Flowchart of the modified ARAIM user algorithm integrating HAS IDD cor-

rections. The variations introduced are marked in yellow.

5.2. Implementation

Figure 5.1 shows the flowchart of the proposed algorithm. In this flowchart, those blocks in
yellow indicate variations introduced by the integration of Galileo HAS IDD into ARAIM.

Given a set of observations from a receiver, the collected measurements are preprocessed.
This process includes several steps that prepare the input data before delivering it to
the rest of the pipeline. The acquired measurements should correspond to L1/1.2C and
E1/E5b code pseudorange measurements for GPS and Galileo, respectively, as required
by [4].

Firstly, those measurements coming from satellites flagged as unhealthy in the last Tecon =
300 seconds are removed. While [3| does not provide a specific value for T}.cq.,, 5 minutes

is assumed to be an appropriate value.

Then, the code ionospheric free linear combination is produced from the individual pseu-
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dorange observations which is then used in the rest of the pipeline. This allows to remove

the first-order ionospheric delay, as discussed on Section 2.2.

K fault-tolerant subsets are generated according to the a prior probability of constellation
and satellite faults, as indicated by the ARAIM baseline algorithm [17]. Each of these
subsets correspond to the failure of one or more SV and a certain probability is associated
to each of them. The case k = 0 corresponds to the all-in-view solution (i.e. no SV is
excluded).

In order to compute the positioning solution, it is necessary to compute the HAS-corrected
satellite position and clock biases. These are obtained by combining the LNAV /INAV
together with the corrections provided by the HAS IDD message. Then, a Weighted
Least-squares estimator is used for computing the positioning solution. For the weight

-1
int*

matrix, the ISM integrity model is used as W = C The specific algorithm used for

the position estimation is described in Appendix B.

Then, fault detection is applied by performing the statistical tests
20 — 2O < Ty, (5.12)

for each of the K subsets. For this purpose, the HAS continuity model is used on the
computation of each threshold fk,q. If no faults are detected, then the PLs equations (5.11)
and (5.10) are solved. On the other hand, if a fault is detected, exclusion is attempted
with those subsets k for which any of the ¢ (¢ = East, North, Up) tests have failed. If at
any point a consistent solution is found, PLs are computed. If exclusion is not successful,

then the positioning solution is flagged with failed FDE attempt.

5.3. Proposed evaluation of ARAIM-HAS algorithm

The integration of HAS into ARAIM would potentially lead to an increased global coverage
for ARAIM beyond what is achievable with broadcast ephemeris, as a reduction on the

Protection Levels derived from the user geometry is expected.

In order to validate this approach, it is interesting to perform a world-wide coverage
analysis. Simulations are performed using nominal orbits and specific error models that
allow to compute the expected protection levels and coverage based on a set of parameters
characterizing the ISM. In particular, a parametric analysis is performed using as reference
the values of o142 and oypa. This tool would allow to characterize the dependencies with

respect to any improvement on the continuity and integrity error models. This analysis
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is developed in Chapter 6.

Galileo High Accuracy Service currently offers a commitment in terms of the 95th percent
of the constellation-wise RMS error for the 3D orbits and clocks. However, in order to test
this methodology it is necessary to obtain a set of o//4% values that characterize the error
of Galileo HAS in the ranging domain. For this purpose two alternatives are explored:
on the one hand, a set of off#7 values are estimated based on the MPLs commitments of
HAS:; on the other hand, an independent evaluation of Galileo HAS SISRE performance
is done based on the analysis of corrections emitted during 2024. The procedure followed

for the latter analysis is discussed on Chapter 7.

Finally, the algorithm is tested using real observation data from a test flight campaign
on Chapter 8. This is necessary to assess the actual performance improvement and the

viability of the proposed methodology.
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6 ‘ ARAIM global performance
analysis

The main goal of this chapter is to characterize the dependency of ARAIM’s global per-
formance with variations on the continuity (URE) and integrity (URA) error models. The
objective is to be able to asses the potential improvement of the use of Galileo HAS within
ARAIM.

In particular, this analysis will focus on how the main ARAIM metrics (protection lev-
els, 04.. and effective monitor thresholds) and global coverage under certain navigation

requirements evolve when the integrity and continuity models are changed.

This analysis allows to quantify, not only the expected performance of the proposed
ARAIM-HAS algorithm based on current HAS performance, but also enables to project
the performance for future scenarios where, potentially, of42 and oypa values may

change.

For this purpose a world-wide coverage analysis is performed for GPS and Galileo con-
stellations. This analysis simulates a grid of users world-wide and the orbital position
of the satellites extracted from the corresponding almanacs. For each simulated user, at
each epoch, a positioning solution is obtained together with a set of protection levels, o,
and EMT based on the observed geometry and error models. Then this information is
processed to obtain a full picture of the performance of the constellation under a specific
combination of {145 oyra}.

For this analysis, it is proposed to perform a parametric analysis where of/45 and oyga

are varied in a set interval and the dependency of different performance indicators is

discussed, such as
1. Vertical and Horizontal protection levels.

2. World-wide availability for LPV-200 and LPV-250.

3. Positioning accuracy evolution.
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ISM parameter | Implemented value
OURA,GPS/GAL [0.75,6] m

OURE [0.1,1.5] m
bnom,GPs/GAL 0.75 m

Piat,gAL/GPS 107°

Pconst,GPS 1078

Pconst,GAL 1074

Table 6.1: Adopted values of ISM parameters for Galileo and GPS constellations. Based
on [3]

In [3] a set of ISM values are proposed for characterizing ARAIM performance. In par-
ticular, a value of oy ra of around 1.5 meters is used for both Galileo and GPS. For the
continuity model, oy rp is modeled as 2/3 of the integrity value which is a very conserva-

tive approach.

In order to perform this, MAAST tool for ARAIM, developed by GPS Lab of Stanford
University is used as reference [27]. This tool uses almanacs containing the orbits for each
of the SV of GPS and Galileo, as well as appropriate error models in order to simulate

accurately ARAIM algorithm given a specific set of ISM parameters.

In particular, it is interesting to see the expected performance improvement with respect
to the oyre = 2/30pRa scenario as it is used as a reference in [3|. For the simulations
developed on this section, the values listed on Table 6.1 are used. The simulation param-
eters are set to be consistent with those used by [3, 17]. In particular, users are simulated
on a 10 by 10 degrees grid and a total of 10 siderial days are used for the simulation,
which coincides with the repetition rate of Galileo constellation. All results are analyzed

with a time step of 600 seconds.

6.1. Key performance indicators’ dependency

The protection levels, vertical accuracy oge.., and effective monitor threshold (EMT) are

computed at each epoch for each user given the ISM parameters from Table 6.1.

We first analyze the dependence of each of these parameters on the modified continuity
(of145) and integrity (oyra) models. For this purpose, let us focus the study on a single
geographical location, of a user located near Munich (with coordinates 48°N11.58°E). The
99.5th percentiles of VPL, HPL, 0,.. and EMT during the time window are computed for
each pair of {oyra, ofl4s}. In particular, for each combination of integrity and continuity

models, the increase with respect to the pair {oyrg,2/30ure} is shown. This approach
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is chosen because it further highlights the improvements with respect to the current
references that are used for ARAIM availability simulations [3], while preserving the

dependencies with respect to ofl4s.

Figures 6.1 shows the dependency of the vertical and horizontal protection levels while,
on the other hand, Figure 6.2 shows the dependencies of 0., and the EMT. Those cases

where ofl45 > 2/30yrp are removed from the analysis. First, it is necessary to notice

that for a fixed oppra, the result associated to each of the off45 is referred to the same
reference case, that corresponds to the pair {oyga,2/30yra}. As a consequence, fixing
OURa it is possible to see the real dependence of each parameter with the continuity error
model given a fixed integrity performance. Qualitatively, the behavior is very similar for

each of the parameters only changing the order of magnitude of the variations.

In Figure 6.1a, by assuming a oyra € [0.75, 2] m a maximum decrease of around 10 meters
on VPL can be expected assuming a conservative of/45 ~ 0.4 m. HPL shows a potential
reduction of around 8 meters for the very same case. However, it is necessary to highlight
that the expected values for o ra are lower than 2 meters and, as a consequence, smaller

improvements may be expected in real operation in the future.

Figure 6.2 shows a maximum decrease for the vertical accuracy of around 1 meters, and
6 meters reduction of EMT using the same reference values for the integrity model. A
more conservative value of 2 meters for the URA results on 0.5 meters decrease for o,..
and 5 meters for EMT.

V PLgg 5 difference LAT = 48.14° LON = 11.58° H P Lgg 59, difference LAT = 48.14° LON = 11.58°

35 25

HPLy354(99.5%) — HPL(99.5%) [m]
=
o

V PLysyra(99.5%) — VPL(99.5%) [m]

ouRa [m]

OURE,HAS [m] OURE,HAS [m]

(a) (b)

Figure 6.1: Vertical and horizontal protection levels improvement with respect to opyrep =

2/30ura dependency with oppe pas and opga for a specific location.
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0995 difference LAT = 48.14° LON = 11.58° EMTyg 5, difference LAT = 48.14° LON = 11.58°

N W
o o

03/3714(99-5%) — 0(99.5%) [m]
S

OURE,HAS [m] OURE,HAS [m]

(a) (b)

Figure 6.2: 04 and EMT improvement with respect to oyrep = 2/30yra dependency

with opre mas and opra for a specific location.

Overall, these results show non-negligible potential improvements for VPL, HPL, EMT
and vertical accuracy. Moreover, these computations are made assuming a common URA
and URE for each constellation. In reality, different URE/URA values are expected
for each SV based on its specific performance. This would lead to a better ARAIM
performance, as it is possible to model more accurately the actual behaviour of each

constellation.

6.2. Global availability

It is now interesting to analyze the global coverage provided by ARAIM for a specific
set of navigation requirements, described by a set of alert limits and accuracy and EMT
thresholds. In particular, different requirements are selected corresponding to CAT-I
autoland, LPV-200 and LPV-250 from Table 3.1. An additional requirement characterized
by the same thresholds as LPV-200 but with a VAL = 20 m is also included for completing

the overall analysis. For all cases, a value of oyra = 1.5 m is used.

Figures 6.3 to 6.12 show the global availability maps for different values of of4% and

different operational requirements. Figures 6.3, 6.4 and 6.5 show that for LPV-250 global

coverage is expected for more than 99% of the time even when considering the worse-case

of o5 = 0.7 m.

On the other hand, Figures 6.6, 6.7 and 6.8 show that global coverage is expected more

than 99% of the time, except when of/45 = 0.7 m, for which there are areas with lower
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expected coverage, mostly limited to polar regions where geometry is normally degraded.
In any case, these regions are very limited and in general, coverage almost 100% of the

time is expected.

Figures 6.9, 6.10 and 6.11 show the availability map when a tighter requirement is intro-
duced for LPV-200 by changing the VAL to 20 meters. As expected, this condition leads
to poorer availability worldwide. However, in the worse case scenario (of4s = 0.7m)
coverage is expected to be > 60% in most locations. HAS is expected to provide better
performance which indicates that the real behavior would be closer to that of Figure 6.9.
Moreover, note that for this analysis a single value of URE and URA is used for both
constellations. Using a SV-specific model will lead to a better performance overall thus

providing acceptable availability even for operating requirements tighter than those of
LPV-200.

Finally, Figure 6.12 shows the expected global availability for CAT-I Autoland operations.

It can clearly be seen that the performance is very poor as CAT-I requirements are too

strict. Only the case where of/fiz = 0.2 m is shown as there is no coverage for the others.

L |
99% 99.25% 99.5% 99.75% 100
Availability under LVP 250 requirements — oyga = 1.5 m, opgp gas = 0.2 m

Figure 6.3: Global availability for opgra = 1.5 m and oflg2 = 0.2 m under LPV-250

operation.
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99% 99.25% 99.5% 99.75% 100
Availability under LVP 250 requirements — opypa = 1.5 m, oygre,Has = 0.5 m

Figure 6.4: Global availability for opra = 1.5 m and oflgs = 0.5 m under LPV-250

operation.

|
98% 98.5% 99% 99.5% 100
Availability under LVP 250 requirements — opyga = 1.5 m, oyre,pas = 0.7 m

Figure 6.5: Global availability for oyga = 1.5 m and ag;gg = 0.7 m under LPV-250

operation.
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| |
99% 99.25% 99.5% 99.75% 100
Availability under LPV-200 requirements — opgra = 1.5 m, oyre,pas = 0.2 m

Figure 6.6: Global availability for opra = 1.5 m and ofl4s = 0.2 m under LPV-200

operation.

99% 99.25% 99.5% 99.75% 100
Availability under LPV-200 requirements — opga = 1.5 m, oyre,pas = 0.5 m

Figure 6.7: Global availability for oypa = 1.5 m and o5 = 0.5 m under LPV-200

operation.
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L
97% 97.5% 98% 98.5% 99% 99.5% 100
Availability under LPV-200 requirements — opygra = 1.5 m, oyre,pas = 0.7 m

Figure 6.8: Global availability for opra = 1.5 m and oflgs = 0.7 m under LPV-200

operation.

44% 54% 64% 74% 84% >94%
Availability LPV-200 requirements with VAL =20 m — oyra = 1.5 m, oyrppas = 0.2 m

Figure 6.9: Global availability for oypa = 1.5 m and o045 = 0.2 m under LPV-200
operation with VAL lowered to 20 m.



6| ARAIM global performance analysis 49

29% 39% 49% 59% 69% 79% 89% >99%
Availability LPV-200 requirements with VAL =20 m — oyra = 1.5 m, oyrpras = 0.5 m

Figure 6.10: Global availability for opra = 1.5 m and off43 = 0.5 m under LPV-200
operation with VAL lowered to 20 m.

17% 27% 37% 47% 57% 67% 7% 87% >97%
Availability LPV-200 requirements with VAL =20 m — oyra = 1.5 m, oyrp,pas = 0.7 m

Figure 6.11: Global availability for opga = 1.5 m and of/45 = 0.7 m under LPV-200
operation with VAL lowered to 20 m.
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Figure 6.12: Global availability for oyra = 1.5 m and of4s = 0.2 m under CAT-I

Autoland operation.

6.3. Availability parametric analysis

It is interesting now to study the dependency of global coverage with the continuity opyra
and integrity off4s models, in a similar ways as the analysis performed on Section 6.1.
In this particular case, the percentage of users that benefit from coverage at the 99.5th
percentile when integrating HAS into ARAIM is used as objective function. For this
analysis only three cases are considered: LPV-250, LPV-200 and a modification of LPV-
200 with VAL = 20 m. Note that CAT-I Autoland is not analyzed due to the fact that
the availability analysis does not provide any coverage for the range of o//42 and oyra
used. As was the case with the local parametric analysis, the increase is also shown with

respect to the oflfd = 2/30yra case.

Figure 6.13a shows the percentage of users that meet LPV-250 requirements. It can be
seen that global coverage is 100% for the range oypa = [0.75, 2] m and offs = [0.1,0.4] m
which is taken as a good approximation of the expected performance of the system. This
means that, under these conditions, it is expected that ARAIM-+HAS enables operations
up to LPV-250 worldwide 99.5 % of the time. Additionally, Figure 6.13b shows the
improvement with respect to the reference case. Firstly, the improvement is zero when

URA exhibits great accuracy. This is because in that case the coverage is already 100%
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for any URE value used. However, when URA increases to a more realistic value such as
1.5 m, it can be seen that the improvement is almost 20 % and reaches 80% when URA

moves closer to 2 m.

