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Abstract

This work intends to outline the theory and the methods for the computation of
position, velocity and time (PVT) of a user on the surface of the Earth or of a LEO
satellite (Low Earth Orbit). An integrated software written in MATLAB and PERL has
been used; it processes all the signals transmitted by all the constellations visible in that
precise moment and in that precise place.

The software’s core uses the Weighted Least Squares algorithm, which permits the
efficient computation of position, speed, timing and tropospheric delay in a few iterations.

In this thesis, signals from GPS, Galileo, BeiDou and GLONASS have been used,
specifically for the computation of the speed, which is calculated from the Doppler Effect.
These signals were detected through a receiver STONEX Cube-a S580 provided by the
University of Padua.

A good precision in determination of both positioning and speed has been achieved
and also the PNT of a LEO satellite (Sentinel 3A) has been determined successfully, using
data also to study J, perturbations on the orbit.

The principal aim of this thesis is to provide an efficient and precise software able
to process pseudorange and Doppler shift multi-constellation data, to enhance, in its
future evolutions, the precise positioning of a receiver on Earth’s surface and in orbit,
with interesting applications in many different fields such as defence, transportations and
automotive, attitude determination in space and many others.
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Chapter 1

Introduction

A satnav (satellite navigation system) permits the computation of the geo-spatial posi-
tion velocity and time synchronization, and possibly an estimate of the Total Electron
Content and Tropospheric zenith delay using visible satellites in that moment: more
precisely, a user can determines at any time and position at or near the Earth’s surface
its location in terms of longitude, latitude and altitude with high precision (within a few
centimeters to meters) by detecting signals transmitted along a line of sight by radio from
satellites. The signals are also used by the receiver to calculate the current local time with
high precision, allowing time synchronization. These functions are collectively known as
Positioning, Navigation and Timing (PNT).[1] Ultra-precise satellite navigation
relies on the same basic principle as counting the seconds after a lightning flash before
the accompanying thunder is heard, in order to estimate a storm’s remoteness: a time
value is converted into a reckoning of distance. [2]

Concerning the satellites communications, the signal emitted from each satellite is
a radio wave containing the time it was transmitted and the satellite’s current orbital
position. As signals travel at the speed of light, by calculating the signal’s Time Of Flight,
it is possible to derive the precise distance between the satellite and the receiver. The
user’s speed can be computed by deriving with respect to time by the position acquired
or by using the Doppler effect: the relative motion between the user and the satellite
generates a shift (i.e. the Doppler Shift), that can be detected, obtaining the user’s speed.
The physical model will be described in Chapter 6.2,

Nowadays the fully operational satellite navigation systems are the United States’
Global Positioning System (GPS), Russia’s Global Navigation Satellite System (GLONASS),
China’s BeiDou Navigation Satellite System (BDS) and the European Union’s Galileo.
Japan’s Quasi-Zenith Satellite System (QZSS) is a regional system (i.e. with a limited
coverage) and the Indian Regional Navigation Satellite System (IRNSS), which plans to
expand to a global version in the long term.

These are generally known as GNSS (even though literally refers to global coverage
system).

1.1 The early satellite navigation

In the past the positions of points on the Earth’s surface had been determined using
observations of distant objects: for example celestial navigation using observations of



Figure 1.1: Transit 2A during launch preparations

the Sun, stars, and planets. However, it was only during the Space Race in the Cold
War that the necessary technologies were developed and enhanced to design and deploy
a global system for high accuracy positioning and navigation.

Several radio systems were developed for satellite tracking and orbit determination: in
the United States, these systems included radar, the Goddard Space Flight Center Range
and Range Rate (GRARR) system, NASA’s Minitrack system and the US Army’s Se-
quential Collation of Range (SECOR) system that was specifically created for positioning
purposes. But the most successful satellite-based positioning system was Transit that
partially overlapped the development of GPS.

Also known as the US Navy Navigation Satellite System (NAVSAT or NNSS), Transit
was the world’s first satellite-based positioning system to operate globally. It evolved from
the efforts to track the Soviet Union’s Sputnik I, then it was deployed by the U.S. Navy
to provide accurate location information to its Polaris ballistic missile submarines, and
by the Navy’s surface ships, as well as for hydrographic survey and geodetic surveying.
The satellite units of the system (known as OSCAR or NOVA) were placed in low
polar orbits, at an altitude of about 1100 km, with an orbital period of about 106 min.
By measuring the Doppler frequency shift of the 20 MHz radio signals received from the
satellite at a known location, the orbit of the target could be determined. And shortly
thereafter, researchers realized that if the orbit of a satellite was known, then the position
of a receiver could be computed from the shift. These studies led to the development of
Transit, with the first experimental unit (Transit 1A) being launched in 1959.

Initially defined as “classified”, the system was made available to civilians in 1967 and
was widely used for navigation and precise positioning until it was shut down in 1996.

The Soviet Union developed a similar system called Tsikada and a special military
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Figure 1.2: Fix with Transit’s satellite passing.

version called Parus.

A Transit acquisition required the measurements of the satellite signal’s Doppler shift
for a complete pass, that could take up to about 18 min from horizon to horizon. At
the conclusion of the pass, the latitude and longitude of the receiver, the position fix,
could be determined. With five satellites in operation, the mean time between fixes at
a mid-latitude site was around 1 h. Eventually, as the orbits of the satellites became
better determined, two-dimensional position fix accuracies of several tens of meters were
possible from a single satellite pass. By recording data from a number of passes over a
few days from a fixed site on land, three-dimensional accuracies better than one meter
were possible. The Transit satellites used signals on two different frequencies (150 and
400 MHz) to cancel out ionospheric delays, a concept that was later inherited by GPS and
the other GNSSs. Besides its main use as a navigation system, Transit also provided early
contributions to geodesy and helped to establish a new global reference frame. Transit was
decommissioned at the end of 1996 with the advent of GPS and its superior performances.
The equivalent Russian satellite Doppler systems have essentially been replaced by the
Global’'naya Navigatsionnaya Sputnikova Sistema (Russian Global Navigation Satellite
System, GLONASS), which was the second fully operational GNSS. These new systems
were based on the concept of range measurements rather than Doppler observations
and used a different constellation design offering continuous coverage. These new concepts
enabled a notable increase in accuracy as well as instantaneous positioning around the
globe. [1]

1.2 Positioning systems nowadays

GPS was the first of a new generation of navigation satellite systems to become opera-
tional. The success of GPS has inspired the development of similar Global Navigation
Satellite Systems (GNSS), Regional Navigation Satellite Systems (RNSS) and Space-
Based Augmentation Systems (SBAS).

This increasing interest in satellite navigation and precise positioning gave rise to
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Figure 1.3: Orbits of GPS, BeiDou, GLONASS and Galileo.

more direct and more efficient solutions. Satellites broadcast a signal that contains orbital
data (from which the position of the satellite can be calculated) and the precise time of
transmission. Orbital data include a rough almanac for all satellites to aid in finding
them, and a precise ephemeris for that specific SV. An atomic clock is used to maintain
mutual synchronization in the constellation; the receiver compares the time of broadcast
encoded in the transmission of four (or more) different satellites, measuring the Time Of
Flight to each. Several measurements can be made at the same time to different satellites,
allowing a continuous fix to be generated in real time thanks to adapted version of
trilateration algorithm.

Global coverage for each system is generally achieved by a satellite constellation of
18-30 Medium Earth Orbit (MEO) SVs spread over several orbital planes. The actual
systems use orbital inclinations of > 50° and orbital periods of approximately twelve
hours (at an altitude of about 20’000 km). Each system’s specifications and peculiarities
will be better described in Chapter 2.



Chapter 2

The constellations

In this Chapter the peculiarities of satellite navigation systems are presented in terms of
their system architecture with a short description of their space segment’s design and the
capabilities of their control segment.

Satellites constellations for the positioning and navigation services can be classified
by the extension of their coverage:

1. Global Navigation Satellite Systems (GNSS): as the name says, they have global
coverage; usually their orbital design consists in a certain number (> 24) of MEO
(i.e. Medium Earth Orbit) satellites and (for BeiDou) in some GEO (i.e. Geosta-
tionary orbit) satellites and some in IGSO (i.e. Inclined Geo-Synchronous Orbit).
GPS, Galileo, GLONASS and BeiDou are considered GNSS.

2. Regional Navigation Satellite Systems (RNSS): they cover a specific area, provid-
ing a regional service using a constellation of satellites in GEO and IGSO. These
are IRNSS, which provide an independent positioning, navigation, and timing ser-
vice over India and surrounding areas and QZSS, which was originally planned to
enhance GPS capability and performance in the area surrounding Japan.

3. Satellite Based Augmentation Systems (SBAS): they support wide-area or regional
augmentation through the use of additional satellite-broadcast messages; SBASs im-
prove the positioning accuracy by providing corrections for the largest error sources.
They are EGNOS, WAAS, MSAS, GAGAN, SDCM, BDSBAS (formerly SNAS),
while others are under feasibility studies; SACCSA, Malay, African and South Ko-
rean SBAS.

A brief description of constellations’ characteristics and specifications is presented in Fig.
2.1 (GNSS and RNSS) and in Fig. 2.2 (SBAS).
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Figure 2.1: An overview of the Global and Regional Satellite-based Navigation Systems.
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Figure 2.2: An overview of the Satellite Based Augmentation Systems.

2.1 Global Navigation Satellite Systems

A Global Navigation Satellite System is usually composed by three units, having different
tasks and indipendent functions:

e Space segment: it comprises the in orbit satellite-units or satellite constellation and
the uplink and downlink links.



e Control Segment: known also as ground segment, it enables management of a space-
craft, and distribution of payload data and telemetry among interested parties on
the ground.

e User control segment: it consists of equipment for tracking GNSS signals and for
determining position, velocity, and time.

4 GNSS CONSTELLATIONS
N~ >,

o X

-y

ot A N G N
GPS Galileo GLONASS BeiDou
6 Orbital planes 3 Orbital planes 3 Orbital planes 6 Orbital planes
24 Satellite + Spare 27 Satellite + 3 Spares 21 Satellite + 3 Spares 35 Satellite + 3 GEO + 27 MEO + 3 1GSO
55" Inclination Angle 56° Inclination Angle 64.8° Inclination Angle 55" Inclination Angle
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Figure 2.3: GNSS’s orbital design.

2.1.1 GPS

The GPS NAVSTAR (i.e. Global Positioning System NAVigation Satellite Time and
Ranging) was developed originally for the U.S. military in 1973 to offer accurate estima-
tions of position, velocity and time, but an incident with the Korean Air Lines Flight
007 (that went off course into Soviet airspace and shot down by air defence, apparently
due to inaccurate instrumentation) led the US Government to decide to make GPS use
free for civilian purposes very early in its experimental phase. GPS is maintained by
the United States government and it is freely accessible by anyone with a common GPS
receiver. However, part of the very precise information, data and the full capability of
the system are for military use only and for authorized users, that is the so-called Precise
Positioning Service or PPS.

The Standard Positioning Service or SPS is for civil use. This double service feature is
known as Selective Availability SA. For SPS service the accuracy achieved is around 4 m,
while better GPS receivers (that use the L5 band) can have an accuracy of 30 cm, while
high-end users (typically engineering and land surveying applications) are able to have
accuracy within 2 cm, and even sub-millimeter accuracy for long-term measurements.

Concerning satellite communications, GPS signals are modulated on three carriers in
L-band from a fundamental frequency f; = 10.23 MHz provided by the onboard atomic
oscillator, they are:

o L1 = fy-154 = 1575.42 MHz (A = 19.05 c¢m)
o 1.2 = fy-120 = 1227.60 MHz (A = 24.45 c¢m)

7



e L3 = fy-115=1176.45 MHz (A = 25.50 e¢m)

a more exhaustive description, GPS signal plan is presented in Section 3.1.

3]

Space Segment

The GPS Space Segment is defined as a constellation with satellites enough to ensure that
the users will have, at least, 4 simultaneous SV-units in view from any point at the Earth
surface at any time. To guarantee the availability of at least 24 satellites in operation,
the Air Force has been flying around 30 GPS satellites for the past few years. The SVs
in the nominal constellation are arranged into six equally-spaced orbital planes with an
inclination of 55°; each plane contains four “slots” occupied by baseline satellites.

Orbits are nearly circular (eccentricity e < 0.02) and the semi-major axis is 26’560
km, (i.e. an altitude of 20’200 km). The satellites have a speed of 3.9 km/s and a nominal
period of 11h 58min 2s, repeating the ground track each sidereal day.

The design of GPS satellites has evolved with time: each generation of satellites with
similar characteristics is called a Block. A brief description of the different GPS blocks
is in the Fig. 2.4. [3]
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Figure 2.4: GPS evolution.



Control segment

The GPS Control Segment (shortly CS, also referred to as Ground Segment or Operational
Control System) is responsible for the proper operation of the overall system. The main
tasks performed by the CS are the following:

1. Monitoring and control of satellites’ orbital parameters;

2. Monitoring health and status of the satellites’ subsystems (solar arrays, battery
power and the level of propellant used for maneuvers);

3. Activation of spare satellites;

4. Update of parameters in the navigation message (ephemeris, almanac and clock
corrections);

5. Resolving satellites’ anomalies;

6. Controlling Selective Availability (SA) and Anti-Spoofing (A/S)

7. Passive tracking of the satellites.

The GPS Ground Segment is composed of a network of five Monitor Stations (MS)
which track the SVs, monitor their transmissions, perform analysis, and send data to the
Master Control Station or MCS. The MCS processes and sends all the informations and
commands to satellites. The CS is made up also of ground antennas which upload the
clock and orbit errors, as well as the navigation data message to the GPS satellites. MSs
controls all these parameters twice a day and every station can track 11 satellites at once.

GPS Control Segment

_\Greenland

@ Alaska
RO A United Kﬁgdom
gl New Hampshire South Koreal)
Va"dE"c‘f[i’ Dfrﬁg e\ ® USNO Washington
@4 Cape Canaveral
[ Y Florida @ sahrain
Hawaii
Guar [ 7Y
@ Ecuador e Kwajalein
L Ty
Ascension Diego Garcia
@ Urusuoy South Africa Australia ey
Zealand
* Master Control Station o Alternate Master Control Station
A Ground Antenna A\ AFSCN Remote Tracking Station
@ Air Force Monitor Station @ NGA Monitor Station

Updated May 2017

Figure 2.5: GPS Control Segment.
[4]

2.1.2 GLONASS

The Global'naya Navigatsionnaya Sputnikova Sistema (GLONASS) is a global navigation
satellite system developed by the Russian Federation. The first spacecraft was launched



on 12 October 1982 in the Baikonur Cosmodrome in Kazakhstan (Fig. 2.6) where all the
other satellites of the constellation were launched. GLONASS provides dual frequency
L-band navigation signals and, as GPS, it delivers two types of services:

e An open service with unencrypted signals is available for all users without any
limitations and it is transmitted on three frequency bands (L1, L2, and recently
L3);

e A service for authorized users, using encrypted signals in presently two frequency
bands (L1, L2).

