
Integration of Galileo High Accu-
racy Service within ARAIM for en-
hanced navigation performance

Tesi di Laurea Magistrale in
Space Engineering - Ingegneria Spaziale

Author: Joaquín González López-Cepero

Student ID: 10769923
Advisor: Lorenzo Luini
Co-advisors: Omar García Crespillo
Academic Year: 2024-25





i

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, l’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
continuità degli errori Signal-In-Space di maggiore precisione. In primo luogo, viene ese-
guita un’analisi di sensibilità sulla disponibilità 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 l’HAS in termini di errori di ranging. A partire
da tale analisi è stato ricavato un modello di continuità.

Infine, l’algoritmo proposto è 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 può 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 è stata riscontrata una riduzione
dell’indisponibilità per i requisiti di navigazione LPV-200 di oltre il 50%. Ciò indica che
l’integrazione di Galileo HAS con ARAIM potrebbe migliorare le prestazioni per oper-
azioni con requisiti rigorosi, come la mobilità aerea urbana o l’aviazione civile.

Parole chiave: GNSS, ARAIM, Galileo HAS, errore Signal-In-Space, Navigazione Aerea
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1| 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:

• Develop a modified ARAIM algorithm that integrates Galileo HAS corrections into
the positioning solution.
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• Investigate the potential performance improvements of the proposed system based
on simulations of ARAIM with different continuity and integrity performances of
the system.

• Perform an independent analysis of the performance of Galileo HAS in terms of
orbit and satellite clock errors.

• 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 0s that is repeated with a specific period. The objective
of this modulation is two-fold:

1. It allows the receiver to uniquely identify each SV by storing local copies of the
PRN associated to each one.

2. It 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

• Pseudorange: As indicated on Figure 2.1, the time delay ∆t 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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Figure 2.1: Schematic representation of the use of PRN code for estimating the travel
time.

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 ∆t. When
multiplying this results by the speed of light, an "apparent" range (or pseudorange)
is obtained ρ = c∆t.

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 (Nλ, λ ≃ 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 ρ and carrier phase Φ measurement models are
used

ρ = L+ c(δt− δtSV ) + T + I +Mρ + δrel + δsagnac +Kρ
RX +Kρ

SV + ϵρ (2.1)

Φ = L+ c(δt− δtSV ) + T − I +MΦ + δrel + δsagnac +KΦ
RX −KΦ

SV + ϵΦ (2.2)

where

• L is the range between RX and SV.

• δt, δtSV are the receiver and satellite clock biases.

• T is the tropospheric delay.

• I is the ionospheric delay.

• M represents the effect of multipath.

• δrel represents the relativistic clock effect.

• KRX , KSV are the user and satellite instrumental delays.

• ϵ 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 ρi between the user and the i-th SV is estimated as

ρi = c(tRX
2 − tSV1 ) (2.3)
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where c = 299792458 m/s is the speed of light in vacuum, tRX
2 is the time of arrival of the

signal to the receiver according to the receiver clock, and tSV1 is the time of transmission
according to the SV’s atomic clock. This expression can be written as

ρi = c(t2 − t1) + c(δt− δtSV ) (2.4)

where tST2 − tST1 represents the actual travel time for the signal, and δt− δtSV 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. δtSV

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, δt 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 Natm along the path [6]

T = 10−6

∫
s

Natm ds (2.5)

where the refractivity is defined as a function of air’s refractive index n

N = 106(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

I =
81

2f 2

∫
s

N(s) ds (2.7)

where f is the carrier frequency, and N is the electron content (e−/m3) 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 ρ1, ρ2, Φ1, Φ2 be the code and phase measurements taken
from frequencies f1 and f2 of a GNSS constellation, respectively. Then, the ionospheric-
free combination of measurements for code and phase are given by

ρIF =
f 2
1

f 2
1 − f 2

2

ρ1 −
f 2
2

f 2
1 − f 2

2

ρ2, (2.8)

ΦIF =
f 2
1

f 2
1 − f 2

2

Φ1 −
f 2
2

f 2
1 − f 2

2

Φ2. (2.9)

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

• A constant component that is compensated by an adjustment of the real SV’s clock
oscillating frequency.

• A periodic component due to orbital eccentricity. This correction must be accounted
for by the user as

δrel = −2
(rsat)

T
vsat

c2
, (2.10)

where rsat and vsat 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 i of constellation j are obtained

ρji = Li,j + c(δtj − δtjSV,i) + T +M + δjrel,i + ϵ. (2.11)

Let x be a vector of Nj ionospheric free pseudorange measurements corresponding to
constellation j, ρ̃ji ,

ρ̃ji = ρji − (−cδtjSV,i + T + I + δrel) = ρji −Dj
i , (2.12)

which can be written as

ρ̃ji = ρji −Dj
i ≃

(
(xu − xsat,i)

T (xu − xsat,i)
)1/2

+ cδtj + ϵji i = 1, . . . , Nj. (2.13)

Where ϵji represents the receiver noise, as well as all other error sources affecting the
pseudorange measurement from SV i of constellation j. This expression already includes
corrections for satellite clock bias cδtSV,ij , relativistic effects δjrel,i and tropospheric delay
T . Let xu = [xu, yu, zu]

T and xi
s,j = [xi

s,j, y
i
s,j, z

i
s,j]

T be the coordinates of the user and
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
each constellation j with xj

s,i and xu is given by

ρ̃i = ρi −Di ≃
(
(X− xj

s,i)
T (X− xj

s,i)
)1/2

+ cδtj + ϵji i = 1, . . . , Nj. (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, δt1 and δt2.

This constitutes a system of N1 + N2 non-linear equations on the variables {xu, yu, zu,

cδt1,cδt2}. By linearizing the system around a point x0 = [x0, y0, z0], characterized by
a distance to the i-th SV of constellation j, Li,j

0 , the system can be written as a linear
system of equations
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=
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s,1
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0

z0 − zN1
s,1

LN1,1
0

1 0

x0 − x1
s,2

L1,2
0

y0 − y1s,2

L1,2
0

z0 − z1s,2

L1,2
0

0 1

...
...

...
...

...
x0 − xN2

s,2

LN2,2
0

y0 − yN2
s,2

LN2,2
0

z0 − zN2
s,2

LN2,2
0

0 1




dx

dy

dz

cδt1

cδt2

+ ϵ, (2.15)

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

µ = E [ϵ] , R = E
[
ϵTϵ
]
. (2.16)

The error term ϵ 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

xu = x0 +

dxdy
dz

 . (2.17)

The problem described by Eq. (2.15) can be written in compact form as

y = Gx+ ϵ, (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 ϵ, Eq. (2.18) is an
inconsistent system. As a consequence, the problem reduces to finding x̂ that minimizes
the discrepancy between the measurements and Gx̂ (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 x̂,

min
ŷ
||y − ŷ||2W = min

ŷ
(y − ŷ)T W (y − ŷ) with ŷ = Gx̂. (2.19)

In the case where W = IN1+N2 , the problem would be reduced to

min
ŷ
||y − ŷ||2 = min

ŷ

 j=2∑
j=1

i=Nj∑
i=1

(
yi,j − ŷi,j

)2 . (2.20)

The solution of Eq. (2.19) is given by [11]

x̂ =
(
GTWG

)−1
GTWy. (2.21)

By using Eq. (2.18) and Eq. (2.21), an estimate on the error is obtained [11]

x̂− x =
(
GTWG

)−1
GTWϵ. (2.22)

Furthermore, assuming that ϵ is characterized by a mean µϵ = 0 and covariance Rϵ, the
mean µ and covariance matrix P characterizing the solution are given by

µ = E [x̂− x] =
(
GTWG

)−1
GTWµϵ = 0,

P = E
[
(x̂− x) (x̂− x)T

]
=
(
GTWG

)
GTWRWG

(
GTWG

)−1
.