Coverage LPV-250 (99.5%) A Coverage LPV-250 (99.5%)
=

[
o
o

100

50

Coverage (99.5%)
o
o

OURE.HAS [Hl] OURE.HAS [Hl]
(a) (b)
Figure 6.13: Global coverage (99.5th percentile) for LPV-250 (a) and increase of global

coverage with respect to the 2/30 g4 base case (b).

Figure 6.14a shows the parametric analysis for LPV-200 requirements. As expected, this
case exhibits less coverage overall. However, when URA is below 2 meters one can expect
global coverages larger than 80 %. Moreover, it is interesting to notice that, when URE
is low, the evolution of the global coverage appears to be almost constant with oy gg, mas-
However, when focusing on Figure 6.14b, it is clear that there is an increase of up to
10 % coverage when ofl42 = 1.5 m as the URE varies from 0.3 to 0.7 meters. Overall,
taking into account the expected values of o4, the integration of ARAIM with Galileo
HAS could lead to more than 80% global coverage for LPV-200 operational requirements.
It is necessary to stress again that this analysis is performed using rather conservative
hypothesis the use of a single URE and URA value. In reality, even better performance

could be expected.

Finally, Figure 6.15a shows the worldwide coverage at the 99.5th percentile of the time
when the LPV-200’s VAL is lowered to 20 meters. As already anticipated by Figure 6.9,
only when the system is characterized by very low values of opra and offfis, there is
a noticeable amount of users benefiting of coverage for 99.5% of the time. Since in the
reference case there was very little coverage, the increase is very noticeable, showing a

strong dependency on the continuity model.

Overall, these results prove that improving the accuracy model used in ARAIM leads
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Figure 6.14: Global coverage (99.5th percentile) for LPV-200 (a) and increase of global

coverage with respect to the 2/30pyra base case (b).

to significant performance improvements even under very tight operational conditions
such as LPV-200 greatly increasing the overall coverage, that can potentially reach 100%
values in the most optimistic cases. As a consequence, it is interesting to properly assess
the actual values of oprr and oflfs that are expected based on historical data in order

to provide an actual performance expectation from the integration of Galileo HAS into
ARAIM.

A Coverage LPV-200 with VAL = 20 m (99.5%)
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(a) (b)
Figure 6.15: Global coverage (99.5th percentile) for LPV-200 modified with VAL = 20 m

(a) and increase of global coverage with respect to the 2/30yra base case (b).
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In order to properly asses the performance of the proposed methodology it is useful to
have an estimation of the Signal-In-Space Range Error for Galileo HAS IDD. Currently,
HAS IDD |24] offers a commitment on a set of Minimum Performance Levels. While these
values offer a good reference for the expected Signal-In-Space error (SISE) performance
of HAS, it has to be taken into account that only information about the 3D orbit error is

provided.

As a consequence, this requires assuming a spherical orbit error distribution where the
radial, cross-track and in-track components are characterized by the same accuracy. In
general this is not true, as the radial component normally benefits from a better accuracy
as the orbit determination is more precise along this direction. As a consequence, the
use of the MPLs as a reference for computing the error in the range domain (i.e. the
projection of the clock and orbit errors onto the line of sight vector of the user) leads to

a rather conservative approach.

This chapter aims to analyze the results obtained when comparing estimations with the
orbital positions and satellite clock biases provided by precise products. These products
are taken as "ground truth" for the evaluation of the errors. In this way, it is possible to
obtain an estimate of the actual SISRE that characterizes Galileo HAS IDD.

The objective is two-fold: firstly, it will provide an independent evaluation of the perfor-
mance of HAS during a large time window of almost a year; and secondly, it will support

the derivation of an error model that describes the potential achievable performance of

ARAIM-HAS.

Firstly, a comprehensive description of the data used for this work is provided, with its
source, format and characteristics. Then, Galileo HAS IDD corrections are characterized
by analyzing its typical values, its availability and the expected performance according to

quarterly reports provided by GSC.

Finally, the orbital and clock errors are characterized for each direction (radial, in-track

and cross-track). Afterwards, a value of SISRE is estimated based on the projection of
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the observed SISEs onto the ranging domain.

7.1. Data pocessing considerations

For the analysis of the Signal-In-Space error, it is necessary to analyze large amounts of

data coming from different sources. In particular:

1. Broadcast Navigation Messages: RINEX files containing the broadcast navi-
gation messages of each constellation, provided by the International GNSS service

(1GS).

2. Clock and Orbit precise products: SP3 and CLK files that contain the prod-
ucts for the orbit and clock of each satellite, generated by the Center of Orbit
Determination of Europe (CODE).

3. Differential Clock Bias (DCB) products: The DCBs are required to perform
the clock translations between references in order to align clock biases referred to dif-

ferent code observables. These products are made available by the Chinese Academy
of Sciences (CAS).

4. Antenna Phase Center offsets (ANTEX files): These files are necessary to
perform the reference point translations consistent with Table 7.4. The IGS ANTEX

files are used for this purpose.

5. HAS IDD corrections: HAS corrections obtained from the Internet Data Distri-
bution of Galileo HAS.

An observation window of 337 days is analyzed, spanning from January 8th to December
14th of 2024. No data is available for HAS IDD between day of year (DoY) 16 and 24.
However, no Notice Advisory for Galileo Users (NAGU) has been published regarding this
data gap. After careful examination, this gap appears to be linked to a loss of connection
of the computer recording the corrections. No more days have been affected by this issue

for the considered time window.

In order to handle the large amount of data, NASA’s Crustal Dynamics Data Information
System (CDDIS) FTP service is used to automatically download the necessary Broadcast
Navigation messages, clock and orbit precise products and DCBs. These are organized
daily, and parsed for its processing. On the other hand, HAS IDD corrections are retrieved
and recorded in plain text using BKG Ntrip Client. A parser has been developed and
the resulting binary files are storaged and integrated in the analysis pipeline. Table 7.1

provides a summary of the source and format of each of the products used during the
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] Data file | Source | Format ‘
Orbit and Clocks CODE SP3, CLK
DCB products CAS SINEX-BIAS
APC offsets IGS ANTEX
INAV/LNAV IGS RINEX
HAS IDD BKG Ntrip Client HAS IDD

Table 7.1: Data source summary for performing the necessary analyses.

development of this work.

7.2. HAS IDD corrections evaluation

7.2.1. Corrections magnitude

Galileo HAS IDD provides orbit and clock corrections with a nominal frequency of 10
seconds. HAS orbit corrections are provided as a set of 6 parameters per SV collected in
two vectors {drgas, Tgas}. In general, it was found that the 6ryag component is very
close to zero and, as a consequence, the corrections are almost constant during its 40

seconds maximum validity interval.

Figure 7.1 shows the value of the orbit corrections during November 3rd, 2024 (DoY 304).
Firstly, there is a noticeable difference in the magnitude of corrections between GPS and
Galileo. This is explained by the fact that GPS broadcast orbit errors are larger than
those of Galileo. As a consequence, larger corrections are needed. Moreover, there is a
large difference between radial and cross-track GPS corrections and those corresponding
to the in-track direction. Due to the characteristics of the SV’s dynamics, the in-track
component suffers from larger uncertainties thus requiring larger corrections to reach

comparable accuracy levels.

Regarding Galileo satellites, corrections are smaller (< 0.5 m), and tend to be more similar
between components. This is explained by the better accuracy of Galileo Broadcast

ephemeris, that leads to a more homogeneous behavior in between components.

Figure 7.2 shows the clock corrections for each of the SVs during the very same day. GPS
corrections tend to be larger as GPS broadcast clock corrections tend to be less accurate
(mainly due to the use of different clocks on-board and larger gap in between consecutive

navigation messages).
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Figure 7.1: Galileo HAS IDD orbit corrections for GPS and Galileo constellations on DoY
304, 2024. Each color corresponds to one SV.
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Figure 7.2: Galileo HAS IDD clock corrections for GPS and Galileo constellations on DoY
304, 2024. Each color corresponds to one SV.
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7.2.2. HAS IDD availability analysis

In order to complete the characterization of HAS IDD corrections, it is interesting to asses
the actual availability for each SV. As mentioned on Section 7.1, HAS corrections were
recorded for 337 days between January 8th to December 14th of 2024.

Figure 7.3 shows the frequency at which orbital and clock corrections messages where
received during DoY 305 of 2024. Note that receiving a message does not mean that there
is a correction available for every healthy satellite from Galileo and GPS constellations.
Each message normally has some satellites that do not receive corrections. For example,
GPS PRN 22 did not receive any corrections for the analyzed period. The specific cause

for this unavailability is unknown for the author of this work.

According to its Interface Control Document [24], HAS IDD corrections are broadcast
nominally every 10 seconds. Additionally, when the user loses connection to the server
the last batch of corrections remains valid for up to 40 seconds. However, in the case that
no corrections are provided for a specific satellite at one epoch, every previous correction

should be immediately discarded.

It can be seen that the nominal correction frequency is followed in general for the whole
day. However, there are some instances where no message arrives and the user has to wait
another 10 seconds for a new set of corrections. In any case, and according to the ICD, the
previously-received corrections remain valid for this time, thus not affecting availability.

Galileo HAS IDD corrections delay for DoY 305 2024
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Figure 7.3: Galileo HAS IDD message frequency during DoY 305 of 2024.
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Taking the aforementioned logic, the overall availability is computed for each SV i as

# Epochs with valid corrections for i

1
8639 00

HAS IDD corrections Availability for SV, =

(7.1)

where 8639 is the number of 10-seconds time slots in a day. This computation is performed
for orbit and clock corrections of each constellation. It is necessary to highlight that the
definition of availability provided by Eq. (7.1) differs from that of the HAS SDD [4]. As a
consequence, the availability estimated on this section should not be compared with that

of the quaterly reports released by EUSPA, as they refer to different metrics.

Table 7.2 sums up the HAS IDD correction availability per SV during the analyzed period
of 337 days. While the availability for orbit and clocks for a given SV are almost equal,
there are some cases where there is a slight difference such as in the case of G26, where
there is a very subtle difference. In any case, these differences are very small (in the order
of 0.001%). As a consequence, almost every time there is an orbit correction available for

a certain satellite, a clock correction is also provided.

In general, Galileo satellites benefit from a higher availability of HAS IDD corrections.
For the availability computation of PRN E06 it had to be taken into account that it
became operational on September 9th, 2024 (NAGU 2024034).

While the availability of HAS IDD corrections is as low as 75% for some SV, note that the
user is generally seeing many satellites at each epoch. And those satellites for which there
are no corrections available may still be used with the broadcast ephemeris information.
In particular, assume that all SV from both constellations have the worst-case availability
from Table 7.2, which is found for GPS satellite G27 of 75.097%. If 12 satellites are in
view between GPS and Galileo, the probability of having half or more of the satellites
using only OS is 2.4 x 1074. In reality, this probability is much smaller, as HAS IDD

availability per SV is better in general.

7.2.3. Galileo HAS IDD expected performance

The European GNSS Service Center (GSC) regularly monitors Galileo HAS performance
metrics since the EU declared the availability of HAS Initial Service on January 24th,
2023. GSC releases quarterly reports on the performance of the service. Particularly,
these reports include information about the accuracy delivered by both SIS and IDD
services, availability of HAS corrections and availability of HAS Coverage inside the SA.
Currently, seven quarterly reports are available (Q1-Q4 2023, Q1-Q3 2024). This section
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| PRN | Orbit [%] | Clocks [%] |

G02 85.741 85.741
ggi ?g‘é;g iggég PRN | Orbit [%] | Clocks [%] |

EO02 94.817 94.817
GO05 90.256 90.256

E03 94.105 94.105
G06 86.377 86.377

E04 91.425 91.425
GO7 79.946 79.945

EO05 94.512 94.512
GO08 81.364 81.363

E06 96.602 96.602
G09 81.054 81.053

EO07 94.104 94.104
G10 77.744 77.743

EO08 94.713 94.713
G11 88.458 88.458

E09 93.772 93.772
G12 89.738 89.738

E10 94.410 94.410
G13 69.663 69.663

El1 94.577 94.577
Gl14 75.360 75.359

E12 94.068 94.068
G15 81.933 81.933

E13 92.988 92.988
G16 82.095 82.095

E15 94.136 94.136
G17 83.595 83.595

E19 94.349 94.349
G18 86.220 86.219

E21 94.286 94.286
G19 86.304 86.304

E24 94.810 94.810
G20 89.992 89.992

E25 94.104 94.104
G21 86.677 86.676

E26 93.535 93.535
G23 85.785 85.785

E27 94.082 94.082
G24 84.971 84.971

E29 27.255 27.255
G25 82.315 82.315

E30 93.566 93.566
G26 75.509 75.508

E31 94.337 94.337
G27 75.097 75.097

E33 94.535 94.535
G28 89.842 89.842

E34 94.637 94.637
G29 85.142 85.141 £36 91575 91575
G30 85.134 85.134 :
G31 | 88.790 88.790 (b) Galileo
G32 78.805 78.804

(a) GPS
Table 7.2: Summary of HAS IDD corrections availability for GPS and Galileo between

DoY 9 and DoY 342 of 2024. DoY 16 to DoY 24 are excluded from the analysis.
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will focus on orbit and clock errors reported during this period. However, information
about clock bias accuracy, availability and coverage can be found on [28-34|. Monthly

orbits and clocks accuracy values reported for HAS IDD are summarized on Table 7.3.

Firstly, data for January is not available as the service was only declared operational by
the end of the month. It can be seen that overall the performance of HAS IDD is within
the MPLs defined on Table 4.3. The only time HAS IDD failed to meet the MPLs for the
Galileo constellation was in June 2024. In this particular case, both HAS SIS and HAS

IDD provided poor orbit accuracy for Galileo satellites.

GPS orbit error was below 0.31 m for all cases, with an average value of 0.2 m for the
available months. On the other hand, GPS clock error was below 0.15 m with an average
value of 0.1 m. Galileo exhibited slightly better performance, with maximum orbit error
of 0.19 m and average error of 0.16 m (excluding June, 2024). Galileo clock errors were

below 0.1 m, with an average value of 0.07 m.

Finally, although its values are not reported on Table 7.3, HAS SIS exhibited similar

performance during the analyzed period.

Galileo HAS IDD proves to consistently deliver substantial improvements on orbit and
clock errors with respect to broadcast ephemeris on nearly real time, consistent with the

MPLs commitment described on [4].

Additionally, the SDD [4] requires that Notice Advisories for Galileo Users (NAGUs)
should be published at least 48 hours before any planned event, and for unplanned events,
with a delay of up to 30 hours. However, the latter limit has been violated at some
instances such as on Advisory 2024025 of June 2024 where the information was published

63 hours after an unplanned HAS outage event.

7.3. Signal-In-Space error characterization

7.3.1. Orbit and clock errors computation

The orbit and clock errors are assessed by comparing the predicted orbit position and
clock biases from HAS and OS, and comparing them to the one predicted by precise

orbits and clock products.