Initiated in the 1980s, the system achieved its full capability in 1995 with 24 satellites in
operation. However, because of internal economic crisis in Russia, part of the constellation
was kept inoperative. The whole system was ultimately reestablished in 2011 with the
support of Indian Space Agency and, since then, it has been in continuous service.

The standard-precision signal offers horizontal positioning accuracy within 5-10 m,
vertical positioning within 15 m.

GLONASS has been the second global navigation satellite system to become operative,
after GPS.

Figure 2.6: Soyuz launch in Baikonur Cosmodrome.

Space Segment

The GLONASS space segment consists of 24 operational satellites, evenly distributed over
three orbital planes. To enhance the coverage, GLONASS adopts the so-called Walker
24/3/1 constellation geometry (this means there are 24 satellites in 3 orbital planes) with
inclination 7 = 64.8°. The longitude of the ascending node differs by 120° from plane to
plane. There are eight satellites per plane, separated 45° in argument of latitude.

The satellites are located at 19’100 km altitude and they have a period of 11h 15min.
GLONASS was designed also to ensure coverage at high latitudes (both north and south).
The SVs’ orbits have no resonance with Earth’s rotation. The satellite’s period was
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selected so that satellites make 17 full orbits for eight equinoctial days (approximately
eight constituent days), this means that for a stationary observer the same satellite is
visible at the same point in the sky every eight sidereal days.

Control segment

The GLONASS Ground Segment is responsible for the proper operation of the GLONASS
system. Like in GPS, the GLONASS Control Segment monitors the status of satellites,
determines the ephemerides and satellite clock offsets and, twice a day, uploads the
navigation data. The monitoring stations are in St. Petersburg, Schelkovo, Yenisseisk
and Komsomolsk Na Amure.

\ Murmansk /

=
St.-Peterbur, /‘
C & #S'arkuh
=
s TT&C

TT&
Ki
scC
M

Figure 2.7: GLONASS ground segment.

[4]

2.1.3 Galileo

The European global navigation satellite system Galileo is designed as a self-standing
satellite-based positioning system for worldwide service. It is completely independent
from other systems, but compatible and interoperable with all of them. With the rise of
Galileo, various technological innovations were introduced, such as passive maser clock
technology in orbit and modernized signal concepts. Galileo provides navigation signals
on three bands: E1, E6, and E5. The signals in E1 and E5 are coordinated with GPS L1
and L5, by using equivalent modulation principles. Unlike GPS and GLONASS, Galileo
was designed to be entirely for civilian use, offering a greater level of service continuity.
The services provided by Galileo are:

e Open Service (OS): with positioning accurate up to 1m, it is freely accessible;

e High Accuracy Service (HAS): a service complementing the OS by providing an
additional navigation signal in a different frequency band. The HAS signal can be
encrypted;

e Public Regulated Service (PRS): the Public Regulated Service is restricted to
government-authorized users, for applications which require a high level of service
continuity;

11



e Search and Rescue Service (SAR): Galileo’s worldwide search and rescue service
will help a rescue coordination center by detecting emergency signals transmitted
by beacons and relaying messages to them.

GIOVE-A (Galileo In Orbit Validation Element) was launched on 12 January 2006, the
first operational satellite was launched on 21 October 2011.

Space segment

The Galileo constellation consists of 30 satellites, 24 operational and 6 spare, placed in
MEOQO orbit and at 56° nominal inclination. In each of the three orbital planes, which
are distributed evenly around the equator, there are 10 satellites (as GLONASS, it is
a Walker 24/3/1 design). To reduce the impact of a potential failure upon the service
continuity, the 6 spare satellites can replace any failed satellite within the same plane.

The orbit altitude of 23’222 km results in ground track that repeats after 10 days
during which each satellite has completed 17 revolutions. The period of a Galileo satellite
is 14 h 7 min. The altitude of the SVs has been selected to avoid gravitational resonances
so that, after orbit kick off, during the lifetime station-keeping maneuvers will not be
needed.

Control segment

The Galileo Control Segment (GCS) is responsible for a large range of functions to sup-
port the constellation control and management. These functions include control and
monitoring of the satellites and payload, planning procedures that allow safe and correct
operations and the support of payload related activities by Telemetry Tracking and Con-
trol (TT&C') stations links. The GCS provides the telemetry, telecommand and control
function for the whole Galileo satellite constellation. Its elements are deployed within
the Galileo Control Centres (GCC) and six globally distributed Telemetry Tracking and
Control (TT&C') stations. The two Ground Control Centers (GCCs) are the core of the
Ground Segment, they manage control functions supported by a Galileo Control Segment
(GCS). There are two redundant stations located at Fucino (Italy) and Oberpfaffenhofen
(Germany). The Galileo Mission Segment handles navigation system control and it con-
sists of 20 Galileo Sensor Stations (GSS). Every ten minutes, each GSS processes data
from which they compute precise orbits, clock offsets and an estimation of the predic-
tion’s variability (i.e. Signal In Space Accuracy, SISA) for every satellite. Moreover the
GSSs verify the integrity of the SVs and the reliability of transmitted signals.

1] [4]
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Figure 2.8: Galileo Ground Segment.

2.1.4 BeiDou

The BeiDou, also known as COMPASS, is China’s second-generation satellite navigation
system. It provides a continuous worldwide PV'T service to users. The name Beidou
comes from the chinese word BéiDou (i.e. Big Dipper) that is the most important asterism
historically used for orientation.

China started to develop it gradually with a three-step strategy:

e by 2000, the construction of BDS-1 was completed to provide PNT services to
China;

e by 2012, the construction of BDS-2 was completed to provide PNT services to the
Asia-Pacific region;

e the construction of BDS-3 was completed in 2020, with the launch of the last
satellite on 23 June.

As a global system, BeiDou offers an Open Service similar to GPS and Galileo with an
accuracy better than 10 m and an Authorized Service which ensures a higher reliability
and precision. While as a regional service it offers wide area differential services which
are foreseen to reach 1 m of position accuracy. A short message-exchange service, also
called Positioning Report Service, is supported by BeiDou-1; it consists of 120 Chinese
characters per message, which can be sent by the user to the station and vice versa. [5]

Space segment

The BeiDou Space Segment has a constellation of 35 satellites, which include 5 Geo-

stationary orbit satellites, 27 in Medium Earth Orbit and 3 in Inclined Geosynchronous
Orbit. The MEOs are deployed as a Walker constellation 24/3/1.

Control segment

The BeiDou Ground Segment consists of:

e Monitor Stations which collect BeiDou data from all the satellites in view from
their locations;
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Figure 2.9: BeiDou’s satellites ground tracks.

e a Master Control Station which is responsible for satellite constellation control
and processing the measurements received by the Monitor Stations to generate the
navigation message;

e Upload Stations which are responsible for uploading the orbital corrections and the
navigation message to all the BeiDou satellites.

Currently, the Ground Segment includes 1 Master Control Station, 2 Upload Stations
and 30 Monitor Stations.
[4]

2.2 Regional Navigation Satellite System

The Regional Navigation Satellite Systems (RNSSs) aim to provide a regional service us-
ing a constellation with a lower number of satellites then other GNSSs’ space segments;
this is accomplished using Geostationary Earth Orbits (GEO) and Inclined Geosyn-
chronous Orbits (IGSO). Two regional systems implemented in Asia will be introduced

in this Chapter: the Japanese QZSS and the Indian IRNSS.

2.2.1 QZSS

The Quasi-Zenith Satellite System (QZSS, also known as Michibiki, i.e. “Guide”) is a
RNSS commissioned by the Japanese Government. It covers East Asia and Oceania
region. QZSS can’t work independently: only by receiving and processing data from
other GNSS satellites, it can provide PNT services. The first “Michibiki” satellite was
launched on 11 September 2010, while the basic four-satellite system was announced as
operational on 1 November 2018. The accuracy level depends on the type of service: the
PNT service, which essentially supports GPS signals, has an accuracy <10 m; the SLAS
(Sub-meter Level Augmentation), which is interoperable with other GPS-SBAS systems,
reaches accuracy levels below the meter; the CLAS (Centimeter Level Augmentation),
which works with Galileo E6, achieves <10 cm.
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Space segment

Figure 2.10: Orbit and ground track of QZSS HEO satellites.

The space segment consists of one GEO satellite and three Tundra-type satellites (i.e.
a type of Highly Elliptical Orbit, HEO). The orbital planes of HEO satellites are tilted
of 120° and they have an eight-shape analemma. QZSS is designed so that at least one
out of three satellites is near zenith over Japan. This gave rise to the term “quasi-zenith”
from which the system is named. In the Table 2.1 are summarized the most important
keplerian parameters of the HE orbits.

Element Value
Semimajor axis (a) 42164 km
Eccentricity (e) 0.075 £+ 0.015

Orbital inclination (i) 43° + 3°
Argument of perigee (w) | 270° £ 2°
RAAN spacing AQ 120°

Table 2.1: QZSS orbital parameters of HEO satellites.

Control segment

The ground segment is composed of a master control station (MCS), tracking control sta-
tions (TT&C), laser ranging stations and monitoring stations. The network of monitoring
stations covers East Asia and Oceania region.

[1] [4]
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Figure 2.11: QZSS control segment.

2.2.2 IRNSS or NAVIC

The Indian Regional Navigational Satellite System (IRNSS, also known as NAVIC, i.e.
Navigation Indian Constellation) is a RNSS owned by the Indian government. TRNSS
can independently provide a positioning service with an accuracy of 1 m for the public
service (Standard Positioning Service, SPS) and 10 c¢m for the encrypted one (Restricted
Service, RS). Both services will be carried on L5 (1176.45 MHz) and S band (2492.028
MHz). [6]

Space segment
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Figure 2.12: IRNSS satellites grond tracks.

ISRO (i.e. Indian Space Research Organization) has built nine satellites in the IRNSS
series; of which eight are currently in orbit: 3 on GEO and 5 in GSO (i.e. Geo Synchronous
Orbit). In Fig. 2.13 the IRNSS satellites are listed with their main specifications.
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List of Navigation Satellites

Launch Launch Orbit
Date Mass Launch Vehicle Type Application Remarks
RNSS-11  Apr 12, 1425 kg PSLV-C41/IRNSS-1I GSO Navigation
2018
RNSS- Aug 31, PSLV-C39/IRNSS-1H Navigation  Launch
1H 2017 Mis Unsuccessful
RNSS- Apr 28, 1425 kg PSLV-C33/IRNSS-1G GEO Navigation
16 2018
RNSS- Mar 10 1425 kg PSLV-C32/IRNSS-1F GEO Navigation
1F 2016
RNSS- Jan 20 1425 kg PSLV-C31/IRNSS-1E GSO Navigation
1E 20186
RNSS- Mar 28, 1425 kg PSLV-C2T/IRNSS-1D GSO Navigation
1D 2015
RNSS- Oct 18, 1425 kg PSLV-C26/IRNSS-1C GEO Navigation
1C 2014
RNSS- Apr 04, 1432 kg PSLV-C24/IRNSS-1B GS0 Navigation
1B 2014
RNSS- Jul 01,2013 1425kg PSLV-C22/IRNSS-1A GSO Navigation
1A

Figure 2.13: TRNSS satellites list.

Control segment

The Ground Segment is responsible for the maintenance and operation of the IRNSS
constellation. The Ground segment includes:

e TRNSS Spacecraft Control Facility (IRSCF), which uplinks navigation data and is
used for tracking, telemetry and command functions;

e ISRO Navigation Center (INC), which performs remote operations and data collec-
tion with all the ground stations;

e IRNSS Range and Integrity Monitoring Stations (IRIMS);

e IRNSS Network Timing Centre (IRNWT);

e IRNSS CDMA Ranging Stations (IRCDR);

e Laser Ranging Stations;

e IRNSS Data Communication Network (IRDCN).

2.3 Satellite Based Augmentation Systems

Satellite-Based Augmentation Systems (SBASs) are designed to enhance the performance
of global and regional navigation satellite system (GNSS and RNSS) positioning. SBASs
provide corrections for the major error sources such as clock drifts, ephemeris, or iono-
spheric delays. Several systems have been implemented around the world and several
more are in development (Fig. 2.14). All of them have been developed using the same
international standards, therefore each is interoperable with the others.

The SBAS space segment is composed of several geostationary satellites in charge
of broadcasting, over the service area, the navigation message. While the main goal of
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Figure 2.14: Coverage map of SBASs.

SBAS is to provide integrity assurance, it also increases the accuracy with position errors
below 1 m (1 o).

In the following subsections are presented the most important SBAS and their basic
characteristics.

WAAS

The Wide Area Augmentation System is the United States Satellite Based Augmentation
System. It currently achieves coverage over North America, providing corrections to the
GPS L1 signal. However, when the ionosphere is disturbed or when the constellation is
weak, its availability may be reduced.

MSAS

The MTSAT (i.e. Multi-functional Transport Satellites) Satellite Augmentation System
(i.e. MSAS) is the Japanese SBAS: a GPS Augmentation system which enhances its
accuracy, integrity, and availability. The SBAS signal has been transmitted from the
QZS-3 GEO satellite using the QZSS SBAS transmission service since April 2020.

EGNOS

European Geostationary Navigation Overlay Service (EGNOS) is the European satellite-
based augmentation service. EGNOS provides the first European GNSS services to users
and it, together with Galileo, is one of the major initiatives in Europe in terms of satellite
navigation.
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GAGAN

GPS Aided GEO Augmented Navigation is the SBAS implementation by the Indian
government concurrently with IRNSS developpement. The space segment consists of
three GEO satellites.

SDCM

System of Differential Corrections and Monitoring (SDCM) is the Russian Federation’s
SBAS and it is still in its development phase. SDCM further intends to augment both
GPS and GLONASS. The SDCM Space Segment will be composed of 4 GEO satellites.

BDSBAS

The Republic of China is developing its own SBAS, called Satellite Navigation Augmen-
tation System (SNAS). There is little public information available on this development.
Now, the Chinese SBAS initiative refers to BeiDou Satellite-based Augmentation System
(BDSBAS).

KASS

The Republic of Korea has also announced its intention to develop its own SBAS. This
SBAS will consist of five or more reference stations, two central processing facilities, four
GUSs (Ground Uplink Stations) and two GEOs. KASS is in the early development stage
with a plan to have preliminary service by 2022.

