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Abstract

Global Navigation Satellite System (GNSS) Radio Occultation (RO) with Low Earth Or-
bit (LEO) receivers has revolutionized atmospheric science by providing global coverage
and high vertical resolution. However, its impact in the lower troposphere is limited and
temporal and spatial sampling is sparse, which is insufficient, for example, to study severe
meteorological events. This limitation can be theoretically addressed by using a GNSS
receiver for RO measurements onboard an aircraft.
In this study, we used simulations to compare the performance of airborne and LEO-based
RO. The results showed that, for constant altitude and latitude flight paths, average num-
ber of occultations is significantly lower and the duration of occultations and tangent point
drift are higher compared to the LEO case. We also found that antennas pointing to-
wards the equator (right) performs slightly better than those at the front, left, and rear
in terms of number and duration of occultations. Some metrics also showed improvement
for increasing latitude using certain configurations.
Accurate positioning and velocity are crucial to correctly process RO measurements.
Therefore, we implemented a C decoder for the Galileo High Accuracy Service (HAS),
an open access and free of charge service based on the provision of precise corrections
(orbit, clock, biases) transmitted in the Galileo E6 signal. Performance tests in ground
and static scenarios demonstrated good decoding rates and correction availability. As a
first validation, we applied the corrections in a Single Point Positioning (SPP) algorithm,
which showed a consistent improvement in position accuracy compared to the case with-
out HAS corrections.

Keywords: GNSS, Positioning, Radio Occultation (RO), Airborne Radio Occultation
(ARO), Galileo High Accuracy Service (HAS)





Abstract in lingua italiana

La Radio Occultazione (RO) basata su Sistema di Navigazione Satellitare Globale (GNSS)
con ricevitori in orbita terrestre bassa (LEO) ha rivoluazionato lo studio dell’atmosfera
grazie alle sue peculiarità di copertura globale e alta risoluzione verticale. Tuttavia, il suo
impatto in bassa troposfera è limitato e il campionamento temporale e spaziale risulta
scarso, insufficiente, ad esempio, per lo studio di importanti eventi meteorologici. Stando
agli studi teorici questa limitazione può essere superata utilizzando un ricevitore per mis-
urazioni RO a bordo di un aereo.
In questo studio abbiamo utilizzato delle simulazioni per confrontare le prestazioni RO
da aereo con quelle LEO. I risultati hanno mostrato che, per triettorie di volo a latitu-
dine e altitudine costanti, il numero medio di occultazioni è significativamente inferiore,
e la durata delle occultazioni, e la deriva del punto di tangenza, sono maggiori rispetto
al caso LEO. Abbiamo anche scoperto che le antenne puntate verso l’equatore (destra)
si comportano leggermente meglio di quelle poste a fronte, sinistra e retro dell’aereo, in
termini di numero e durata delle occultazioni. Alcune metriche hanno anche mostrato un
miglioramento con l’aumento della latitudine in certe configurazioni.
Posizionamento e velocità accurati sono cruciali per una corretta elaborazione delle mis-
urazioni RO. Pertanto, abbiamo implementato un decodificatore in C per il servizio Galileo
High Accuracy Service (HAS), un servizio aperto a tutti e gratuito che consiste nella for-
nitura di correzioni precise (orbita, clock, bias) trasmesso nel segnale Galileo E6. I test
delle prestazioni con scenari a terra e statici hanno dimostrato buoni tassi di decodifica
e disponibilità delle correzioni. Come prima convalida, abbiamo applicato le correzioni
in un algoritmo di posizionamento Single Point Positioning (SPP), che ha mostrato un
notevole miglioramento nell’accuratezza della posizione rispetto al caso senza correzioni
HAS.

Parole chiave: GNSS, Posizionamento, Radio Occultazione (RO), Radio Occultazione
da Aereo (ARO), Galileo High Accuracy Service (HAS)
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1

Introduction

GNSS Radio Occultation (RO) with Low Earth Orbit (LEO) receivers has revolutionized
atmospheric science, in particular with the assimilation in Numerical Weather Prediction
(NWP) models. Features such as global coverage, high vertical resolution and all-weather
capabilities, have made RO measurement a really valuable asset for global weather fore-
casting and studies on climate. Radio Occultation measurements with a GNSS receiver
onboard an airplane could overcome the limitation of LEO receivers of sparse sampling,
both in space and time, over a specific region.

This thesis is the result of about 10 months of work at Thales Alenia Space Italy (TAS-I)
in Gorgonzola (MI). TAS-I is the Italian section of Thales Alenia Space, a joint venture
between Thales (67%) and Leonardo (33%), global space manufacturing company that
has been providing high-tech solutions for telecommunications, navigation, Earth obser-
vation, environmental management, scientific research, and orbital infrastructure for over
forty years.
Specifically the author worked in the navigation technology section and 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 Italiana (ASI, Italian Space Agency) for
the realization of a GNSS Radio Occultation instrument, compatible with aerial airborne
campaigns.
The goal of the first part of the work was to use simulations to derive the differences
between the Airborne Radio Occultation (ARO) case and the standard one using a LEO
receiver, and additionally study how the different metrics used vary as some setup pa-
rameters at the aircraft change. Theoretical studies on ARO show how one of the first
error source in the final output is the uncertainty on position and velocity of the receiver,
so 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 Accuracy 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 | Introduction

The structure of the thesis is the following:

• Chapter 1 provides the needed theoretical background to face the topics treated in
the thesis, starting with a brief description of Earth’s atmosphere and its layers,
then moving to a basic description of Global Navigation Satellite Systems (GNSS),
the technology that makes Radio Occultation on Earth possible, and finally tackling
GNSS Radio Occultation, specifically with on overview of its history, the founding
principles and the processing.

• Chapter 2 starts with an overview of the ARO processing theory and then moving
to the details of the carried out activity with the simulations scenario, the metrics
evaluated and the results obtained.

• Chapter 3 opens with the HAS infrastructure and details on the message broadcast,
then explaining the structure of the implemented HAS decoder and finally evaluat-
ing the code performance, corrections availability and testing the corrections in a
standard Single Point Positioning (SPP) algorithm.

• Chapter 4 summarizes the results obtained in the thesis and illustrates the future
developments of this work.
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1| Fundamentals of GNSS and

Radio Occultation

In this chapter, we are going to cover the basic concepts needed to understand the GNSS

Radio Occultation technique and, more in general, the work done in this thesis.

We start with a brief description of Earth's atmosphere and its layers and then we move

to a basic description of Global Navigation Satellite Systems (GNSS), the technology that

makes Radio Occultation on Earth possible. A little more focus is made on the GNSS

Error Sources and on the Galileo constellation and the E6 band, which will be useful for

the chapter related to Galileo High Accuracy Service (HAS).

Last section is dedicated the GNSS Radio Occultation, speci�cally a on overview on its

history, the founding principles and the processing, are presented.

1.1. Atmosphere

The atmosphere of any celestial body, including Earth, is a layer or set of layers of

gases that surround the body. It's a complex and dynamic system that plays a crucial

role in shaping its environmental conditions. The composition and characteristics of an

atmosphere can vary greatly depending on the celestial body.