Precise orbit and clock products (from now on Precise Products, PPs) are highly accurate
post-processed estimates of the GNSS satellite clock biases and orbital positions based on a
large set of observations. In general, different types of precise products are available, each

of them characterized by a certain latency and accuracy. Specifically, for this work the
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Galileo HAS IDD accuracy summary. [28-34]
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1 HAS entered service oficially on January 24th, 2023.
2 Above the Minimum Performance Level according to Table 4.3.

3 Quarterly report not available.

Table 7.3: Summary of Galileo HAS IDD orbit and clock RMS error according to available

quarterly reports.

final PPs provided by IGS through the MGEX project [35, 36] are used as "ground truth"

for the computation of the Signal-In-Space error provided by the broadcast ephemeris and

HAS. These products are released with a latency of 12 to 19 days and offer an accuracy

of 2.5 cm in orbit position and 75 ps of RMS clock error (with standard deviation of

Oclk, final = 20 ps).

Satellite orbit errors are defined as the deviation between the SV’s Antenna Phase Center
(APC) position (based on broadcast ephemeris or HAS), and that provided by the PPs. It
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Summary of references used for orbit positions and clock biases. [6, 37, 38|

] Source: | PP \ BRDC (LNAV/INAV) \ HAS IDD ‘
Type: | Orbit Clocks Orbit Clocks Orbit Clocks

GPS CoM! | C1W/C2W? L1/1.2* C1P/C2P* | L1 C1Cc/C2p
Galileo | CoM! | C1C/C5Q?* | E1/Ebab/E6® | C1C/C7Q* | E1 | C1C/C5Q?

I Center of mass. 2 Ionospheric free combination. ? Arithmetic mean of APC offsets.

Table 7.4: Summary of reference points for orbit positions and satellite clock biases for
precise products (PP), HAS IDD and broadcast ephemeris (BRDC). LNAV for GPS and
INAV for Galileo. Clocks references are based on the IGS RINEX 4.02 standard [6].

is important to note that while broadcast ephemeris, HAS and PP offer the orbit position
in the same reference frame (ECEF), they refer to different points of the spacecraft. In
particular: precise products refer to the center of mass [6]; broadcast ephemerids refer to
the L.1/L2 ionospheric free APC for GPS and the arithmetic mean of the APC position of
E1, E2 and E6 [37| for Galileo; and HAS IDD refers to the L1/E1 single frequency APCs
[24]. Table 7.4 summarizes the points to which each product is referring to. In this work,
the LNAV (GPS) and INAV (Galileo) navigation messages will be used, as these are the
ones supported by Galileo HAS [4].

Given a certain SV, and the orbital position xgcgr based on either HAS IDD or broadcast
ephemeris, the orbital positioning error with respect to precise products is computed as

en Pt = xpepr — (Xpopr + R Aapc), (7.2)

where RESEF represents the time-dependent rotation matrix from body axes to ECEF
[1], and Aapc is the antenna phase center position with respect to the center of mass.
This value is provided by IGS through the corresponding IGS ANTEX file [6]. This error
can be rotated to any other frame of reference. For instance, for the NTW frame defined

on Figure 4.2: €W = RNLW EOEF

Regarding the clocks, it is necessary to translate them to a common code combination

using the appropriate differential code bias (DCB) products

where the actual value of B depends on the constellation and source used for the error

computation (BRDC, HAS IDD), as it is associated to each code signal combination.
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Group delays B for SISRE monitoring using CAS DCB products.

] System | GPS \ Galileo
PP - -
2
BRDC 2 - —f%ff?%mDCBmc csQ + B fES =25~ DCBcic—-cg
HAS IDD ﬁDCBClC_mW -

Table 7.5: Group delays B for SISRE monitoring using CAS DCB products. f; corre-
sponds to the frequency of signal ¢ for the associated GNSS.

Table 7.5 shows the applied clock offsets for each clock. A detailed discussion on how to
obtain the specific values of B is provided on Appendix A.

It is important to note that due to different time synchronization between PP, HAS and
BRDC for each constellation (i.e. GST for HAS and Galileo-BRDC, IGS Time Reference
for PP and GPS System Time for GPS-BRDC), it is necessary to remove the epoch-wise
mean for each constellation. In the positioning solution, this bias is absorbed by the

receiver’s clock bias.

7.3.2. SISRE computation

Once SIS errors are characterized, it is necessary to define a measure of how these errors
are projected onto the ranging domain. This leads to the definition of the Signal-In-
Space Range Error (SISRE). In the literature there are different variants of SISRE. For
this work, it is proposed to apply the definition of Instantaneous User Projection SISRE,
SISREyp, provided by [1]. For this purpose, a grid of equally-spaced users are placed
on the surface of the Earth. Then, for each instant and each satellite ¢ of constellation
7, the users that see the satellite with an elevation angle > 10° are selected. For each of

these users k, the line-of-sight (LOS) vector er is computed in ECEF based on the user’s

and the SV’s locations x;“#F and x“"F respectively.
XECEF _ y FOEF
i _ Xij
€ = |XEC’EF <FCEF|" (7.4)

]

Then, the SISRE is obtained as the projection onto the LOS vector of the orbit and clock
errors

SISREf;p,, = (ei:j)T €oy | = e (7.5)

orb

Note that, since clock errors affect equally all range measurements for a given satellite,
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they are subtracted after the projection. Figure 7.4 shows an schematic representation
of SISREyp setup. The grid size is limited to 520 users, mainly due to data handling
limitations. With about 200 users in view for each time instant, this means roughly 36
million data points per day assuming a time step of 30 seconds. When extending the time
window for a whole year, this already requires careful handling of the whole data set.

® SV not visible

e SV visible
® Satellite

Figure 7.4: Schematic representation of Instantaneous User Projection SISRE.

While there are other definitions, such as the globally-averaged SISRE (37|, SISREyp
follows a unimodal, symmetric distribution, which is interesting for computing gaussiand
bounds for the error as discussed on Section 3.2.3. However, it is important to note
that while this approach greatly increases the number of samples, these are not truly

independent. [1].

7.3.3. Orbit and clock errors characterization

In this section, the obtained orbit and clock errors are analyzed for HAS and OS of GPS
and Galileo constellation. In particular, these errors are estimated by comparing the orbit
positions and clock biases obtained using the broadcast navigation message and HAS IDD

with the orbit and clock biases provided by CODE precise products.

Each orbit position estimation (PP, HAS and OS) is referred to a difference reference point
of the SV. As a consequence, it is necessary to use the appropriate phase center offset
(PCO) values (rotated to ECEF) in order to refer everything to the same point. For this
analysis, everything was moved to the reference point used by the broadcast ephemeris,
that is listed on Table 7.4. IGS ANTEX files [6] are used as source of the APO of each
SV.

The APC info contained in the file igs20.atx was used for all cases. However, during the
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Figure 7.5: Galileo orbit errors for broadcast ephemeris (OS) and HAS IDD for 337 days
between January 8th and December 14th of 2024.

processing it was noticed that GPS satellites exhibited a slight bias on the radial direction
for the HAS-corrected orbital position. This bias dissapears when using the APC reported
in igs14.atx. It seems that for GPS satellites, the HADG is using the APC described

on igsl4.atx as the reference for computing the corrections.

A total of 337 days were analysed, spanning from January 8th to December 14th of
2024. The period between DoY 16 and DoY 24 is excluded due to the lack of HAS IDD
corrections. Figures 7.6 and 7.5 show the orbit error distribution for each constellation for
HAS IDD and OS. It is clear that HAS brings a substantial improvement to the orbital
errors of both constellations, leading to errors in the order of a few decimeters for all three
components. In particular, the radial component achieves accuracy below 2 decimeters for
both constellations. As expected, the largest improvement is provided in the cross-track
and in-track components, specially for GPS. However, these components have the least

impact on the ranging accuracy when projected on the line of sight vector.

Figure 7.7 shows the clock error distributions for GPS and Galileo. There is a noticeable
improvement in performance with respect to OS. The achieved accuracy in orbit and clock
determination of Galileo SVs was below 3 dm, while for GPS a smaller improvements are

achieved.

Figures 7.8 and 7.9 show the average value and 20 range for each satellite vehicle. In the
orbit error domain, it is clear how HAS manages to lower the orbit error and remove any
observed bias from the broadcast ephemeris. This leads to decimeter-level accuracy in
terms of satellite positioning both for GPS and Galileo. Additionally, GPS satellites from
Block III-A appear to suffer from larger errors in the radial component. Orbit errors for

OS are consistent with those of [1, 39], while those for HAS are consistent with the ones
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Figure 7.6: GPS orbit errors for broadcast ephemeris (OS) and HAS IDD for 337 days
between January 8th and December 14th of 2024.
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Figure 7.7: GPS and Galileo clock errors for broadcast ephemeris (OS) and HAS IDD for
337 days between January 8th and December 14th of 2024.
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provided by [40-42].

A small bias is present in the radial direction of Galileo satellites for both HAS and OS
cases . The reference for the broadcast is taken as the arithmetic mean of E1, E5 and E6
signals as stated on Table 7.4. The source of this information comes from [37] back on
2017 and this might have changed during these years, leading to slight bias for each SV.
However, these biases are below 0.1 meters for all cases (see Table 7.6), so its effect may

be neglected when compared to other error sources when processing real measurements.

Focusing now on the Galileo clocks of Figure 7.8, overall HAS IDD manages to provide a
noticeable improvement with respect to broadcast. However, slight biases are found for
satellites from the IOV block but in those cases HAS manages to reduce the bias that was
provided by OS. Table 7.6 presents a summary of the SISE errors found for the Galileo
constellation using HAS IDD.

GPS clocks on Figure 7.9 show noticeable biases of GPS clock errors for HAS on different
satellites. G28 (SVN 44) is showing a specially large bias in the order of 0.5 m, but it
is worth noting that this satellite was decommissioned on December 14th, 2024. In an
attempt to fully characterize the source of these biases, Figure 7.10a shows the histogram
of the clock errors for GPS satellites. PRN 6, 8, 12, 19, 21, 28, 29 and 32 exhibit a
bimodal distribution of errors with two clearly differentiated peaks. By analyzing the
time evolution of the error for these SVs, it was found that at some point on August
2024 there was a shift in the bias. Figure 7.10b shows the clock error histogram from

September to December, where only one peak is found that corresponds to the new offset.

Currently, there is no official source that states the references that the HADG uses for
Galileo HAS IDD while producing the clock and orbit corrections of GPS satellites. In
this work, those listed on Table 7.4 are assumed, but to the knowledge of the author of
this work, no previous published research has addressed the clock errors for GPS satellites
using HAS neither in a SV per SV fashion nor for a long period of time. Additionally, HAS
is a system in a rather early stage of development and these changes may be expected as
the system evolves towards phase 2. As a consequence, it is assumed that during August
2024 there has been a shift in the reference for those SV in the HADG, which is then
translated into a bias on the errors. However, this only explains the bimodality of the
distribution but not the noticeable bias that is observed after removing the first half of
2024.

Note that for successfully comparing the precise products with the HAS-corrected GPS
measurements, it is necessary to use the differential clock bias DC Beow _cop (according
to RINEX4 format), which is not provided by the CAS products. For this work this bias
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Figure 7.8: SISE error per satellite vehicle for Galileo constellation, organized per blocks.
Both the 20 interval and the mean values are shown for OS and HAS IDD.
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Figure 7.9: SISE error per satellite vehicle for GPS constellation, organized per blocks.
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has been neglected, following the same approach as [43]. This step might be introducing
a small additional offset for some satellites that is only seen when comparing HAS orbits

and clocks with precise products.

Additionally, for the GPS orbits it was found that probably the reference of the APC
was not aligned with that of the latest ANTEX file published by IGS, but a previous
one. A similar effect might be taking place here. Note that the broadcast clock error
distributions are practically unbiased for all SV which was also observed by other works
[1, 39]. This further supports the idea that HAS-corrected clocks should show nominally

a bias at most equal to that of the broadcast.

As a consequence, it is proposed to assume that the observed bias in the HAS-corrected
GPS clocks is due to a misalignment in the references used between the precise products
and Galileo HAS. In this case, the final user would not be able to "see" this bias, as long
as the appropriate pseudorange observations are used (L1+L2C, [4]). As a consequence,
when overbounding the SISRE distributions for estimating the values of off#2 this bias

will be removed from clock errors.

Tables 7.7 and 7.8 show the summary of the SISE error characteristics for GPS when using
HAS IDD. This analysis is split in two due to the observed change of reference on August
2024. Tt is clear that there is a non-negligible bias on the SV that showed the bimodal
behavior of Figure 7.10. Additionally, by comparing the mean clock errors between both

periods the shift on August 2024 becomes clear.
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Figure 7.10: Clock error histogram for GPS constellation from January to December,
2024 (a) and from September to December, 2024 (b).
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Galileo SISE summary

Radial In-Track | Cross-Track Clock
Block | PRN 1 ‘ o W | o W | o ,u ‘ o
El1l 9.95 3.33 1207|889 |-0.31|7.88 4.13 7.09
IOV | E12 -8.55 3.53 1197|955 |-0.24 | 8.11 -16.32 | 8.44
E19 10.45 | 3.49 | 2.09 | 9.74 |-0.08 | 843 2.25 7.63

E02 1.47 3.07 1141|830 | 032 | 7.05 -2.11 ] 6.11
E03 -2.46 | 2.80 | 1.62 | 829 | 0.67 | 7.02 -2.68 | 5.85
E04 -2.14 | 319179 | 878 |0.13 | 7.63 -0.44 | 6.22
E05 -6.11 | 4.68 | 1.88 | 1742 | 0.51 | 10.39 |-1.83 | 6.63
E06 -4.49 |2.64 065|758 |1.53 |6.18 1.55 4.85
EO7 7.44 296 | 1.14 | 817 | 0.539 | 6.81 0.76 6.24
E08 -0.11 | 2.76 | 1.28 | 7.86 | 0.62 | 6.85 -0.85 | 5.95
E09 1.73 3.01 | 1.53 | 811 | 0.29 | 6.97 0.85 6.05
E10 -3.00 | 3.65 | 1.94 | 10.67 | -0.38 | 7.86 1.97 6.21
E13 -9.92 | 4.19 | 1.19 | 14.09 | -0.17 | 8.56 -0.47 | 6.92
E15 -1.09 | 291|162 806 |-0.18 | 7.01 1.96 5.80
E21 -11.27 1 3.09 | 0.87 | 8.54 | 0.27 | 7.05 3.76 6.48
E24 4.94 3.00 | 1.22 | 824 | 0.58 | 6.90 -0.95 | 5.85
E25 -256 296 | 1.36 | 799 | 0.36 | 6.88 -0.85 | 5.79
E26 -451 | 331 ] 117|850 |-0.32 | 7.11 0.55 6.41
B27 -0.19 | 3.06 | 0.89 | 8.23 | 0.33 | 6.93 2.48 6.33
E29 -1.28 1312 | 1.03 | 7.56 | 1.65 | 6.43 12.25 | 5.60
E30 6.69 3.28 1 1.24 | 858 | 040 | 6.92 -3.67 | 6.34
E31 -1.16 | 3.22 ] 146 | 844 | 0.60 | 7.21 0.88 6.38
E33 -1.54 | 3.01 | 0.99 | 826 |-0.30 | 7.11 0.55 6.16
B34 -0.97 | 2941169 828 |-0.17| 7.11 2.75 5.59
E36 1.42 282 (192|791 |-0.17| 7.11 3.28 5.70

Table 7.6: Galileo HAS IDD SISE mean (u) and standard deviation (o) summary from

January to December of 2024. All measurements are in cm.