(2.23)

If we assume uncorrelated errors with equal variance, R = σ2I, P is reduced to

P = σ2
(
GTWG

)
. (2.24)

It can be proven that, by taking W = R−1, 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
constellations, where R is a diagonal matrix whose diagonal elements are Rkk = σ2

ij,
k = 1 . . . N1 +N2. Each term represents the uncertainty associated to the different error
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]:

• 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).

• 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.

• 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.

• 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.

• 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, PHMI) is defined as the probability that, at any given
instant, the positioning error along one dimension exceeds a certain alert limit [2]

PHMI = P (|e| ≥ AL), (3.1)

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 PHMI),
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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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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Operation

Accuracy
(Horizontal,
Vertical)
(Equiv. 1-σ)

Integrity
Risk

HAL,
VAL

Time
to
Alert

Continuity
Risk Availability

Oceanic
en-route 3.7 km, N/A 10−7/h 7.4 km,

N/A 5 min 10−4/h to 10−8/h 0.99 to
0.99999

Continental
en-route

1.85 km,
N/A 10−7/h 3.7 km,

N/A 5 min 10−4/h to 10−8/h 0.99 to
0.99999

Terminal 370 m, N/A 10−7/h 1.85 km,
N/A 15 s 10−4/h to 10−8/h 0.99 to

0.99999

NPA 110 m, N/A 10−7/h 556 m,
N/A 10 s 10−4/h to 10−8/h 0.99 to

0.99999

APV-I 8 m, 10 m 2×10−7/
approach

40 m,
50 m 10 s 8×10−6/ 15 s 0.99 to

0.99999

LPV-250
8 m, 2 m
(1.87 m
fault-free)

2×10−7/
150 s

40 m,
50 m 6 s 8×10−6/ 15 s 0.99 to

0.99999

LPV-200
8 m, 2 m
(1.87 m
fault-free)

2×10−7/
150 s

40 m,
35 m 6 s 8×10−6/ 15 s 0.99 to

0.99999

CAT I
Autoland 8 m, 2 m 2×10−7/

150 s
40 m,
10 m 6 s 8×10−6/ 15 s 0.99 to

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]

• Ground Based Augmentation System (GBAS),

• Satellite Based Augmentation System (SBAS),

• 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

• 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.

• 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/E5a), 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).
[3]

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 bnom 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, Psat and Pconst, 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 Trecov. [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

PRi
Iono-Free pseudorange for SV i, after smoothing
and tropospheric correction is performed. RX

σURA,i
Standard deviation of Signal-In-Space error of SV i,
used for integrity. ISM

σURE,i
Standard deviation of Signal-In-Space error of SV i,
used for continuity. ISM

bnom,i Maximum nominal bias for satellite i used for integrity. ISM
Psat,i Prior probability of fault in satellite i per approach. ISM

Pconst,j
Prior probability of a fault affecting more than one satellite
in constellation j per approach. ISM

Iconst,j Index of satellites belonging to constellation j. RX
Nsat Number of satellites. RX
Nconst 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 PTRESH 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 Cint

W = C−1
int (3.2)

where
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Name Definition

PHMI Total integrity budget.
PHMIV ERT Integrity budget for the vertical component.
PHMIHOR Integrity budget for the horizontal component.

PTHRES
Threshold for integrity risk coming from
unmonitored faults.

PFA
Continuity budget allocated to disruptions
because of false alert.

PFA,V ERT Continuity budget allocated to the vertical solution.
PFA,HOR Continuity budget allocated to the horizontal solution.
PFA,χ2 Continuity budget associated to the chi-squared test.
TOLPL Tolerance for solving protection levels equation.
Kacc Inflation factor for accuracy.

KFF
Inflation factor for the 1E-7 fault-free
vertical position error.

PEMT Probability used for computing the EMT1.

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

1 Effective Monitor Threshold.

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

Cint(i, i) = σ2
URA,i + σ2

tropo,i + σ2
user,i, (3.3)

being σtropo,i the residual tropospheric error, and σuser,i 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(k) =
(
GT

ENUW
(k)GENU

)−1
GT

ENUW
(k). (3.4)

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

Let q = 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]

(
σ(k)
q

)2
=
(
GT

ENUW
(k)GENU

)−1

(q,q)
, (3.5)

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

The nominal bias of the SiS error for each SV, bnom,i, will affect the user depending on
its projection into the positioning domain through the corresponding projection matrix
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S(k). It can be proven that the worse case impact on the position solution of the bias is
provided by [17]

b(k)q =
Nsat∑
i=1

∣∣∣S(k)
q,i

∣∣∣ bnom,i. (3.6)

On the other hand, the variance of the difference between the fault-tolerant position x̂(k)

and the all-in-view position x̂(0) is provided by

(
σ(k)
ss,q

)2
= eTq

(
S(k) − S0

)
Cacc

(
S(k) − S0

)T
eq. (3.7)

where the covariance matrix for accuracy purposes is given by

Cacc(i, i) = σ2
URE,i + σ2

tropo,i + σ2
user,i. (3.8)

and eq is the unit vector along direction q (North, East, Up).

Based on σss,q, a threshold T is defined per coordinate q of each subset k as

Tk,q = Kfa,qσ
(k)
ss,q, (3.9)

where

Kfa,1 = Kfa,2 = Q−1

(
PFA,HOR

4Nfaultmodes

)
, Kfa,3 = Q−1

(
PFA,V ERT

2Nfaultmodes

)
, (3.10)

and Q−1(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
q-th component of the fault-tolerant position x̂

(k)
q and the correspondant component of

the all-in-view solution
|x̂(k)

q − x̂(0)
q | ≤ Tk,q. (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 pfault,k 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

2Q

(
V PL− b

(0)
3

σ
(0)
3

)
+

NFaultmodes∑
k=1

pfault,kQ

(
V PL− Tk,3 − b

(k)
3

σ
(k)
3

)
=

= PHMIV ERT

(
1− Psat,not monitored + Pconst,not monitored

PHMIV ERT + PHMIHOR

)
,

(3.12)

2Q

(
HPLq − b

(0)
q

σ
(0)
q

)
+

NFaultmodes∑
k=1

pfault,kQ

(
HPLq − Tk,q − b

(k)
q

σ
(k)
q

)
=

=
1

2
PHMIHOR

(
1− Psat,not monitored + Pconst,not monitored

PHMIV ERT + PHMIHOR

)
.

(3.13)

with HPL =
√

HPL2
1 +HPL2

2. Note that in these expressions there is an indirect depen-
dency on σURE through the threshold Tk,q. Additionally, 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 PTHRES.

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

σacc,95% = Kacc

√
eT3 S

(0)Cacc (S(0))
T
e3, (3.14)

where Kacc is an inflation factor equal to 1.96. Finally, the Effective Monitoring Threshold
(EMT) is defined as the largest Tk,3 such that the a priori probability associated with its
fault mode is above PEMT :

EMT = max
pk≥PEMT

Tk,3. (3.15)

3.2.2. ARAIM error models

For computing the nominal values for σtropo and σuser, 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 σuser is provided on Table 3.4. On the other hand, the GPS model
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Elevation [◦] σGal
n,user [m] Elevation [◦] σGal

n,user [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]

σGPS
n,user =

√
f 4
L1 + f 4

L5

(f 2
L1 − f 2

L5)
2

√
(σMP )2 + (σNoise)2

σMP (θ) = 0.13 + 0.53 exp (−θ/10) [m]

σNoise(θ) = 0.15 + 0.43 exp (−θ/6.9) [m]

(3.16)

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

σn,tropo(θ) = 0.12
1.001√

0.002001 +

(
sin

(
πθ

180

)) [m]. (3.17)

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
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 fs, it is replaced by a unimodal, symmetric distribution
fsu. Then, fsu is bounded following the procedure proposed by [22] obtaining a left-
side Gaussian overbound fL

ob ∼ N(µL, σL). Analogously, one can obtain the right-hand
overbound, fR

ob ∼ N(µR, σR). The CDF for the left and right overboundings are provided
by

FL
ob(x) = (1 + ϵ)

∫ x

−∞
N(−µL, σL) dx, (3.18)

FR
ob(x) = (1 + ϵ)

∫ x

−∞
N(µR, σR) dx, (3.19)

where ϵ is a relaxation factor, known as excess mass [22]. Lastly, the final overbounding
distribution is given by

fob ∼ N (max(µL, µR),max(σL, σR)) . (3.20)

The final CDF overbound is provided by

F (x) ≤ FOB(x) =

{
Fob,L(x), x ≤ 0

Fob,R(x), x > 0
(3.21)

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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(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:

• GPS L1/L2C,

• Galileo E1/E5a/E5b/E6.