Earth's atmosphere is composed of several gases, with nitrogen (78.08%), oxygen (20.95%),

and argon (0.93%) being the most abundant. Additionally, it contains trace amounts of

other gases including carbon dioxide, methane, water vapor, and neon.

The Earth's atmosphere is structured into �ve distinct layers based on temperature gra-

dients, chemical composition and density [4][44]:

ˆ Troposphere: The lowest layer of our atmosphere, extending from Earth's surface

to, on average, about 12 kilometers in height. It is the denser layer and contains

about 99% of all water vapor. Earth's weather happens here and clouds that are

generated by weather are found here.

ˆ Stratosphere: Extends from the top of the troposphere to about 50 km above the
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ground. Earth's ozone layer is located here. Because of that UV radiation, the

higher up you go into the stratosphere, the warmer temperatures become. The

stratosphere is nearly cloud- and weather-free.

ˆ Mesosphere: Extends from the top of the stratosphere to about 80 km above the

ground. Here temperature decreases with altitude. Most meteors burn up in the

mesosphere.

ˆ Thermosphere: Located between about 80 and 700 kilometers, in this layer, tem-

peratures increase with altitude due to the very low density of molecules found

here.

ˆ Exosphere: The outermost layer of the atmosphere. It extends from about 600 km

to 10,000 km above the earth. In this layer, atoms and molecules escape into space

and satellites orbit the earth.

The absorption of sun radiation energy heats up the atmosphere. Moreover it generates

ionization in the form of free electrons as well as positive and negative ions. This layer

is known asionosphere ; it is located within the thermosphere and extends from 60 to

more than 1000 km above Earth's surface.

There are three main regions of the ionosphere (see Figure 1.1). These regions do not

have sharp boundaries, and the altitudes at which they occur vary during the course of a

day and from season to season. [51]

ˆ D Layer: The lowest region, starting about 50 or 60 km above the ground and

extending upward to about 90 km. This layer disappears during the night and

reappears in the day due to the in�uence of solar radiation.

ˆ E Layer: Located above the D Layer, it starts at about 90 or 100 km up and extends

to 120 or 150 km. This layer also weakens during the night and strengthens during

the day.

ˆ F Layer: The uppermost part of the Ionosphere, it starts about 150 km and extends

far upward, sometimes as high as 500 km above the surface of our home planet.

Unlike the D and E layers, the F Layer is present during both day and night.

During the daytime, the F-Layer splits into two layers, then recombines at night.

For telecommunication purposes, Earth's atmosphere can be divided into only two major

portions, i.e., ionosphereand neutral atmosphere. The ionosphere, as described above, is

the upper atmosphere of the Earth and it is ionized by solar radiation.

While, in the neutral atmosphere, the atmospheric components are electrically neutral
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and it is the portion below the ionosphere, including the troposphere and stratosphere.

When the electromagnetic wave propagates through the atmosphere, the deviation from

a straight line occurs due to the variation of the air mass or density, which is called the

atmospheric refraction. Due to the atmospheric refraction, signals propagating through

the Earth's atmosphere are slightly lengthened with retarded speeds: the e�ects are called

neutral atmospheric delayand ionospheric delay. Because the neutral atmospheric delay

occurs mainly in the troposphere, thetropospheric delayis usually used instead of neutral

atmospheric delay for the e�ects of the atmosphere below the ionosphere [36].

(a) (Credit: NOAA [44]) (b) (Credit: Wikipedia [47])

Figure 1.1: Ionosphere layers

1.2. GNSS

In this section we provide an overview of the GNSS.

The structure and content of this section are largely derived from [35], [42], [32] and [15].

1.2.1. Introduction

Global navigation satellite system (GNSS) is a general term describing any satellite con-

stellation that provides positioning, navigation, and timing (PNT) services on a global or

regional basis. The most simple idea of how the system works is that satellites transmit

signals that report where they are at what time, with that information being used to

determine where you are in the world.

But GNSSs are more than the satellites orbiting Earth. The multiple groups of satellites,

known as constellations, broadcast signals to master control stations and users of GNSS

across the planet. These three segments (see Figure 1.2), called space, control and user, are

all considered part of GNSS, but most frequently, GNSS is used to describe the satellites
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in space.

Figure 1.2: GNSS Segments (Credit: Hexagon [32])

The space segment describes the GNSS constellations orbiting between 20,000 to 37,000

kilometres above the Earth. These altitudes, known as Medium Earth Orbits (MEO), are

chosen for the constellation of satellites due to considerable launch cost and global coverage

These satellites broadcast signals that identify which satellite is transmitting and its time,

orbit and status or health. The constellation is designed considering the availability of at

least four satellites at all times across the globe. The satellites are arranged in di�erent

planes to provide the best and optimal geometric distribution, fundamental for good

precision.

The control segment is a network of master control, data uploading and monitoring

stations located around the world. The main tasks performed are:

ˆ Measure the position of each satellite and controls its attitude and orbit;

ˆ Monitor the signals broadcast by the satellites;

ˆ Send information to satellites for a proper clock alignment;

ˆ Send information to satellites for the navigation message.

This process, as well as monitoring a satellite's health, ensures a baseline of accuracy in

GNSS positioning.



1| Fundamentals of GNSS and Radio Occultation 7

The user segment includes the equipment that receives satellite signals and outputs a

position based on the time and orbital location of at least four satellites. This segment

includes the user's antennas to identify and receive good-quality signals as well as high-

precision receivers and positioning engines that process the signals and resolve potential

timing errors.

There are four main constellations and two regional constellations worth highlighting: the

four main constellations are GPS, GLONASS, Galileo and BeiDou, while the two regional

systems are QZSS and IRNSS. Each of these is managed by a di�erent Country.

These constellations use radio frequencies in the L-Band to transmit their signals, however

each constellation may choose di�erent frequencies and corresponding labels for these

signals. GNSS positioning equipment typically receives at least two frequencies, with

more specialized equipment capable of receiving additional L-Band signals.

GPS is operated by the United States. It was the �rst constellation to be established

in space with its �rst satellite being launched in 1978, with its �rst series of satellites

fully operational by 1993. Currently the system has 31 satellites in orbit, arranged in

six equally-spaced orbital planes, supporting L1 (1575.42 MHz), L2 (1227.60 MHz) and

L5 (1176.45 MHz) frequencies. The GPS III, the latest generation of GPS satellites, of-

fers signi�cant improvements over previous generations, including increased signal power,

enhanced signal integrity, and extended lifespan. [27]

Galileo is operated out of the European Union by the European Global Navigation

Satellite Systems Agency. It was initially launched in 2011 and expanded to include 28

satellites in orbit. The complete Galileo constellation comprises satellites spread evenly

around three orbital planes inclined at an angle of 56 degrees to the equator. These

satellites transmit across the L-Band spectrum, labelling their frequencies E1 (1575.42

MHz), E5 (1191.795 MHz), E5a (1176.45 MHz), E5b (1207.14 MHz) and E6 (1278.75

MHz). The second generation of Galileo satellites, featuring enhanced navigation signals

and capabilities, are already in development.