FOC
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GPS SISE summary 01/2024 - 08,/2024

Radial In-Track | Cross-Track Clock
Block | PRN 1 ‘ o I | o W | o " ‘ o

GO2 |-0.17 | 3.58 | 3.21 | 9.20 | -0.07 | 6.54 -5.51 | 7.64

G13 | 0.11 | 3.96 | 1.99 | 10.83 | -0.51 | 5.99 4.20 9.03

IR G16 | 0.19 | 3.72 | 1.83 | 9.48 | 0.13 6.55 0.67 | 897
G19 | 0.25 | 2.79 | 1.94 | 7.02 | 0.65 6.65 | -29.01 | 9.64

G20 | 0.15 | 3.28 | 2.84 | 871 |-0.78 | 7.22 -1.76 | 7.20

G21 |-0.20 | 3.86 | 3.03 | 9.32 | 0.04 6.59 4.54 | 12.29

GO4 | -2.75 | 541 ]6.03| 9.80 |-2.99| 8.06 -9.23 | 9.43

G11 |-3.27 | 6.13 | 0.61 | 9.67 | 1.11 8.35 | -16.05 | 10.43

I G14 | -2.55 | 527|266 | 9.62 | 2.34 9.38 | -14.74 | 10.75
G18 |-3.22|6.01 | 0.77| 9.57 | 1.37 7.61 -3.64 | 8.89

G23 | -3.02|6.05 269 | 9.16 | -0.86 | 8.55 |-14.67 | 9.39

G28 | -2.63 | 570|200 | 9.71 | -1.74 | 839 |-29.73 | 13.45

G03 | 0.36 | 4.64 | 0.27 | 19.88 | 1.16 | 10.38 9.57 | 10.21

GO6 | 0.08 | 4.38 | 2.17 | 14.86 | 2.00 9.65 17.27 | 12.46

GO8 | 0.37 | 441|180 | 17.61 | -0.48 | 10.56 | 11.32 | 12.36

G09 | 0.29 | 3.81 | 191 | 15.82 | 0.42 | 10.28 7.95 9.03

IIF G10 | 0.11 | 3.97 | 2.70 | 15.13 | 2.66 9.38 2.20 8.23
G24 | 0.06 | 3.62| 274 |11.30 | -1.20 | 7.90 4.19 8.38

G25 |-0.22 1405|049 | 1597 | -1.17| 9.38 7.36 | 10.21

G26 | 0.05 | 3.12 190 | 9.39 |-1.38| 7.92 9.75 8.18

G27 | 027 | 291|114 | 9.23 | -0.68 | 8.84 15.14 | 9.03

G30 | 0.47 | 3.57 | 2.05|12.89 | -1.23 | 9.09 2.12 9.40

G32 | 0.15 | 4.79]0.04 | 21.39 | 0.38 | 11.73 1.40 | 11.23

GO5 | 028 | 3.77 1192 | 7.71 |-044| 6.28 7.23 8.53

GO7 | 0.47 | 3.42 | 3.10 | 840 | 0.35 6.41 1.78 7.71

IR-M G12 | 0.19 | 3.34 | 0.67 | 877 |-0.29 | 6.70 9.78 | 14.32
G15 | 0.12 | 359|291 | 945 | -0.21| 6.31 10.85 | 9.27

G17 | 0.15 | 3.18 | 1.71 | 7.30 | 0.59 6.71 -2.09 | 8.12

G29 | 0.35 | 360|194 | 868 |-0.51| 5.84 2.73 | 10.79

G31 | 0.26 | 3.34 233 | 7.84 | 0.52 6.60 1.33 8.92

Table 7.7: GPS HAS IDD SISE mean (u) and standard deviation (o) summary from

January to August of 2024. All measurements are in cm.
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GPS SISE summary 09/2024 - 12/2024

73

Radial In-Track Cross-Track Clock
Block | PRN 1 ‘ o 1 ‘ o W ‘ o I ‘ o

GO2 |-0.16 | 4.19 | 148 | 851 | -1.06 | 5.68 | -3.56 | 10.08

G13 | 0.18 | 2.38| 277 | 6.61 | 3.08 | 4.90 | 8.63 8.28

IR G16 |[-0.15]3.81 | 122 | 975 | 0.66 | 6.28 | -4.30 | 7.67
G19 [0.34 | 274|132 | 827 |-0.02 | 5.68 | -14.61 | 8.15

G20 | 0.03 |3.75|3.68 | 7.65 | 042 | 589 |-5.48 | 877

G21 |-0.60 | 4.54 | 2.31 | 9.08 | -1.17 | 5.68 | -15.58 | 10.86

G4 |-1.90|4.05]0.01 | 7.88 850 | 6.55 |-7.73 | 8.30

G11 | -3.23|6.38 | 4.11 9.80 | -3.26 | 6.85 | -13.61 | 11.08

1 G14 | -2.92 | 7.20 | 440 | 10.64 | -1.86 | 7.72 | -12.80 | 11.47
G18 |-3.26|6.11 | 5.79 | 9.75 | -2.71 | 6.28 | -1.49 | 10.15

G23 |-3.18 | 7.08 | 1.60 | 9.78 | 4.98 | 8.04 | -5.65 | 10.25

G28 |-3.19|6.08 | -3.14 | 994 | 2.86 7.21 | -62.73 | 11.28

G03 | 0.17 | 3.12 | 1.06 | 8.68 |-2.85 | 857 | 13.28 | 7.70

GO6 | 0.03 | 3.58 | 2.10 | 8.40 |-5.23 | 845 | -5.63 | 8.01

GO8 [ 0.01 264|234 | 799 | 057 | 6.49 | -4.38 | 7.96

G09 [0.33 [ 234|171 | 879 | 247 | 6.45 | 1148 | 9.30

IIF G10 |0.23 |[2.83|3.04 | 7.89 |-2.46 | 855 | -6.56 | 8.44
G24 [0.26 |[3.00 127 | 9.14 |3.23 | 7.38 | -1.92 | 9.07

G25 |0.01 |3.07|-0.80| 898 | 275 | 7.74 | -3.15 | 7.60

G26 | 048 | 7.79 | -0.53 | 23.24 | 3.65 | 11.54 | 10.21 | 11.32

G27 | 0.37 | 3.56 | 0.05 |16.95|0.32 | 7.62 | 4.78 8.46

G30 | 0.10 |3.76 | 1.77 | 893 | 4.38 | 6.93 | 13.27 | 9.40

G32 [ 024 [222]0.50 | 7.18 | 1.47 | 6.64 | -15.37 | 8.27

GO5 | 0.11 |3.85|238 | 6.62 | 1.63 | 5.67 | 13.36 | 8.70

GO7 | 0.08 |3.77 237 | 7.54 | 1.91 | 5.30 | 1.61 9.89

TR-M G12 | 0.13 | 4.05|-0.21 | 9.13 | -0.64 | 6.13 | 38.18 | 8.47
G15 | 0.37 | 240 | 3.91 7.01 | 1.32 | 5.34 | 21.18 | 8.22

G17 | 0.55 [3.23|1.10 | 6.92 |-0.99 | 5.50 | 6.31 10.07

G29 |0.51 |3.14|228 | 778 | 0.28 | 6.13 | 27.77 | 8.38

G31 [0.29 |3.30|-0.72 | 857 | 0.23 | 5.73 | 8.39 7.30

Table 7.8: GPS HAS IDD SISE mean (u) and standard deviation (o) summary from

September to December of 2024. All measurements are in cm.
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7.3.4. SISRE characterization

Once the SISE error is characterized, it is interesting to study the effect of these errors
in the ranging domain (i.e. the projection of these errors that is translated into errors
for the pseudorange measurements), which is known as the Signal-In-Space Range Error
(SISRE). This is computed following the approach described on Section 7.3.2. A total of

520 equally-spaced users is used for the computation with an elevation mask of 10°.

Moreover, the HAS Service Area, described on [4] is taken into account for the compu-
tation of the SISRE for HAS. However, no noticeable differences have been found with
respect to using the whole set of users. Figure 7.11 shows the user grid used for this com-
putation. A time step of 5 minutes is used, as lower time steps would yield unmanageable

amounts of data points and also yield higher time correlation between measurements.

® OS
© OS +HAS

Figure 7.11: User grid used for SISRE computation for HAS only (green) and OS (green
+ blue).

The HAS IDD clock error biases observed in the previous section for GPS and Galileo
SVs is removed by removing the temporal average of the clock errors in a SV per SV
basis. Since we are only interested on characterizing the 99.5% bound URE for the HAS
error distributions, the removal of the clock biases observed in the previous section would
only have impact on the predicted biases for the continuity model, that are anyways not
included in the baseline ARAIM algorithm. Additionally, as previously discussed, these
biases are most likely linked to misalignment on the evaluation of the clock errors. As a

consequence, would not affect the final users when computing the positioning solution.

Figure 7.12 shows the folded CDF of Galileo SISRE errors for OS and HAS IDD. Firstly,
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the slight bias observed in the orbit radial direction for both Broadcast and HAS is
reflected on both cases. Moreover, it is clear how HAS manages to improve the tails of

the distribution, leading to errors below 1.5 meters with a probability of 99.99%.

Folded CDF - Galileo OS SISRE Folded CDF - Galileo HAS IDD SISRE

0 0
10 107 —5 nio
—E03  E21
—E04  E24
—E05 —E25
) 5[ |—E06 ——E26
— 10 10 £ |—Eo07 E27
L - —E08 —E29
E E —E09 —E30
—F10 —E31
2 2 — Fll —E33
S S . 4l —E12—E34
< 10 < 10 E13 —FE36
3 )
= = El5
10 10®
-3 2 2 3
Error [m] Error [m]

(a) (b)

Figure 7.12: Folded CDF for Galileo SISRE using broadcast ephemeris (a) and Galileo
HAS IDD (b).
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Figure 7.13: Folded CDF for GPS SISRE using broadcast ephemeris (a) and Galileo HAS
IDD (b).

On the other hand, Figure 7.13 analyzes the folded GPS for the corrected and uncorrected

cases. In this case, although the corrected errors are larger than those from Galileo, the
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improvement in relative terms is larger, since maximum errors of almost 6 meters (99.99%)
are reduced to less than 3 meters. A noticeable bias can be seen for some satellites. This
is due to the observed bias on the clock errors from the previous section. According to

Eq. (7.5), clock errors are directly translated into SISRE thus producing this offset.
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The objective of this chapter is to test the proposed methodology in a real flight scenario
by processing data taken during a experimental flight campaign. This analysis aims to
asses the performance of the integration of HAS within ARAIM and its viability on the
current state of Galileo HAS.

In particular, two main cases are considered using different values for the accuracy and
continuity models. On the one hand, the navigation solution is obtained using a continuity
model for HAS based on the MPLs provided by [4], which is consistent with the current
commitments of Galileo HAS. On the other hand, the continuity model derived from the

SISRE analysis performed on Section 7.3.2.

Finally, it is also interesting to asess which is the dependency of the performance with the
a priori constellation-wide fault probability of Galileo. This value is currently set to 1074
mainly because of the recent commissioning of Galileo with respect to GPS. However, it
is expected to lower as Galileo gain maturity and, as a consequence, the potential future

performance of the proposed approach is assessed with a reduction of P.pnstcar-

8.1. Experimental setup

The real observation data used for this work was obtained from a measurement campaign
performed by the German Aerospace Center (DLR) on the vicinity of Braunschweig-
Wolfsburg airport, in Germany. A Dornier 228 aircraft, equipped with a JAVAD Delta
receiver and a Trimble AV39 receiver antenna is used during the campaign. Figure 8.1

shows a picture of the aircraft and receiver used.

Measurements of L1/L2 and E1/E5a ionospheric free combination are used, taken with
a frequency of 5 Hz during a total time span of 96 minutes, starting at 12:30 pm (GPS
time) on the 12th of November, 2024. According to Table 7.4, Galileo INAV navigation
message refers to the E1/E5b combination. However, since E5b measurements were not
recorded, the corresponding DCB from CAS is used to translate the clock biases to the

appropriate code combination.



78 8 ARAIM-HAS performance

Figure 8.1: DLR’s Dornier 228 aircraft and JAVAD Delta receiver used during the flight

measurement campaign.

Measurements of each signal (L1, L2, E1, E5a) are carrier smoothed using a Hatch filter
with a window of T,,,.0tn = 100 s and the ionospheric free linear combinations are produced
for each visible SV at each epoch. An elevation mask of 5° is implemented, together with

a Tecovery Of 300 seconds.

A post processed ground truth solution is used that allows for the estimation of the
positioning error. This solution is computed using GrafNav 9.00.2207, by combining mea-
surements from two master antennas with IDs LEIJOODEU and PTBB using differential
GNSS techniques and precise products.

Three positioning soltuions are computed based on the OS broadcast navigation message,
HAS and CODE precise porducts. For computing the positioning solution in each of the
cases (PP, OS and HAS), the algorithms described in Appendix B are implemented.

This process provides a set of ECEF coordinates for each measurement epoch, that can

then be used to compute the real positioning error provided by each approach.

Figure 8.2 shows recorded aircraft trajectory. The dataset covers from push-back at the
gate until the aircraft arrives back to the same airport. Additionally, both reference

stations used for the differential GNSS solution are shown in the map.

8.2. Integrity and continuity error models
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Figure 8.2: Flight path and reference stations corresponding to the flight measurement

campaign.

8.2.1. SISRE-based OS integrity and HAS continuity models

Since ISM messages are at the moment of writing of this thesis not transmitted by neither
GPS nor Galileo, in order to perform a more realistic evaluation of the proposed ARAIM-
HAS algorithm, a set of possible ISM parameters has been derived by analyzing the SISRE
from Chapter 7.

In order to obtain the appropriate values of URE and URA, a bounding Gaussian distri-
bution is generated for 99.99999% (URA) and 95% (URE) of the probability masses.

Figures 8.3 and 8.4 show the computed overbounding distribution for the observed SISRE
for integrity purposes. This overbound covers the CDF of the ranging error at least down
to probabilities of 1E-7. It can be seen that for all cases, the obtained solution satisfies

the imposed integrity requirement.

Figures 8.5 and 8.6 show the computed bounding distributions for SISRE of HAS (down to
95%) for GPS and Galileo constellation. The SISRE observed on Section 7.3.4 exhibited
a bias for HAS, which can be directly linked with the clock biases observed during the

Signal-In-Space error analysis. This bias is assumed to come from misalignment between
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precise products and HAS and will be ignored when computing the integrity and continuity

models (as the final user is assumed to not "see" them).