4] [1]
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Chapter 3
GNSS Signals

In this Chapter the signal plans for each of the GNSS will be introduced and discussed.

The GNSS satellites continuously transmit navigation signals in two or more frequen-
cies in LL band. These signals contain ranging codes and navigation data to allow the users
to compute the traveling time from satellite to receiver and the satellite coordinates at
any epoch [4]. The timing for all components of all of the GPS navigation signals are
coherently derived from an onboard frequency synthesizer driven by the active atomic
clock as it will be seen on Section 5.2. The main signal components are:

e Carrier: Radio frequency sinusoidal signal at a given frequency.

e Ranging code: Binary sequences, which allow the receiver to determine the travel
time of a radio signal from satellite to receiver. They are called Pseudo-Random
Noise (PRN) sequences or PRN codes.

e Nawvigation data: A binary-coded message providing information on the satellite
ephemeris (Keplerian elements or satellite position and velocity), satellite’s clock
bias parameters, almanac (with a reduced accuracy ephemeris data set), satellite
health status, and other complementary information.
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Figure 3.1: GPS signal modulation.

The code is combined with the binary navigation data using module-2 addition (i.e. if
the code chip and the data bit are the same the result is 0, if the two are different the
result is 1). The composite binary signal is then impressed upon the carrier (modulation);
the two main modulations used in GNSS signals are binary phase shift keying (BPSK)
or binary offset carrier (BOC). Each satellite transmits more than one code on the same
band, each code can be used to accomplish a different service.
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Taking as an example the GPS signals on L1 and L2, they can be modeled as:

Slzl = 1/ 2P01 . $k(t) . Dk(t) + COS (27TfL1t + 9L1)

+1/ 2Py1 . yk(t) . Dk(t) - COS (27TfL1t + eLl)

s¥ = \/2Pyy - 2F(t) - DF(t) - cos (2m frat + O12)
where k is the satellite identifier, Poq, Py1 and Pys are the power for signals carrying the
C/A-code and P(Y)-code on L1 and L2, ¥ and y* are sequences assigned at the satellite

number k, D* is the navigation data stream, f;; and fr, are the carrier frequencies
corresponding to L1 and L2 and 67, and 0, are phase offsets.

[1] [3]

3.0.1 Modulation schemes
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Figure 3.2: BPSK’s chip shape Figure 3.3: BOC(1,1)’s chip shape.

The GNSS signals, generally, use mainly two types of modulations: BPSK (Binary
Phase Shift Keying) and BOC (Binary Offset Carrier Modulation). In Fig. 3.2 and 3.3
the different pulse shapes of these two types of modulations are shown..

Binary Phase Shift Keying

The Binary phase shift keying (BPSK) is the first modulation that had been used for
Satellite Navigation. If the bit is 0 the carrier signal remains unchanged, while if it is
1 the carrier is multiplied by -1, which is equivalent to shift the phase of the sinusoidal
signal by 180°, as shown in Fig. 3.4. The chip shape is rectangular as in Fig. 3.2.
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Binary Offset Carrier Modulation

The Binary offset carrier modulation (or BOC) is a split-spectrum modulation scheme
used by the Galileo navigation satellite system and also by GPS system and TRNSS
system. BOC is a square subcarrier modulation: a signal is multiplied by a rectangular
subcarrier with a frequency that is equal to or higher than the CDMA rate. Due to
this subcarrier multiplication, the spectrum of the signal is divided into two parts. The
purpose for using BOC modulation in Galileo is to reduce cross-interference with BPSK-
modulated signals such as C/A GPS codes. BPSK signals have sinc function shaped
spectra, with most of their spectral energy concentrated around the carrier frequency. In
comparison, the BOC-modulated signals have low energy around the carrier frequency
and two main spectral lobes further away from the carrier. As a result, the Galileo
signals can easily coexist with GPS signals reducing the effect of interference, despite
sharing the same 20MHz band centered at 1575.42MHz. [7] There are many variants of
this type of modulation CBOC (composite BOC), MBOC (multiplexed BOC), TMBOC
(time-multiplexed BOC) and AltBOC (Alternative BOC modulation).

3.0.2 Multiple Access Techniques employed in GNSS

Frequency Frequency

Figure 3.5: (a) Time division multiple access (TDMA), (b) frequency division multiple
access (FDMA), and (c) code division multiple access (CDMA).

The satellites need to share the available bandwidth by using propagation channel
access or multiple access (MA) techniques. There are three basic MA techniques:
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e Code division multiple access (CDMA)

e Frequency division multiple access (FDMA)

e Time division multiple access (TDMA)

These three MA techniques separate signals in time, in frequency or by codes with the
aim to ensure that the signals will be separated or even orthogonal. The principle of
TDMA, FDMA, and CDMA is illustrated in Fig.3.5, where different shaded blocks re-
semble different channel users (satellites). In the case of TDMA (Fig.3.5a), channel users
occupy the complete available bandwidth but at different time slots; thus, they transmit
in turns in assigned time slots. In the case of FDMA (Fig.3.5b), channel users all transmit
at the same time, but they occupy different sub-bands of the total available bandwidth.
In the case of CDMA (Fig.3.5¢), all channel users transmit at the same time and use the

complete available bandwidth, but the channel users are separated by codes.

1]

3.1 GPS signal plan

GNSS System GPS GPS GPS GPS
Service Name CIA LIC P(Y) Code | M-Code
| Centre Frequency | 157542 MHz | 157542 MHz 1575.42 MHz | 157542 MHz
Frequency Band L1 L1 L1 L1
_:\_Nkl't 1_!!_'_!_!3_!12_ CDMA CT !_.\T,-\ CDMA CDMA
Signal Compenent Data Data | Pilot Data |  NA
\ BPSK(1) TMBOC(6.1.1/11) BPSK(10) BOC,i(10.5)
Sub-carrier 1.023 &
1.023 10.23
|_frequency [MHz) 6.138
| Code frequency | 1023 MHz | 1.023 MHz 1023 MHz | 5115 MHz
Primary PRN )
5 1023 10230 6,19 10" N.A
Code length
Combination
= et and short- ~
Code Family Gold Codes Weil Codes ) NA
= cycling of M-
sequences
Secondary PRN
° 1800 NA
Code length |
50 bps 50 bps 50 bps
Data rate NA
50 sps | 100 sps 30 sps
Minimum Recelved R
=158.5 -157 -161.5 NA.
Power [dBW]
Elevation 5 5@ 5 §

Figure 3.6: Table of GPS signals in L1

As it was described in the beginning of this Chapter, also GPS’s signal structure
consists of a carrier, ranging code and navigation data, and it works with a CDMA

strategy.

GPS’ satellites transmit signals in L1, L2 and L5, respectively on 1575.42 MHz,
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Figure 3.7: Spectra of GPS signals in

L1

1227.60 MHz and 1176.45 MHz. The legacy GPS signals includes:
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the coarse/acquisition (C/A) code signal on the L1;
the precision (P) code signal on L1 and L2;

the military (M) code on both L1 and the L2;

the modernized L1C for civilian use;

the modernized L2C (more precisely L2CM and L2CL)
L5I and L5HQ



, The C/A-code is open (unencrypted), while the P-code signal is only for authorized
use and is normally encrypted. When the P-code is in this encrypted mode of operation,
it is formally referred to as the Y-code. The Coarse/Acquisition (C/A) code signal was
primarily thought for acquisition of the P (or Y) code, hence its name, and has become
nowadays the most important signal for mass market applications.

Each C/A code is a unique sequence of 1023 bits repeated each millisecond, each
of these bits is called chip. A chip duration is 1ms/1023 &~ 1us, hence chip width (in
terms of distance traveled while on air) is A = ¢ - lus ~ 300m and the chipping rate is
1.023MHz. The P-code is a unique sequence of approximately 10! chips that repeats
after a week, the chipping rate is ten times bigger than the C/A-code (10.23 Mc¢ps) and
the chip width is 30m, this leads to a better precision (the smaller the A the better is the
accuracy of ranging measurement).

On L1 there are also:

e the modernized military signal (M-Code), which is designed exclusively for military
use and is intended to eventually replace the P(Y) code, it provides better jam-
ming resistance and allows much better performance than the P(Y) Code and more
flexibility;

e the new L1 Civil signal (L1C) has been designed for interoperability with Galileo
E1l. It is compatible with current L1 signal but broadcast at a higher power level
and includes advanced design for enhanced performance.

GNSS System GPS GPS GPS GPS
Service Name L2 CM L2CL P(Y) Code M-Code
Centre Frequency | 1227.60 MHz 1227.60MHz | 1227.60 MHz | 1227.60 MHz
Frequency Band L2 L2 2 L2
Access Technique | CDMA CDMA CDMA CDMA
Spreading BPSK(1) result of multiplexing 2 .
i BPSK(10) | BOCsin(10.5)
modulation streams at 511.5 kHz o
Sub-carrier
10.23 MHz
frequency
Code frequency 511.5kHz 511.5kHz 10.23 MHz 5.115 MHz
Signal Comp Data Pilot Data N.A.
Primary PRN Code | 10,230 767.250
6.19x 1012 | NA.
length (20 ms) (1.5 seconds)
Combination
; M-sequence from a maximal and short- "
Code Family ! ialof d - = i NA. g o
olynomial of degree cycling of M- 60 —
ey & AETE 60 —GPS12C |
Sequences E | GPS P(Y) Code
Secondary PRN NA. E 70| fGPyh M Code )
Code length 2 gl
1IF g 80
50 bps/ 50 sps A
50 bps/ P e
Data rate IIR-M # 5 N.A. f 00 -
Also 25 bps s “—; ) L
50 sps with FEC = ¥ - - 100
-100 <2 8 i
I/TIA/IR I/IA/TIR sl o
s -164.5 dBW. -164.5 dBW - -10 W
Minimum il vt requep, — or <D
) IIR-M IIR-M Y Offgeq . . 0 ~— €
Received Power N.A. With peg R 70 W
— -161.5 dBW -161.4 dBW Pect ¢, the . 10 15 s \od
[dBw] IIF IIF e iy, @
-161.5 dBW -160.0 dBBW
Elevation 52 5° 5°

Figure 3.9: Spectra of GPS signals in
Figure 3.8: Table of GPS signals in L2 L2

In the L2 band other signals are transmitted, in particular:

e [2C which is dedicated to commercial use and enables the dual frequency
solution,;
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e P(Y) which has the same characteristics of the one described for L1;
e M-code which has the same characteristics of the one described for L1.

For the latest Block of GPS’s satellites (Block IIR-M and IIF) there are other two new
signals: L2 Civil Moderate code and L2 Civil Long code, which are time multiplexed
(with a TCDMA strategy) to implement the pilot component. Two unique PRN codes
per satellite are generated at 511.5kH z (exactly a half of 1.023MHz C/A-code chipping
rate). The chips from the two PRN codes are alternated, that is, the first transmitted
chip is from the first PRN, the second chip from the second PRN and so forth. The
chips generated from the first PRN code are modulated by navigation data, and the
chips generated from the second PRN code are not. The resultant signal has the same
power spectrum as the C/A-code, but only half the chips in the spreading waveform are
modulated by navigation data.

The L5 signal is one of the new signals belonging to the GPS modernization plan.
The signal is designed to be used in combination with L1 C/A to improve accuracy (via
ionospheric correction) and robustness (via signal redundancy). It is transmitted at a
higher power level than current civil GPS signals, has a wider bandwidth and has lower
frequency which enhances reception for indoor users.

The L5 signal consists of two carrier components that are in phase quadrature with
each other (i.e. L5I and L5Q). Each carrier component is BPSK modulated by a separate
bit train. One bit train is module-2 sum of the I5-code, NAV data, and synchronization
sequence, while the other is the Q5-code with no NAV data (pilot), but with another
synchronization sequence.

GNSS System GPS GPS
Service Name L51 L5Q
Centre Frequency 1176.45 MHz 1176.45 MHz
Frequency Band L5 L5 P
Access Technique CDMA CDMA ]
Spreading modulation BPSK(10) BPSK(10) E 7
Z
Sub-carrier frequency - - é
Code frequency 10.23 MHz 10.23 MHz 2 80
-7
Signal Component Data Pilot H i
E] i
Primary PRN Code length 10230 10230 g0
. Combination and short-cycling of B
Code Family : 7100~L;;; s
M-sequences Frey 18 T
Gueng, e
Secondary PRN Code length 10 20 Y Otfyeg wigy, 0T e 30 ) JpwiA
respe,, T 70
Data rate 50 bps / 100 sps | - *Pect tg gy o e - Phase v
rier [y g
Minimum Received Power [dBW] | -157.9 dBW -157.9dBW ]
Elevation 5 59

Figure 3.11: Spectra of GPS signals in
Figure 3.10: Table of GPS signals in L5 L5

3.2 GLONASS signal plan

Traditionally, GLONASS makes use of frequency division multiple access (FDMA) mod-
ulation. Here, signals transmitted by individual satellites employ the same ranging code,

but slightly different frequencies to allow concurrent processing in the receiver. With the
first GLONASS-K1 satellite launched in 2011, GLONASS started to transmit additional
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code division multiple access modulation (CDMA) signals on the new L3 signal. As part
of the ongoing GLONASS modernization, CDMA signals will also be transmitted in the
L1 and L2 bands to improve interoperability with other GNSSs, specifically GPS. Origi-
nally, the system transmitted the signals within two bands: LI, 1602.0-1615.5 MHz, and
L2, 1246.0-1256.5 MHz, at frequencies spaced by 0.5625MHz at L1 and by 0.4375 MHz at
L2. This arrangement provided 25 channels, so that each satellite in the full 24-satellite
constellation could be assigned a unique frequency. The system now uses only 14 pri-
mary frequency channels with k values ranging from —7 to 46, including two channels for
testing purposes (currently -5 and —6). To avoid interference, the same channel is used
by antipodal satellites.

Plane 1: Plane 2: Plane 3:
Right Ascension 184° Right Ascension 304° Right Ascension 63°

) e
' 24( y%s)

17(-1

4(

Figure 3.12: Antipodal Assignment of GLONASS Satellites. The parameter i(k) indicates
that the satellite in almanac slot i transmits on frequency number k (red in maintenance,
blue operational satellite).