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

SL1 SL2
Coverage Global ECA1

Corrections Orbit, clock, biases
(code and phase)

Orbit, clock, biases
(code and phase) +

atmospheric corrections
Dissemination Galileo E6b / Internet Data Distribution (IDD)
Availability 99 % 99%
1 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]

System Reference Nav.
message

APC reference
frequency

Galileo I/NAV E1
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

δrHAS = [ϵn, ϵt, ϵw]
T δṙHAS = [ϵ̇n, ϵ̇t, ϵ̇w]

T . (4.1)

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

en = et × ew,

et =
vs

|vs|
,

ew =
xs × vs

|xs × vs|
,

(4.2)

where xs and vs 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.

Orbit

Figure 4.2: Definition of NTW frame of reference {er, et, ew} with respect to ECEF frame
{ex, ey, ez}.

Given the reference time of the HAS message tref,HAS, the orbit corrections at time t in
the NTW frame are given by

δrNTW
HAS (t) = δrHAS(tref,HAS) + δṙHAS(t− tref,HAS). (4.3)

These corrections can be rotated to ECEF frame as

δrHAS(t)
ECEF = RECEF

NTW δrHAS(t)
NTW (4.4)

where
RECEF

NTW = [en, et, ew] (4.5)

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

x̆s = xs − δrECEF
HAS (t). (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 δCHAS 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]

δCHAS = C0 + C1 (t− tref,HAS) + C2 (t− tref,HAS)
2. (4.7)

This correction should be added to the SV clock bias broadcast in the navigation message,
together with the relativistic correction δrel

δ̆tSV = δtSV +
δCHAS

c
+ δrel (4.8)

where c = 299792458.0 m/s is the speed of light in vacuum and δrel 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.

1https://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]:

• Any of the following signal combinations are used:

1. E1/E5a (+ L1/L2C)

2. E1/E5b (+ L1/L2C)

3. E1/E5a/E6-B (+ L1/L2C)

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

• The user uses I/NAV (Galileo) and LNAV (GPS) navigation messages that have
been declared healthy/marginal as per the correspondent interface document.

• 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

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

 90° S  

 45° S  

  0°  

 45° N  

 90° N  

Service Area

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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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 (σURE) and continuity (σURE) error models, the latter having an indirect
impact through the threshold Tk,q.

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 (σURE) 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

˘̃ρji = ρji −
(
−cδ̆t

j

SV,i + T + δrel

)
= ρji − D̆j

i , (5.1)

where (̆·) 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,
x̆j
s,i = [x̆j

s,i, y̆
j
s,i, z̆

j
s,i]

T . Then, it is possible to compute a HAS-corrected measurements vec-
tor y̆ and geometry matrix Ğ based on Eq. (2.19) and using the HAS-corrected geometric
distance L̆j,i

0 , obtaining

y̆ = Ğx̆+ ϵ̆, (5.2)

for which an update of the WLS solution is provided as

δ ˘̂x =
(
ĞTWĞ

)−1

ĞTWy̆. (5.3)

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

As it is proposed that HAS only modifies the continuity model, the weight matrix is given
by W = C−1

int, where Cint is maintains its original definition provided by Eq. (3.3).

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

S̆(k) =
(
ĞT

ENUW
(k)ĞENU

)−1

ĞT
ENUW

(k). (5.4)

where ĞENU is the HAS-corrected geometry matrix in ENU coordinates. The variances
of the HAS-corrected position solution in ENU (q = 1, 2, 3) are given by

(
σ̆(k)
q

)2
=
(
ĞT

ENUW
(k)ĞENU

)−1

(q,q)
(5.5)

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

The nominal bias bnom also remains unmodified after applying HAS corrections, as it
corresponds to the integrity model. However, its projection do changes, obtaining

b̆(k)q =
Nsat∑
i=1

∣∣∣S̆q,i

∣∣∣ 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 σHAS

URE for each SV. This leads to

C̆acc(i, i) =
(
σHAS
URE,i

)2
+ σ2

tropo,i + σ2
user,i. (5.7)

Based on this definition, the value of σ(k)
ss,q is redefined as

(
σ̆(k)
ss,q

)2
= eTq

(
S̆(k) − S̆

)
C̆acc

(
S̆(k) − S̆

)T
eq. (5.8)

The thresholds for the statistical tests are then updated as

T̆k,q = Kfa,qσ̆
(k)
ss,q, (5.9)

where Kfa,q 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:

2Q

(
˘V PL− b̆

(0)
3

σ̆
(0)
3

)
+

NFaultmodes∑
k=1

pfault,kQ

(
˘V PL− T̆k,3 − b̆

(k)
3

σ̆
(k)
3

)
=

= PHMIV ERT

(
1− Psat,notmonitored + Pconst,notmonitored

PHMIV ERT + PHMIHOR

)
,

(5.10)

2Q

(
˘HPLq − b̆

(0)
q

σ̆
(0)
q

)
+

NFaultmodes∑
k=1

pfault,kQ

(
˘HPLq − T̆k,q − b̆

(k)
q

σ̆
(k)
q

)
=

=
1

2
PHMIHOR

(
1− Psat,notmonitored + Pconst,notmonitored

PHMIV ERT + PHMIHOR

)
.

(5.11)

with ˘HPL =

√
˘HPL

2

1 + ˘HPL
2

2. 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 σHAS

URE,i.
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Fault 
detected?

Flag solution with 
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Preprocessing
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HAS IDD 
message

Pre-defined process

Process/Statement

External data
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Legend
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Continuity modelAttempt 
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no

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/L2C 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 Trecov =

300 seconds are removed. While [3] does not provide a specific value for Trecov, 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
matrix, the ISM integrity model is used as W = C−1

int. The specific algorithm used for
the position estimation is described in Appendix B.

Then, fault detection is applied by performing the statistical tests

|˘̂x(k)
q − ˘̂x(0)

q | ≤ T̆k,q (5.12)

for each of the K subsets. For this purpose, the HAS continuity model is used on the
computation of each threshold T̆k,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 q (q = 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 σHAS

URE and σURA. 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 σHAS

URE 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 σHAS

URE 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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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, σacc 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, σHAS

URE and σURA 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, σacc

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 {σHAS

URE , σURA}.

For this analysis, it is proposed to perform a parametric analysis where σHAS
URE and σURA

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

σURA,GPS/GAL [0.75, 6] m
σURE [0.1, 1.5] m
bnom,GPS/GAL 0.75 m
Psat,GAL/GPS 10−5

Pconst,GPS 10−8

Pconst,GAL 10−4

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 σURA of around 1.5 meters is used for both Galileo and GPS. For the
continuity model, σURE 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 σURE = 2/3σURA 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 σacc,v 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
(σHAS

URE) and integrity (σURA) 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 V PL,HPL, σacc and EMT during the time window are computed for
each pair of {σURA, σ

HAS
URE}. In particular, for each combination of integrity and continuity

models, the increase with respect to the pair {σURE, 2/3σURE} 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 σHAS

URE .