The URE and URA values for each case of each SVs are collected on Table 8.1. It can
be seen that, compared to the reference value of oyrp = 2/30yra, there is a noticeable
improvement of almost one meter in the continuity model when using Galileo HAS. The
values of opygra obtained are found to be consistent with those provided by [1] for the

single Gaussian overbound.
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URE and URA values obtained after SISRE assesment.

(a) GPS (b) Galileo
‘ PRN ‘ OIOJbRA [ ‘ U?JbRE,HAs [ ‘ ‘ PRN ‘ UIOJbRA [ ‘ UIOJbRE,HAs [ ‘

G02 0.768 0.140 E02 1.845 0.111
GO03 0.997 0.147 E03 1.782 0.107
G04 0.383 0.142 E04 1.984 0.106
GO05 2.654 0.144 E05 1.468 0.109
G06 1.460 0.145 E06 2.026 0.098
GO7 1.715 0.143 E07 1.358 0.108
GOS8 1.412 0.151 E08 2.111 0.107
G09 0.427 0.146 E09 1.792 0.105
G10 0.870 0.145 E10 1.586 0.110
Gl11 1.353 0.151 Ell 1.282 0.109
G12 0.851 0.150 E12 1.696 0.108
G13 0.517 0.147 E13 1.419 0.108
Gl4 0.707 0.142 E15 1.665 0.109
G15 1.413 0.148 E19 2.092 0.112
G16 0.473 0.146 E21 1.589 0.109
G17 2.198 0.148 E24 1.579 0.107
G18 0.384 0.142 E25 1.635 0.108
G19 0.516 0.148 E26 1.504 0.111
G20 3.305 0.145 E27 1.714 0.109
G21 2.031 0.149 E29 1.407 0.096
G22 0.405 -1 E30 1.617 0.108
G23 3.452 0.144 E31 2.013 0.109
G24 0.496 0.151 E33 1.370 0.106
G25 0.533 0.148 E34 1.633 0.109
G26 1.444 0.146 E36 1.360 0.109
G27 0.694 0.150

G28 0.500 0.151

G29 0.690 0.147

G30 2.765 0.141

G31 1.602 0.154

G32 0.686 0.155

1 No HAS IDD corrections available for G22.

85

Table 8.1: Obtained URA (from OS) and URE (from HAS IDD) estimations based the

observed SISRE distributions for GPS and Galileo constellations.
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8.2.2. MPLs-based HAS continuity model

The MPLs defined by HAS SDD and summarized on Table 4.3 represent the current
commitments on HAS performance for the (constellation average) 3D orbit and clock
error. For this purpose, it is proposed to derive a URE value for GPS and Galileo that is
consistent with the commitments provided by HAS SDD.

Let us assume that the orbital errors in the radial, in-track and cross-track directions are
identically independently distributed (i.i.d), following a zero-mean Gaussian distribution

. : HAS,MPL J
with variance o, . Let €orbsi

be the orbit error of satellite ¢ of constellation 5. The
RMS of the norms of the orbital errors for constellation j can be written as the sum of

the squares of each component as

i=N, i=Nj
1 — 1 = ( : ;
RMSo,; = N E (|€]orb,i 2) “A\lN, Z ((65\71)2 + (EJT,i)2 + (6JW%)2> (8.1)
J =1 J =1

where {N,T,W} refers to the radial, in-track and cross-track components, respectively.

; J J o HAS,MPL . .
It can be proven that, since ey ;, €7, €y, ~ N (O7 Torbj , each of the 7 terms inside

the summation follow a chi-squared distribution of 3 degrees of freedom
i \2 i\ 2 i\ 2 HASMPL)>
(“ﬁw) + (EJTZ) + (6{4/2) ~ X?& (Uorb,j ) : (8.2)

This distribution is equivalent to a gamma distribution with shape parameter 3/2 and

2
gﬁf’MPL> . Then, provided the additive and scaling properties of

scale parameter 2 (o
gamma distributions, the sum of the 3D errors from each of the SV of constellation j,

multiplied by the 1/ (N;) factor is distributed as

i=N;

) 1 . . ; N. 2 2
X7 = N, Z <<63\/z)2 + (ejT,i)2 + (6{471)2> ~ T (%v N, (UgﬁvaPﬂ ) ‘ (8:3)
j

J =1

Finally, the square root of X7, Y7 = v/ XJ follows a Nakagami distribution with shape

parameter equal to that of the original distribution, 3/N;/2, and scale parameter equal to

HA&MPL) 2

the product of the shape and scale parameters of the gamma distribution, 3 (Jom ;

orb,j

- . 3N, 2
Y9 = RMS,; = VX7 ~ Nakagami (TJ 3 <0HA5’MPL) ) . (8.4)
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Let F7(y) be the CDF of the Nakagami distribution of Y7. Then, it is possible to solve

HAS,MPL

orb.j when imposing the 95th percentile condition

numerically for o

FI(MPL

orb

) =0.95 = gl PMPE, (8.5)

Following an analogous procedure, it is possible to prove that the RMS of the satellite

clock errors, RM Sy j, also follows a Nakagami distribution

N 2
RM S, ; ~ Nakagami <7j, (gg]fvaPL> ) 7 (8.6)
from which the value of og,:‘ SMPL can be obtained. As a consequence, the following orbit

and clock errors are obtained

HAS,MPL __ HAS,MPL __
orb,GPS = 16.99 cm, Oorb,Galileo — 10.20 cm,

HASMPL _ HAS,MPL _
Ourcps = 1242 cm, Oy guliteo, = 9-77 cm.

Assuming that clock and orbit errors are uncorrelated, a URE model can be derived for
GPS and Galileo based on the commitments of Galileo HAS as

HAS,MPLs HAS,MPL 2 HAS,MPL\? 91.01
OURE,GPS — O orb,GPS + \ Our,cps =<z1L.Ul cm,

2 2
HAS,MPLs __ HAS,MPL qAs,MpL\?
JURE,GGW@O - \/(00rb,Galileo> + <Uclk,Galileo> = 14.13 cm.

These values have been computed under the assumption that all three orbit error com-

HAS,MPL

orb . However, this is not true in

ponents are characterized by the same variance o
general. As it was observed on Chapter 7, radial direction benefits from a larger accuracy
with respect to the in-track and cross-track components (as could be seen in Figures 7.6
and 7.5), due to the dynamics of the spacecraft as well as the orbit determination pro-
cedure. Moreover, it is the radial component the one having the largest impact on the
ranging error seen by the user, as it is dependent on the orbit error vector’s projection
onto the line of sight vector, which always is "closer" to the radial direction due to the

geometry of the problem, seen in Figure 7.4.

As a consequence, this methodology is conservative in the sense that it is overestimating

the radial orbit error at the expense of underestimating the in-track and cross-track com-

ponents, which leads to an overall larger Jgég’éwpm. In fact, by comparing the obtained
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values with those of Table 8.1, GPS URE is 6 to 7 cm larger for all SVs when estimated
based on the MPLs and Galileo URE is 3 cm larger.

However, on the other hand, this value is based on the actual commitments of Galileo
HAS. This provides a good baseline of the expected minimum performance of the proposed

algorithm, as in general HAS provides better accuracy (see Tables 7.3 and 8.1).

Moreover, if at any point in the future Galileo HAS provides a specific commitment for
each of the error components, it would be possible to obtain less conservative continuity

models for HAS and also remove the need to perform any independent analyses.

8.3. SVs in view and observation geometry

In this Section, the number of SVs in view during the observation window, as well as the
availability of Galileo HAS IDD corrections for the tracked satellites.

Figure 8.7 shows the number of SVs in view for each constellation and epoch. It can
be seen that there are frequent loss of some SVs at the beginning of the measurement
window, specially for Galileo satellites. This period corresponds to the taxing of the
airplane from the gate to the runway (as seen on Figure 8.2). This could be attributed
to nearby buildings and obstacles obstructing the reception of the signal or introducing
multipath. In order to discriminate this effect during the analysis, both the take-off and
landing epochs have been identified based on position and altitude of the aircraft, as the
first and last time instant at which the aircraft is 10 meters above the mean sea level

altitude of the airport. These epochs are marked with a black dashed line.

On the other hand, Figure 8.8 shows the SV visibility during the whole period. Only
those SV that were in view for at least one epoch are shown. Red corresponds to those
epochs where no signal was acquired by the receiver from that SV; yellow means that OS

was available for that SV, but no HAS corrections were found and green means that both
OS and HAS were available.

HAS IDD messages were found to be available for Galileo and GPS satellites above 99.18%
and 91.33% of the time, respectively. This availability was computed with respect to those

epochs where OS was available. This is consistent with the expected availability described
on Table 7.2.

Note that these results are obtained without taking into account the FDE mechanism.
During taxi operations, FDE acted frequently, probably due to larger errors related with
multipath and poor geometry. This, together with the fact that peonstgar = 1074 >
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Figure 8.7: Number of visible GPS and Galileo satellites over time. Dashed lines indicate

take off and landing epochs, respectively.

Peonst.gps = 1078, leads to the exclusion of many Galileo satellites during the displacement
from and to the gate. However, no faults were detected during the flight and thus no SV

were excluded between take-off and landing.

Figure 8.9 shows the time evolution of the Geometric Dilution of Precision (GDOP),
Position Dilution of Precision (PDOP) and Horizontal Dilution of Precision (HDOP).
These metrics are a measure of the expected quality of the solution based on the geometry
of the constellation at each epoch. First, a large GDOP is found during the taxi phase.
This is expected, as geometry is greatly diminished during this phase, as shown in Figure
8.7. Then, there are some specific instants where the DOP is suddenly degraded. This
is mainly linked to a reduction on the number of SVs in view during maneuvers, as they

can be traced back to the information provided by Figures 8.7 and 8.8.

8.4. Algorithm performance

In this section, the performance of HAS+ARAIM algorithm is assessed using the experi-
mental flight data. Three cases are considered: one using broadcast ephemeris and clock
errors (OS); other using Galileo HAS IDD corrections - wherever available; and one using
the post-processed precise products (PP). The latter is only used as a reference for the
positioning error solution, and is not considered when assessing the obtained protection

levels.
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Figure 8.8: HAS IDD and OS corrections availability during the experimental campaign.

Dashed lines indicate take off and landing epochs, respectively.

When computing the protection levels using HAS, two cases are considered depending on
the continuity model used: using the one derived from SISRE on Section 8.2.1 and using
the URE values derived from the Galileo HAS MPLs on Section 8.2.2.

If a SV i does not have any corrections available at some epoch (i.e. yellow in Figure
8.8), the broadcast ephemeris and clock errors are used instead. For this purpose, the
corresponding of;p value for that SV is used, replacing of,pp ;5. Another alternative
would be to discard completely the measurements corresponding to that SV. However,
this would lead to a degraded geometry with respect to the OS case. As a consequence,

it has been decided to follow the aforementioned approach.

8.4.1. Error performance

Figure 8.10 shows the time evolution of the error components in the ENU (East, North,
Up) reference frame (with respect to the ground truth solution. It is possible to see that
HAS solution follows much closer the time evolution of PP errors than OS. In particular,
OS provides a RMS of the 3D error equal to 1.75 meters, while HAS IDD and PP provide
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Figure 8.9: Dilution of precision during the observation window.

1.49 and 1.40 meters, respectively.

Additionally, there is a noticeable error increase during the taxi phase before and after
the flight. By computing the RMS 3D error only during the flight, OS error is reduced to
1.59 meters, while HAS IDD and PP are 1.36 and 1.30 meters, respectively.

A noticeable improvement introduced by HAS IDD can be seen, as it is able - with live
corrections - to exhibit a performance very close to that provided by precise products.
Better positioning performance could be achieved by implementing a more complex po-
sition estimation such as a Kalman filter that uses additional information (such as the
kinematic state or the inertial forces measured by an Inertial Measurement Unit, IMU)

for obtaining a more refined solution. However, this is out of the scope of this work.

8.4.2. Protection levels

Once the positioning errors have been characterized, it is interesting to asses the protection
levels provided by ARAIM. At each epoch, vertical and horizontal protection levels are

computed after a successful application of the FDE mechanism. In particular, PLs are
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Figure 8.10: East, North Up (ENU) error evolution over time for Open Service (OS),
HAS IDD and precise products (PP), using as reference the differential GNSS solution.
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Figure 8.11: Vertical and horizontal protection levels obtained for the OS and HAS IDD

cases.

shown for OS, and for both HAS using the continuity model derived from SISRE and that
derived from the MPLs.

Figure 8.11 shows the vertical and horizontal protection levels for OS and HAS IDD with
both continuity models. It is noticeable how PLs take very large values at the beginning of
the observation window (which is probably linked with the poor geometry and interaction
with nearby obstacles). Additionally, there is a great increase in VPL for both cases at
around t,,, ~ 3.087 x 10° s, which can be traced back to a reduction on available GPS
SV seen in Figures 8.7 and 8.8.

While all solutions follow a similar trend (that is mainly dominated by geometry), HAS
IDD manages to provide a reduction of the horizontal and vertical protection levels,
with very similar performance between SISRE-derived and MPL-derived URE values.
In particular, 8.12 shows the percentual decrease in PLs delivered by HAS IDD when
compared to OS. On average, a reduction between 5 to 15 % is expected for the horizontal
and vertical protection levels between take-off and landing. This translates in a decrease
between 1 to 10 meters for VPLs and between 1 to 5 meters for HPLs. Moreover, the
difference on the reduction of PLs between both continuity models is below 1% of the OS

value.
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Figure 8.12: Percentual reduction on protection levels when using HAS IDD with respect

to OS.

8.4.3. Navigation requirements compliance

The ESA - Stanford Integrity Diagram [44] is a tool that allows to integrate the error and
protection levels computed for a certain set of observations in order to characterize the
compliance with a set of navigation system requirements. In particular, given a certain
Alert Limit it determines the epochs at which the system was in one of the following

states:

e Nominal operation: In this case, the positioning errors are below the correspondent
PLs, which are also below the Alert Limits.

e System Unavailable (SU): In this case, protection levels are larger than correspond-

ing alert limit.

e Providing Misleading Information (MI): Errors are larger than the corresponding

protection level.

e Hazardous Operation (HO): Errors are larger than the corresponding protection
level and the PLs are below the AL.

In order to complete the proposed analysis, the Stanford-ESA integrity diagrams are
shown for the vertical component using OS and HAS IDD. Figure 8.13 shows the OS
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diagram, while Figure 8.14 and 8.15 correspond to HAS IDD using the SISRE and MPL

derived continuity models, respectively.

All diagrams are computed using as reference the LPV-200 (35 m) alert limit, which
corresponds to regions Nominal #1 and #2. Moreover, region #1 corresponds to a re-
duced VAL of 20 meters which allows for the assessment of the performance under tighter

requirements.

Using HAS IDD manages to reduce system unavailability for more than half (from 14.83%
down to 6.182%) for LPV-200 alert limit. Additionally, the availability with a VAL equal
to 20 meters is increased by 7 points from 35.55% to 42.66%. Moreover, no sensible

differences have been encountered between both continuity models for HAS.