Therefore for each 7 satellite:

firn = for1 + kA fra
fira = fora + kA fLo (3.1)
firs = fors + kA frs

where, £ is the frequency channel, fy;1 = 1602MHz, Afry = 562.5kHz, fors =
1246 M Hz, Afro = 437.5kHz, for3 = 1200M Hz and A fr3 = 437.5kH 2,

GLONASS signals include two pseudorandom noise (PRN) ranging codes associated
with the type of service: ST (for Standartnaya Tochnost or Standard Precision) and
VT (for Visokaya Tochnost or High Precision) similar to the GPS C/A- and P-codes,
respectively (but at half the chipping rates), modulated onto the L1 and L2 carriers. The
GLONASS ST code is 511 chips long with a rate of 511 kilochips per second, giving a
repetition interval of 1 millisecond. The VT-code is 33554432 chips long with a rate of
5.11 megachips per second. The code sequence is truncated to give a repetition interval
of 1 second. Unlike GPS satellites, all GLONASS satellites transmit the same codes. On
L1 CDMA Open Service Navigation Signal, called L1OC. are also transmitted (on the
carrier frequency fr; = 1565 - f, = 313 - 5.115M Hz = 1600.995M H z, where f, = 1.023)
and consists of two components of the same power: L10Cd (data component) and L10Cp
(pilot component). Signals transmitted on L2 have exactly the same structure of the ones
transmitted on L1, the only difference is the frequency of the carrier which is in interval
1242.939375-1248.625 MHz. For a given channel number k, the ratio of the L1 and L2
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GNSS System GLONASS GLONASS
Service Name C/A Code P Code
Centre Frequency (1598.0625-1605.375) MHz + 0.511 MHz
Frequency Band Ll L1
Access Technique FDMA FDMA
Spreading modulation BPSK(0.511) BPSK(5.11)
Sub-carrier frequency - -
Code frequency 0.511 MHz 5.11 MHz
Signal Component Data Data
Primary PRN Code length 511 N/A
Code Family M-sequences N/A
Meander seq e 100 Hz N/A
Data rate 50 bps N/A
Minimum Received Power
-161 dBBW N/A
[dBW]
Elevation 5° N/A

Figure 3.13: Table of GLONASS sig-
nals in L1

frequencies attains a fixed value of:

fra(k)

fra(k)

~..._Glonass L1 Band

—— Glonass C/A Code
-70~-"| — Glonass P Code

In-Phase PSD [dBW/Hz]|
®
S

e 8
1100
90
g “\“\“\

0 e\
wase ¥

Figure 3.14: Spectra of GLONASS sig-
nals in L1

9
-3 (3.2)

CDMA Open Service Navigation Signal in L2 frequency band is called L20Cp. It is
transmitted on carrier frequency (nominal value) fro = 1220 - f, = 244 - 5.115MHz =

1248.06 M H z.
GNSS System GLONASS GLONASS
Service Name C/A Code P Code
Centre Frequency (1242.9375...1248.625) MHz + 0.511 MHz
Frequency Band L2 L2
Access Technique FDMA FDMA
Spreading Julation BPSK(0.511) BPSK(5.11)
Sub-carrier frequency - -
Code frequency 0.511 MHz . 5.11 MHz
Signal Comy t Data Data
Primary PRN Code length 511 N/A
Code Family M-sequences N/A.
Meand q e 100 Hz N/A
Data rate 50 bps N/A
Minimum Received Power .
-167 dBW N/A
[dBW]
Elevation 5¢ N/A

Figure 3.15: Table of GLONASS sig-
nals in L2

Figure 3.16:
GLONASS Signals in L2.
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On L3 are transmitted only CDMA Open Service Navigation Signal, called L3OC. It
is transmitted on carrier frequency (nominal value) fr3 = 1175 f, = 235 - 5.115M Hz =
1202.025M H z and consists of two BPSK components of the same power: L30Cd (data
component) and L30Cp (pilot component). These components are in phase quadrature

with each other and L30Cd is delayed 90°.
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3.3 (Galileo signal plan

Galileo satellites transmit permanently on 3 frequency bands: E1 at 1575.420 MHz, E5
at 1191.795 MHz and E6 at 1278.750 MHz. The E5 signal is further subdivided into
signals denoted Eba (1176.450 MHz) and E5b (1207.140 MHz). Each signal contains
several components, comprising always at least one pair of pilot and data components.
The signals and components are assigned to three types of positioning services:

1. The Open Service (OS) comprising the data-pilot pairs E1-B/C, Eba-1/Q and E5b-
1/Q, representing the publicly accessible positioning service

2. The Public Regulated Service (PRS) on E1-A and E6-A, a restricted access posi-
tioning service for government-authorized users

3. The Commercial Service (CS) through the datapilot pair E6-B/C, a navigation
signal on a third frequency, optionally encrypted, for the provision of future added
value services.

Galileo uses CBOC (Composite Binary Offset Carrier) modulation in E1, AltBOC (al-
ternative binary offset carrier) modulation in E5 and standard BPSK modulation for E6
public service. Three different types of public navigation messages are provided through
the Galileo navigation signals: the high data rate and short page length I/NAV (his-
torically derived from Integrity NAVigation message), the low data rate F/NAV (Free
NAVigation message) and the fast C/NAV Commercial channel NAVigation message.

GNSS System Galileo ‘ Galileo Galileo
Service Name E1 0S8 PRS
Centre Frequency 1575.42 MHz
Frequency Band El
Access Techniq CDMA
Spreading CBOC(6.1.1/11 BOCon(152.5
Julation Sl i _E2Band
Sub-carrier 1.023 MHz and 6.138 L .11 Band
. 15.345 MHz e, _El Band
frequency (Two sub-carriers) e —
Code frequency 1.023 MHz 2.5575 MHz
Signal Component Data ‘ Pilot Data
Primary PRN Code =
N 4092 N/A =
length =
Code Family Random Codes N/A i
Secondary PRN Code _ 2
¥ 25 N/A .
length £
Data rate 250 sps - N/A ;T‘
Minimum Received 157 N/A 90 «\\\l\
-15
Power [dBW]
Elevation 10¢ N/A

Figure 3.17: Table of Galileo signals in
E1. Figure 3.18: Spectra of Galileo E1.

Signals for the OS service trasmitted on E1 are:

e cp_p from the I/NAV navigation data stream Dpg;_p and ranging code Cg_y
e cp1_c (pilot component) from the ranging code C'g1_¢ including its secondary code

both modulated with a CBOC (Composite Binary Offset Carrier, a particular imple-
mentation of MBOC). On El is also transmitted E1-A for the public regulated service
modulated with a BOCc(15,2.5). All the specifications are illustrated on Fig. 3.17

E6 band is on 1260-1300 MHz and two signals of commercial service are transmitted:
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GNSS System Galileo Galileo Galileo
Service Name E6 CS data E6 CS pilot E6 PRS
Centre Frequency 1278.75 MHz
Frequency Band E6
Access Technique CDMA
Spreading modulation BPSK(5) BPSK(5) | BOCcos(10.5)
Sub-carrier frequency - 10.23 MHz
Code frequency 5.115 MHz
Signal Comp t Data Pilot Data
Primary PRN Code length 5115 5115 N/A
Code Family Memory codes N/A
Secondary PRN Code length - 100 N/A
Data rate 1000 sps - N/A
Mini Received Power [dBW] -155 N/A
Elevation 10°¢ N/A

Figure 3.19: Table of Galileo signals in
E6.

—Galileo E6 CS Data & Pilot | 7.
_{~Galileo E6 PRS

i

In-Phase PSD [dBW/Hz]

Figure 3.20: Spectra of Galileo E6.

e a data component, E6-B modulated by C/NAV navigation data stream Dpgs_p
modulated with the encrypted ranging code Crg_p
e a pilot component, E6-C modulated by the ranging code Cgg_¢

E6 signals are modulated with a binary phase shift keying BPSK at a carrier frequency

of 1278.75 MHz.

GNSS System Galileo l Galileo Galileo
Service Name E1 OS PRS
Centre Frequency 1575.42 MHz
Frequency Band El
Access Technique CDMA
Spreading . I
. CBOC(6.1,1/11) BOC.os(15.2.5)
modulation
Sub-carrier 1.023 MHz and 6.138
R 15.345 MHz
frequency (Two sub-carriers)
Code frequency 1.023 MHz 2.5575 MHz
Signal Component Data ‘ Pilot Data
Primary PRN Code
N 4092 N/A
length
Code Family Random Codes N/A
Secondary PRN Code ~
° - 28 N/A
length
Data rate 250 sps - N/A
Minimum Received ~
) -157 N/A
Power [dBW]
Elevation 10° N/A

Figure 3.21: Table of Galileo signals in
E5.
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Figure 3.22: Spectra of Galileo E5.

The different Galileo E5 signal components are:

e cEba-I from the F/NAV navigation data stream DE5a-I modulated with the unen-

crypted ranging code CEba-I

e cE5a-Q (pilot component) from the unencrypted ranging code CE5a-Q
e cE5b-I from the I/NAV navigation data stream DE5b-I modulated with the unen-

crypted ranging code CE5b-1

e cE5b-Q (pilot component) from the unencrypted ranging code CE5b-Q

The E5 modulation is AltBOC.
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3.4 BeiDou signal plan

Galileo ESa Band

Galileo ESb Band

"""""'GLQNASS L3 Band
Band E

— Galileo E5Q
—— Galileo E5 I
—GPSLSI
—GPSL5Q i
—— Glonass C/A Code : ' / | S e
——Glonass PCode | . e !

——Compass B2 1
Compass B2 Q

-60—

In-Phase PSD [dBW/Hz]

15 0 P Cod

] 15 25 35 45
Frequency Offset Wwith respect to the carrier [MHg| )

Figure 3.23: Compass (i.e. BeiDou) signal plan and compared with GPS, GLONASS and
Galileo signal bands.

As seen in Section 2.1.4, operational BDS satellites are 35: 5 GEO satellites, 7 IGSO
satellites and 21 MEQO satellites, which can be further divided as 15 BDS-2 satellites
and 18 BDS-3 satellites. The BDS-2 satellites transmit a total of six signals in three
distinct frequency bands: Bl at a center frequency of 1561.098MHz, B2 at a center
frequency of 1207.14MHz, and B3 at a center frequency of 1268.52MHz. The B1 and B3
frequencies are offset by about 14MHz and 10MHz, respectively, from the E1/L1 and E6
bands of Galileo/GPS, while the B2 center frequency matches that of the Galileo E5b
as shown in Fig. 3.23. Each carrier frequency is modulated with two signals in phase
quadrature using ranging codes of 2.046MHz or 10.23MHz chipping rate. The in-phase
components of the B1 and B2 signals are assigned to open service while the remaining
four signals are reserved for the authorized service. The open service is specified to
offer signal-in-space range errors (SISREs) of better than 2.5m and a horizontal and
vertical positioning accuracy of better than 10m at a 95% confidence level within the
BDS-2 service area. BDS-3 provides an open service and an authorized service in four
frequency bands, including B1, B2 and B3 with center frequencies (different from the ones
transmitted by BDS-2 legacy) of 1575.42MHz, 1191.795MHz, and 1268.52MHz. On Bl
there are four signals transmitted (on 2 different carriers and from different generations
of satellites):

e BI1I is an open service transmitted on 1561.098 MHz, with a BPSK modulation.
e B1Q is an authorized service transmitted on 1561.098 MHz, with a BPSK modula-
tion.

e B1C is an open service and it utilizes a MBOC(6,1,1/11) multiplexed binary offset
carrier modulation. It consists of two components, namely the B1-CD data channel
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and the B1-CP pilot channel, which are transmitted in phase quadrature. It is
transmitted by BDS-3 satellites (in particular MEO satellites and the IGSO) on
carrier frequency 1575.42 MHz.

e BI1A is an authorized signal and employs a BOC(14,2) binary offset carrier modu-
lation and as B1C, is transmitted by BDS-3 satellite on 1575.42 MHz.

On B2 there are:

e B2l transmitted by all BDS-2 satellites on 1207.14 MHz, it is an open service and
modulated with a BPSK strategy, it is similar to B1I.

e B2Q) as B2l is transmitted on 1207.14 MHz, it is an authorized service.

e B2a is another open signal modulated with an AltBOC(15,10) strategy and it has
a center frequency of 1176.45 MHz. B2a consists of a data channel (B2a-D) and a
pilot channel (B2a-P) in phase quadrature.

e B2b is transmitted on 1207.14 MHz with an AItBOC(15,10) modulation, it is an
open service.

In the B3-band, two authorized signals (B3 and B3- A) with a total of four individ-
ual components are transmitted at a common center frequency of 1268.52MHz. The
B3I and B3Q signals are modulated in quadrature phase shift keying (QPSK) with a
10.23Mchips/s PRN code and a 500 bps binary navigation data stream. The B3-A signal
is modulated in BOC(15,2.5) and consists of two components, B3-AD and B3-AP, in
phase quadrature.

4
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Chapter 4

Recelver Architecture

To obtain the PVT of the user, Signals In Space (SIS) must be processed with a GNSS
receiver. This is a device necessary to extract the information from the satellites’ broad-
casted signals and to demodulate the data message from them. A receiver requires a
specific design to fulfill this task. First, an antenna is needed to capture the GNSS sig-
nal; then a front-end down-converts, filters, amplifies and digitizes the incoming signals;
a local oscillator, and a signal processing phase (or baseband processing) that firstly
searches for the presence of these radio signals (acquisition) and, then synchronize with
them, and finally decodes the navigation message (tracking).

The antenna must be able to receive GNSS signals (that are typically Right-Hand
Circularly Polarized, RHCP) in L-band. Antenna design takes into account some basic
requirements, for example: gain in relation to azimuth and elevation; multipath and
interference rejection and size, shape with respect to environmental constraints. Generally
they don’t need any electrical power to operate, thus they are referred to as passive
antennas.

Antenna

RF Front-end Signal Processing
AGC
IF Signal Processing
. I i
- - el A I
I—V Pre filter > Preampllfler—"b bown — /D —oigwi P Acquisition J_r:, Tracking

Converter Converter

i)

S
Local Oscillator |

Reference Frequency

Oscillator Synthesizer Navigation Processing

Figure 4.1: GNSS Receiver architecture scheme.

The preamplifier is the first active component that comes after the antenna. It is
often housed in the same enclosure as the antenna element. Because the antenna can re-
ceive multiple frequency bands, typically, there is one preamplifier per band; nonetheless,
a single preamplifier may cover multiple bands. The preamplifier amplifies the signal at
the antenna’s output and generally has three distinct components:

e a preselector filter that removes out-of-band interference and limits the noise
bandwidth,

e burnout protection that prevents possible high-power interference with the elec-
tronic components of the receiver,
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e a low-noise amplifier (LNA).

GNSS signals are typically around -160 dBw or 10-6 W; thus, a LNA is needed to
amplify the signals to make them suitable for processing. Usually a LNA increases signals
by 20 to 35 dB.