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 σacc,v and the EMT. Those cases
where σHAS

URE > 2/3σURE are removed from the analysis. First, it is necessary to notice
that for a fixed σURA, the result associated to each of the σHAS

URE is referred to the same
reference case, that corresponds to the pair {σURA, 2/3σURA}. As a consequence, fixing
σURA 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 σURA ∈ [0.75, 2] m a maximum decrease of around 10 meters
on VPL can be expected assuming a conservative σHAS

URE ≃ 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 σURA 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 σacc

and 5 meters for EMT.
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Figure 6.1: Vertical and horizontal protection levels improvement with respect to σURE =

2/3σURA dependency with σURE,HAS and σURA for a specific location.
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Figure 6.2: σacc and EMT improvement with respect to σURE = 2/3σURA dependency
with σURE,HAS and σURA 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 V AL = 20 m is also included for completing
the overall analysis. For all cases, a value of σURA = 1.5 m is used.

Figures 6.3 to 6.12 show the global availability maps for different values of σHAS
URE 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 σHAS

URE = 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 σHAS

URE = 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 (σHAS

URE = 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 σHAS

URE = 0.2 m is shown as there is no coverage for the others.

99% 99.25% 99.5% 99.75% 100

Availability under LVP 250 requirements | <URA = 1:5 m, <URE;HAS = 0:2 m

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

 90° S  

 45° S  

  0°  

 45° N  

 90° N  

Figure 6.3: Global availability for σURA = 1.5 m and σHAS
URE = 0.2 m under LPV-250

operation.
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99% 99.25% 99.5% 99.75% 100

Availability under LVP 250 requirements | <URA = 1:5 m, <URE;HAS = 0:5 m
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Figure 6.4: Global availability for σURA = 1.5 m and σHAS
URE = 0.5 m under LPV-250

operation.
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Availability under LVP 250 requirements | <URA = 1:5 m, <URE;HAS = 0:7 m
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Figure 6.5: Global availability for σURA = 1.5 m and σHAS
URE = 0.7 m under LPV-250

operation.



6| ARAIM global performance analysis 47
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Availability under LPV-200 requirements | <URA = 1:5 m, <URE;HAS = 0:2 m
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Figure 6.6: Global availability for σURA = 1.5 m and σHAS
URE = 0.2 m under LPV-200

operation.
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Figure 6.7: Global availability for σURA = 1.5 m and σHAS
URE = 0.5 m under LPV-200

operation.



48 6| ARAIM global performance analysis
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Availability under LPV-200 requirements | <URA = 1:5 m, <URE;HAS = 0:7 m

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

 90° S  

 45° S  

  0°  

 45° N  

 90° N  

Figure 6.8: Global availability for σURA = 1.5 m and σHAS
URE = 0.7 m under LPV-200

operation.
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Availability LPV-200 requirements with VAL = 20 m | <URA = 1:5 m, <URE;HAS = 0:2 m
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Figure 6.9: Global availability for σURA = 1.5 m and σHAS
URE = 0.2 m under LPV-200

operation with VAL lowered to 20 m.
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Availability LPV-200 requirements with VAL = 20 m | <URA = 1:5 m, <URE;HAS = 0:5 m
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Figure 6.10: Global availability for σURA = 1.5 m and σHAS
URE = 0.5 m under LPV-200

operation with VAL lowered to 20 m.
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Availability LPV-200 requirements with VAL = 20 m | <URA = 1:5 m, <URE;HAS = 0:7 m
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Figure 6.11: Global availability for σURA = 1.5 m and σHAS
URE = 0.7 m under LPV-200

operation with VAL lowered to 20 m.
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Availability under CAT-I Autoland requirements | <URA = 1:5 m, <URE;HAS = 0:2 m
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Figure 6.12: Global availability for σURA = 1.5 m and σHAS
URE = 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 σURA

and integrity σHAS
URE 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 σHAS

URE and σURA

used. As was the case with the local parametric analysis, the increase is also shown with
respect to the σHAS

URE = 2/3σURA 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 σURA = [0.75, 2] m and σHAS

URE = [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.
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Figure 6.13: Global coverage (99.5th percentile) for LPV-250 (a) and increase of global
coverage with respect to the 2/3σURA 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 σURE,HAS.
However, when focusing on Figure 6.14b, it is clear that there is an increase of up to
10 % coverage when σHAS

URE = 1.5 m as the URE varies from 0.3 to 0.7 meters. Overall,
taking into account the expected values of σHAS

URE , 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 σURA and σHAS

URE , 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 2/3σURA 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 σURE and σHAS

URE that are expected based on historical data in order
to provide an actual performance expectation from the integration of Galileo HAS into
ARAIM.
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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 2/3σURA 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
(IGS).

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 {δrHAS, ṙHAS}. In general, it was found that the δṙHAS 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).



56 7| Signal-In-Space error analysis

Figure 7.1: Galileo HAS IDD orbit corrections for GPS and Galileo constellations on DoY
304, 2024. Each color corresponds to one SV.

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.
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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

HAS IDD corrections Availability for SVi =
# Epochs with valid corrections for i

8639
100

(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 × 10−4. 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
G03 89.418 89.418
G04 75.690 75.689
G05 90.256 90.256
G06 86.377 86.377
G07 79.946 79.945
G08 81.364 81.363
G09 81.054 81.053
G10 77.744 77.743
G11 88.458 88.458
G12 89.738 89.738
G13 69.663 69.663
G14 75.360 75.359
G15 81.933 81.933
G16 82.095 82.095
G17 83.595 83.595
G18 86.220 86.219
G19 86.304 86.304
G20 89.992 89.992
G21 86.677 86.676
G23 85.785 85.785
G24 84.971 84.971
G25 82.315 82.315
G26 75.509 75.508
G27 75.097 75.097
G28 89.842 89.842
G29 85.142 85.141
G30 85.134 85.134
G31 88.790 88.790
G32 78.805 78.804

(a) GPS

PRN Orbit [%] Clocks [%]
E02 94.817 94.817
E03 94.105 94.105
E04 91.425 91.425
E05 94.512 94.512
E06 96.602 96.602
E07 94.104 94.104
E08 94.713 94.713
E09 93.772 93.772
E10 94.410 94.410
E11 94.577 94.577
E12 94.068 94.068
E13 92.988 92.988
E15 94.136 94.136
E19 94.349 94.349
E21 94.286 94.286
E24 94.810 94.810
E25 94.104 94.104
E26 93.535 93.535
E27 94.082 94.082
E29 27.255 27.255
E30 93.566 93.566
E31 94.337 94.337
E33 94.535 94.535
E34 94.637 94.637
E36 94.575 94.575

(b) Galileo

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]

DATE GNSS Orbit [m]
(95%)

Clock [m]
(95%) DATE GNSS Orbit [m]

(95%)
Clock [m]

(95%)

Jan-23 GPS - 1 - 1

Jan-24 GPS 0.19 0.10
Galileo - 1 - 1 Galileo 0.14 0.06

Feb-23 GPS 0.16 0.10 Feb-24 GPS 016 0.10
Galileo 0.20 0.08 Galileo 0.16 0.07

Mar-23 GPS 0.23 0.11 Mar-24 GPS 0.19 0.12
Galileo 0.16 0.07 Galileo 0.17 0.08

Apr-23 GPS ≤ 0.21 0.10 Apr-24 GPS 0.17 0.09
Galileo 0.17 0.07 Galileo 0.16 0.07

May-23 GPS 0.31 0.07 May-24 GPS 0.30 0.11
Galileo 0.19 0.10 Galileo 0.18 0.07

Jun-23 GPS ≤ 0.21 0.10 Jun-24 GPS 0.16 0.09
Galileo 0.15 0.07 Galileo 0.342 0.08

Jul-23 GPS 0.31 0.10 Jul-24 GPS 0.16 0.09
Galileo 0.16 0.10 Galileo 0.16 0.07

Aug-23 GPS 0.15 0.09 Aug-24 GPS 0.28 0.15
Galileo 0.17 0.06 Galileo 0.17 0.07

Sep-23 GPS ≤ 0.19 ≤ 0.10 Sep-24 GPS 0.16 0.09
Galileo 0.15 0.06 Galileo 0.17 0.07

Oct-23 GPS 0.16 0.10 Oct-24 GPS - 3 - 3

Galileo 0.15 0.06 Galileo - 3 - 3

Nov-23 GPS 0.15 0.09 Nov-24 GPS - 3 - 3

Galileo 0.15 0.07 Galileo - 3 - 3

Dec-23 GPS 0.23 0.10 Dec-24 GPS - 3 - 3

Galileo 0.15 0.07 Galileo - 3 - 3

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
σclk,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 CoM1 C1W/C2W2 L1/L22 C1P/C2P2 L1 C1C/C2P
Galileo CoM1 C1C/C5Q2 E1/E5ab/E63 C1C/C7Q2 E1 C1C/C5Q2

1 Center of mass. 2 Ionospheric free combination. 3 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 L1/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 xECEF based on either HAS IDD or broadcast
ephemeris, the orbital positioning error with respect to precise products is computed as

ϵECEF
orb = xECEF − (xPP

ECEF +RECEF
BF ∆APC), (7.2)

where RECEF
APC represents the time-dependent rotation matrix from body axes to ECEF

[1], and ∆APC 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: ϵNTW

orb = RNTW
ECEFϵ

ECEF
orb .