These results suggest that the use of MPLs as a reference for computing the URE of HAS
IDD is a good choice, in spite of the conservative assumption taken for the orbit error
model. This approach is simpler and does not require the analysis of large quantities of
data, and the differences between URE values do not translate on large performance gaps

between both URE models.
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Figure 8.13: Stanford-ESA integrity diagram for OS case using LPV-200 navigation re-

quirements as reference.
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Figure 8.14: Stanford-ESA integrity diagram for HAS IDD with SISRE-derived continuity

model. LPV-200 navigation requirements are used as reference.
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Figure 8.15: Stanford-ESA integrity diagram for HAS IDD with MPLs-derived continuity
model. LPV-200 navigation requirements are used as reference.

8.5. Dependency on Pt Gaiileo

Currently, the a priori probability for constellation-wide fault of Galileo is proposed to be

10~* [3]. This is mainly explained due to the rather recent deployment of the constellation
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Pconst,Galileo

Case | VPL | 1E-4 | 1E-5 | 1E-6 | 1E-7 | 1E-8
> 35 m | 14.84% | 12.83% | 12.83% [ 12.83% | 12.83%
OS | >20m [ 49.61% | 50.08% | 49.92% | 49.92% | 48.99%
<20 m | 35.55% | 37.09% | 37.25% | 37.25% | 38.18%
>35m | 6.18% | 6.18% | 6.18% | 6.18% | 5.87%
HAS | >20m | 51.16% | 51.16% | 49.46% | 45.13% | 28.59%
<20 m | 42.66% | 42.66% | 44.36% | 48.69% | 65.53%

Table 8.2: Vertical protection level dependence on Pt Gatiteo-

with respect to GPS, which leads to smaller historic performance metrics. However, it
is expected that this value is decreased progressively as the constellation matures. As a
consequence, in this section a sensibility analysis with Ppopnst catiteo 15 performed where the

dependency of the performance improvements introduced by HAS are analyzed.

In particular, Ponst,Gatileo 18 Varied between 10~* and 1078, while the rest of the parameters
are fixed. Table 8.2 shows the result for each of the considered cases, as the percentage of
epochs at which the VPL is below or above a certain threshold. Note that, since the errors
are below 5 meters for all cases and does not depend on Ppost.Gaiiteo, Only the obtained
vertical protection levels are listed, as they directly translate onto a certain region of the

Standford-ESA integrity diagram.

For OS, the reduction of Pyt Gatiteo Provides a limited impact on the VPL. In particular,
the percentage of epochs for which VPL > 35m (unavailability for LPV-200) is reduced
a 13.48%, while V PL is found to be below 20 m 38.18% when Peynst Gatieo = 1078 with
respect to 35.55% that characterized the base case.

In the case of HAS, however, the behavior is slightly different. While the unavailability
for LPV-200 (VPL > 35 m) is almost unchanged, there is a noticeable increase in the
percentage of epochs for which VPL < 20 m of 53.6% (from 42.66% to 65.53%). It must
be noted that the most noticeable change is between Pt Gatiteo = 10~7 and Pronst.Galileo =

10~8, which is the point at which both constellation fault probabilities are equal.

Figures 8.16 and 8.17 show the Standford-ESA integrity diagrams for OS and HAS IDD

. _ —8
when using Pconst,Galileo =107"°.
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Figure 8.16: Stanford-ESA integrity diagram for OS with SISRE-derived continuity model

and Pronst, Galileo = 108, LPV-200 navigation requirements are used as reference.
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9 ‘ Conclusions and future

developments

9.1. Achievements

This work has presented a modified dual-frequency dual-constellation ARAIM algorithm
that integrates Galileo High Accuracy Service. The new algorithm has been defined,
implemented and evaluated using real measurements from a experimental flight campaign.

In particular, the following activities have been carried out:

Firstly, a method to integrate Galileo HAS into a ARAIM has been proposed, detailing
the modifications done to the original baseline algorithm as well as guidelines for its

implementation in the user side.

Secondly, an availability simulation has been performed to characterize the dependence of
the key performance indicators of ARAIM on the continuity and integrity models through
the values of oy ra and oyre. This analysis allows to predict current and potential future

performances that can be achieved by implementing the proposed methodology.

Thirdly, an independent statistical assessment of the Signal-In-Space error characterizing
HAS IDD during 2024 has been performed. This analysis has provided SV-specific infor-
mation on the orbital and clock errors, as well as its projection onto the ranging domain
by computing the instantaneous user projection on a grid of simulated users on Earth. A

continuity error model for Galileo HAS has been proposed as a result of this analysis.

Lastly, the proposed algorithm is implemented and tested with real measurement data
from a experimental flight campaign performed by DLR. A comprehensive analysis of the
results has proven that reductions between 5 to 10 % on the vertical protection levels
can be achieved, increasing system availability by more than 50% for LPV-200 navigation

requirements.

Moreover, potential future performances of the proposed algorithm are assessed by study-

ing the performance with decreased a priori constellation fault probability for Galileo.
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Figure 9.1 summarizes the activities performed and the contributions associated to each
of them.

DLR previous work

- Implementation of baseline ARAIM
algorithm.

- Data from flight test campaign.
- Recorded HAS IDD (Jan. 2024 — Dec.

2024).
- PVT estimator Research

- ARAIM availability simulation and
sensibility analysis.

- Theoretical adaptation of ARAIM for
Galileo HAS IDD.

- Design of modified ARAIM algorithm.

- Evaluation of Galileo HAS IDD SISE.

Implementation

- Data acquisition and preprocessing.

- Implementation of Galileco HAS PVT
estimator.

- Implementation of ARAIM+HAS
algorithm.

- Estimation of Galileo HAS continuity
model.

Evaluation

- Analysis of ARAIM+HAS algorithm with
real experimental flight data.

- Evaluation of system performance with
respect to baseline ARAIM algorithm.

- Analysis of system performance dependency

with Peonst,Gatiteo

Figure 9.1: List of contributions and existing work.

9.2. Conclusions

In this work, a modified ARAIM algorithm that integrates Galileo High Accuracy Service
has been proposed. The presented algorithm has proven to be able to improve the current
performance of ARAIM for vertical guidance on commercial aviation assuming that HAS
does not introduce any additional fault modes. The improvements in the continuity model
delivered by HAS are translated in a reduction of the vertical and horizontal protection

levels, as well as in an increase of system availability.

For this purpose, the availability simulation delivered valuable information on the ex-
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pected performance enhancement that could be expected from an improvement of the
continuity model. On the other hand, the signal-in-space error analysis provided valuable
information on the current and future performance of Galileo HAS algorithm, providing
SV-specific values for the user range error of Galileo and GPS constellations. The conclu-
sions drawn from these studies were validated using real flight experimental observations,
that proofed its applicability on a real scenario. Additionally, the dependency study with
Ponst,Galileo showed that better performance may be expected in the future, as Ponst.Gatiteo
is lowered, showing an increase on availability of up to 53.6% for a vertical alert limit of

20 meters.

The proposed algorithm does not limit its applicability to civil aviation. Due to its ver-
satile nature, the proposed algorithm could potentially be implemented in the future for
other safety-critical applications such as urban air mobility or train navigation, where the
application of ARAIM integrated with Galileo HAS would augment the current perfor-

mance, enhancing the integrity of the overall system.

9.3. Future developments

During the development of this work, some specific points have emerged that are worth

exploring in the future. In particular:

o Integrity model update: Currently, Galileo HAS does not provide any integrity com-
mitment based on its Service Definition Document [4]. For this project, it has been
assumed that Galileo HAS does not introduce any additional fault modes. As a con-
sequence, the integrity error and threat model used corresponds to the one provided
by the ISM. If integrity commitments are provided by Galileo HAS in the future, it
is interesting to asses the performance of the system when not only the continuity

error model is updated, but also the integrity one.

e Validation with Galileo SIS: This work has been developed using Galileo HAS In-
ternet Data Distribution service (IDD). However, in a real case scenario, the user
would use the Signal-In-Space dissemination of HAS messages through the E6-b
band from Galileo satellites. While, according to the SDD [4], the very same mini-
mum performance levels apply to HAS IDD and HAS SIS, it is interesting to develop
the framework to retrieve, process and apply HAS SIS corrections and evaluate its

performance.

e Fuvaluation of the proposed algorithm with larger datasets: For this work, 96 minutes

of experimental flight data were used on the final evaluation of the algorithm. It is
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proposed that more datasets are used in order to offer a more complete picture of

the actual performance of the algorithm in a real scenario.
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A_ ‘ Group delays computation for
SISRE assesment

In order to perform a Signal-In-Space error assessment by comparing OS or HAS estimated
orbital positions and satellite clock biases, with the ones provided by precise products, it

is necessary to align each of the estimations to a same reference.

In particular, for the clock errors the group delays must be taken into account in order to
remove spurious bias that otherwise would appear in the resulting error distributions. On
the other hand, orbital positions are generally referred to different points of the spacecraft.
A proper translation must be performed to remove any potential biases that may appear

on any of the components (radial, in-track and cross-track).

A.1. Group delays

When computing the ionospheric free combination (IF) of two pseudorange observations

P, and P,, with frequencies f; and f,, the result can be modeled as [45]

fi
i1

2
IF(Pl,P2>: f?fjfgpl_

f3
fi=1

f3
-3
(A.1)

P2 =p —+ cot"™ — Cétsat -+ T —+ B1 - B2

where p is the geometric range, §t" and §t5* are the receiver and satellite clock biases, T
is the tropospheric error and B; is the bias term associated with each observation. These
bias terms can be decomposed in a satellite component B*** and receiver component,
B, According to [45], these biases are lumped within the receiver and clock biases,

2 2
cét;;z)(Pth) — 0t 4+ fl rcv f2

e N e

B, (A.2)
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—sat f12

C(St[F(Pl PQ) - 5tsat

sSa f2 sa
Ry A )

thus simplifying the expression of the ionospheric free combination to

—sat

IF(Py, Py) = p+ St pp, py — O rwippy + 1. (A.4)

As a consequence, whenever a satellite clock bias c&ﬁ( Py, py) 18 Obtained from a certain
source (e.g. OS, HAS, PP), it must also be taken into account the code combination
that it is referred to. From the user side, the appropriate signal combinations should be
used in order to avoid the appearance of a SV-dependent bias in the measurements. On
the other hand, whenever a comparison is performed between satellite clock biases, it is
necessary to perform the appropriate translations to align both references.

—sat,(1)

Let 0t;p(p, p,) be the satellite clock bias from source (1) referred to the P, P, ionospheric

free Comblnatlon with frequencies f; and f,. On the other hand, let (525??(13 py) be the

satellite clock bias for the Pj, P; combination from source (2). We are interested on
computing e, = 0t*(1) — §t°96(2) that is the real error in the satellite clock bias deter-
mination from both sources. As a consequence, it is necessary to remove appropriately

the group delay terms of Eq. (A.3). In particular, we have

2 2
575;6; EDI)P) — §gpsat(1) _ fl Bsat + — 2 - gat’
pe ft = f2 1 J2 A5
o 7 49
5t8a ( ) o 5t5at,(2) 1 Sat —I— 3 SCLt'
R f-R TR
Applying the identity [45]
2 o 13
———B; — =B+ ——=DCB A6
T ey e A o

where DCB;_5 = By — By, is the differential clock bias between signals 1 and 2

——sat,(1)

2
5tIF PPy = 5tsat,(1) _ Bfat _ 2f2 QDCBfajZ,
Ii= f2 (A.7)
5&‘? By Fy) = — §gsat, (2) _ Bfat _ DCBsat
ft - f3
The difference between both equations leads to
—sat,(1) ——sat,(2) f2 fg?

Ot rp(py,py) — OLip(py,py) = €clls — A ——=—=DCB", + e fZDCBf“_% (A.8)
2 1 3
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Figure A.1: Schematic representation of the relation between code biases of different code

observations. Adapted from [45].

from which, it is possible to obtain the factor that must be removed from the difference

575;(11; Eil) Py~ 5tﬁg py) to obtain the real clock error between source (1) and (2)

fi
=1

——sat,(1) —sat,(2) f2

EClk‘ — 5tIF P1 PQ) 6t]F(P17P3 +f f DCBQGIL DCBQ(UL (A.g)
2

An analogous procedure can be followed for any other combination mix of combination
signals. An additional bias has to be taken into account, that corresponds to the reference
used by each provider. However, this bias affects equally to all SV of the same constella-
tion. As a consequence, it can be removed by taking the constellation-wise mean of the
computed errors. From the user point of view, it would be absorbed by the user clock

bias.

Regarding the source of the differential clock biases DCB;_;, the Chinese Academy of

Sciences (CAS) provides daily clock biases for all SVs with pico-second accuracy.

Figure A.1 shows a schematic representation of the operations performed. In particular,
each of the pseudorange measurements are shown with its correspondent delay with re-
spect to the systems’ reference. Then, the identity provided by Eq. (A.6) is applied to
obtain the ionospheric combinations of observables 1-2 and 1-3. Finally, the difference

between both is the offset that should be removed from the error €.
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Figure A.2: Scheme of relevant points in the SV-fixed frame of reference for alignment of

orbital products.

A.2. Antenna Phase Center Offsets

In general, each orbital position is referred to a specific point in the SV frame of reference,
that may not coincide with that of other products. For instance, orbital precise products
provided by the Center of Orbit Determination of Furope provides the orbital position
of the center of mass of the SV. On the other hand, GPS broadcast ephemerids refer to
the antenna phase center (APC) of the L1/L2 ionospheric free combination while Galileo
broadcast navigation message refers to the arithmetic mean of the E1, E5 and E6 APCs
[37].

In order to perform the appropriate translations, ANTEX files provide the relative position
of the APCs of each frequency with respect to the center of mass in a body-fixed frame of
reference (IGS frame,[46]). The APC of the ionospheric-free combination of frequencies
f1 and f, from the correspondent APC’s positions Aspc f, and Aypc, s, can be computed

using the following relation [37]

Aupc 2 — Mapcsf2
AAPC,IF(f1,f2) = APC,fl]{Q — f22APC,f2 2 . (AlO)

When working with precise products, the orbital position of the IF APC is provided by
xppir = Xppoom + RET Auperr (A.11)

ECEF
RB

where is the rotation matrix from body axes to ECEF. This matrix can be esti-

mated by using the nominal attitude law of the SV which is described in [47] for Galileo
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and [48] for GPS. In general it depends on the position of the Earth on ECEF as well as
the SV’s position.

For Galileo HAS IDD, since the refined orbits x are referred to the single frequency L1/E1
APC, then the orbital position of the IF APC is provided by

X[p = )u(Ll/El + RgCEF(SAPC,]F (A.l?)

where d4pc r is the distinace between the L1/E1 and the IF APCs, as defined in Figure
A2
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B | Single Point Positioning
(SPP) Algorithms description

The aim of this appendix is to provide a general description of the PVT algorithms used for
estimating the user position based on a set of ionospheric free pseudorange measurements
from Galileo and GPS constellations. In particular, three cases are distinguished based on

the source of the orbital and clock bias information: broadcast ephemerides (OS), Galileo
HAS IDD (HAS) and precise products (PP).

B.1. Algorithm description

For all cases, a Weighted Least Squares estimator is used, whose state is defined as
X = [l'm, Yray Zra, 5tchS’ 5tgalileo]T (Bl)
where [y, Yra, 22 18 the user’s location in ECEF, and 6tf¥pg, 0t ., are the receivers’

clock bias with respect to GPS System Time and Galileo System Time, respectively. In

the following, a general description of the baseline PVT estimation algorithm is provided.