The BeiDou Navigation Satellite System (BDS), operated by China, has been providing

global positioning, navigation, and timing services since its initial launch in 2000. The

BeiDou constellation consists of 44 operational satellites: 7 in geostationary orbits (GEO),

10 in 55° inclined geosynchronous orbits (IGSO), and 27 in Medium Earth orbits (MEO).

The BeiDou satellites transmit signals in multiple frequency bands: B1 (1561.098 MHz),

B2 (1207.14 MHz), and B3 (1268.52 MHz).
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The Quasi-Zenith Satellite System (QZSS), operated by the Japan Aerospace Exploration

Agency (JAXA), was initially launched in 2010. Unlike other global constellations, QZSS

provides regional coverage over the Asia-Oceania region, speci�cally between Japan and

Australia. The QZSS constellation consists of four operational satellites aiming to a seven-

satellite constellation. The QZSS satellites transmit signals at the same frequencies as

GPS: L1 (1575.42 MHz), L2 (1227.60 MHz), L5 (1176.45 MHz), and an additional L6

(1278.75 MHz).

The Indian Regional Navigation Satellite System (IRNSS ), also known as NavIC (Nav-

igation with Indian Constellation), is a regional satellite navigation system operated by

the Indian Space Research Organization (ISRO). The IRNSS constellation consists of 8

operational satellites, three satellites in Geostationary Orbit (GEO) and four satellites in

Geosynchronous Orbit (GSO) inclined 29 degrees to the equatorial plane. The constella-

tion's coverage is centered on India, extending west to include Saudi Arabia, north and

east to encompass all of China, and as far south as Mozambique and Western Australia.

The IRNSS satellites transmit signals on the GPS L5 frequency (1176.45 MHz) as well as

along the S-Band (2492.028 MHz).

1.2.2. GNSS signals

The GNSS satellites continuously transmit navigation signals in two or more frequencies

in L band (see Figure 1.4). These signals contain ranging codes and navigation data to

allow the users to compute the travelling time from satellite to receiver and the satellite

coordinates at any epoch [15]. The main signal components are:

ˆ Carrier : Radio frequency sinusoidal signal at a given frequency;

ˆ Ranging code: Sequences of 0s and 1s (zeroes and ones), which allow the receiver to

determine the travel time of radio signal from satellite to receiver. They are called

Pseudo-Random Noise (PRN) sequences or PRN codes. They are unique for each

satellite;

ˆ Navigation data: A binary-coded message providing information such as the

ephemeris, used to calculate the position of the transmitting satellite at the time of

signal transmission, thealmanac, containing information about time and status of

the entire constellation, and other complementary information.

A more in-depth analysis is presented for Galileo E6 band in Section 1.4
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Figure 1.3: Example of GNSS signal structure (Credit: [28])

Figure 1.4: L-band (Credit: [9])
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1.2.3. GNSS principle

The basic principle to estimate PVT (Position, Velocity and Time) is thetriangulation.

Satellite clocks are synchronous, while the receivers' clocks usually are not. This dis-

crepancy introduces an error in the time delay between the satellite and the receiver.

This error a�ects the accuracy of the distance calculation and, consequently, the position

coordinates. Therefore, a minimum of four satellites are needed to compute the four un-

knowns: the three position coordinates and one clock error. The user receiver performs

two basic measurements of the GNSS signals[35].

It compares the code that is received with a locally generated replica in order to compute

the transmission delay between the satellite and the receiver. This measurement is called

Pseudorange. Pseudorange from four or more satellites allows, together with the position

of the satellites obtained using the ephemerides from the navigation message, to determine

the position of the user [35].

The second and more precise method is to obtain the di�erence in phase between the

received carrier signal and a receiver-generated replica at the same frequency. This mea-

surement is known as thecarrier phaseobservable and it can reach millimeter precision,

but it lacks the unambiguous nature of the pseudorange. In fact, when the tracking is

started, the phase can only be known with an ambiguity of an unknown number of times

the carrier wavelength [35].

1.2.4. GNSS error sources

Errors in GNSS, can be grouped into three main categories: satellite, signal and receiver

errors [42].

For satellite errors we have

ˆ Orbit errors : in fact, orbital parameters of a satellite need to be constantly mon-

itored and updated by the control segment; also broadcast ephemerides are less

accurate than �nal ones.

ˆ Satellite clock errors: atomic clocks on board are incredibly accurate, but they are

not perfect, and experience "drift" (lose or gain one nanosecond for every three

hours of time), so, again, adjustments are constantly made by the control segment.

ˆ Dilution of Precision (DOP): even if not directly a satellite error source, poor num-

ber of satellites combined with not-evenly geometric distribution a�ect the precision

of the solution.
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Regarding signal errors we have

ˆ Atmospheric errors: when signal passes through di�erent layers of the atmosphere,

it su�ers delay (due to the propagation in a medium) and thus an error in the

positioning.

ˆ Multipath : occurring when the signal bounces o� surfaces like buildings or trees

before reaching the receiver. These re�ections cause the signal to travel a longer

path, resulting in a delay and leading to a positioning error.

ˆ Obstruction: occurring when radio waves are physically blocked by objects or the

environment.

Regarding errors due to the receiver

ˆ Receiver clock error: receivers are not equipped with expensive atomic clocks, but

they adjust their time using data provided by the satellites.

ˆ Receiver noise: both due to other signals or to electrical interference, if too high

with respect to the strength of the signal, it prevents the receiver from being able

to receive the signal.

ˆ Jamming and spoo�ng: these are intentional attacks, in the �rst one a strong inter-

ference prevents the receiver from receiver the GNSS signals, in the second one a

false GNSS signal in generated to ruin the solution.

1.2.5. GNSS applications

Since GNSS has a number of advantages, such as highly precision, continuity, all-weather

and near-real-time observation, it supports several applications, including [35]:

ˆ Positioning, navigation and timing

ˆ Precise orbit determination

ˆ Terrestrial reference frame

ˆ Plate motion and crustal deformation

ˆ Earthquake, volcano and geodynamics

ˆ Glacial isostatic adjustment

ˆ Earth rotation and variations

ˆ Intelligent transport systems
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ˆ Precision agriculture

ˆ Location-based services

ˆ Electricity telecommunications

ˆ and more...

Apart of these "direct" applications, techniques like GNSS Radio Occultation (GNSS-RO)

or GNSS Re�ectometry (GNSS-R) exploit, respectively, refraction and delay of signals

traveling through the atmosphere, and the part of the signals re�ected back from the

rough Earth's surface, to retrieve information on atmosphere and Earth's surface.

1.3. Galileo

Galileo is Europe's own global navigation satellite system, providing a highly accurate,

guaranteed global positioning service under civilian control. It is inter-operable with GPS

and GLONASS. Galileo receivers compute their position in the Galileo Reference System

using satellite technology and based on triangulation principles [14].