Regarding the clocks, it is necessary to translate them to a common code combination
using the appropriate differential code bias (DCB) products

ϵ′clk = δclk − (δPP
clk +B). (7.3)

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.



7| Signal-In-Space error analysis 63

Group delays B for SISRE monitoring using CAS DCB products.

System GPS Galileo
PP - -

BRDC - − f2
E5a

f2
E1−f2

E5a
DCBC1C−C5Q +

f2
E5b

f2
E1−f2

E5b
DCBC1C−C7Q

HAS IDD f2
L1

f2
L1−f2

L2
DCBC1C−C1W -

Table 7.5: Group delays B for SISRE monitoring using CAS DCB products. fi corre-
sponds to the frequency of signal i 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,
SISREIUP , 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 i of constellation
j, 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 eijk is computed in ECEF based on the user’s
and the SV’s locations xECEF

k and xECEF
ij , respectively.

eijk =
xECEF
k − xECEF

ij

|xECEF
k − xECEF

ij |
. (7.4)

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

SISREij
IUP,k =

(
eijk
)T

ϵECEF
orb − ϵijclk. (7.5)

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 SISREIUP 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.

Figure 7.4: Schematic representation of Instantaneous User Projection SISRE.

While there are other definitions, such as the globally-averaged SISRE [37], SISREIUP

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 igs14.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 2σ 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 DCBC2W−C2P (according
to RINEX4 format), which is not provided by the CAS products. For this work this bias
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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 σHAS

URE 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. It 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 µ σ µ σ µ σ µ σ

IOV
E11 9.95 3.33 2.07 8.89 -0.31 7.88 4.13 7.09
E12 -8.55 3.53 1.97 9.55 -0.24 8.11 -16.32 8.44
E19 10.45 3.49 2.09 9.74 -0.08 8.43 2.25 7.63

FOC

E02 1.47 3.07 1.41 8.30 0.32 7.05 -2.11 6.11
E03 -2.46 2.80 1.62 8.29 0.67 7.02 -2.68 5.85
E04 -2.14 3.19 1.79 8.78 0.13 7.63 -0.44 6.22
E05 -6.11 4.68 1.88 17.42 0.51 10.39 -1.83 6.63
E06 -4.49 2.64 0.65 7.58 1.53 6.18 1.55 4.85
E07 7.44 2.96 1.14 8.17 0.59 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 8.11 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 2.91 1.62 8.06 -0.18 7.01 1.96 5.80
E21 -11.27 3.09 0.87 8.54 0.27 7.05 3.76 6.48
E24 4.94 3.00 1.22 8.24 0.58 6.90 -0.95 5.85
E25 -2.56 2.96 1.36 7.99 0.36 6.88 -0.85 5.79
E26 -4.51 3.31 1.17 8.50 -0.32 7.11 0.55 6.41
E27 -0.19 3.06 0.89 8.23 0.33 6.93 2.48 6.33
E29 -1.28 3.12 1.03 7.56 1.65 6.43 12.25 5.60
E30 6.69 3.28 1.24 8.58 0.40 6.92 -3.67 6.34
E31 -1.16 3.22 1.46 8.44 0.60 7.21 0.88 6.38
E33 -1.54 3.01 0.99 8.26 -0.30 7.11 0.55 6.16
E34 -0.97 2.94 1.69 8.28 -0.17 7.11 2.75 5.59
E36 1.42 2.82 1.92 7.91 -0.17 7.11 3.28 5.70

Table 7.6: Galileo HAS IDD SISE mean (µ) and standard deviation (σ) summary from
January to December of 2024. All measurements are in cm.
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GPS SISE summary 01/2024 - 08/2024

Radial In-Track Cross-Track Clock
Block PRN µ σ µ σ µ σ µ σ

IIR

G02 -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
G16 0.19 3.72 1.83 9.48 0.13 6.55 0.67 8.97
G19 0.25 2.79 1.94 7.02 0.65 6.65 -29.01 9.64
G20 0.15 3.28 2.84 8.71 -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

III

G04 -2.75 5.41 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
G14 -2.55 5.27 2.66 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 2.69 9.16 -0.86 8.55 -14.67 9.39
G28 -2.63 5.70 2.00 9.71 -1.74 8.39 -29.73 13.45

IIF

G03 0.36 4.64 0.27 19.88 1.16 10.38 9.57 10.21
G06 0.08 4.38 2.17 14.86 2.00 9.65 17.27 12.46
G08 0.37 4.41 1.80 17.61 -0.48 10.56 11.32 12.36
G09 0.29 3.81 1.91 15.82 0.42 10.28 7.95 9.03
G10 0.11 3.97 2.70 15.13 2.66 9.38 2.20 8.23
G24 0.06 3.62 2.74 11.30 -1.20 7.90 4.19 8.38
G25 -0.22 4.05 0.49 15.97 -1.17 9.38 7.36 10.21
G26 0.05 3.12 1.90 9.39 -1.38 7.92 9.75 8.18
G27 0.27 2.91 1.14 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

IIR-M

G32 0.15 4.79 0.04 21.39 0.38 11.73 1.40 11.23
G05 0.28 3.77 1.92 7.71 -0.44 6.28 7.23 8.53
G07 0.47 3.42 3.10 8.40 0.35 6.41 1.78 7.71
G12 0.19 3.34 0.67 8.77 -0.29 6.70 9.78 14.32
G15 0.12 3.59 2.91 9.45 -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 3.60 1.94 8.68 -0.51 5.84 2.73 10.79
G31 0.26 3.34 2.33 7.84 0.52 6.60 1.33 8.92

Table 7.7: GPS HAS IDD SISE mean (µ) and standard deviation (σ) summary from
January to August of 2024. All measurements are in cm.
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GPS SISE summary 09/2024 - 12/2024

Radial In-Track Cross-Track Clock
Block PRN µ σ µ σ µ σ µ σ

IIR

G02 -0.16 4.19 1.48 8.51 -1.06 5.68 -3.56 10.08
G13 0.18 2.38 2.77 6.61 3.08 4.90 8.63 8.28
G16 -0.15 3.81 1.22 9.75 0.66 6.28 -4.30 7.67
G19 0.34 2.74 1.32 8.27 -0.02 5.68 -14.61 8.15
G20 0.03 3.75 3.68 7.65 0.42 5.89 -5.48 8.77
G21 -0.60 4.54 2.31 9.08 -1.17 5.68 -15.58 10.86

III

G4 -1.90 4.05 0.01 7.88 8.50 6.55 -7.73 8.30
G11 -3.23 6.38 4.11 9.80 -3.26 6.85 -13.61 11.08
G14 -2.92 7.20 4.40 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 9.94 2.86 7.21 -62.73 11.28

IIF

G03 0.17 3.12 1.06 8.68 -2.85 8.57 13.28 7.70
G06 0.03 3.58 2.10 8.40 -5.23 8.45 -5.63 8.01
G08 0.01 2.64 2.34 7.99 0.57 6.49 -4.38 7.96
G09 0.33 2.34 1.71 8.79 2.47 6.45 11.48 9.30
G10 0.23 2.83 3.04 7.89 -2.46 8.55 -6.56 8.44
G24 0.26 3.00 1.27 9.14 3.23 7.38 -1.92 9.07
G25 0.01 3.07 -0.80 8.98 2.75 7.74 -3.15 7.60
G26 0.48 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 8.93 4.38 6.93 13.27 9.40

IIR-M

G32 0.24 2.22 0.50 7.18 1.47 6.64 -15.37 8.27
G05 0.11 3.85 2.38 6.62 1.63 5.67 13.36 8.70
G07 0.08 3.77 2.37 7.54 1.91 5.30 1.61 9.89
G12 0.13 4.05 -0.21 9.13 -0.64 6.13 38.18 8.47
G15 0.37 2.40 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 2.28 7.78 0.28 6.13 27.77 8.38
G31 0.29 3.30 -0.72 8.57 0.23 5.73 8.39 7.30

Table 7.8: GPS HAS IDD SISE mean (µ) and standard deviation (σ) 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.