At this point the received signal must be sampled and cleaned before the signal pro-
cessing phase. The RF front end has this task: it amplifies, down-converts, and digitizes
the signal.

Filtering is crucial for several reasons: it rejects out-of-band signals, reduces noise
in the received signal, and lessens the impact of aliasing. Wide bandwidth signals can
provide high-resolution measurements in the time domain, but demand higher sampling
rates, causing the receiver to consume much more power. A filter can mitigate this by
allowing narrower band signals.

Down-conversion is the process performed by the front end to lower the RF signal
frequency to either an intermediate frequency or directly to baseband. This is necessary
to facilitate the sampling and filtering processes. The down conversion is often done using
a mixer which multiplies the received signal by a locally generated replica and, then filters
the output signal to remove double-frequency terms. The filtering and down conversion
of the signal frequencies are typically achieved in multiple, consecutive, stages due to the
difficulty in implementing a stable bandpass filter with a high central frequency.

1* Local 2" Local

____________________________________________

Figure 4.2: Down conversion scheme.

The last stage in the processing of the signal inside the RF front end is the conver-
sion of the analogue signal to a digital signal. The bandpass sampling completes both
discretization and down conversion of the signal. Receivers make their measurements
using the estimates of the signal Time Of Arrival (TOA) and received carrier phase and
frequency. A single local reference oscillator (see Figure 4.2) forms all frequency refer-
ences in the receiver. Because the oscillator is critical to receiver performance, particular
attention needs to be given to its size, power consumption, stability (both short and long
terms), and its temperature and vibration sensitivity. In some cases, receivers have mul-
tiple frequency references for down conversion. In these instances, each mixer requires a
precise reference frequency. The process of producing reference frequencies in the receiver
from the local oscillator is called frequency synthesis, which uses a combination of integer
and fractional frequency multiplications. At this point, the conditioned signal is ready to
be processed; the baseband processing block is responsible for providing the observables
(code pseudo-ranges and carrier phase measurements, as well as navigation data) using
several channels that process a given signal.

Now the acquisition process starts, its goal is to provide an estimate of code delay and
Doppler frequency. It is based on several correlations between the incoming signal and
multiple replicas of the possible “expected” signals, generated for different code delays
and Doppler frequencies. In fact, because the signal is originated by moving satellites,
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Figure 4.3: Acquisition; this image shows the Doppler / code delay search space and
correlation peak.

there is a Doppler and code delay effect observed in the received signals. To search for the
signals, different local replicas (corresponding to different code delay / Doppler frequency
pairs) are generated and correlated with the input signals. When the local replica and
the incoming signal are aligned, their correlation generates a peak (see Fig. 4.3), and the
code delay / Doppler frequency pair corresponding to this peak is assumed to be a good
estimate to initialize the tracking process.

Updated Carrier Pha

> PLL - 1
| | ¥
: ¥ I i . | = Control
: P ) o - data demodulation |
= >{ Doppler Removal | () Pi 180 *| - data processing |
L | | - lock detectors
Pr— . o
= . » DLL -+
Local Coda(s) |
Generalion
f Updated code delay

Figure 4.4: Generic diagram of a single channel in the Baseband Processing block.

During the tracking, the incoming signal is first stripped of its Doppler frequency
(according to the current estimation), and then correlated with one (or more) PRN code
replicas generated locally (according to the current estimation of code delay). Then
new estimations of the Doppler frequency and code delay are computed based on the
assessment of the correlation outputs. This process is implemented in an iterative way,
usually using PLL (phase lock loop) and DLL (delay lock loop) tracking loops to track
the incoming signal’s phase and code delay, respectively. In parallel, the receiver extracts
the navigation data of the incoming signal, and ensures monitoring and control.

The basic principle of GNSS baseband processing relies on the correlation process.
The underlying idea is that GNSS signals convey ranging codes that are built in a way
that:

e when the code is correlated with an aligned replica of itself, the correlation output
is maximum: high auto-correlation properties,
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e when the code is correlated with a non-aligned replica of itself, the correlation
output is low,

e when the code is correlated with another code of the same family, the correlation
output is low: low cross-correlation properties.

Fl P !. ] ] Signal proceding
| from the satellie

: AR Code replica 2
S P f,! = I 5‘,|.'|1=:La:s|£i i the receiver

e s
\ SN TN Correlation
T L

Figure 4.5: The correlation process: the receiver shifts the code replica (by changing At)
until it finds a peak in the correlation output.

The receiver first assigns each channel with a PRN code: for GNSS based on CDMA
(such as GPS and Galileo), each satellite transmits a dedicated PRN code on the same
carrier, whereas for GNSS based on FDMA (such as GLONASS), the PRN code is the
same for all satellites, but modulated on different carriers. At channel level, the incoming
signal is correlated with the local replica of this PRN code over time. This local replica is
generated in such a way that its code delay and phase characteristics vary, representing
a two-dimensional search over code and (Doppler) frequency. Whenever the local replica
parameters (code and frequency) match those of the incoming signal, the correlation
output will reach a maximum, and the receiver will consider this pair (code and frequency)
as the current estimates for these parameters. [§]

4.1 RINEX Files

The Receiver Independent Exchange Format (RINEX) is a data interchange format for
raw satellite navigation system data [9]. It contains information and data of a series
of measurements from one or more satellite constellations, called observables, which are
usually: pseudoranges, Doppler shifts, carrier-phases and the observation time. At the
present time three major format versions have been developed:

e RINEX Version 1 presented at and accepted in 1989,

e RINEX Version 2 presented at and accepted in 1990, mainly adding the possibility
to include tracking data from different satellite systems (GLONASS, SBAS),

e RINEX Version 3, currently the most used.

From RINEX version 2.11 it is possible to store pseudorange, carrier-phase and
Doppler measurements from GPS, GLONASS and augmentation systems like EGNOS
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and WAAS in the same file. With the development of new global navigation satellite
systems like Galileo and BEIDOU, it became clear that a new standard, which will fully
integrate all the satellite systems, is needed. With this purpose RINEX Version 3 has
been developed. The most recent version is RINEX 4.00 from December 2021. The
RINEX format covers three different ASCII files:

e Observation files,
e Navigation files,
e Meteorological file.

Each file contains a header session and a data session. The header is placed at the
beginning of the file and contains information about the station that collects the data and
global information applicable to the entire file. Each observation file and meteorological
file contains data from one site and one session, while the navigation RINEX file contains
the navigation message broadcasted by the satellites. As such, receivers monitoring the
same satellite will receive the same navigation messages.

Since RINEX formats are based on ASCII files that can get quite large (for instance a
mixed RINEX observation file, with records every second, can reach sizes in the order of
300MB), a dedicated compress/decompress algorithm was developed by Yuki Hatanaka
he Hatanaka compression scheme is commonly used to reduce the size of RINEX files,
resulting in an ASCII-based CompactRINEX or CRINEX format.

| 3.04 OBSERVATION DATA M (MIKED) RINEX VERSION / TYPE
Assistant 1.0 StaticToRinex 20211007 152244 LCL PG / RUN BY / DATE
G = GPs R = GLCNASS € = BDS COMMENT
5 = SBAS J = QIZss E = GALILEOQ COMMENT
I = IRNSS COMMENT
0aag MRREER NEME
13€0879072 MAREER NUMBER

MARKER TYDE
CBSERVER / AGENCY

5580662100058 GEOELECTRONIC 1.0.2021-04-13- REC § / TYPE / VERS
a ANT 3 / TYPE
300€504.3530 55€5755.7827 APPROX POSITION XYZ
0.0000 0.0000 ANTENNA: DELTA H/E/N
=3 12 C1C L1C D1C S1C C2M L. D2M S2M C2L L2L D2L S2L 5¥Ys / § / OBS TYDPES
R 8 CIC LIC DIC S1C C2C D2C 52C SYS / ¢ / OBS TYPES
c 8 C2I L2I D2I S2I C7I L7I D7I S7I S¥S / # / OBS TYPES
E 8 CIC L1C DIC S1C C7Q L7C D7Q S7Q SY¥S / # / OBS TYPES
DBHZ SIGHMAL STRENGTIH UNIT
1.000 INTERVAL
2021 10 a7 1z 24 32.0870000 GRS TIME OF FIRST OBS
2021 10 o7 13 20 14.0940000 GPS TIME OF LAST OBS
a RCV CLOCE CFFS APPL
& LIC 0.00000 SYS / PHASE SHIFT
& LzM 0.00000 S¥S / PHASE SHIFT
& LZL -0.25000 SYS / PHASE SHIFT
R L1C 0.00000 S¥S5 / PHASE SHIFT
R LIC 0.00000 S5YS / PHASE SHIFT
€ L2I 0.00000 SYS / PHASE SHIFT
C L7I 0.00000 S¥YS / PHASE SHIFT
E L1C 0.50000 S¥S5 / PHASE SHIFT
E L7Q -0.25000 5¥S5 / DHASE SHIFT
GLOMASS COD/PHS/EIS
18 LERP SECONDS
** Bhove antenna height is from mark to PHRSE CENTER. COMMENT
Q o 0.0000 ANT MEASURE TYPE/HEIGT COMMENT
0.0000 0.0000 0.0000 o.0000 0.0000 COMMENT
ROVER STATION COMMENT
END OF HERDER
2 8
24 32.0570000 0 10 0.000000000000
SE 12184%&3: a5 lges.s500 35.000
-108 112875518.€72 & —-3€15.€45 34.000
.33 105530873.111 & -301.27¢ 40._000
C05 15454305.05¢ 102233083.550 7 -179.740 43.000

Gll 2201457€.732 115€273280.363 § 1845.38458 34.000

Figure 4.6: Screenshot of a RINEX Obs 3.04.

[9] [10]
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Chapter 5
The positioning

The idea of the positioning technique used by GNSSs systems consists in pseudo-range
multilateration.

Let’s start with the simplest case of trilateration (or more precisely true-range trilat-
eration, i.e. defined with correct distances from known references): it is a geometrical
problem that consists in determining an unknown position on a 2D plane using the dis-
tances from two or more known reference points. In two-dimensional geometry, if a point
lies on the intersection of three circles, then the circles’s centers and the three radii provide
sufficient information to compute the position (Fig. 11.1). While in three-dimensional
space, the radii and coordinates’ centers of three intersecting spheres are needed to place
the unknown point (the intersections are two points, but one can be easily dismissed,
because it lies far out in space); however, unless the centers lie on a straight line, a fourth
sphere’s radius and its center’s coordinates are required to estimate also the the time
synchronization of the onboard clock, as shown in Fig. 11.2.

Satellite 1

e

Figure 5.1: Bidimensional positioning. Figure 5.2: Tridimentional positioning.

In the satellite navigation case, each distance measurement from a SV places the
receiver on a spherical shell. By taking several of such measurements and then looking
where they meet, a fix is generated. These measurements are known as pseudo-ranges,
and they are “pseudo” because the raw distance’s estimations contain some errors and
delays (as it will be described in Section 5.3).

The fix is calculated from the ranges using iterative algorithms of Weighted Least
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Squares or Kalman filtering as it will be seen in Chapter 6.

5.1 Ranging Measurements

There are three types of measurements done by the receiver during the signal acquisition:
the arrival time 7, the Doppler shift f; and, if the ultimate precision is desired, the
carrier phase offset 00. In the PNT the key measurement that leads to the estimation of
the position is 7: as long as GNSS signals are electromagnetic waves traveling at the speed
of light, knowing the time of arrival and the time of transmission, the distance between
the receiver and the satellite (i.e. pseudorange) can be obtained. These signals have
frequencies in L-band, more precisely between 1.2 and 1.6 GHz, an interval that allows
measurements with affordable and compact instrumentations and they are not affected
severely by degradation due to the atmospheric environment. Usually, GNSSs transmit
in more than one frequency, as it will be explained on Section 5.3.1, to compensate the
effect of ionospheric delay, (concept inherited by Transit design).

L1 Carrier 1575,42 MHz
WS, —— 2 L1 e
CrA Code 1,023 MHz

MNAV/System Daten 50 Hz

i S a0 R

P-Code 10,23 MHz

@ Mirer

@ Medulo 2 Sum

L2 Carrier 12276 MHz

A VAW s 50 L2 001

Figure 5.3: GPS signal modulation with two frequencies.

The informations carried by the signals are extracted from the receiver thanks to the
tracking loop (i.e. DLL or Delay Lock Loop, see Chapter 4), which compares and aligns
the local copy of the PRN sequence (pseudo-random noise, that is used by the receiver
to identify a SV from its signal) to the one received. The receiver continuously measures
the instantaneous code phase, the transmission time and the signal propagation time,
and, upon multiplication by the speed of light ¢, the distance between the user and the
satellite.

To reach a good fix of the position, the time offset of the satellite’s clock must be also
estimated: satellites are equipped with highly stable onboard clocks (rubidium or cesium
atomic frequency standards or also hydrogen masers, as in Fig. 5.5), whose time offsets
can be accurately predicted. All the parameters and the model (usually polynomial) to
compute the satellite’s clock bias are provided in the navigation message. [1]
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5.2 Time reference frames and clocks
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Figure 5.4: Different times references.

As long as the Global Navigation Satellites Systems must provide an optimal accuracy
and precision, the time reference frames have become more and more uniform and well-
defined. In the past, the Earth rotation was used as a time reference, generating the well
known Universal Time (UT) and Greenwich Sidereal Time (GST). However, the motion
of Earth is irregular, it is drifting periodically and secularly due to the distribution of its
mass, thus, the Atomic Time (AT) was introduced to provide a more stable and accurate
time reference. UT diverges from AT along the time, for this reason UTC was defined.
UTC is an atomic time that keeps itself within 0.9 s from UT, thanks to the introduction
of the leap seconds.

GNSS System Time

As long as the measurements of distance are derived from a measurement of time, the
time reference must be well defined to ensure a good position fix. Thus, all satellite
navigation systems rely on very accurate clocks and time standards. To suit the needs
of internal time synchronization, each GNSS maintains a specific system time. The time
systems of the four global navigation satellite systems, GPS, GLONASS, Galileo, and
BeiDou are realized by using different clock technologies and have different ¢, and offsets
with respect to Atomic Time.

GPS time (GPST) is determined from atomic clocks within the GPS Control Segment
as well as the atomic frequency oscillators onboard the GPS satellites. GPS time deviates
from UTC by at most 1s. However, GPS time is not adjusted by leap seconds and, thus,
it is permanently late by a constant amount from AT: ¢(GPS) = AT — 19s.

GLONASS Time (GLST) is always 3h ahead of UTC because of the time zone dif-
ference between Greenwich and Moscow. Thus, t(GLONASS) = UTC + 3h; GLST is
obtained from hydrogen-masers in the GLONASS ground segment and synchronized to
UTC using two-way time transfer with a specified tolerance of 1s.