1.3.1. Galileo services

The Galileo mission and services were elaborated during the initial de�nition phase in con-

sultation with user communities and the Member States. The high-performance services

that will be provided once Galileo system is fully operational, are the following [17]:

ˆ Open Service (OS) : Galileo open and free of charge service set up for position-

ing and timing services. In the future, the Galileo Open Service will also provide

Navigation Message Authentication, which will allow the computation of the user

position using authenticated data extracted from the navigation message;

ˆ Open Service Navigation Message Authentication (OSNMA) : Free access

service complementing the OS by delivering authenticated data, assuring users that

the received Galileo navigation message is coming from the system itself and has

not been modi�ed;

ˆ Public Regulated Service (PRS) : Service restricted to government-authorised

users, for sensitive applications that require a high level of service continuity;

ˆ High Accuracy Service (HAS) : A free access service complementing the OS by

delivering high accuracy data and providing better ranging accuracy, enabling users

to achieve sub-meter level positioning accuracy (more details in Chapter 3);
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ˆ Commercial Authentication Service (CAS) : A service complementing the OS,

providing a controlled access and authentication function to users;

ˆ Search and Rescue Service (SAR) : Europe's contribution to COSPAS-SARSAT,

an international satellite-based search and rescue distress alert detection system;

ˆ The Galileo Emergency Warning Satellite Service (EWSS) swiftly broad-

casts alerts globally, allowing national civil protection authorities to directly trans-

mit to smartphones (or any Galileo-enabled devices) for enhanced emergency re-

sponse and resilient risk management.

1.4. Galileo E6 band

Galileo satellites transmit permanently three independent CDMA and Right-Hand Cir-

cularly Polarised (RHCP) signals, named E1, E5 and E6 [13].

Two dedicated signals are transmitted on the E6 band (1260-1300 MHz): a data (E6-B)

component allowing the transmission of 448 bits per second and a pilot (E6-C) compo-

nent. This is the band dedicated to the Galileo High Accuracy Service (HAS) analyzed

in Chapter 3.

Both channels allow to encrypt the information at signal level. E6 signals are modulated

with a binary phase shift keying BPSK(5) at a carrier frequency of 1278.75 MHz, which

is used by all satellites and shared though a CDMA RF channel access mode. [13]

As shown in Galileo OS SIS ICD [20], the transmitted Galileo E6 signal consists of the

following components, both (pilot and data components) are combined on the same carrier

component, with a power sharing of 50 percent:

ˆ eE 6� B from the C/NAV navigation data stream DE 6� B modulated with the en-

crypted ranging codeCE 6� B ;

ˆ eE 6� B (pilot component) from the ranging codeCE 6� C

This is graphically shown in Figure 1.5
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Figure 1.5: Modulation Scheme for the Galileo E6 Signals (Credit: Galileo OS SIS ICD

[20])

The spectrum of the di�erent E6 signals is shown in Figure 1.6:

Figure 1.6: Spectra of Galileo Signals in E6 (Credit: [13])

Table 1.1 summarizes Galileo E6 technical characteristics.
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Table 1.1: Galileo E6 signal technical characteristics (Credit: Navipedia [13])

Galileo E6 CS

data

E6 CS pilot E6 PRS

GNSS System Galileo Galileo Galileo

Service Name E6 CS data E6 CS pilot E6 PRS

Centre

Frequency

1278.75 MHz 1278.75 MHz 1278.75 MHz

Frequency Band E6 E6 E6

Access

Technique

CDMA CDMA CDMA

Spreading

modulation

BPSK(5) BPSK(5) BOCcos(10,5)

Sub-carrier

frequency

- - 10.23 MHz

Code frequency 5.115 MHz 5.115 MHz 5.115 MHz

Signal

Component

Data Pilot Data

Primary PRN

Code length

5115 5115 N/A

Code Family Memory codes Memory codes N/A

Secondary PRN

Code length

- 100 N/A

Data rate 1000 sps - N/A

Minimum

Received Power

[dBW]

-155 -155 N/A

Elevation 10° 10° N/A
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1.5. GNSS Radio Occultation (RO)

In this section we provide an overview of the GNSS Radio Occultation. The structure

and content of this section are largely derived from [37] and [38].

1.5.1. Introduction and historical overview

An "occultation" is the event that occurs when one celestial body is occulted (or hidden)

by a second celestial body passing in between it and the observer. During this event, a

signal coming from the �rst object travels trough the limb (or edge) of the second one

and get distorted because of the existence of a medium at the limb, such as atmosphere.

By the change in the signal it is possible to infer the atmospheric structure of the celestial

body of interest. For example, in the case of stars setting or rising behind a celestial body

of interest, we talk about stellar occultation.

The radio occultation (RO) technique uses radio signals; it emerged in the early days

of interplanetary space exploration in the 1960s. It was pioneered by two independent

research groups at Stanford University and NASA's Jet Propulsion Laboratory (JPL), for

determining size and atmospheric composition of distant planets. The idea was to send

a transmitter from Earth to the far side of a planet in the Solar system and transmit

a known radio frequency back to Earth. The �rst planetary RO pro�le were collected

in 1965, when spacecraft Mariner-4 sent radio signals though the atmosphere of Mars

during a �y-by. Since then, RO technique has been widely used to study atmospheric

composition of nearly every planet in the solar system, and their moons, too.

The application of the radio occultation technique to probe the Earth's atmosphere was

�rst suggested in the mid-1960s. A few pioneering RO experiments demonstrated the

feasibility and the great bene�t of the technique for the Earth's atmosphere research.

However, the high cost of implementing a large number of new transmitters and receivers

in the space to achieve the necessary sampling goal made the technique not attractable.

With the emergence of Global Navigation Satellite System (GNSS) constellation in the

1980s, reliable and low-cost radio signals sources were available and this enabled applica-

tion of RO for Earth's atmosphere probing. On 3 April 1995, GPS/MET (for GPS Mete-

orological experiment) by the University Corporation for Atmospheric Research (UCAR)

was launched and became the �rst GPS RO satellite mission to probe the Earth's at-

mosphere. The remarkably successful mission demonstrated the capability of GPS RO

technique to provide global coverage, accurate and high-vertical resolution soundings of

the Earth's atmosphere in all-weather conditions.
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1.5.2. GNSS Radio Occultation concept

From the point of view of the receiver, an occultation occurs whenever the signal from

a setting (rising) GNSS satellite scans through successively deeper (higher) layers of the

Earth's atmosphere until the GNSS signals descend below the Earth surface (rise above

the atmosphere). The GNSS signal is bent or delayed before arriving at the LEO due to

the Earth's atmosphere.

Taking GPS for example, its constellation consists of 24 satellites, distributed in 6 orbital

planes about the globe; each satellite orbit is circular, with an inclination of -55°, a period

of 12 hours and an altitude of 20,200 km. With 24 GPS satellites, a single GPS receiver in

a near polar orbit at 800 km will observe over 500 occultations per day, distributed fairly

uniformly about the globe. This number can be doubled if the receiver is also capable of

receiving, for example, Galileo signals.

GNSS-LEO RO observations are made in "limb scanning" mode, where the vertical scan-

ning is due to relative motion between the GNSS satellite (transmitter) and the LEO one

(receiver). In geometrical optic approximation, a ray passing through the atmosphere is

refracted according to Snell's law because of the vertical density gradient (and therefore

of refractive index). The overall e�ect of the atmosphere can be characterized by a total

bending angle� , an asymptotic ray miss-distance or impact parameter,a , and a tangent

radius r t .

