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1. Introduction
Global Navigation Satellite System (GNSS) Ra-
dio Occultation (RO) with Low Earth Orbit
(LEO) receivers has revolutionized atmospheric
science. Its features such as global coverage,
high vertical resolution, and all-weather capabil-
ities have made RO measurement a really valu-
able asset for global weather forecasting and
studies on climate. However, its impact in
the lower troposphere is limited and temporal
and spatial sampling is sparse, which is insuffi-
cient, for example, to study severe meteorologi-
cal events. This limitation can be theoretically
addressed by using a GNSS receiver for RO mea-
surements onboard an aircraft.
This thesis collects the work carried out in the
navigation technology section at Thales Ale-
nia Space Italia (TAS-I), in the context of the
project GROOVE (GNSS Radio-Occultation
Onboard Verification tEst bed), TAS-I answer
to a call of proposals by Agenzia Spaziale Ital-
iana (ASI, Italian Space Agency) for the realiza-
tion of a GNSS Radio Occultation instrument,
compatible with aerial airborne campaign.
Specifically, the goal of the first part of the work
was to use simulations to understand and high-

light the differences between the Airborne Ra-
dio Occultation (ARO) case and the standard
one using a LEO receiver, and, additionally, to
study how the different metrics evaluated vary
as some setup parameters at the aircraft change.
Theoretical ARO studies show how one of the
first error sources in the final output is the un-
certainty on position and velocity of the receiver,
therefore, the second and larger part of the work
focused on the implementation of a C module for
collecting, decoding and managing corrections
broadcast via the E6 band by Galileo High Ac-
curacy Service (HAS). Galileo HAS is is an open
access and free of charge service broadcasting
precise corrections (orbit, clock, biases) directly
through the Signal in Space (as well as via the
internet).

2. GNSS Airborne
Radio Occultation (ARO)

Being the GNSS receiver located inside the
Earth’s atmosphere, there may be significant ray
bending along sections of path above the aircraft
local horizon (refer to Figure 1), causing the
bending to not be symmetric (as it is for LEO
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case) either side of the tangent point. Neverthe-
less, measuring both positive and elevation rays
it is possible to "correct" the RO signals from
below the local horizon (i.e., negative elevation
angle) for the delay due to propagation of the
signals from the aircraft altitude to the GNSS
satellite above the local horizon (i.e., positive
elevation angle) to retrieve atmospheric proper-
ties below the receiver [4].

The goal of the work was to analyze the differ-
ences between the ARO case and the LEO one in
term of TX-RX relative dynamic, number of oc-
cultation events and occultation geometry, and
then study the trend of these metric when mod-
ifying some parameters such as the flight area or
the antenna pointing.

Figure 1: Schematic diagram of radio occulta-
tion geometry with a receiver inside and outside
(LEO) the atmosphere (Credit [3])

2.1. Simulations
For simplicity, constant altitude and latitude
flight paths have been analyzed. Data have been
generated using STK software. GPS and Galileo
constellation have been imported and each satel-
lite has been equipped with a transmitting (TX)
antenna. 8 aircraft have been positioned be-
tween latitude 0° and 70° with step 10°, and they
have been equipped with 4 receving (RX) anten-
nas, in front, left, read and right position. Table
1 summarizes simulation characteristics. STK
Accesses have been computed between each RX
antenna of each aircraft and TX satellites to
evaluate if they were in Line of Sight (LOS).
ECEF position, of both aircrafts and satellites,
with 1 minute time sapling, have been exported,
as well as Azimuth-Elevation-Range (AER) of
the TX with respect to RX during Accesses. The
same simulation has been repeated with 4 hours
delay in order to have a different arrangement of
the constellations and avoid drawing conclusions
based on a single geometry.

Table 1: STK Scenario details

Simulation Characteristics
Simulation
Start Time

15/06/2023
10:00 and 14:00

Flight duration � 3.30h
Start Longitude 0°

Latitude 0°, 10°, 20°, 30°,
40°, 50°, 60°, 70°

RX Sensor Type Rectangular
RX Sensor
Half Angle [HxV] 40° � 5°

RX Sensor Position Front, Rear,
Left, Right

Aircraft Altitude 10.866 km
(STK default)

Aircraft Velocity 648.2 km/h
(STK default)

GNSS
Constellations GPS, Galileo

TX Sensor Type Simple Conic
TX Sensor
Half Angle 20°

2.2. Elaboration
RO is a "limb sounding" technique, where
Earth’s limb is defined as the edge of the visible
surface (the disc) as seen from the point of view
of the receiver. For spherical Earth approxima-
tion and an aircraft at 10.466 km altitude, the
angle at which the aircraft sees the limb can be
calculated geometrically and its value is around
-3°. Because of ARO processing theory we define
Valid Access as an access covering at least the
elevation range between -3° and 3°. We also de-
fine Of Interest as the portion of data retrieved
for negative elevation angles, i.e. between limb
and aircraft local horizon.
Finally we define Geometric Tangent Point
(GTP) as the point on the ray path between
Transmitter and Receiver that is closest to the
Earth’s center (see Figure 1). Here most of the
bending happens and it is used as nominal loca-
tion of the occultation. The analysis of this pa-
rameter is a key point since its horizontal drift is
one of the main sources of error on the retrieved
refractivity.
MATLAB has been used to digest STK out-
puts previously mentioned and compute and ex-
tract Valid Accesses, their duration, their slope
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at limb, GTP (especially for Of Interest range
and its drift, to average data from the 2 macro
simulations and for the plots.