B.1.1. Satellite position estimation

For each pseudorange measurement available at f.pocn, the corresponding constellation
index j! and Satellite Vehicle ID i are obtained.

Obtaining reception time in Constellation System Time

The receiver time in the constellation j’s time reference system is computed as:

tl = tepoen — X(3 4+ 7)/c, (B.2)

!where j = 1...N_gns. For this work, j=1 is GPS and j=2 is Galileo.
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where c is the speed of light in m/s.

OUTPUT: Receiver time in Constellation System Time j, t/_.

Obtaining the geometric transmission delay

The geometric transmission delay is estimated solving iteratively the light-time equation.
Firstly, the satellite position x,, is obtained either from the Broadcast ephemeris, HAS

or PP at time #/,.

Then, the distance between the user and the satellite’s IF APC is obtained as

A2 = |x(1: 3) — xBEPC (B.3)

sat
and the time taken for the signal to cover that distance is

T=dc. (B.4)

xT

OUTPUT: Geometric transmission delay 7.

Relativistic and clock bias corrections

A first guess of the transmission time is obtained as
tw =1 —T. (B.5)

where the superscript for the time reference system has been omitted for simplicity (the

time reference corresponding to the pseudorange being processed is always used).

Satellite position X (ty) and velocity v (t;;) are obtained from the correspondent
source (OS, HAS? or PP3.) at time t,.

Satellite clock bias is estimated from the broadcast ephemeris using the clock polynomial
5tC’B = ap + a1<t — to) + az(t — tO)z, (B6)

where a; are the coefficients, and t; is the reference epoch (i.e. the closest but preceding

2Since HAS does not provide velocity corrections, the velocity coincides with that of OS.
3Velocity can be obtained as the derivative of the interpolating polynomial that is used to obtained
SV’s position [11]
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epoch at which ephemerides are available). This satellite clock bias is corrected using

HAS’ clock correction if Galileo HAS is used. For PP, the clocks are estimated using

linear interpolation of the provided clock products [11].

On the other hand, the relativistic correction due to orbit eccentricity is computed as

( BRDC) T yvBRDC
St | = —9 sat sat
ret —

2
The At applied for correcting the SV’s clock is now defined as

At = —=dtep — Otrer.

As a consequence, the new transmission time is defined as

£ =ty — 7 + AL,

The satellite position is computed again with the new 9" obtaining X (t5%"").

Correction for Earth rotation

For correcting for Earth rotation, the travel time is estimated as
Liravel = tim - tfzrr-

Then, the correction on the satellite position is obtained as

cos® sin® 0
Xoop = | —sin® cos® 0 | Xsat
0 0 1

where ® = Otyrqper, With Q ~ 7.2921151467E — 5 rad/s.

OUTPUT: Estimated position of the satellite x5%".

sat

B.1.2. Tropospheric correction

(B.7)

(B.9)

(B.10)

(B.11)

The tropospheric correction is estimated using the tropospheric delay RTCA model [11].

A specific function is implemented for this purpose.
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OUTPUT: Tropospheric delay correction term for the pseudorange, dpropo-

B.1.3. Compute the corrected pseudorange

Now the corrected pseudorange can be computed as

PRcorr = PR — CAt — 5prel,path + 5ptropo- <B12)

OUTPUT: Corrected psudorange for satellite i of constellation j, PR.y.

B.1.4. Solve for the user position

Once the corrected pseudorange measurement is computed for each of the measurements
available for the epoch begin solved, then the user position can be corrected using a WLS

estimator.

For building the weight matrix, the covariances of the different error contributions must

be estimated for each satellite vehicle based on available models, obtaining a vector w:

e Tropospheric error: oy, is estimated as

Ttropoi = 0.12 x 1.001/4/0.002001 + (sin EL)?, (B.13)

where FL is the elevation of the spacecraft from the a priori user position.

e Residual error model: The residual error model for GPS is obtained as follows

Tempni = F1/(0.13 4 0.53 exp(— EL/10))2 + (0.15 + 0.43 exp(— EL/6.9))2 (B.14)

T+ fis
= /== "2 B.15
\ 72+ 72 (B.15)

begin fr; and fr5 the L1 and L5 frequencies, respectively.

where F' is computed as

On the other hand, for Galileo an elevation-dependent multipath and noise value is
obtained based on the Milestone Report 3 [3].

e URA; value is the one obtained from the ARAIM parameters structure. A value of

1 meter is taken as reference for these first tests for both constellations.



B| Single Point Positioning (SPP) Algorithms description 119
The total weight value for each space vehicle is obtained as

w; = URA? + Ufmpm + o2 (B.16)

cmpn,i®
The weight matrix is then defined by
W = diag(1/w). (B.17)

The expected pseudorange vector is computed based on the initial user position x, and

the satellite position estimation x2;" for each measurement k as

pok = |Xo — Xgorkl- (B.18)

and the difference between measured and expected pseudorange can be obtained as

0pr = PReorr — rhoovk — X0(3 + ])7 (B.19)

where j is equal to 1 or 2 depending on the constellation associated to measurement
k. The last term applies the associated time offset between the receiver clock and the

constellation system time, which is included in the state variable set.

Let now X,Y,Z be column vectors with each of the coordinates of the position of the
satellites in ECEF reference frame. Let xo(1 : 3) = [Xo, Yo, Zo]” be the a priori guess of

the user position. The geometry matrix can be built as

G(k,:) = [=(X = Xo)/pok, —=(Y = Yo)/pok, —(Z — Zo)/po, A, B (B.20)
where
1,0} if GPS
{(Apy=] LoH (B.21)
{0,1} if GAL.
Then, the weighted pseudo-inverse is obtained as
S = (GTWG) 1 (GTW), (B.22)

and dx is obtained as

dx = Sip. (B.23)
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Finally, the new estimate of the user position is obtained as
x' =x+ x. (B.24)

OUTPUT: New estimate of user position x’.

Once this is performed, the algorithm can be run iteratively going back to the satellite
position estimation algorithm until the variation of the user position between iterations

is sufficiently low.

This algorithm should be ran for each epoch where the number of satellites is >= 5

(minimum for solving the problem).

B.2. Pseudocodes

After a general description of the algorithm has been provided, this section presents the
pseudocodes that describe the high level implementation of the algorithm. All three cases

require as input

e PR,.: N-dimensional Vector of ionospheric free pseudoranges obtained for the

epoch at which the navigation solution is computed.
e eph: Matrix containing the broadcast ephemeris data for each SV.
e gpssow: GPS second of week of the estimation epoch.
e gpswn: GPS week number for the estimation epoch.

e svid: 2xN that contains constellation and PRN associated with each of the pseudo-

ranges.

Algorithm B.1 describes the implementation of the estimation using broadcast ephemerids.
Each iteration consists on a estimation of the SV’s position and pseudoranges corrections,
and then the WLS is solved. When the norm of the user position variation between two
iterations is below 1E-6, the final solution is obtained. For the case of HAS, algorithm
B.2 has the changes made with respect to OS marked in red. HAS corrections are applied
as explained in the corresponding ICD [24] to the clocks and orbit computed from the

navigation message.

Finally, for the PP, no ephemeris are used at all, as the solution is obtained directly from
the SP3 and CLK files. The getSatPosVelPP function already performs the required
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APC translations. Algorithm B.3 describes the implementation with the changes with

respect to OS marked in red.

Algorithm B.1 User position computation - OS case

Require: PR,..,eph, gpssow, gpswn, svid
Niter < 0
Tysr < zeros(3.1)
Tusrold < zeros(3.1)
while (lxusr - Iusr,old| >1F -6 && Niter < Niter,max) do

for PR in PR,.. do > Iterate over all the available pseudoranges.
tiz < gpssow —x(3+j)/c > jis 1 for GPS PR and 2 for GAL PR.
7 < findGeometricDelay (t,., eph, svid, gpssow , Tusr)
tip < tpg — T > First guess of TX time.

clockBias + getClockBiasEph(t.;, eph, svid) > Sat. clock bias from ephemerides.
[sat, Vsat] < getSatPosVel(ty,, eph, svid)

Orer < getDeltaRelEcc(2gqt, Vsat) > Get the rel. delay due to orbit eccentricity.
clockBias + clockBias + 6,¢ > Lump 4, in the clockBias for next iter.
D Qtyy — trs) > Earth rotation angle during t,, — t..

Zsqt < correctEarthRotation(®, g4 )
5tropo <~ trOPORTCA(gpSDOYa Tsat, SCusr)

PR < PR+ clockBiasc + 0,e¢1¢ — Orel path + Otropo > Corrected pseudorange.
end for
Tyl & Tusr > Buffer user position.
W < eye(3) > Allocate weight matrix.
for i =1:30do
if 7 > 1 then
el < getElevation(x]l$¥, xsqt) > Elevation vector for each SV.
[w, b] + findSigmaErrorModel(el, svid, URA) > Get 02 and biases per SV.
W« (diag(w)) ™! > Weight matrix.
end if
[z 5] < solveWLS(PR"™, xS xgqs, W) > 05 is the correction provided by WLS.
if 0, <1E -6 && i>1then > Convergence condition
break
end if
Niter < Niter + 1
end for

end while
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Algorithm B.2 User position computation - OS case

Require: PR,..,eph, gpssow, gpswn, svid
Niter < 0
Tusr < zeros(3.1)
Tusrold < zeros(3.1)
while (|zusr — Tusrora] > 1E — 6 && Niter < Nitermaz) do

for PR in PR,.. do > Iterate over all the available pseudoranges.
tiz < gpssow — x(3+7)/c > jis 1 for GPS PR and 2 for GAL PR.
7 < findGeometricDelay (t,,, eph, svid, gpssow , Tusr)
tiw < tre — T > First guess of TX time.

clockBias <+ getClockBiasEph(t;, eph, svid) > Sat. clock bias from ephemerides.
[Zsat, Vsat] < getSatPosVel(ty,, eph, svid)

[ sqt, clockBias] <— applyHAS (¢, Zsat, Vsat) > Apply HAS corrections.

Orel < getDeltaRelEcc(Zsat, Vsat) > Get the rel. delay due to orbit eccentricity.
clockBias < clockBias + 8, > Lump &, in the clockBias for next iter.
D Q(tm —trg) > Earth rotation angle during t,, — ts,.

Zsqt < correctEarthRotation(®, x4 )
Stropo < tropoRTCA (gpspoy , Tsats Tusr)

PR < PR+ clockBiasc + 0,¢1¢ — rel path + Otropo > Corrected pseudorange.
end for
TS — Tysr > Buffer user position.
W < eye(3) > Allocate weight matrix.
for i =1:30 do
if 7 > 1 then
el < getElevation(a]'$?, xsqt) > Elevation vector for each SV.
[w, b] < findSigmaErrorModel(el, svid, URA) > Get 02 and biases per SV.
W« (diag(w)) ™ > Weight matrix.
end if
[z 5] < solveWLS(PR"™, a1 x4q¢, W) > 05 is the correction provided by WLS.
if 0, <1E—-6 && i>1then > Convergence condition
break
end if
Niter < Niter + 1
end for

end while
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Algorithm B.3 User position computation - PP case

Require: PR,..,eph, gpssow, gpswn, svid
Niter < 0
Tysr < zeros(3,1)
Tusrold < zeros(3,1)
while (lxusr - xusr,old| >1F -6 && Niter < Niter,max) do

for PR in PR,.. do > Iterate over all the available pseudoranges.
tiz < gpssow —x(3+7)/c > jis 1 for GPS PR and 2 for GAL PR.
7 + findGeometricDelay (t,., eph, svid, gpssow , Tusr)
tig < trp — T > TX time.
clockBias + getClockBiasPP(ty,., gpswn, svid) > Sat. clock bias from PP.
[Tsat, Vsat] < getSatPosVelPP (ti,, gpsw i, svid) > Get position and velocity from PP.
Orer < getDeltaRelEcc(xsqt, Vsat) > Get the rel. delay due to orbit eccentricity.
clockBias + clockBias + 6, > Lump d,.; in the clockBias for next iter.
D« Q(tm —trg) > Earth rotation angle during t,, — t..

Zsqt < correctEarthRotation(®, g4 )
6tropo <~ trOPORTCA(gpSDOYa Tsats Zvusr)

PR < PR+ clockBiasc + 0,¢1¢ — Orel path + Otropo > Corrected pseudorange.
end for
Tysr  Tusr > Buffer user position.
W < eye(3) > Allocate weight matrix.

fori=1:30do
if 4 > 1 then

el < getElevation(x]$¥, xsqt) > Elevation vector for each SV.
[w, b] + findSigmaErrorModel(el, svid, URA) > Get 02 and biases per SV.
W « (diag(w)) ™ > Weight matrix.

end if

[z 5] < solveWLS(PR"™, xS xgq¢, W) > 05 is the correction provided by WLS.

if 6, <1E—6 && i>1then > Convergence condition
break

end if

Niter < Niter + 1

end for

end while




////M//////////é N 1 \\\\\\\ / \m\\ %
2N /// \ 117717/ s
//// N\ //// ////::_:::\\\ //) \\\ \\\\
NN 779477770770 00 /2 2
NN N e otrts
oty HH1100177 070070 2 2
SO 77752777777 000 2 2 2 2 27
J ///// /// N //// ////N///////////é __ ________,5\ I \\\\\\\ \\w\\ \\\\\\\\\\\\\\ =
~ 3N M s
N T e
—— f ot
—— = R
- ““\\\\\\\\\\\\\\\\\\m\\\w\w\\ 77 /////////////,/////////////// //// ///UU/
N RN R
1 NN
5577 NN
2 T I A O O



List of Figures

2.1 Schematic representation of the use of PRN code for estimating the travel

3.1 Concepts of Alert Limit (HAL, VAL) and Protection Level (HPL, VPL).

4.1 Schematic representation of Galileo HAS high level architecture. . . . . . .

4.2 Definition of NTW frame of reference {e,,e;, e,} with respect to ECEF
frame {e,, e €.} . . oL

4.3 Definition of HAS Service Area (SA) (green). Users outside the SA, should

not expect compliance with MPLs. . . . . . .. ... ... ... ......

5.1 Flowchart of the modified ARAIM user algorithm integrating HAS IDD

corrections. The variations introduced are marked in yellow. . . . . . . ..

6.1 Vertical and horizontal protection levels improvement with respect to oy rrp =
2/30pra dependency with opre pas and opga for a specific location. . . .
6.2 04 and EMT improvement with respect to oyrp = 2/30yra dependency
with opre ras and opra for a specific location. . . . . . .. ... ... ..
6.3 Global availability for oyra = 1.5 m and off42 = 0.2 m under LPV-250
operation. . . . . . ..
6.4 Global availability for oyra = 1.5 m and offf3 = 0.5 m under LPV-250
operation. . . . . . ... e
6.5 Global availability for opyra = 1.5 m and off2 = 0.7 m under LPV-250
operation. . . . . . ... Lo
6.6 Global availability for oyra = 1.5 m and offf2 = 0.2 m under LPV-200
operation. . . . . . . . ...
6.7 Global availability for oyra = 1.5 m and 05&?‘5 = 0.5 m under LPV-200
operation. . . . . . . ... L.
6.8 Global availability for opyra = 1.5 m and offf2 = 0.7 m under LPV-200

operation. . . . . . . ...