During an occultation, as the ray path descends or ascends through the atmosphere,

the variation of � depends primarily on the vertical pro�le of atmospheric refractive

index; this pro�le can be retrieved from measurements of� as a function of a during

the occultation. The time dependence of both� and a during an occultation can be

derived from accurate measurements of the Doppler-shifted frequency of the transmitter

signal at the receiver. Frequency is obtained from the derivative with respect to time

of the signal phase measured by the receiver. Data from several GPS transmitters can

be used to establish the precise positions and velocities of the GPS and LEO satellites

and to calculate the Doppler shift expected in the absence of bending. The atmospheric

contribution to Doppler shift, derived by subtracting the expected shift from the measured

shift, can then be combined with satellite position and velocity knowledge to give an

estimate of� and a.

The �nal step in the process is the retrieval of atmospheric parameters. This involves

converting the bending angle pro�le into a refractivity pro�le, which is directly related

to atmospheric pressure, temperature, and humidity. The refractivity pro�le is then

separated into its dry and wet components, allowing for the retrieval of these atmospheric
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parameters.

1.5.3. Principles of GNSS RO technique

Atmospheric refraction

The refractive index n in a medium is de�ned as the ratio between the speed of light

in the vacuum and the speed of light in the medium. In neutral atmosphere,n is very

close to 1, therefore it is usually expressed in terms of refractivityN = ( n � 1) � 106. At

GNSS frequencies, refractivityN is results of the summation of four major components:

dry neutral atmosphere (Ndry ), water vapor (Nvapor ), free electrons in the ionosphere

(N iono ), and particulates (primarily liquid water and ice water content,Nscatt ) through

the following relationship [29, 39]:

N = Ndry + Nvapor + N iono + Nscatt =

= 77:6
P
T

+ 3:73� 105 Pw

T2
�

�
40:3 � 107 ne

f 2
+ O

�
1
f 3

��
+

+ (1 :4Wliquid + 0:6Wice))

(1.1)

where

ˆ P = Total Pressure;

ˆ Pw = Water vapor partial pressure, in hectoPascal [hPa];

ˆ T = Temperature, in Kelvin [K ];

ˆ ne = Electron number density per cubic meter;

ˆ f = Signal frequency, in Hertz [Hz];

ˆ Wliquid = Liquid water content, in gram per cubic meter
� g

m3

�
;

ˆ Wice = Ice water content, in gram per cubic meter
� g

m3

�
;

and

ˆ N dry : Dry refractivity, due to polarizability of molecules in the atmosphere, dom-

inant below 60-90 km;

ˆ N vapor : Moist refractivity, due primarily to the large permanent dipole moment of

water vapor, signi�cant in lower troposphere, especially in tropics and subtropics;

ˆ N iono : Ionospheric term, due mainly to free electrons in the ionosphere, important

above 60-90 km;
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ˆ N scatt : Scattering term, due to liquid water droplets and ice crystals suspended in

the atmosphere (usually small compared to the other terms and therefore neglected

in most RO applications).

Geometric Optics approximation

At GNSS frequency operations, it is standard to treat the refractive index as real, in-

dicating an absence of absorption. For model simplicity, we can also assume that the

signals are monochromatic, a condition largely met in dry atmosphere. Since wavelengths

of GNSS radio signals are signi�cantly smaller compared to the characteristic scale of the

atmospheric problem, the geometric optics can be applied.

In geometric optic approximation, the path of a ray passing through a medium with

changes in the refractive index is locally determined by Snell's law, and globally by Fer-

mat's principle: these two together brings to Eikonal equation [8]:

d
ds

�
n

d~r
ds

�
= ~r n (1.2)

where

ˆ ~r = position vector of a point on a ray;

ˆ ds = incremental length along ray path;

ˆ ~r n = gradient of the refractive indexn.

Spherically Symmetric Atmosphere assumption

The variation of n along a limb path in the Earth's atmosphere is dominated by the

vertical density gradient, therefore, to the �rst order, it is possible to approximate the

gradient ofn as directed radially and consider the local refractive index �eld as spherically

symmetrical [39].

n = n(~r) (1.3)

The following relation, also known as Bouguer's rule, which is basically Snell's law for a

spherically symmetric medium, can be written:

n r sin� = constant = a (1.4)

where
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ˆ ~r = position vector;

ˆ � = angle between~r and the tangent of the ray path;

ˆ a = constant in a spherically symmetric atmosphere, also calledimpact parame-

ter .

Bending Angle and Refractive Index

We de�ne bending angleas the accumulated change in the ray path direction along a ray

path. According to Eq. (1.2) we can say that bending is only due to the gradient of the

refractive index that is orthogonal to the ray path tangent direction. If the atmosphere

is spherically symmetric the bending angle,� , can be written as,

� (a) = � 2a
Z 1

a

d ln(n)
d x

d x
p

x2 � a2
(1.5)

where x = nr . By inverting the equation usingAbelian transformation the n(r ) can be

expressed as a function of� and a [23]:

n(r ) = exp
�

1
�

Z 1

a

� (x) dx
p

x2 � a2

�
(1.6)

It is important to underline that Eq. (1.6) uses the assumption of spherically symmetric

atmosphere, however, Earth is ellipsoidal shaped and horizontal gradients in atmospheric

structure produce non-spherical symmetry in the refractive index �eld. Therefore, apply-

ing Eq. (1.6) to retrieve refractivity pro�le n(r ) could introduce systematic errors.

1.5.4. GNSS RO Data retrieval

GNSS RO retrieval process can be summarized in three major steps:

1. GNSS signal amplitude and phase calibration to derive precise position and velocities

for both GNSS and LEO satellites and excess phased delay due to the atmosphere;

2. Retrieval of bending angle and refractivity pro�le;

3. Retrieval of geophysical parameters in neutral atmosphere and ionosphere.

Calibration

When the GNSS signal travels through the atmosphere, it gets bent and delayed due

to the medium traversed. We de�neexcess atmospheric delayas the di�erence between
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Figure 1.7: GNSS radio occultation geometry. The bending angle, impact parameter and

curvature radius are denoted by� , a and r 0, respectively (Credit: Jin et al. [37])

the observed phase delay and the geometric phase of the occultation link. A precise

measurement of thisexcess phase delay, and of its di�erential form, the Doppler delay,

allows the retrieval of the bending angle and consequently of the vertical structure of

atmospheric refractive index.

The process to extract the excess phase delay, calledcalibration process, can be summa-

rized in two major steps:

1. Precision-Orbit-Determination (POD) to derive precision orbit, and therefore pre-

cise position and velocity, in order to remove the dominant geometric distance term;

2. Removal of clock errors through di�erential technique.

Bending Angle retrieval

In the ionosphere and upper part of neutral atmosphere, radio signals can be assumed as

monochromatic, therefore di�raction e�ect can be neglected and geometric optic concepts

can be applied. This allows straightforward bending angle retrieval. However, in the lower

troposphere, all these assumptions are no longer valid, mainly due to the presence of water

vapor structures causing atmospheric multipath e�ects [26, 49]In this case bending angle

retrieval is less simple. As a result, it is practical to split the bending angle retrieval in

the two altitude ranges:
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ˆ above lower troposphere derivation is based ongeometric opticsfrom excess doppler

(di�erential form o excess phase) [29, 39, 52];

ˆ in the lower troposphereradio-holographictechniques are used (e.g. [25], [34]).