Both the Galileo and BeiDou System Times show a constant offset from the Atomic
Time. The origin for Galileo time is defined to be identical to that of GPS Time, but
the origin for the BeiDou time system has been chosen as January 1.0, 2006 UTC. Thus,
t(Galileo) = AT — 19s and t(BeiDou) = AT — 33s. Similar to Galileo, continuous
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time scales with a fixed —19s offset from AT are also adopted by the Japanese Quasi-
Zenith Satellite System (QZSS) and the Indian Regional Satellite Navigation System
(IRNSS/NAVIC).

Clocks

Figure 5.5: Passive Hydrogen Maser Clock; navigation satellites have extremely precise
atomic clocks on board. Atomic clocks use the oscillations of a particular atom as their
“metronome”, while receiver’s clocks are small quartz oscillators.

GNSS receivers usually use Quartz Crystal Oscillators as clocks, which are based on
properties of piezoelectric materials which can produce electrical signals by mechanical
deformation; thus, if it is linked to an electronic circuit, it is possible to create an electri-
cal signal with a precise frequency by using the mechanical resonance. While an atomic
clock, that is used onboard of navigation satellites, is based on the interaction of electro-
magnetic radiation with the excited states of certain atoms (i.e. cesium and rubidium).
As onboard clocks, hydrogen masers,in Fig. 5.5, are also used, they are the most sta-
ble frequency standards commercially available for use in laboratory and ground station
environments. A maser (Microwave Amplification by Stimulated Emission of Radiation)
produces coherent electromagnetic waves through amplification by stimulated emission.

Both receiver’s clock and onboard clock are not perfect, hence a model to estimate
the time’s offset is needed to have a correct estimation of the time of flight of the signal.

The onboard clock offset can be calculated thanks to a polynomial model, whose coef-
ficients are broadcasted by the satellite in the navigation message; the model is quadratic:

At = ag + ay(t — Toc) + ay(t — Toc)? — 2% (5.1)
c

where Toc is the Time of Clock and it is the reference time (written in the navigation
message), ag (called clock offset), a; (called clock drift) and as (called clock jerk) are
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the polynomial’s coefficient and Z3 is the relativistic correction (it is explained better
in Section 5.3.2). These coefficients (Toc, ag, a; and as) are updated every 1-2 hours
(depending on the system’s ephemeris’s update).

The receiver’s clock bias affects the computation of the position significantly, but
unfortunately it is unknown. Thus, this offset is estimated with the position thanks to
the least squares algorithm: using this method (described in Section 6.1.1), it is possible
to approximate iteratively the three coordinates that determine the position and the
receiver’s clock bias; if the number of measurements (provided by satellites in sight) is
n > 4; the more are the measurements the more are the unknown that can be estimated.

[1] 4]

5.3 Source of errors and error mitigation

In this Section are illustrated the most significant sources of error in ranging positioning;
the first type of delays is due to the atmosphere in particular ionosphere and troposphere,
while the in the second group are listed all the others (which can lead back to noises,
instrumentations or second-tier phenomena as relativity). In the Table 5.1 are listed all
the sources of errors and their potential error size.

Error type Potential error size Residual error after mitigation

ECEF rotation 20-30 m 0

Ionospheric delay 2-10 m in zenith direction  Single frequency 50-70% of iono delay*
Dual frequency 0 m**

Tropospheric delay  2.3-2.5m in zenith direction 0.1-1 m
Multipath 0.5-1m Depending on antenna’s design
and enviroment
Relativity overall ~ 1m ~ (0 m
Instrumental delays <lm <1 cm
Receiver noise 0.25-0.5 m Mitigation through receiver’s design

Table 5.1: Table of GNSS errors and delays and their potential size (* depending on
ionospheric correction model used, ** iono-free combination reduces up to 99.9% of iono
delay). [3] [1]

5.3.1 Signal propagation in refractive and dispersive media

GNSS signals are affected by the medium through which they propagate: they travel with
a speed equal to ¢ = 299792458 m /s for almost all their journey, then in the last 1000 km
(which corresponds to the final 5% of distance traveled) they encounter the atmosphere.
In particular the ionosphere is a layer of the atmosphere in which solar radiations ionize
gasses, hence the signals have to travel through a electrically charged environment; then
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Figure 5.6: Difference of path due to atmosphere for GPS signal

at 40 km the signals encounter troposphere which is neutral, but contain a variable rate
of vapor and humidity, which can change the index of refraction of the medium.

As shown in Fig. 5.6, the refraction changes the path of the signal and the speed of
propagation, hence this alterations lead to a different time of travel and an apparently
bigger range; the refractive index of the atmosphere is not uniform, thus the signal travels
on a curved path (Snell’s law) making the path longer than the geometrical straight
line. If the refractive index of a medium depends on the frequency of the signal it is
called dispersive. Because of this ionosphere’s property, GNSS signals are affected by the
code-carrier divergence, to explain it, the concepts of phase velocity and group velocity
must be introduced.

s(x,t) is a monochromatic sinusoidal wave, moving in the x-direction:

s(x,t) = sgcos (wt — kx + ¢p) (5.2)

where s is the amplitude of the wave, w is the circular frequency which is w = 27/T', k
is the wave number which is k = 27 /. The phase of the wave is constant if (wt — kx) is
constant, for example:

xr = %t = vt (5.3)
where v, = XA - f = % = £ is the phase velocity of the wave. Hence, it is possible to
rewrite the 5.2 as:

s(x,t) = spcos [w(t — x/vp) + ¢ (5.4)

The all sinusoidal pattern moves along the x-direction with speed v,. The wave is mod-
ulated in time, hence, as an example, with the expression of a simple AM modulation
is:

s(t) = cos (wpt) cos (wet) (5.5)

where w, is the carrier circular frequency and w,, is the modulation circular frequency, thus
Wy <K We. In the case of GPS w. ~ 1.5GHz and w,, ~ 1M Hz. Thanks to trigonometric
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identity, the modulated signal can be rewritten as:

s(t) = % [cos (we + wim )t + €os (We — Wi )t] - (5.6)

Hence, if s(t) travels through a dispersive medium, each of the sinusoidal signals travels
at a slightly different speed.

s l ETII‘I!E

Transit Phase i vy

Time

----- Incoming signal

Outgoing signal

Figure 5.7: Propagation of a modulated signal in a) free space b) in a dispersive medium.
After the signal traveled a distance x in the dispersive medium:
s(xz,t) = % [cos ((we + wm)t — (kK 4+ Ak)x) 4 cos ((we — wi )t — (K — Ak)x)] (5.7)
And using the same trigonometric identity:

s(x,t) = cos (Wt — Akx) - cos (wet — kx)

(5.8)
= COS Wy, (t — <%>x) COS W, (t — ﬁx)

Wm We

As wy, gets smaller, Ak/w,, — dk/dw, hence:

s(z,t) = coswp, (t - %x) COS W, (t — %x) (5.9)
The modulation function cos (wy,t) travels with a group velocity v, = Z—“,:. In free space
Vg = Up, thus the net result it’s an envelope riding on top of the carrier waves, both
propagating at the same speed. While in a dispersive medium, as the wave travels along,
the envelope riding on them travels slower, i.e. v, < 1,. This leads to a too long
measurement, of the code phase and a too short measurement of the carrier phase. It
follows that position error occurs. [3]
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Ionospheric delay

The ionosphere extends from 50 km to about 1000 km over the Earth’s surface and it
is composed of different layers (D, E, F1 and F2) with varying content of ions (F2 at
250-400 km has the highest electron density). However, the electron density can change
substantially between day and night and also from day to day depending on solar activity.
We can define TEC', Total Electron Content, as the electron columnar number density
(the number of electrons in a tube of 1 m? cross section extending from the receiver to
the satellite), i.e.:
TEC = / ne(l)dl (5.10)
sat
where n.(l) is the electron density along the signal’s path and the integral is done along
the signal path from the satellite and the receiver. Since the signal’s path is shorter if
the satellite is on the zenith, the nearer is the satellite’s elevation to 90°, the lower is the
TEC.

The refractive index for a radio wave of frequency f is:

40.3n,
n,~1— 2
where n, is the phase refractive index and n. is the electron density. From 5.11, the
excess phase delay (in seconds) A7, can be computed:

(5.11)

1 (R
AT, = Z/s (ny,(1) — 1)di

1 [ 40.3n.(])
_ _ Zete\r) 5.12
: / a (5.12)
_40.3 -TEC

cf?

AT, < 0, thus the phase is in advance and it is proportional to the number of the electrons
in the path of the signal. It is possible to write the excess phase delay in meters:

40.3-TEC
From the definitions of phase velocity and group velocity: n, = n, + f d%, hence:
40.3- TEC
Wl
40.3 - TEC (5-14)
]p == T

The signal path length through the ionosphere varies with the satellite position in the sky:
the lower the satellite, the longer the path length and the higher TEC'; to characterize
TEC along the signal path the obliquity factor OF' is introduced:

I(¢) = 1. - OF(C) (5.15)
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where ( is the zenith angle, I, the zenith delay, I({) the ionospheric delay and OF' the
obliquity factor. The OF' can be calculated relating vertical TEC' to T EC' on the line of
sight:

TEC(() = - TECYy (5.16)

cos ('

where the OF is the 1/ cos(’, see Fig. 5.9; to rewrite the obliquity factor as function of
known parameters using the law of sines:

. . Y
sin¢  sin( (5.17)
Reg+h Rg
hence, it becomes:
Rpsin(\27-1/2
OF = [1 - (—) ] (5.18)
Rp+h
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Figure 5.8: Ionospheric layers. sphere.

There are 2 different ways to face the problem of the ionospheric delay: the first one
consists in applying corrections provided by an empirical model whose parameters are
broadcasted by the satellites and it is usually employed from receivers limited to only
one frequency; the second one is used if the receiver can get 2 or more frequencies and it
relies on the so called iono-free combination.

The most used empirical models to correct the ionospheric delays are NeQuick-G
(used by the Galileo system) and Klobuchar. NeQuick-G is a three-dimensional and
time dependent ionospheric electron density model based on an empirical climatological
representation of the ionosphere, which predicts monthly mean electron density from
analytical profiles, depending on solar-activity-related input values [11]. Klobuchar is
named after his contriver John A. Klobuchar, and it represents the zenith delay I, 1, as
a constant value at nighttime and a half-cosine function in daytime:

L. 1q { A+ Ay COS%;AS) (5.19)
A ‘

C

where A, 4 are parameters listed on the navigation message, while A, 3 are fixed.
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A user equipped with a dual frequency receiver can estimate the ionospheric group
delay and the phase advance and essentially delete the ionosphere as a source of error.
As it will be seen in Section 5.4, the pseudorange model can be written as:

Py = %+ cldt, —dt* + 0" + I3, + T}, + ey (5.20)

where p® is the geometric distance between the receiver and the satellite, dt, and dt;
are the time of arrival and the time of transmission of the signal, t" is the relativity
correction, I7, is the ionospheric correction, 77, is the tropospheric correction and ej; is
a term containing all receiver’s noises and multipath errors (see Section 5.3.2 and 5.4).
It is possible to write 5.20 as a contribution of the ionosphere-free pseudorange prr and
ionospheric delay (expression 5.14):

A
Pr1 = Pprr + R (5.21)
fia

where A =40.3-TEC. Both A and p;r can be estimated from dual frequency measure-
ments, hence the ionospheric group delay becomes:

A fta

Iy == (pr2 — pr1) (5.22)
[l i — T
Hence, the iono-free pseudorange is:
[T fis
PIF = S5 3 PL1 — 75— 5 PL2
fin = fis fir = fis (5.23)

= 2.546 - pry — 1.546 - pro.

Thanks to this strategy the ionospheric error can be deleted, but other sources of errors
(as troposphere) are not; moreover, the combination of two measurements leads to an
higher level of noise.

3] [12]

Tropospheric delay

The troposphere is the lowest layer of the Earth’s atmosphere, it extends from the surface
to more or less 18 km. In this part of the atmosphere weather phenomena take place,
therefore most of the water vapor and aerosols are concentrated here, more precisely the
most of water vapor is below 4 km and all of it is below about 12 km. At higher regions
of the troposphere, dry gasses can be found in gradually thinning quantities. Unlike
the ionosphere, the troposphere is neutral and non-dispersive for GNSS frequencies
(hence it is not possible to cancel its effect with dual frequency measurements), but
the speed of the signals crossing this medium is lower (because the refractive index is
larger than 1, at the sea level n ~ 1.0003), hence the apparent range is longer (generally
by 2.5-25 m depending upon the elevation of the satellite). This delay depends on the
temperature, pressure, humidity as well as the transmitter and receiver antennas location
[4]; more precisely the refractive index of a medium depends upon its density, which
can be calculated as the sum of the densities of dry gasses and water vapor and these
densities are function of partial pressures of the components and temperature. Dry and
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wet components influence the propagation of a signal in a different way, hence they are
modeled independently taking into account also the slightly different composition of the
atmosphere changing with respect to time, latitude, longitude and altitude and season.
3]

A brief description on the atmosphere dry and wet component effects on the GNSS
signals is given as follows:

e Hydrostatic component delay: it is caused by the dry gasses present at the
troposphere (78% N2, 21% 02, 0.9% Ar ect...). Its effect varies with local temper-
ature and atmospheric pressure in quite a predictable manner, besides its variation
is less than the 1% in a few hours. The error caused by this component is about
2.3 meters in the zenith direction and 10 meters for lower elevations.

e Wet component delay: it is caused by the water vapour and condensed water in
form of clouds and, thence, it depends on weather conditions. The excess delay is
small in this case, only some tens of centimeters, but this component varies faster
than the hydrostatic component and quite randomly, being very difficult to model.

The dry atmosphere can be modeled from surface pressure and temperature using the
laws of the ideal gasses. The wet component is more unpredictable and difficult to model,
thence for high precision navigation, this delay is estimated together with the coordinates.

The tropospheric delay depends on the signal path through the neutral atmosphere,
and thence, can be modeled as a function of the satellite elevation angle. Due to
the differences between the atmospheric profiles of the dry gasses and water vapour it is
better to use different mappings for the dry and wet components.

Several nominal tropospheric models are available in the literature, which differ on
the assumptions made on the vertical profiles and mappings. Basically, they can be
classified in two main groups: Geodetic-oriented or Navigation-oriented. The first group
Sastamoinen, Hopfield, among others are more accurate but generally more complex, and
need surface meteorological data, being their accuracy affected by the quality of these
data. The second group is less accurate, but meteorological data is not needed.