2.3. Results
In this section we summarize the results col-
lected. for the 2 main tasks.

2.3.1 ARO vs LEO

Because of low velocity of an aircraft compared
to a LEO satellite, average occultation duration
is considerably higher, with an average value,
for Valid Accesses of �36 minutes, with edge
cases reaching the duration of �15 min as well
as almost 2 hours, against 1-2 minutes of the
LEO case. Also, orbit of the transmitting satel-
lite results having a significant impact on the
shape of its trajectory as seen by the receiver,
leading to some accesses covering only a portion
of the required elevation (example in Figure 2).
Consequently, about 36% of total occultations
gets discarded (not Valid Accesses), including
both parabolic and partial trajectories (occur-
ring close to the start or the end of the flight).

The number of occultations is remarkably
lower, with around 1 per hour for ARO against
�20 per hour in the LEO case. But, on the other
hand, ARO ones result being geographically less
sparse.

Geometric Tangent Point (GTP) drift values
result typically staying between 350 and 400 km
compared to less than 100 km of the LEO case
(see Figure 3).

2.3.2 ARO Optimal Setup

It resulted that metrics vary a lot from case to
case not showing an obvious best antenna point-
ing; nevertheless we have observed that:

antenna pointing toward the equator (right
one, in our case), on average, seems to perform
slightly better in term of number of accesses (see
Figure 4), access duration and discard rate (not
Valid Accesses), compared to the other three.

Number of Valid Accesses look increasing, on
average, with increasing latitude, with lower lat-
itudes being the ones where higher discard rate
happens (see Figure 4).

Slope at limb and duration are almost con-
stant with latitude for side antennas (left and
right) and improving (higher slope and lower du-

Figure 2: Example of parabolic NOT Valid
Accesses - lines at 0° and -3° represent, respec-
tively, the aircraft local horizon and the limb;
colored lines/dots are the TX trajectories dur-
ing access, the diamond is the first sample. The
examples provided clearly show cases (red and
yellow) of parabolic accesses covering only a por-
tion the required elevation

ration) with latitude for front and rear, reaching
the performance of side ones.

GTP drift looks independent from both lati-
tude and antenna pointing.

3. Galileo High
Accuracy Service (HAS)

With High Accuracy Service (HAS), Galileo is
the first constellation to provide a real-time
high-accuracy PPP (Precise Point Positioning)
service globally directly through the Signal in
Space. The precise corrections provided by the
Galileo High Accuracy Service allow users to
reduce the error associated with the orbit and
clocks provided through the Galileo Open Ser-
vice broadcast navigation messages and the GPS
Standard Positioning Service navigation data
[1]. The goal of this activity was to develop
an HAS Decoder, i.e. a C code able to collect
and manage E6-B data and consequently decode
and provide the needed HAS corrections to the
positioning algorithms. This activity has been
carried out as a necessary component for the
GROOVE project.

3.1. HAS Message
Every second, a 1000 symbols C/NAV page
is transmitted from a Galileo satellite. Each
page is protected with Forward Error Correction
(FEC) convolutional encoding with coding rate
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(a)

(b) GTP drift, quantitative

Figure 3: Example of area coverage and
GTP drift - (a) black line is the flight path,
black empty diamond is the flight starting point,
small black diamonds on the path means that at
least one occultation is getting tracked during
that portion of flight, colored lines/dots are the
TX trajectories during access (Valid Accesses
only), the diamond is the first sample, grey por-
tion is the NOT Of interest part. (b) shows the
evolution in time of the distance between GTP
and aircraft position

1/2, as well as with a block interleaver. At re-
ceiver side, decoding can be implemented using a
standard Viterbi decoder. After decoding, a 192
bits size C/NAV page is obtained, of which 448
bits pertain to the the so called HAS page. In
order to recover the HAS message, several pages
have to be collected and consequently decoded
via Reed-Solomon (RS). Details of the RS de-
coding process are better illustrated in the ICD
[2], but it can be thought as a matrix multipli-
cation in Galois Field between a subset of the
generator matrix and a matrix built using the
set of collected encoded pages.

Figure 4: Average Number of Accesses for each
of the 4 antennas at each latitude: valid (left)
and total (right)

3.2. HAS Decoder
The decoder takes as input the HAS pages with
valid CRC (so, after Viterbi decoding) and the
Receiver Time. It implements 3 core functions:
filter and organize the received pages based on
the details in the HAS Page Header ; RS de-
coding when the target number of pages for a
message is reached (a C library for algebraic op-
eration, and especially matrix computation, in
Galois Field 28 has been specially implemented
to perform the needed operations); and finally
interpretation of the decoded bits, following the
instructions of the ICD [2], to retrieve the engi-
neering parameters.

3.3. Decoder performance
and output analysis

The correctness of the HAS decoder has been
first of all tested using the Test Vector provided
by ESA as Appendix to the ICD [2].
Then, a test with with real data from real re-
ceiver has been recorded and used. The test to
which the performances reported in the sections
below refer has a duration of �25 hours and it
was started on November 30 at 11:15 a.m. CET.
The data exploited in this work were collected
using a Antcom G5Ant-3AT1 antenna installed
on the rooftop of Thales Alenia Space Italy in
Gorgonzola (MI), together with a proprietary
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