Geometric Optics Geometric optics assumption allows to measure the accumulated

bending along a ray path as an extraDoppler shift f d with respect to that expected for a

straight signal path in vacuum [29, 39, 52].By using the geometry and notation in Figure

1.7, the extra Doppler shift f d can be expressed as

f d =
f T

c

�
~VT � ~kT + ~VR � ~kR

�
=

=
f T

c

�
V r

T cos� T + V �
T sin� T + V r

T cos� R + V �
T sin� R

� (1.7)

where (refer to Figure 1.7)

ˆ T and R are, respectively, Transmitter and Receiver;

ˆ ~V = velocity vector;

ˆ superscriptsr and � stand for, respectively, radial and tangential velocity compo-

nents

ˆ ~k = unit vectors representing the direction of the ray path;

ˆ � = angle between ray path and position vector of the satellite (see Figure 1.7);

ˆ c = speed of light in vacuum.

Using this geometry and starting from Bouguer's rule in Eq. (1.4) we can write

a = n(rT )rT sin� T = n(rR)rR sin� R = n(r t )r t ; (1.8)

by setting to unity the refractive index at transmitter and receiver location, because of

high altitude position, we can simplify as

a = rT sin� T = rR sin� R : (1.9)

From Figure 1.7 we can write the total bending angle as

� = � T + � R + � � � ; (1.10)
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Given measurements of transmitter and receiver position and velocity vectors, transmitter

frequency, and Doppler shift, bending angle� can be derived iteratively from Eqs. (1.7),

(1.9) and (1.10). It is important to note that since Bouguer's rule has been used, this

derivation is only exact under the assumption of local spherically symmetric atmosphere.

Radio-Holographic (RH) Atmospheric multipath in lower troposphere could lead to

large errors if using the geometric optics retrieval discussed above; that is why radio-

holographic (RH) methods are needed, which are based on the analysis of the records of

complex radio signals, or radio holograms. Many RH methods have been proposed but

they will not be further investigated in this thesis:

ˆ Back-propagation (BP) method (also known as di�raction correction): This method

propagates signals backward in the vacuum toward a plane located in a single-ray

area;

ˆ Radio-optics method: This approach involves analyzing the local spatial spectra of

the measured complex wave �eld through Fourier analysis;

ˆ Fresnel di�raction theory;

ˆ Canonical Transform (CT) method;

ˆ Full-spectrum inversion (FSI) method;

ˆ Phase matching method.

Neutral Atmosphere retrieval

When the tangent point descend into the neutral atmosphere (generally < 70km), bend-

ing angle includes contribution from both ionosphere and neutral atmosphere, thus, the

inversion process includes:

1. removing ionospheric e�ect;

2. deriving neutral atmosphere bending angle;

3. retrieving refractivity;

4. extracting geophysical parameters

The process to separate the neutral atmospheric bending by removing the bending due

to ionosphere is referred asionospheric calibration. Generally, a �rst-order ionospheric

correction is done through a simple linear combination of the two frequencies [52], higher

order contributions require further calibration [7].
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Under the assumption of spherically symmetric atmosphere, the refractive index pro�le

can be derived from the neutral atmospheric bending through the Abel transform (1.6)

As �rstly described by Smith and Weintraub [48], in the neutral atmosphere, which

includes both stratosphere and troposphere, refractivity primarily depends on dry at-

mosphere and water vapor. The contribution due to water droplets and ice crystals is

generally small and thus neglected. Thus, refractivity variation equation can be written

as
N (r ) = Ndry + Nwet =

= k1
P(r )
T(r )

+ k2
Pw(r )
T2(r )

(1.11)

where

ˆ Ndry ; Nwet are referred as, respectively,dry term (dominant one) andwet term (water

vapor contribution, generally small but signi�cant in lower troposphere, especially

at lower latitudes)

ˆ k1; k2 are constants.k1 = 77:6 [K hPa� 1]; k2 = 3:73� 105 [K2 hPa� 1];

ˆ P = pressure [hPa];

ˆ Pw = water vapor partial pressure [hPa];

ˆ T = temperature [Kelvin];

However, Eq. (1.11) alone is not enough to derive geophysical parameters (such as air

density, pressure, temperature and humidity) and other physical relations or assumptions

are required.

In upper troposphere, where temperature is low, water vapor contribution can be ne-

glected, thus the refractivity is proportional to density and the pro�le can be used to

integrate the hydrostatic equation dP=dz = � �g and a vertical temperature pro�le is

derived from the ideal gas law, sinceP = �RT = NT=k1 [31].

In middle ad lower troposphere, where water vapor becomes signi�cant, the wet term can

no longer be neglected, but rather, derivation of water vapor, temperature and pressure

from refractivity measurement requires independent knowledge of one of the three pa-

rameters in order to solve for the other two parameters. This is referred to as the �water

vapour ambiguity�. Water vapour can be derived from the refractivity using a priori tem-

perature pro�le information [40], but it is not advisable to derive a temperature pro�le

with type of approach, because the uncertainty in the a priori water vapour can lead to

large errors [31]. Alternative methods for solving the water vapour ambiguity are based
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on statistically optimal inversion techniques (e.g. [30], [46]).

1.5.5. Characteristics of GNSS RO observations

Limb sounding geometry of GNSS RO technique leads to high vertical resolution but with

coarse horizontal resolution. It is anall-weather technique, since GNSS signals band is

not sensitive to clouds or precipitation; this characteristic make RO data very useful for

study of important weather phenomena such as hurricanes or strong thunderstorms. A

GNSS RO sounding typically takes 1-2 minutes to scan the atmosphere from� 100km

down to the surface. Tangent point drifts in the horizontal by� 150 km during a typical

RO sounding measurement. These, and other characteristics are summarized in Table 1.2

[38]

Error sources

Based on Kursinski studies [39], errors in refractivity retrieval are generally large in lower

troposphere, with a maximum of� 1% near the surface, sharply decreasing upward and

reaching a minimum of� 0.2% at around 20 km and then increasing again to� 1% at 40

km. Due to multiple retrieval steps, errors sources are di�erent, and can be grouped in

three major sources:

1. measurement errors: a�ecting observed signal phase and amplitude, include thermal

noise, clock instability, local multipath and tracking errors;

2. calibration errors: including position and velocity errors;

3. retrieval errors: including residuals from ionospheric calibration and violation of

spherically symmetric atmosphere assumption.