[13]

5.3.2 Other types of delays and corrections

In this Section other types of delays and errors are listed and explained: the relativistic
effect, the multipath and the instrumental delays.

Relativistic effect

GNSS may be considered as one of the first practical applications where relativistic effects
are taken into account, not just from the theoretical point of view, but as a regular
engineering constraint on the overall design requirements [14]. Relativity, both general
and special, show up in GNSS in two different ways:

e deviations of the satellite clock frequency (§t7%): according to the Special Theory

of Relativity, a clock aboard a satellite traveling at constant speed would appear to
lose time relative to a clock on the ground, while, according to the General Theory
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of Relativity, a clock in a satellite would run faster than one on the ground due to
the difference in gravitational potential, thus the net effect for a MEO satellite is a
gain of 38.4 us per day.

e delays affecting the signal path due the Earth’s gravitational potential (§¢7¢!) known
also as the Shapiro effect: assuming a user on the surface of the Earth, the maximum
Shapiro effect is approximately 60 ps or 2 e¢m for medium Earth orbit (MEO)
satellites for satellites on inclined geosynchronous orbits (IGSO), it is on the order

of 70 ps.

These effects caused by special and general relativity lead to a frequency offset of the
onboard clock with respect to a ground-based clock. To mitigate this effect, the satellite’s
clock frequencies are actually offset from their nominal values. However, noncircular
satellite orbits cause deviations from the mean frequency offset. The correction can be
formulated using the satellite’s position and velocity vector:

2
5t = —g(rs v (5.24)
[14]
Multipath and noise
5 N )
4 S ——
o S | GPS Antenna

Signal | 1

Conductive rings

Figure 5.11: Choke ring antenna to re-
Figure 5.10: Multipath in a city. ject multipath.

When signals reach an antenna via two or more paths the multipath phenomenon
occurs; it is caused generally by the multiple reflection of the signal from the ground
or from structures in the nearbies. The reflected signal is usually weaker and delayed
with respect to the direct one. A simple, but not always possible solution is to place the
antenna far from every obstacle to reduce the reflection, then there are some antenna’s
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design that can reduce it, as the choke ring antenna (i.e. a particular form of omnidirec-
tional antenna which consists of a number of conductive concentric cylinders around a
central antenna, see Fig. 5.11).

1]

Instrumental delays

The capability of commercial receivers to track multiple GNSSs poses the problem of
mutual alignments of reference frames and time scales [15]: GNSS receivers are affected
by systematic offsets related to delays in the analogue or digital part of the overall signal
generation, transmission and processing chain. These instrumental delays affect both,
code and carrier measurements. The receiver instrumental delay is lumped in the re-
ceiver clock. The total bias can be splitted into a receiver-dependent d,.; and a satellite-
dependent term d (where r stands for receiver, s for satellite and j for the signal), since
the receiver-dependent part is equal for all the signals received and tracked by the same
receiver, while the satellite-dependent term is assumed to be equal for every receiver
tracking the corresponding signal. The j identifies the frequency and signal, because the
processing chains of the signals differ, thus their instrumental delays may differ. The
absolute delay of a single signal is unobservable, only Differential Code Biases (DCBs)
become observable by selecting one signal (or a combination of signals) and referencing
the other signals to it. A differential code bias d} , is defined as the difference between
the absolute biases of the signals A and B dP4 = d% — d%. For each navigation system,
the system time refers to a specific signal or to a signal combination, and the satellite
clock correction terms refer to the deviation of the satellite clock from the system time.
The absolute biases of the reference signal or combination are unobservable and lumped
into the satellite clock correction terms. In the case of GPS, the ionosphere-free combi-
nation of the legacy P(Y) signals on L1 and L2 is used as a reference to compute the
clock solution. If a user processes single frequency observations or a different combination
of observations, the corresponding biases must be corrected for. For this purpose, each
GPS satellite transmits a correction parameter, the so-called Time Group Delay TGD,
which allows the correction of the bias between the ionosphere-free linear combination
of L1/1L2-P(Y) signals and the single-frequency P(Y) signals. The TGD is expressed in
terms of the L1/L2 P(Y) DCB as:

TGD:—f—’%?( y —dy ) (5.25)

2 7 \dgciw — Ggoaw :
Jin — Jia

In this notation, the frequency index j has been replaced by a four-letter signal label,
which consists of the three-letter receiver independent exchange (RINEX) v3 observation
code preceded by a satellite system indicator, in this case G for GPS. With the help of
the time group delay correction, the P(Y) single frequency observations can be aligned
with the ionosphere-free clock reference. The newer generation of GPS satellites will also
transmit so-called Inter-Signal Corrections (ISCs), which contain the necessary DCBs
for single-frequency positioning with C/A, L2C, and L5 code. In addition to the TGD or
ISC values provided by the navigation system itself, precise estimates of these values are
also available from IGS analysis centers. The situation becomes even more complicated if
observations of different navigation systems are being used. In addition to the previously

49



mentioned DCB corrections, which users may have to apply depending on the signal
selection for processing, two different navigation systems are likely to exhibit offsets
between their system timescales as well. [1]

Within the MGEX ((Multi-GNSS Experiment, i.e. broadcast ephemeris from all
the constellations per day)) files, several GNSS stations make their multi-GNSS data
freely available in the standard RINEX 3 format, which has been specifically designed
to accommodate data from multiple GNSS constellations. An important input to the
reference frame and satellite time scale issues is coming from the IGS (International
GNSS Service) which publishes on a regular basis in the standard SP3 format the
tabular ECEF (earth-centered, earth-fixed) coordinates in the IGS08/IGb08 reference
frame and clock offsets of the satellites relative to a common time scale (e.g., GPS) of
several, though unfortunately not all, GNSS systems. [15]

5.4 Pseudorange model

In this Section the pseudorange model is introduced, using all the concepts explained in
the previous Chapters. The measured time of travel of the GNSS signal is affected by all
the phenomena listed in Section 5.3. Hence let’s name the time of arrival 4 and the time
of transmission tg and the signal travel time 7 (that is about 70-90 ms depending on the
position of the satellite with respect to the receiver), and it is possible to write ¢4 as:

1 1
tA:tE—i_T_'—(Strel—i_ET—i_E[ (526)

stc

where §t7¢ is the relativistic correction due to the space-time curvature, T is the tropo-

spheric correction and [ is the ionospheric correction. While 7 is equal to:

o té
T = —

- (5.27)

where p? is the geometric range computed between the satellite center of mass of the
satellite and the receiving antenna’s reference point and & is the phase center offset
of the transmitting and receiving antenna. Since the local oscillator of the receiver is
not synchronized with the GNSS time, the measured arrival time 4 (as measured by
the receiver) deviates from the true arrival time due to the receiver clock offset dt,,
instrumental delays d, , and other errors like receiver noise and multipath e}, hence:

~ 1
ta=ta+dt, +d, + -¢] (5.28)
C

The signal emitted by the satellite is affected by the clock offset of the onboard clock

dt*, the instrumental delays d*, and the relativistic effect 575!, Summarizing these terms

leads to the following expression for the apparent emission time tg:

tp =tg + (dt* + 6750 + d° (5.29)

Hence the pseudorange measurement is given by:
pi = c(ta—tg) (5.30)
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. Substituting 5.26-5.28 into 5.30 and introducing the signal identifier j:
P =P+ &+ eldy —d5) + cldt, — dt® + 6t + I3, + TS, + ef (5.31)

The p; term must be further corrected because of the rotation of the Earth-Centered
Earth-Fixed reference frame during signal propagation (the Sagnac effect): during the
time of flight, the reference system rotate by a not negligible angle that is 7 - wg, where
wp is the Earth rotation rate, thus:

pr =V [(te) +wet -yt — o+ [y (te) —weT - 2* — 42+ [25(te) — 22 (5.32)
that comes from the multiplication of the x3, which is the position of the satellite at the

time tp = t, — 7 in the ECEF reference frame at ¢z, and the rotation matrix to transform
the ECEF reference to tg to tu:

coswgpT sinwgT 0 x° +wg - y°
x° = |—sinwpT coswpT 0| x5~ |—wg-2x°+y° (5.33)
0 0 1 25

In 70-90 ms of signal transit time, the earth rotation amounts about 7-10~% radians, hence
it is justified the simplification: coswgrT &~ 1 and sinwgT ~ wET; this rotation may seems
small, but it can introduce an error of 10-20 m. [1] [3] [16]
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Chapter 6

Position and Velocity Estimation

The theory and the methods for the complete PVT fix are explained in this following
Chapter.

In the first Section 6.1, the main techniques to solve the pseudoranges multilateration
problem are presented. Generally two types of algorithms are used: the Weighted Least
Squares and the Kalman Filter.

In the second Section 6.2 of this Chapter, the Doppler’s model and the speed estima-
tion are illustrated and in the third 6.3 a complete algorithm for the computation of both
position and speed is described using a multiGNSS strategy, hence with data coming
from all the constellation visible.

6.1 Pseudoranges positioning

In this Section the two most used algorithms to solve the multilateration problem are
explained, they are:

o Weighted Least Squares: method for estimating the unknown parameters in a linear
regression model, minimizing the measurement residuals (i.e. the difference between
an observed value, and the fitted value provided by a model);

e Kalman Filter: in case of dynamic parameters, the Kalman filter estimates them
recursively with a strategy of prediction-update.

The least squares method (in particular the Weighted Least Squares algorithm) has been
used in the software’s code, while Kalman filtering is presented for completeness.

6.1.1 The Least squares algorithm

The least squares method was developed and published in 1805 by Adrien-Marie Legendre,
but it was attributed also to Carl Friedrich Gauss who may have previously used it in his
work.

The geometrical problem consists in finding the position of a point knowing its dis-
tances from other known points in a 2D or 3D space.

In other words, the least squares algorithm estimates the solution of overdetermined
systems by minimizing the sum of the squares of the residuals. Least squares method
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can be classified in two categories depending on whether or not the residuals are linear
in all the unknowns (linear or ordinary least squares and nonlinear least squares). The
linear least squares can be analytically solved while the nonlinear problem is usually
solved by iterative ways; at each iteration the system is approximated by a linear one,
and thus the core calculation is similar in both cases.

LS model
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Figure 6.1: Least squares method scheme. [17]

For simplicity, the problem solved is bidimentional. First of all, the geometrical
distance p; in 2D is computed:

pi =V (T — 20)% + (yi — %) + €& (6.1)

where z; and y; are the coordinates of the known points (with i = 1...n), (x¢, yo) are the a
priori coordinates of the unknown point and ¢; is measurement error. The distances p; are
known from measurement campaigns, so there are n equations, one for each known point.
Therefore, the solution is found by solving an algebraic, non linear and inhomogeneous,
system. To solve the system, J?(zg, o) has to be defined: it is a functional that consists
in the sum of the squares of all the differences between the measured distances (p;) and
the calculated ones v/(x; — 20)2 + (y; — yo)%:

n

T (w0, 90) = Y (pi = /(@i — 20)? + (i — %0)?)° (6.2)

=1

Geometrically J?(xg, 1) is a tridimensional surface, more precisely a paraboloid. The
solution of the overdetermined system coincides with the minimum of this tridimensional
surface; it can be derived with respect to the couple (xg, o). If the minimum is sought
in the neighbourhood of the solution couple (o, @), the expression could be linearized;
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if the distances computed with respect to (o, @), are called p;, the difference between
the distances is: y; = p; — p;. Consequently, the Taylor expansion of y; is:

O/ (@i — 0)? + (yi — 0)?

%= 0xg 20=20,Y0=Y0 (%0 = 2o)
O/ (i — x9)% + (i — y0)? 03
+ o (Yo —%o) + ...
T0=20,Y0=Yo
and then, computing the derivatives:
O/ (i — 20)? + (yi — Y0)? L T; — Zo
Ao To=Z0,Y0=Y0 \/(l‘z - @)2 + (yi - @)2
O/ (i — 20)® + (yi — o)? L Yi — Yo o4
Yo 20=20,%0=Y0 \/(xZ —x9)? + (y; — @)2.

These terms are the versors defining the directions of each distance between the known
points and the (2, y), hence it is possible to factor out this terms in a matrix (H matrix
of partial derivatives) and write:

y=HAz +¢ (6.5)
where H is: ~ -
__XTp1—X0 __Yrp1—Yo
PP1 PP1
__ZTp2—X0 __YpP2—%o0
pP2 pP2
H = | —%Zp3—%0 _ ¥p3—%0 (66)
PP3 pPP3 !
__ZTpn—%0 __YpPn—Yo0
L PPn PPn |

where (xp;, yp;) are the known points’ coordinates.
The functional J?(Ax):

JA(Az) = [ — HAx] [y — HAz] = 6.7
7 y—y HAx — Ax"HTy + AeT HT HAx. )

It is important to notice that J? is a scalar. The Ax that minimizes J? is found
putting the derivative of J? with respect to Az equal to zero:

H"HAz = H'y (6.8)
Assuming that HT H is invertible:

Ar = [H"H|"'H"y (6.9)

HTH is invertible if the observations are linearly independent, that means the known
points must be spreaded around the unknown point evenly and not distributed in a line.
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The Ax found is the vector that has to be summed to the a-priori coordinates (g, yo)
to update them in the position of iteration 1 (z1,y;). The next iteration, the coordi-
nates computed (z1,y;) become the new a-priori coordinate to be updated (z¢,yo). The
algorithm could take time to converge, but generally in 3, 4 iterations a good precision
is achieved; anyway it is possible also to stop the algorithm checking the norm of the
residuals: if the norm of the residuals is below a certain threshold, a possible solution has
been reached.

By definition, the covariance matrix is:

AxAz” = [H'H)'9"y, (6.10)

from this matrix, it is possible to get some important information.
gy’ is the covariance matrix of post-fit residuals:

gy" = Io; (6.11)

it is diagonal and contains measurements’ variances (thus is nxn).

HT H is representative of the distributions of the known points in the plane (i.e. of the
satellites” distribution in the sky), the more they are spread evenly around the unknown
point, the more the determinant of H” H is far from zero.

[16]

Weighted Least Squares application

In GNSS a position in a tridimentional space must be found, hence all the formulas in
the previous paragraph have to be re-written adding a dimension, for example the 6.1
become:

pi = V(@i — 20)2 + (i — 90)? + (2 — 20) + € (6.12)

Moreover, in the pseudorange problem, the receiver’s clock bias is unknown too, thus

an additional unknown must be estimated in the algorithm; for this reason the matrix H

is n X 4, where n is the number of measurements (in view satellites) and 4 equals to 3
spatial coordinates plus one temporal (if the data are from 1 constellation only):

[ Tsi1—®o _ Ysi—Yo _ 251—%0
PS1 PS1 PS1
_ Xs2—X0 __Ys2—Yo __RS2—%20
ps2 pPS2 ps2
H = | —%ss—%o _¥Yss—¥0 _ 283~ %0 1 (6 13)
Ps3 Ps3 Ps3 ’
__TSpn—%0 __ YSn—"Y0 __ ZSn—20 1
L PSn PSn PSn

thus HTH is 4x4, (if there is data from for example GPS+Galileo, the columns of H
become 5, see Chapter 7).