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%.
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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 10−4

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 Pconst,GAL.

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.
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(a) (b)

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 Tsmooth = 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 Trecovery 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 LEIJ00DEU 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



8| ARAIM-HAS performance 79

51°30'N

51°45'N

52°N

52°15'N

La
tit

ud
e

10°30'E 11°E 11°30'E 12°E 12°30'E
Longitude

Esri, HERE, Garmin, FAO, USGS, NGA
 10 mi 

 20 km 

Aircraft .ight path

200

400

600

800

1000

1200

1400

1600

1800

Altitude [m]

Departure
Arrival

LEIJ00DEU
PTBB

52°18'30"N

52°19'N

52°19'30"N

Latitude

10°33'E 10°34'E 10°35'E
Longitude

Esri, HERE, Garmin, USGS, NGA 2000 ft 

 500 m 

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 σURE = 2/3σURA, there is a noticeable
improvement of almost one meter in the continuity model when using Galileo HAS. The
values of σURA obtained are found to be consistent with those provided by [1] for the
single Gaussian overbound.
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Figure 8.3: Overbound of Galileo OS SISRE distributions for 99.9999% of the probability mass.
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Figure 8.4: Overbound of GPS OS SISRE distributions for 99.9999% of the probability mass.
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Figure 8.5: Bound of Galileo HAS IDD SISRE distributions for 95% of the probability mass.
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Figure 8.6: Bound of Galileo HAS IDD SISRE distributions for 95% of the probability mass.
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URE and URA values obtained after SISRE assesment.

(a) GPS

PRN σob
URA [m] σob

URE,HAS [m]
G02 0.768 0.140
G03 0.997 0.147
G04 0.383 0.142
G05 2.654 0.144
G06 1.460 0.145
G07 1.715 0.143
G08 1.412 0.151
G09 0.427 0.146
G10 0.870 0.145
G11 1.353 0.151
G12 0.851 0.150
G13 0.517 0.147
G14 0.707 0.142
G15 1.413 0.148
G16 0.473 0.146
G17 2.198 0.148
G18 0.384 0.142
G19 0.516 0.148
G20 3.305 0.145
G21 2.031 0.149
G22 0.405 - 1

G23 3.452 0.144
G24 0.496 0.151
G25 0.533 0.148
G26 1.444 0.146
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

(b) Galileo

PRN σob
URA [m] σob

URE,HAS [m]
E02 1.845 0.111
E03 1.782 0.107
E04 1.984 0.106
E05 1.468 0.109
E06 2.026 0.098
E07 1.358 0.108
E08 2.111 0.107
E09 1.792 0.105
E10 1.586 0.110
E11 1.282 0.109
E12 1.696 0.108
E13 1.419 0.108
E15 1.665 0.109
E19 2.092 0.112
E21 1.589 0.109
E24 1.579 0.107
E25 1.635 0.108
E26 1.504 0.111
E27 1.714 0.109
E29 1.407 0.096
E30 1.617 0.108
E31 2.013 0.109
E33 1.370 0.106
E34 1.633 0.109
E36 1.360 0.109

1 No HAS IDD corrections available for G22.

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
with variance σHAS,MPL

orb . Let ϵjorb,i be the orbit error of satellite i of constellation j. 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

RMSorb,j =

√√√√ 1

Nj

i=Nj∑
i=1

(
|ϵjorb,i|2

)
=

√√√√ 1

Nj

i=Nj∑
i=1

((
ϵjN,i

)2
+
(
ϵjT,i
)2

+
(
ϵjW,i

)2)
(8.1)

where {N, T,W} refers to the radial, in-track and cross-track components, respectively.
It can be proven that, since ϵjN,i, ϵ

j
T,i, ϵ

j
W,i ∼ N

(
0, σHAS,MPL

orb,j

)
, each of the i terms inside

the summation follow a chi-squared distribution of 3 degrees of freedom

(
ϵjN,i

)2
+
(
ϵjT,i
)2

+
(
ϵjW,i

)2 ∼ χ2
3

(
σHAS,MPL
orb,j

)2
. (8.2)

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

scale parameter 2
(
σHAS,MPL
orb,j

)2
. Then, provided the additive and scaling properties of

gamma distributions, the sum of the 3D errors from each of the SV of constellation j,
multiplied by the 1/ (Nj) factor is distributed as

Xj =
1

Nj

i=Nj∑
i=1

((
ϵjN,i

)2
+
(
ϵjT,i
)2

+
(
ϵjW,i

)2) ∼ Γ

(
3Nj

2
,
2

Nj

(
σHAS,MPL
orb,j

)2)
. (8.3)

Finally, the square root of Xj, Y j =
√
Xj follows a Nakagami distribution with shape

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

the product of the shape and scale parameters of the gamma distribution, 3
(
σHAS,MPL
orb,j

)2
Y j = RMSorb,j =

√
Xj ∼ Nakagami

(
3Nj

2
, 3
(
σHAS,MPL
orb,j

)2)
. (8.4)
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Let F j(y) be the CDF of the Nakagami distribution of Y j. Then, it is possible to solve
numerically for σHAS,MPL

orb,j when imposing the 95th percentile condition

F j(MPLj
orb) = 0.95→ σHAS,MPL

orb,j . (8.5)

Following an analogous procedure, it is possible to prove that the RMS of the satellite
clock errors, RMSclk,j, also follows a Nakagami distribution

RMSclk,j ∼ Nakagami
(
Nj

2
,
(
σHAS,MPL
clk,j

)2)
, (8.6)

from which the value of σHAS,MPL
clk can be obtained. As a consequence, the following orbit

and clock errors are obtained

σHAS,MPL
orb,GPS = 16.99 cm, σHAS,MPL

orb,Galileo = 10.20 cm,

σHAS,MPL
clk,GPS = 12.42 cm, σHAS,MPL

clk,Galileo = 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

σHAS,MPLs
URE,GPS =

√(
σHAS,MPL
orb,GPS

)2
+
(
σHAS,MPL
clk,GPS

)2
= 21.01 cm,

σHAS,MPLs
URE,Galileo =

√(
σHAS,MPL
orb,Galileo

)2
+
(
σHAS,MPL
clk,Galileo

)2
= 14.13 cm.

(8.7)

These values have been computed under the assumption that all three orbit error com-
ponents are characterized by the same variance σHAS,MPL

orb,j . However, this is not true in
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 σHAS,MPLs

URE,j . 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 pconst,gal = 10−4 ≫
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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.

pconst,gps = 10−8, 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.
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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 σi

URE value for that SV is used, replacing σi
URE,HAS. 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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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 tsow ≃ 3.087 × 105 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:

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

• System Unavailable (SU): In this case, protection levels are larger than correspond-
ing alert limit.

• Providing Misleading Information (MI): Errors are larger than the corresponding
protection level.