For further details refer to e.g [38].
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Table 1.2: GNSS RO characteristics (Credit: Jin et al. [37])

GNSS RO Characteristics Note

Limb sounding geometry Complementary to spaceborne
nadir-viewing and ground-based
instruments

Full global coverage From tropics to poles, including regions
near the north/south poles

Pro�le ionosphere, stratosphere and
troposphere

Cover full vertical range of neutral
atmosphere and the ionosphere up to the
RO receiver satellite altitude

All-weather sounding Minimally a�ected by aerosols, clouds
and precipitation

High accuracy � 1 K of single temperature pro�le and
� 0.1 K of average accuracy in the upper
troposphere and lower stratosphere

High precision 0.02�0.05 K from upper troposphere to
lower stratosphere

High vertical resolution � 0.1 km near surface to� 1 km near
tropopause

Relative low horizontal resolution � 100�300 km dependent on atmospheric
vertical structures

Independent height and pressure
measurements

Refractivity, density and pressure are
measured at absolute positions/heights

No �rst-guess needed in bending angle
retrieval

Independent of external constraints in
the basic RO parameter retrieval

Self calibration No external calibration required

No instrument drift Independent of satellite mission

No satellite-to-satellite bias Independent of satellite platform

Independent of processing center Relatively retrieval algorithm
independent

Compact sensor, low power and low cost Can be carried as a secondary payload on
many satellite platforms
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2| GNSS Airborne Radio

Occultation (ARO)

GNSS Radio Occultation with LEO receivers has revolutionized atmospheric science, in

particular with the assimilation in Numerical Weather Prediction (NWP) models. Fea-

tures such as global coverage, high vertical resolution and all-weather capabilities, have

made RO measurement a really valuable asset for global weather forecasting and studies

on climate [54]. However, without a large number of costly LEO receivers, the sampling

in a speci�c region is still rather sparse, both in space (only about 1 daily occultation per

167,000 km2 at mid latitudes and even fewer in the tropics) and time (hard to acquire a

series of pro�les that is sequential in time for a desired period).

Furthermore, there is relatively limited impact of RO measurements in the lower tropo-

sphere, especially on mesoscale phenomena such as severe storm forecasting and small

scale processes within tropical storms. The low temporal and spatial sampling rate typ-

ically cannot capture the variation of atmospheric moisture and temperature during the

lifetime of mesoscale weather phenomena [55].

Radio Occultation measurements with a GNSS receiver onboard an airplane (thus, inside

the atmosphere) o�ers a solution to these limitations. It allows for dense sampling in

both space and time, overcoming the sparsity issue associated with classical LEO RO.

This enhanced capability derives from its ability to provide a high vertical resolution

while maintaining a more frequent and regionally concentrated sampling rate.

The work carried out in this thesis is in the context of a call of proposals by Agenzia

Spaziale Italiana (ASI, Italian Space Agency) named GROOVE (GNSS Radio-Occultation

Onboard Veri�cation tEst bed) for the realization of a GNSS-RO instrument, compatible

with aerial airborne campaigns.

The experience gained in TAS-I for the development of the ROSA (Radio Occultation

Sounder of the Atmosphere) [45] instrument (again for ASI) puts the company in an

advantageous starting point but requires some preliminary study to better understand

the di�erences between the standard con�guration with a LEO receiver and the ARO
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(Airborne Radio Occultation) case, in order to avoid making assumptions based on past

knowledge that perhaps turn out to be unfounded or misleading.

This chapter is structured as follows: �rst section o�ers an overview of the theoretical

aspect, especially regarding standard processing and sources of errors, and then moving

to the details of the carried out activity, starting with an explanation of the simulation

tools and the selected scenarios and then focusing on the data elaboration and the results

obtained.

2.1. Theoretical background

In this section we analyze processing in the ARO case, with a special focus on the di�er-

ences with respect to the "traditional" LEO case, and on the error sources.

Most of the content of this section has been derived from [38, 54, 55].

2.1.1. GNSS ARO Data retrieval

The possibility of collecting measurements with a receiver placed inside the atmosphere

was originally considered by Zu�ada et al. [56]. The idea is very similar to the LEO case

but being inside the atmosphere some considerations need to be done.

Being the GNSS receiver located inside the Earth's atmosphere, there may be signi�cant

ray bending along sections of path above the aircraft local horizon,causing the bending to

not be symmetric either side of the tangent point. Therefore airborne RO measurements

must be corrected for the asymmetric sampling geometry. However, Zu�ada et al.[56]

noted that when the receiver is within the atmosphere it is possible to measure both posi-

tive and negative elevation rays, meaning rays intersecting the receiver from, respectively,

above and below the local horizon (refer to Figure 2.1).

Note however that it is not possible to retrieve information unambiguously from the pos-

itive elevation angle rays alone [38]. For an occultation ray with elevation angle below

the local horizon, the bending angle measured at the receiver is a sum of bending accu-

mulated due to the atmosphere between the tangent height and the receiver height and

the bending from the atmosphere above the receiver up to the GNSS satellite [31, 38, 54].

This measured bending angle is theoretically given by [54]:

� N (a) = � 2a
Z r R

r t

1
n

d n
d r

d r
p

(nr )2 � a2
� a

Z r T

r R

1
n

d n
d r

d r
p

(nr )2 � a2
(2.1)

where
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Figure 2.1: Schematic diagram of radio occultation geometry with a receiver inside (e.g.

aircraft) and outside (LEO) the atmosphere. Thered lines connecting the GPS with the

receiver represent three raypaths going through the atmosphere with di�erent elevation

relative to the local horizon (zero elevation). Theblue dashed linesrepresent the descend-

ing of raypath received at LEO. Note the bending of the raypath is neglected and the

relative scales of the plot are exaggerated for illustration purposes (Credit: Jin et al. [38])

ˆ rT ; rR = radius of Transmitter and Receiver, respectively;

ˆ r t = radius of the tangent altitude;

ˆ a = impact parameter;

ˆ r = distance from a point on the ray and center of the Earth;

ˆ n = refractive index at r .

Assuming spherical symmetry of the atmosphere, for every negative elevation ray, with

bending angle� N , there is a corresponding positive elevation value� P with the same

impact parameter valuea, and in fact equal to second term in Eq. (2.1) [38]. By sub-

tracting these two bending angles we obtain the so calledpartial bending angle� 0(a) that

corresponds to the accumulated bending from a portion of the ray path below the receiver

[54]. Basically we correct the RO signals from below the local horizon (i.e., negative el-

evation 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 properties below the receiver [31, 55].

This operation also removes the ionospheric signal (again, assuming spherical symmetry)

so in principle it is not necessary to have a dual frequency receiver [31].
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The partial bending angle can be written as,

� 0(a) = � N (a) � � P (a) = � 2a
Z r R

r t

1
n

d n
d r

d r
p

(nr )2 � a2
(2.2)

Therefore, refractive indexn below the receiver can be retrieved through a slightly mod-

i�ed Abel transform; in fact, the consideration that needs to be done with respect to the

LEO case is that the refractive index at receiver locationnR can no longer be neglected:

n(a) = nR exp
�

1
�

Z nR r R

x= a

� 0(x) dx
p

x2 � a2

�
(2.3)

The refractive index pro�le is transformed to a function of altitude rather than impact

parameter using the relation aa = nr at the tangent point. In practice, � N and � P

are derived from the measuredexcess Dopplershifts in way similar to LEO case. Conse-

quently, the atmospheric parameters such as density temperature, pressure and humidity

can be derived based on refractivity measurement following the same approach discussed

for classic RO in Section 1.5.4.