125

17

43

45

46

47

47

48



126

6.9

6.10

6.11

6.12

6.13

6.14

6.15

7.1

7.2

7.3

7.4

7.5

7.6

7.7

7.8

7.9

7.10

7.11

| List of Figures

Global availability for opra = 1.5 m and ofl4s = 0.2 m under LPV-200

operation with VAL lowered to 20 m. . . . . . . . . . .. ... .. .. ... 48
Global availability for opyra = 1.5 m and agﬁg = 0.5 m under LPV-200
operation with VAL lowered to 20 m. . . . . . . . . .. . ... ... .... 49
Global availability for opyra = 1.5 m and aﬁﬁg = 0.7 m under LPV-200
operation with VAL lowered to 20 m. . . . . . . . . .. .. .. ... .... 49
Global availability for opgra = 1.5 m and oflg5 = 0.2 m under CAT-I
Autoland operation. . . . .. . ... 50
Global coverage (99.5th percentile) for LPV-250 (a) and increase of global
coverage with respect to the 2/30y g4 base case (b). . . ... ... .. .. 51
Global coverage (99.5th percentile) for LPV-200 (a) and increase of global
coverage with respect to the 2/30yra base case (b). . . . ... ... ... 52

Global coverage (99.5th percentile) for LPV-200 modified with VAL = 20
m (a) and increase of global coverage with respect to the 2/30pyga base
case (b). . .. 52

Galileo HAS IDD orbit corrections for GPS and Galileo constellations on

DoY 304, 2024. Each color corresponds to one SV. . . . ... .. .. ... 56
Galileo HAS IDD clock corrections for GPS and Galileo constellations on
DoY 304, 2024. Each color corresponds to one SV. . . . . . ... ... .. 56
Galileo HAS IDD message frequency during DoY 305 of 2024. . . . . . .. 57
Schematic representation of Instantaneous User Projection SISRE. . . . . . 64
Galileo orbit errors for broadcast ephemeris (OS) and HAS IDD for 337
days between January 8th and December 14th of 2024. . . . . . . . . . .. 65
GPS orbit errors for broadcast ephemeris (OS) and HAS IDD for 337 days
between January 8th and December 14th of 2024. . . . . . . . ... .. .. 66
GPS and Galileo clock errors for broadcast ephemeris (OS) and HAS IDD
for 337 days between January 8th and December 14th of 2024. . . . . . . . 66

SISE error per satellite vehicle for Galileo constellation, organized per
blocks. Both the 2¢ interval and the mean values are shown for OS and
HAS IDD. . . . . . e 68
SISE error per satellite vehicle for GPS constellation, organized per blocks.
Both the 20 interval and the mean values are shown for OS and HAS IDD. 68
Clock error histogram for GPS constellation from January to December,
2024 (a) and from September to December, 2024 (b). . . . . . ... .. .. 70
User grid used for SISRE computation for HAS only (green) and OS (green
+blue). ..o 74



| List of Figures 127

7.12 Folded CDF for Galileo SISRE using broadcast ephemeris (a) and Galileo

HASIDD (b). . . . . o o 75
7.13 Folded CDF for GPS SISRE using broadcast ephemeris (a) and Galileo
HASIDD (b). . . . o o o 75

8.1 DLR’s Dornier 228 aircraft and JAVAD Delta receiver used during the
flight measurement campaign. . . . . . . .. ... 78

8.2 Flight path and reference stations corresponding to the flight measurement

CAIMPAIZIL. . . v v o e e e e 79
8.3 Overbound of Galileo OS SISRE distributions for 99.9999% of the proba-

bility mass. . . . . ... 81
8.4 Overbound of GPS OS SISRE distributions for 99.9999% of the probability

INASS. « « o v e e e e e e e e e e 82
8.5 Bound of Galileo HAS IDD SISRE distributions for 95% of the probability

MASS. « + v o e e e e e e e e e e e e e e e e e e 83
8.6 Bound of Galileo HAS IDD SISRE distributions for 95% of the probability

MASS. « « v v e e e e e e e e e e e e e e e e 84
8.7 Number of visible GPS and Galileo satellites over time. Dashed lines indi-

cate take off and landing epochs, respectively. . . . . . . .. ... .. ... 89
8.8 HAS IDD and OS corrections availability during the experimental cam-

paign. Dashed lines indicate take off and landing epochs, respectively. . . . 90
8.9 Dilution of precision during the observation window. . . . .. .. ... .. 91

8.10 East, North Up (ENU) error evolution over time for Open Service (OS),
HAS IDD and precise products (PP), using as reference the differential

GNSS solution. . . . . . .. 92
8.11 Vertical and horizontal protection levels obtained for the OS and HAS IDD
CASES. & v v v e e e e e e e e e 93

8.12 Percentual reduction on protection levels when using HAS IDD with respect
to OS. . . e 94
8.13 Stanford-ESA integrity diagram for OS case using LPV-200 navigation re-

quirements as reference. . . . . . ... L 95
8.14 Stanford-ESA integrity diagram for HAS IDD with SISRE-derived conti-
nuity model. LPV-200 navigation requirements are used as reference. . . . 96

8.15 Stanford-ESA integrity diagram for HAS IDD with MPLs-derived continu-

ity model. LPV-200 navigation requirements are used as reference. . . . . . 96



128

8.16

9.1

Al

A2

| List of Figures

Stanford-ESA integrity diagram for OS with SISRE-derived continuity model

and Peonst,Galileo = 10-8. LPV-200 navigation requirements are used as ref-
ETENCE. .« v v v e e e e e e e e e 98
Stanford-ESA integrity diagram for HAS IDD with SISRE-derived conti-
nuity model and Pronst Gatiteo = 1078, LPV-200 navigation requirements are

used as reference. . . . . .. 98
List of contributions and existing work. . . . . . . . . ... ... 100

Schematic representation of the relation between code biases of different
code observations. . . . . . . . ... 111
Scheme of relevant points in the SV-fixed frame of reference for alignment
of orbital products. . . . . . . ... 112



List of Tables

2.1

3.1
3.2

3.3
3.4

4.1
4.2
4.3

6.1

7.1

7.2

7.3

7.4

7.5

7.6

7.7

Summary of current operational Global Navigation Satellite Systems. . . .

Summary of current navigation performance requirements for aviation.
Input to the ARAIM user algorithm for receiver (RX) and Integrity Support
Message (ISM) parameters. . . . . . . . . . ... ... ...
Definition of the constant parameters used on ARAIM. . . . ... ... ..
Galileo Elevation-Dependent Signal-In-Space User Error for ARAIM.

Summary of Galileo HAS service levels. . . . . . . .. ... ... ... ...
Galileo HAS IDD references per GNSS. . . . . . . .. ... .. ... ....
Galileo HAS Minimum Performance Levels (MPLs) definition. . . . . . . .

Adopted values of ISM parameters for Galileo and GPS constellations.

Data source summary . . . . . . . . . ...
Summary of HAS IDD corrections availability for GPS and Galileo between
DoY 9 and DoY 342 of 2024. DoY 16 to DoY 24 are excluded from the
analysis. . . ... L
Summary of Galileo HAS IDD orbit and clock RMS error according to
available quarterly reports. . . . . . . ... oo
Summary of reference points for orbit positions and satellite clock biases
for precise products (PP), HAS IDD and broadcast ephemeris (BRDC).
LNAV for GPS and INAV for Galileo. Clocks references are based on the
IGS RINEX 4.02 standard [6]. . . . . . .. ... ... ... ... .. ....
Group delays B for SISRE monitoring using CAS DCB products. f; cor-
responds to the frequency of signal ¢ for the associated GNSS. . . . . . ..
Galileo HAS IDD SISE mean (x) and standard deviation (o) summary
from January to December of 2024. All measurements are in cm. . . . . . .
GPS HAS IDD SISE mean () and standard deviation (o) summary from

January to August of 2024. All measurements are in cm. . . . . . . . . ..

129

22

32

42

29

72



130 | List of Tables

7.8 GPS HAS IDD SISE mean (x) and standard deviation (o) summary from

September to December of 2024. All measurements are in cm. . . . . . . . 73

8.1 Obtained URA (from OS) and URE (from HAS IDD) estimations based
the observed SISRE distributions for GPS and Galileo constellations. . . . 85

8.2 Vertical protection level dependence on Ponst Gatiteo- - -« « « « «+ « o oo . 97



131



132

| List of Acronyms

List of Acronyms

Acronym Description

GNSS Global Navigation Satellite System

GPS Global Positioning System

SV Space Vehicle

PR Pseudorange

URE User Range Error

URA User Range Accuracy

RAIM Receiver Autonomous Integrity Monitoring
ARAIM Advanced Receiver Autonomous Integrity Monitoring
HAS High Accuracy Service

HADG High Accuracy Data Generator

GCS Ground Control Segment

SS Space Segment

IDD Internet Data Distribution

SIS Signal-In-Space

ULS Up-Link Station

GSS Galileo Sensing Station

SDD Service Definition Document

ICD Interface Control Document

SIS Signal-In-Space

IDD Internet Data Distribution

EUSPA EU Agency for the Space Program

ESA European Space Agency

IGS International GNSS Service

ECEF Earth-Centered Earth-Fixed

CODE Center of Orbit Determination of Europe



| List of Acronyms

Acronym

Description

CAS
SOW
TOW
ICAO
NAGU

Chinese Academy of Sciences

Seconds of Week

Time of Week

International Civil Aviation Organization

Notice Advisory for Galileo Users

133



////M//////////é N 1 \\\\\\\ / \m\\ %
2N /// \ 117717/ s
//// N\ //// ////::_:::\\\ //) \\\ \\\\
NN 779477770770 00 /2 2
NN N e otrts
oty HH1100177 070070 2 2
SO 77752777777 000 2 2 2 2 27
J ///// /// N //// ////N///////////é __ ________,5\ I \\\\\\\ \\w\\ \\\\\\\\\\\\\\ =
~ 3N M s
N T e
—— f ot
—— = R
- ““\\\\\\\\\\\\\\\\\\m\\\w\w\\ 77 /////////////,/////////////// //// ///UU/
N RN R
1 NN
5577 NN
2 T I A O O



135

Acknowledgements

First, I would like to express my deepest gratitude to my supervisor at DLR, Omar Garcia
Crespillo, for providing me with the opportunity to work on this project and guiding my
way during the development of this thesis. Your advice and support are an essential part
of this work. In addition, I would like to thank Florian R6#1 for the countless meetings

and Skype calls, as well as your understanding. Thanks for always being available for me.

I would also like to thank my other colleagues from the Integrated Navigation Systems
Integrity Group at DLR: Anja, Ana and Samuel. They made everyday life in the (home)

office very pleasant.

Finally, I would like to thank my supervisor at Politecnico, Prof. Lorenzo Luini, for his

availability, which allowed me to develop my work at DLR.

Este trabajo pone punto y final a una etapa que comenzo6 en septiembre de 2018 y que
me ha llevado a vivir en Sevilla, Milan y Munich. Estos han sido los anos mas exigentes

y fructiferos hasta la fecha en todos los ambitos.

En primer lugar, me gustaria hacer referencia a mis padres: nunca podré agradecer lo
suficiente todo el esfuerzo que habéis realizado para brindarnos las mejores oportunidades,
el apoyo que habéis dado a mis hermanos y a mi y la motivaciéon que me dais siempre
para convertirme en una mejor version de mi mismo. Gracias también a mis hermanos

Adolfo y Nacho por vuestros consejos, ensenanzas y apoyo.

También quiero dar las gracias a Laura por ser mi apoyo, refugio y guia. Gracias por cele-
brar conmigo mis metas y éxitos, y por orientarme cuando surgen dudas y falta confianza.

Sin ti, el resultado habria sido diferente. Gracias por todo.

Por tltimo, me gustaria acordarme de Pablo. Te fuiste de manera inesperada, dejandonos
a tu grupo de siempre huérfanos. Gracias a Adrian, Alfonso, Diego, Javier y Jaime por

permanecer unidos y seguir siendo un apoyo pese a la distancia y las circunstancias.



////M//////////é N 1 \\\\\\\ / \m\\ %
2N /// \ 117717/ s
//// N\ //// ////::_:::\\\ //) \\\ \\\\
NN 779477770770 00 /2 2
NN N e otrts
oty HH1100177 070070 2 2
SO 77752777777 000 2 2 2 2 27
J ///// /// N //// ////N///////////é __ ________,5\ I \\\\\\\ \\w\\ \\\\\\\\\\\\\\ =
~ 3N M s
N T e
—— f ot
—— = R
- ““\\\\\\\\\\\\\\\\\\m\\\w\w\\ 77 /////////////,/////////////// //// ///UU/
N RN R
1 NN
5577 NN
2 T I A O O



	Abstract
	Abstract in lingua italiana
	Contents
	Introduction
	Background
	Motivation and problem statement
	Objectives
	Thesis outline

	GNSS Navigation Fundamentals
	General GNSS concepts
	High level GNSS architecture
	Principle of operation
	Basic GNSS observables

	GNSS error sources
	Single Point Positioning Navigation Solution

	Navigation System Requirements and ARAIM fundamentals
	Navigation Requirements
	Integrity risk and protection level definition
	Navigation performance requirements for civil aviation

	Advanced Receiver Autonomous Integrity Monitoring (ARAIM)
	ARAIM user algorithm
	ARAIM error models
	Gaussian overbounding


	Galileo High Accuracy Service (HAS)
	HAS Architecture
	HAS corrections
	Orbit corrections
	Clock corrections
	HAS IDD message reception

	Expected Signal-In-Space error performance
	HAS Service Area


	Integration of Galileo HAS within ARAIM
	Modified ARAIM user algorithm
	Implementation
	Proposed evaluation of ARAIM-HAS algorithm

	ARAIM global performance analysis
	Key performance indicators' dependency
	Global availability
	Availability parametric analysis

	Signal-In-Space error analysis
	Data pocessing considerations
	HAS IDD corrections evaluation
	Corrections magnitude
	HAS IDD availability analysis
	Galileo HAS IDD expected performance

	Signal-In-Space error characterization
	Orbit and clock errors computation
	SISRE computation
	Orbit and clock errors characterization
	SISRE characterization


	ARAIM-HAS performance
	Experimental setup
	Integrity and continuity error models
	SISRE-based OS integrity and HAS continuity models
	MPLs-based HAS continuity model

	SVs in view and observation geometry
	Algorithm performance
	Error performance
	Protection levels
	Navigation requirements compliance

	Dependency on Pconst,Galileo

	Conclusions and future developments
	Achievements
	Conclusions
	Future developments

	Bibliography
	Group delays computation for SISRE assesment
	Group delays
	Antenna Phase Center Offsets

	Single Point Positioning (SPP) Algorithms description
	Algorithm description
	Satellite position estimation
	Tropospheric correction
	Compute the corrected pseudorange
	Solve for the user position

	Pseudocodes

	List of Figures
	List of Tables
	List of Acronyms
	Acknowledgements