• 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 Pconst,Galileo

Currently, the a priori probability for constellation-wide fault of Galileo is proposed to be
10−4 [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

OS
> 35 m 14.84% 12.83% 12.83% 12.83% 12.83%
> 20 m 49.61% 50.08% 49.92% 49.92% 48.99%
< 20 m 35.55% 37.09% 37.25% 37.25% 38.18%

HAS
> 35 m 6.18% 6.18% 6.18% 6.18% 5.87%
> 20 m 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 Pconst,Galileo.

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 Pconst,Galileo is performed where the
dependency of the performance improvements introduced by HAS are analyzed.

In particular, Pconst,Galileo is varied between 10−4 and 10−8, 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 Pconst,Galileo, 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 Pconst,Galileo provides a limited impact on the VPL. In particular,
the percentage of epochs for which V PL > 35m (unavailability for LPV-200) is reduced
a 13.48%, while V PL is found to be below 20 m 38.18% when Pconst,Galileo = 10−8 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 (V PL > 35 m) is almost unchanged, there is a noticeable increase in the
percentage of epochs for which V PL < 20 m of 53.6% (from 42.66% to 65.53%). It must
be noted that the most noticeable change is between Pconst,Galileo = 10−7 and Pconst,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
when using Pconst,Galileo = 10−8.
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Figure 8.16: Stanford-ESA integrity diagram for OS with SISRE-derived continuity model
and Pconst,Galileo = 10−8. LPV-200 navigation requirements are used as reference.
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Figure 8.17: Stanford-ESA integrity diagram for HAS IDD with SISRE-derived continuity
model and Pconst,Galileo = 10−8. 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 σURA and σURE. 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.

- Implementation of baseline ARAIM 
algorithm.

- Data from flight test campaign.

- Recorded HAS IDD (Jan. 2024 – Dec. 
2024).

- PVT estimator

DLR previous work

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 Galileo 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 𝑃𝑐𝑜𝑛𝑠𝑡,𝐺𝑎𝑙𝑖𝑙𝑒𝑜

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
Pconst,Galileo showed that better performance may be expected in the future, as Pconst,Galileo

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:

• 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.

• 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.

• Evaluation 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
P1 and P2, with frequencies f1 and f2, the result can be modeled as [45]

IF (P1, P2) =
f 2
1

f 2
1 − f 2

2

P1 −
f 2
2

f 2
1 − f 2

2

P2 = ρ+ cδtrcv − cδtsat + T +
f 2
1

f 2
1 − f 2

2

B1 −
f 2
2

f 2
1 − f 2

2

B2

(A.1)

where ρ is the geometric range, δtrcv and δtsat are the receiver and satellite clock biases, T
is the tropospheric error and Bi is the bias term associated with each observation. These
bias terms can be decomposed in a satellite component Bsat and receiver component,
Brcv. According to [45], these biases are lumped within the receiver and clock biases,

cδt
rcv

IF (P1,P2)
= cδtrcv +

f 2
1

f 2
1 − f 2

2

Brcv
1 −

f 2
2

f 2
1 − f 2

2

Brcv
2 , (A.2)
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cδt
sat

IF (P1,P2)
= cδtsat − f 2

1

f 2
1 − f 2

2

Bsat
1 +

f 2
2

f 2
1 − f 2

2

Bsat
2 , (A.3)

thus simplifying the expression of the ionospheric free combination to

IF (P1, P2) = ρ+ cδt
rcv

IF (P1,P2)
− cδt

sat

IF (P1,P2)
+ T. (A.4)

As a consequence, whenever a satellite clock bias cδt
sat

IF (P1,P2)
is 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.

Let δtsat,(1)IF (P1,P2)
be the satellite clock bias from source (1) referred to the P1, P2 ionospheric

free combination, with frequencies f1 and f2. On the other hand, let δt
sat,(2)

IF (P1,P3)
be the

satellite clock bias for the P1, P3 combination from source (2). We are interested on
computing ϵclk = δtsat,(1) − δtsat,(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

δt
sat,(1)

IF (P1,P2)
= δtsat,(1) − f 2
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2

Bsat
1 +
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sat,(2)
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3
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3

f 2
1 − f 2

3
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3 .

(A.5)

Applying the identity [45]
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2

DCB1−2 (A.6)

where DCB1−2 = B1 −B2, is the differential clock bias between signals 1 and 2

δt
sat,(1)

IF (P1,P2)
= δtsat,(1) −Bsat

1 −
f 2
2
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2
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sat,(2)

IF (P1,P3)
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1 −
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3

f 2
1 − f 2

3

DCBsat
1−3.

(A.7)

The difference between both equations leads to

δt
sat,(1)

IF (P1,P2)
− δt

sat,(2)
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= ϵclk −
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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
δt

sat,(1)

IF (P1,P2)
− δt

sat,(2)

IF (P1,P3)
to obtain the real clock error between source (1) and (2)

ϵclk = δt
sat,(1)
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− δt

sat,(2)

IF (P1,P3)
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3
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1−3. (A.9)

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 DCBi−j, 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 ϵclk.
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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 Europe 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 f2 from the correspondent APC’s positions ∆APC,f1 and ∆APC,f2 can be computed
using the following relation [37]

∆APC,IF (f1,f2) =
∆APC,f1f

2
1 −∆APC,f2f

2
2

f 2
1 − f 2

2

. (A.10)

When working with precise products, the orbital position of the IF APC is provided by

xPP,IF = xPP,CoM +RECEF
B ∆APC,IF (A.11)

where RECEF
B 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 x̆ are referred to the single frequency L1/E1
APC, then the orbital position of the IF APC is provided by

x̆IF = x̆L1/E1 +RECEF
B δAPC,IF (A.12)

where δAPC,IF is the distinace between the L1/E1 and the IF APCs, as defined in Figure
A.2.
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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 = [xrx, yrx, zrx, δt
rx
GPS, δt

rx
Galileo]

T (B.1)

where [xrx, yrx, zrx] is the user’s location in ECEF, and δtrxGPS, δt
rx
Galileo 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 tepoch, the corresponding constellation
index j1 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:

tjrx = tepoch − x(3 + j)/c, (B.2)

1where j = 1...Nconst. 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, tjrx.

Obtaining the geometric transmission delay

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

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

dsatrx = |x(1 : 3)− xBRDC
sat |. (B.3)

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

τ = dsatrx /c. (B.4)

OUTPUT: Geometric transmission delay τ .

Relativistic and clock bias corrections

A first guess of the transmission time is obtained as

ttx = tjrx − τ. (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 xsat(ttx) and velocity vsat(ttx) are obtained from the correspondent
source (OS, HAS2 or PP3.) at time ttx.

Satellite clock bias is estimated from the broadcast ephemeris using the clock polynomial

δtCB = a0 + a1(t− t0) + a2(t− t0)2, (B.6)

where ai are the coefficients, and t0 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

δtrel = −2
(
xBRDC
sat

)T
vBRDC
sat

c2
. (B.7)

The ∆t applied for correcting the SV’s clock is now defined as

∆t = −δtCB − δtrel. (B.8)

As a consequence, the new transmission time is defined as

tcorrtx = ttx − τ +∆t. (B.9)

The satellite position is computed again with the new tcorrtx obtaining xsat(t
corr
tx ).

Correction for Earth rotation

For correcting for Earth rotation, the travel time is estimated as

ttravel = tjrx − tcorrtx . (B.10)

Then, the correction on the satellite position is obtained as

xcorr
sat =

 cosΦ sinΦ 0

− sinΦ cosΦ 0

0 0 1

xsat (B.11)

where Φ = Ω̇ttravel, with Ω̇ ≃ 7.2921151467E − 5 rad/s.

OUTPUT: Estimated position of the satellite xcorr
sat .

B.1.2. Tropospheric correction

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, δρtropo.