Geometric Optics (GO) technique discussed in Section 1.5.4 for LEO case, has been stud-

ied and adapted to airborne case by several authors [31, 41, 54]. As expected, due to at-

mospheric multipath in lower troposphere, geometric optics retrieval technique encounter

challenges and the more advanced radio-holographic retrieval method is thus needed to

derive more accurate and higher vertical resolution RO soundings [53, 55].

2.1.2. Error sources in GNSS ARO data retrieval

As stated by Xie et al. [54], the major sources of error are:

ˆ uncertainty in aircraft velocity;

ˆ assumption of spherical symmetry.

Uncertainty in the aircraft velocity (on the order of 5 mm/s) maps directly into an error

in the Doppler measurement. In ARO case the distribution of the errors is function of

altitude. As with the bending angle, errors in refractivity increase with altitude near the

aircraft altitude: above 9 km, the refractivity retrieval errors due to the 5-mm/s velocity

error in the Doppler exceed 0.5%, but do not become much larger than 1%. This error

level is comparable to that of radiosondes, and therefore, the observations are of su�cient

quality to provide an attractive supplement to the existing upper air sounding system.

To be noted that rapid and large changes in �ight altitude bring unacceptably large bias.
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A receiver mounted on an aircraft moves at much slower speed compared to LEO case.

An advantage is that a single occultation takes� 20-30 min, thus a lower sampling rate

is required, easily achievable also by o�-the-shelf commercial GNSS receiver. The dis-

advantage is that horizontal drift of the tangent point is much larger. Xie et al. [54]

demonstrates that signi�cant representative errors can be induced by the combination of

limb sounding geometry and the horizontal tangent point drifting.

The assumption of spherical symmetry is violated when there are strong variations in

refractivity due to weather fronts, for example. Simulations show that the assumption of

spherical symmetry can cause errors up to 4.5% in the worst case where the ray paths

intersect perpendicular to the front and the tangent point drifts horizontally across the

front. However, for cases where the front is more than about 200 km from the tangent

point pro�les, or parallel to the tangent point pro�le, the errors are less than the errors

due to the velocity error.

2.2. Preliminary ARO simulations and analysis

The experience acquired by TAS-I with the developing of ROSA instrument is a strong

asset for the developing of an ARO instrument. As a �rst step there was the necessity

to analyze the di�erences between the ARO case and the LEO one in term of TX-RX

relative dynamic, number of occultation events and occultation geometry, and then study

the trend of these metric when modifying some parameters such as the �ight area or the

antenna pointing.

2.2.1. Simulations setup

Systems Tool Kit (STK), is a multi-physics software application from Analytical Graph-

ics, Inc. (an Ansys company) that provides a physics-based modeling environment for

analyzing platforms and payloads in a realistic mission context [5].

It has been used to create the simulation scenario by inserting the aircraft with its anten-

nas and the GNSS constellations as object and then extracting relative data of position

and visibility.

In details, GPS constellation has been imported through the.yuma �le obtained from

CelesTrak [12], while Galileo constellation has been imported as.tle �le obtained, again,

from CelesTrak [11]. Each satellite of the constellation has been equipped with an STK

Sensor of "Simple Conic" shape and half beam width of 20° (enough to see the whole

Earth and even a little more) to simulate a transmitting (TX) antenna.
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Figure 2.2: Antennas directions (Original image from STK)

The default STK aircraft object has been used and inserted at latitude 0°. Start longitude

has been set to 0° and a constant latitude trajectory has been set so that the total duration

would have been around 3.30h, which we considered to be a reasonable time for such

a mission. The aircraft has been equipped with 4 sensors of "rectangular" shape, with

horizontal half beam width 40° and 5° for the vertical one, again, to simulate the receiving

(RX) antennas; �rst one has been placed in front, meaning watching toward the direction

of movement, one in the opposite direction (rear), and the last two on left and right side

of the aircraft chassis (see Figure 2.2). A copy of this aircraft and its antennas has been

placed at di�erent latitudes, speci�cally from 0° to 70° with a 10° step, as shown in Figure

2.3, so 8 cases in total.

Table 2.1 summarizes the main scenario characteristics presented.

After the scenario creation, the next step was the computation ofAccesses.

An Accesshappens when transmitter antenna (placed on the satellite) and the receiver

antenna (placed on the aircraft) are in Line of Sight (LOS); in our speci�c case this means

that, drawing a line from the Aircraft to the satellite, Earth is not in between and the

line is inside the visibility regions of both TX and RX sensors (see Figure 2.4).
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Figure 2.3: Aircraft trajectories (Original image from STK)

Table 2.1: 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°
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Figure 2.4: Example of Access (Original image from STK)

In the end, output to be elaborated consisted of

ˆ ECEF position of each satellite, with 1 minute sampling interval;

ˆ ECEF position of each aircraft, with 1 minute sampling interval;

ˆ AER Accesses report (AER = Azimuth-Elevation-Range), for each antenna on each

aircraft, with 1 minute sampling interval, therefore including not only the informa-

tion regarding whether TX-RX antennas are in visibility or not, but also the AER

position of the transmitting satellite with respect to the aircraft local reference

frame.

The same process has been repeated delaying the simulation of 4 hours, in order to have

a di�erent arrangement of the constellations and avoid drawing conclusions based on a

single geometry.

It is important to note that working with Accesses data is a simpli�cation of the real

problem, since it assumes that atmosphere does not cause any bending in the signal, and

also that receiver is able to track both rising and setting satellite at all altitudes above

the horizon with no problems.

2.2.2. Data elaboration

Assumptions and De�nitions

We �rst have to introduce some de�nitions and assumptions useful to understand the

work done.

We start with the concept of Earth's limb, which is de�ned as the edge of the visible
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surface (the disc) as seen from the point of view of the receiver (see Figure 2.5).

Given the Earth's radius (spherical approximation) and the �ight altitude, using formulas

for tangent line to a circle and trigonometry, it is possible to estimate the angle at which

the aircraft sees the limb with respect to the local reference frame as

� = � arctan

 p
R2

e � a2

a

!

' � 3:3�

with a =
R2

e

Re + h

(2.4)

where

ˆ Re = 6378:137km = equatorial Earth's radius;

ˆ h = 10:466km = �ight altitude.

Figure 2.5: Aircraft's limb angle

Given an Access, it is possible to plot azimuth/elevation of the trajectory of the TX

satellite with respect to the RX antenna. We de�neValid Accessas an Access whose this

trajectory has a portion at the limb (approximated to -3°) and extends till, at least, +3°

of elevation. Figure 2.6 provide a visual representation and examples.

Given a Valid Access, we de�ne asOf Interest the portion of the occulted satellite tra-

jectory below the local horizon i.e. the portion of the trajectory with elevation < 0° (see

Figure 2.6). The reason of this choice is, as seen in Section 2.1, that it is the only portion

of elevation of which it is possible to unambiguously extract the refractivity pro�le, while

the portion above is only needed for processing purpose.

We de�ne as 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 2.7). Here

most of the bending happens and it is used as nominal location of the occultation. The
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