B.1.3. Compute the corrected pseudorange

Now the corrected pseudorange can be computed as

PRcorr = PR− c∆t− δρrel,path + δρtropo. (B.12)

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

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:

• Tropospheric error: σtropo is estimated as

σtropo,i = 0.12× 1.001/
√
0.002001 + (sinEL)2, (B.13)

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

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

σcmpn,i = F
√
(0.13 + 0.53 exp(−EL/10))2 + (0.15 + 0.43 exp(−EL/6.9))2 (B.14)

where F is computed as

F =

√
f 4
L1 + f 4

L5

(f 2
L1 + f 2

L5)
2
. (B.15)

begin fL1 and fL5 the L1 and L5 frequencies, respectively.

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

• URAi 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.
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The total weight value for each space vehicle is obtained as

wi = URA2
i + σ2

tropo,i + σ2
cmpn,i. (B.16)

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 x0 and
the satellite position estimation xcorr

sat for each measurement k as

ρ0,k = |x0 − xcorr
sat,k|. (B.18)

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

δρk = PRcorr − rho0,k − x0(3 + j), (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 x0(1 : 3) = [X0,Y0,Z0]

T be the a priori guess of
the user position. The geometry matrix can be built as

G(k, :) = [−(X−X0)/ρ0,k,−(Y −Y0)/ρ0,k,−(Z− Z0)/ρ0,k, A,B] (B.20)

where

{A,B} =

{
{1, 0} if GPS
{0, 1} if GAL.

(B.21)

Then, the weighted pseudo-inverse is obtained as

S = (GTWG)−1(GTW), (B.22)

and δx is obtained as
δx = Sδρ. (B.23)
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Finally, the new estimate of the user position is obtained as

x′ = x+ δx. (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

• PRvec: N-dimensional Vector of ionospheric free pseudoranges obtained for the
epoch at which the navigation solution is computed.

• eph: Matrix containing the broadcast ephemeris data for each SV.

• gpsSOW : GPS second of week of the estimation epoch.

• gpsWN : GPS week number for the estimation epoch.

• 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: PRvec, eph, gpsSOW , gpsWN , svid
niter ← 0
xusr ← zeros(3.1)
xusr,old ← zeros(3.1)
while (|xusr − xusr,old| > 1E − 6 && niter < Niter,max) do

for PR in PRvec do ▷ Iterate over all the available pseudoranges.
ttx ← gpsSOW − x(3 + j)/c ▷ j is 1 for GPS PR and 2 for GAL PR.
τ ← findGeometricDelay(trx, eph, svid, gpsSOW , xusr)
ttx ← trx − τ ▷ First guess of TX time.
clockBias← getClockBiasEph(ttx, eph, svid) ▷ Sat. clock bias from ephemerides.
[xsat, vsat]← getSatPosVel(ttx, eph, svid)
δrel ← getDeltaRelEcc(xsat, vsat) ▷ Get the rel. delay due to orbit eccentricity.
clockBias← clockBias + δrel ▷ Lump δrel in the clockBias for next iter.
Φ← Ω̇(ttx − trx) ▷ Earth rotation angle during trx − ttx.
xsat ← correctEarthRotation(Φ, xsat)
δtropo ← tropoRTCA(gpsDOY , xsat, xusr)
PRcorr ← PR+ clockBiasc+ δrelc− δrel,path + δtropo ▷ Corrected pseudorange.

end for
xnewusr ← xusr ▷ Buffer user position.
W ← eye(3) ▷ Allocate weight matrix.
for i = 1 : 30 do

if i > 1 then
el← getElevation(xnewusr , xsat) ▷ Elevation vector for each SV.
[w, b]← findSigmaErrorModel(el, svid, URA) ▷ Get σ2 and biases per SV.
W ← (diag(w))−1 ▷ Weight matrix.

end if
[xnewusr , δx]← solveWLS(PRcorr, xnewusr , xsat,W ) ▷ δx is the correction provided by WLS.
if δx < 1E − 6 && i > 1 then ▷ 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: PRvec, eph, gpsSOW , gpsWN , svid
niter ← 0
xusr ← zeros(3.1)
xusr,old ← zeros(3.1)
while (|xusr − xusr,old| > 1E − 6 && niter < Niter,max) do

for PR in PRvec do ▷ Iterate over all the available pseudoranges.
ttx ← gpsSOW − x(3 + j)/c ▷ j is 1 for GPS PR and 2 for GAL PR.
τ ← findGeometricDelay(trx, eph, svid, gpsSOW , xusr)
ttx ← trx − τ ▷ First guess of TX time.
clockBias← getClockBiasEph(ttx, eph, svid) ▷ Sat. clock bias from ephemerides.
[xsat, vsat]← getSatPosVel(ttx, eph, svid)
[xsat, clockBias]← applyHAS(ttx, xsat, vsat) ▷ Apply HAS corrections.
δrel ← getDeltaRelEcc(xsat, vsat) ▷ Get the rel. delay due to orbit eccentricity.
clockBias← clockBias + δrel ▷ Lump δrel in the clockBias for next iter.
Φ← Ω̇(ttx − trx) ▷ Earth rotation angle during trx − ttx.
xsat ← correctEarthRotation(Φ, xsat)
δtropo ← tropoRTCA(gpsDOY , xsat, xusr)
PRcorr ← PR+ clockBiasc+ δrelc− δrel,path + δtropo ▷ Corrected pseudorange.

end for
xnewusr ← xusr ▷ Buffer user position.
W ← eye(3) ▷ Allocate weight matrix.
for i = 1 : 30 do

if i > 1 then
el← getElevation(xnewusr , xsat) ▷ Elevation vector for each SV.
[w, b]← findSigmaErrorModel(el, svid, URA) ▷ Get σ2 and biases per SV.
W ← (diag(w))−1 ▷ Weight matrix.

end if
[xnewusr , δx]← solveWLS(PRcorr, xnewusr , xsat,W ) ▷ δx is the correction provided by WLS.
if δx < 1E − 6 && i > 1 then ▷ 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: PRvec, eph, gpsSOW , gpsWN , svid
niter ← 0
xusr ← zeros(3, 1)
xusr,old ← zeros(3, 1)
while (|xusr − xusr,old| > 1E − 6 && niter < Niter,max) do

for PR in PRvec do ▷ Iterate over all the available pseudoranges.
ttx ← gpsSOW − x(3 + j)/c ▷ j is 1 for GPS PR and 2 for GAL PR.
τ ← findGeometricDelay(trx, eph, svid, gpsSOW , xusr)
ttx ← trx − τ ▷ TX time.
clockBias← getClockBiasPP(ttx, gpsWN , svid) ▷ Sat. clock bias from PP.
[xsat, vsat]← getSatPosVelPP(ttx, gpsWN , svid) ▷ Get position and velocity from PP.
δrel ← getDeltaRelEcc(xsat, vsat) ▷ Get the rel. delay due to orbit eccentricity.
clockBias← clockBias + δrel ▷ Lump δrel in the clockBias for next iter.
Φ← Ω̇(ttx − trx) ▷ Earth rotation angle during trx − ttx.
xsat ← correctEarthRotation(Φ, xsat)
δtropo ← tropoRTCA(gpsDOY , xsat, xusr)
PRcorr ← PR+ clockBiasc+ δrelc− δrel,path + δtropo ▷ Corrected pseudorange.

end for
xnewusr ← xusr ▷ Buffer user position.
W ← eye(3) ▷ Allocate weight matrix.
for i = 1 : 30 do

if i > 1 then
el← getElevation(xnewusr , xsat) ▷ Elevation vector for each SV.
[w, b]← findSigmaErrorModel(el, svid, URA) ▷ Get σ2 and biases per SV.
W ← (diag(w))−1 ▷ Weight matrix.

end if
[xnewusr , δx]← solveWLS(PRcorr, xnewusr , xsat,W ) ▷ δx is the correction provided by WLS.
if δx < 1E − 6 && i > 1 then ▷ Convergence condition

break
end if
niter ← niter + 1

end for
end while
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TOW Time of Week

ICAO International Civil Aviation Organization

NAGU Notice Advisory for Galileo Users
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