Often, some measurements are not as good as the others, some can have a greater
error (due to multipath and noise), hence the measurements quality can be incorporated
in the fitting criteria by introducing a weighting matrix W. [18§]

This matrix W is diagonal and w;; can be one or zero, where the w;; are the weighting
parameters; they can be selected with different criteria: using a threshold on the elevation
and putting the weight equal to zero if the satellite is below it, checking the pre-fit or
post-fit residuals, checking the signal-to-noise ratio on the RINEX file etc...
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Introducing this matrix, the functional J* become:
J*(Az) = [y — HAz]" W[y — HAxz] =
(Az) = [y Wy ] (6.14)

VWY — 7 WHAz — AcTHTWY + Ae"WHTHAx.
and minimizing it, putting its first derivative with respect to Ax equal to zero:
H"WHAx = H'Wy — Ar = [H'WH]) ' H'Wy (6.15)

This strategy helps in obtaining a better fix, with higher precision, because bad mea-

surements that may lead to wrong positioning are deleted by the zero weights.
It is possible to compute some parameters from the matrix H” H that can be useful

to determine how satellites are spreaded in the sky and consequently and if HTH is

invertible; the first one is the PDOP (Position Dilution Of Precision):
(6.16)

PDOPyp = \[[(HTH)7} + (HTH);} + (HTH)!]
[16] Hence also GDOP (Geometric Dilution Of

if PDOP < 3 data are acceptable.
Precision) and TDOP (Time Dilution Of Precision) can be introduced:
(6.17)

GDOP = \J[(HTH);} + (HTH))} + (HTH)Z1 + (HTH);

TDOP = +\/[(HTH);;"]

Xecef

Figure 6.2: ECEF system of reference and NEU.
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Other DOPs can be obtained by rotating the H” H matrix from the ECEF reference
system to NEU (i.e North-East-Up, that is a local reference, centered on the receiver, see
Fig. 6.2):

dn —singcos A —sin A cos @ cos A ! [dx
de| = [ —sinpsin A cosA cospsin A dy (6.18)
du coS ¢ 0 sin @ dz

Hence, HDOP and VDOP (Horizontal and Vertical Dilution Of Precision) can be intro-
duced:

HDOP = \J[(Hf oy Hyeo)z + (Hy oy Hyew)y)]

VDOP = \/[(Hy gy H) ]

uu

(6.19)

As a rule of thumb, acceptable values are HDOP < 2 and VDOP < 3. [16] [18]

6.1.2 Kalman filter

INIZIALIZZAZIONE
T i
A-’fmn = (HU Hu) lHn Zo
T ~1
o = (Ho Hy)

PREDIZIONE
Axy iy = @J‘AI!U + wy
Pryip = ‘I)fpm‘pf + @y

l

AGGIORNAMENTO
K= BHE Ry + He BHE !

ATy = A2y + Ko (2041 — Hip 1 ATp)e)
P,,.;,“, 1= (f - KH!HHI)H—HM

Figure 6.3: Kalman filter procedure.

The Kalman filter is named after Rudolf E. Kalmén, who was one of the primary
developers of its theory. This method consists in a stochastic algorithm that, from
measurements, data and the statistical model, permits the fix of a user who changes its
positions over time.

The principle of Kalman filtering can be roughly summarized as the weighted least
squares solution of the linearised observation system augmented with a prediction of the
estimate as additional equations. More precisely, it is a recursive method to estimate the
random states of a dynamic system in a way that minimizes the mean squared prediction
error. After its initialization, the Kalman filter follows a recursive two-step procedure. It
consists of the following phases (see Fig. 6.3):
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e Initialization: it is the first phase, in which the algorithm computes the position
at the time ¢y with the least squares method, then, at ¢+ 1 the position is computed
in two different phases:

1. Prediction: a prediction of the state (i.e. the position of the user) and of
the covariance matrix at the time t + 1 is computed from the state and the
covariance matrix of the previous epoch t and from the transition matriz ®;

2. Update: the predicted state and covariance matrix is corrected, from the
observations, measurements and data collected at the epoch t + 1.

In the following paragraphs, the different phases are illustrated.

Initialization
At ty a certain number n of observations is given, hence from the least squares theory:
z=HAx + ¢

where z is the vector of pre-fit residuals equal to z; = Zobserved — Zcomputed, POth referred
to ty. From the minimization of the functional J?, the best estimation of the state vector
and of the covariance matrix at the time ¢g:

Aa;0|0 = (ngHo)ingj,ZO

Pop = (Hg Ho)™"
In a certain number of iterations, the initial position is obtained. The initialization is
necessary because at this point the position of the user is unknown, hence the use of the

least squares method substantially reduces the convergence time of the filter, otherwise
considerable.

Prediction

To get the prediction of the position at the following instant, the transition matrix &
must be introduced; ® propagates the state vector and the covariance matrix:

Awt+1|t = q)tAxt\t + wy
Py = <I>tPt|t<I>tT + Qy

The transition matrix is derived from a model of the dynamics; if the only position
estimation is desired (and not speed and acceleration), it is ® = I, hence the prediction
at time ;1 coincides with the state vector at time ¢;. If a better description of the user’s
cinematics is desidered, it is possible to add components to the state vector, 2 for the
speed (and 2 for the accelerations) in the bidimensional plane, thus the state vector and
® become:

Az = (Az, Avg, Ay, Avy)

1 At 0 0
o _ |0 1 00 (6.20)
Tlo o0 1 oAt

00 0 1



The matrix Q; = wyw! contains in the diagonal the a priori covariance of state vector’s
elements for each axis (in the bidimentional case o2 and o) and it depends on the user
dynamic.

Update

In this phase, measurements obtained in the epoch ¢+ 1 are used to compute z;,; and to
correct the state vector Axtﬂ‘t. Hence:

Azpijpp1 = Axppap + Kopr (210 — Hepr Azpgage)
Prjr = (I = Ken Hy1) Prap(I — Ky He)' + Ko R K

where R; = ee! is the covariance of the errors’ measurements.
K, the matrix of the Kalman gain is defined as:

K = PthT+1[Rt+l + Ht+1PtH£1]71 (6.21)

Therefore the updated covariance matrix become:
Pt+1|t+1 - ([ - Kt+1Ht+1)Pt+1\t (6-22)

[19]

6.2 Velocity estimation

In this Section the model for the speed estimation with Doppler measurements is pre-
sented. In the RINEX files the Doppler data are stored in a column named D1C (if the
carrier is L1 and the code C/A, for L2 C/A it is D2D etc... see [10]) and its unit of
measure is cycles of the carrier per second.

By definition, the Doppler shift is the projection of the relative speed vector, on the
line-of-sight vector multiplied by — f /¢, where f is the carrier frequency of the signal and
¢ is the speed of light: D = —% - f. In the following model the Doppler shift is
expressed in m/s, hence without the multiplication by f/c.

The relative motion between the satellite and the user results in changes in the ob-
served frequency of the satellite signal; given the satellite speed, the Doppler shift can be
used to compute the user velocity. It can be shown that the pseudorange rates (i.e. the
time derivative of the pseudoranges) are:

p° = p°+ (dt, — dt*) + I* + T*

. 6.23
= (V® —vy)  Lios + dt, + € ( )

where v® and vy are the satellite speed vector, obtained from the RINEX navigation data,
and the user speed vector to be estimated, dt*, dt, are the rates of change of the satellite
and receiver clocks (expressed in m/s), I and T are the time derivative of iono and tropo
delays, I, is the user-to-satellite line of sight and ¢ is a combined error. The p* is called

29



pseudodoppler measure. The error due to multipath, ionosphere and troposphere is
usually negligible, hence the main sources of error are the receiver clock drift (the satellite
clock drift is known from the broadcast message and can be corrected) and the prediction
of satellite position and speed v*®.

The equation 11.2 can be rewritten as:

P =V Lo = —Vy - Lios + dt, + ¢ (6.24)

denoting (p* — v - Ijps) = };7“ and writing the 6.24 in matrix notation:

b=-H [;5] +é (6.25)

where H is the matrix of partial derivatives seen in the previous section. Expanding the
6.25:

( ~ )

1 [zs1—%0 Ysi1—Yo  2s1—%20 .
p €
i Ps1 Ps1 pPs1 v 1

2 TS2—X0 Ys2—Yo 28220 1 x €
p ps2 52, ps2 v, 2
~ — ZS3—Z0 S3—Y0 283—20 1 .

= € 6.26
p3 Ps3 Ps3 Ps3 Vy + 3 ( )
s TSn=T0 YSn=Y0 2ZSn=%20 dt, €n
\pn ) L PSn PSn PSn .

where (xg;, ysi, zs;) are the satellites coordinates and (g, yo, z0) are receiver’s coordinates.

It is important to notice the sign of the elements of matrix H, that is opposite of
the one chose for the positioning problem; this is because of the minus sign of v, - Ijos in
equation 6.24. [3]

6.3 PVTZ multiGNSS algorithm

The crucial challenge of modern satellite navigation is to estimate position, time syn-
chronization and speed of a receiver, using simultaneously all the constellations visible in
that precise moment. It is quite a remarkable number of satellites (some tens), seen from
different directions and different elevations, thus with different tropospheric delay. For
this reason, it is convenient to also value the zenithal delay which absorbs residual errors
such as ionosphere, troposphere and multipath, doing therefore a PVTZ.

The variables to estimate are 3 coordinates for the receiver’s position (x,.y,, z.) and
3 components for speed (v,,vy,v,), zenithal delay, a certain number of synchronization
errors equal to the number of visible constellations and their drift. In fact, the receiver
must line up its time scale with all GNSSs, estimating the receiver clock bias and the
receiver clock drift with respect to each time scale. In the PVT generally pseudoranges
and pseudodoppler measurements are used: first data for the position’s computation and
they are affected by clock biases, while seconds are used for the speed and are affected
by clock drift.

In this work, data are collected from 4 constellation (GPS, GLONASS, Galileo and
BeiDou) hence the state vector (i.e. the vector of the unknown) is 15 x 1:

{z y 2z dig dtg dtg dtc ZTD w, v, v, dig dig dig dic}  (6.27)
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where dt is the receiver clock bias plus the system time correction of the different constel-
lations (i.e. G=GPS, R=GLONASS, E=Calileo and C=BeiDou) and dt is the receiver
clock drift and ZT'D is the zenithal tropospheric delay.

If the PNT multiGNSS problem is considered (hence with the computation of the
position only, not he speed), the matrix of partial derivatives is:

r_ TG1—Zo _Y¥YG1—Y%o __RG1—Z0 1 O 0 0-
PG1 PG1 PG1
__T@2—Xo __Ya2—Y0 __2G2—20 1 0 0 0
PG2 PG2 PG2
__TR1—"T0 __Yr1—¥Yo0 __ZR1”Z0 0 1 0 0
PR1 PR1 PR1
__TRn—X0 __Yrn—Y0 __ZRn—Z20 0 1 0 0
— PR PR PR
H = _wE1—n$0 _yE1—nyo _ZEl_nZO 0 0 1 0 (6‘28)
PE1 PE1 PE1
_ TEn—X0 __YEn—Y0 __REn—=20 O O 1
PEn PEn PEn
__ZTc1—%0 __Yci1—Yo __ZC1—20 0 0 0 1
PC1 PC1 PC1
_ Xgon—%0 __Yon—Yo __2Cn—%0 O O 0 1
- PCn PCn PCn -

it is important to notice that in this case the matrix H is n x 7 where n is the number of
visible satellites. The vector of the unknown is:

Tr — Xy

Y—Y

Z— 2y
dt + TSCq (6.29)
dt + TSCr
dt + TSCp
dt + TSCc |

Az

\

where dt is written splitting the effective receiver clock bias dt and the time system
correction T'SC}; of each constellation .

If the Doppler model (presented in Section 6.2) is considered to get also the user
speed and the zenith delay, the pseudodoppler data and the ZT'D must be added and
the matrix 6.28 has to be expanded in the following way:

(6.28) 1/sin(el) 0

H=1" 0 —(6.28)

(6.30)
where el is the elevation of each satellite.

The minus sign of 6.28 on the lower right is due to the adopted model of Doppler, see
equation 6.24.

It is important to notice that theoretically the pseudodoppler depends on the receiver’s
coordinates, hence the submatrix on the lower left isn’t zero, but these derivatives are
really small with respect to the pseudorange derivatives, hence neglecting them is an
acceptable approximation.

61



The unknown vector become:

6.29
Az ={ ZTD (6.31)
6.29

that matches with the vector 6.27.

Vector y of prefit residuals will have 2n rows, where n is the total number of acquired
satellites, assuming that pseudorange and pseudodoppler data are available for each of
them. First n elements’ dimensions are meters, second n elements are meters per second
and not necessarily on the same frequencies. If a weighted least squares is applied, the
data of pseudorange and pseudodoppler are weighted in the same way. [16]
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Chapter 7

Software architecture

In this Chapter the software architecture is presented. The multitGNSS_v3 suite is a
software that permits the PNT of some static receivers (stations) all around the Earth.

Beside the multiGNSS programs presented in Section 7.1, some specific modified ver-
sions have been created for this work to permit different types of analysis (i.e. with
different inputs and outputs), together with the multiGNSSvelocity code (see Section
7.2) which is the brand new program part, designed to compute the user’s velocity with
multiple constellation strategy as the main aim of the thesis initially stated.

The original code is composed by several parts, each with a certain task, grouped in
different directories:

bin: in this directory the third party tools are stored, which are used for example
to decompress RINEX files from the Hatanaka compression;

o AutoMGNSS: in it there are some auxiliar scripts for multiGNSS;
e config: here all the configuration files (.cfg) are saved; they contain all the settings

(the most important are AutoMultiGNSS.cfg and multiGNSS.cfg)
input: this directory is divided in other 4 subdirectories:

1. brdm: it contains all the broadcast ephemeris saved or downloaded named with
their DOY and year and (after the decompression) with the constellation’s
name;

2. obs: this subdirectory is divided into 50 other subdirectories, each of them
contains observation data from a different station;

3. dcb: in it DCB (differential code biases) files are saved, when downloaded from
the internet;

4. sp3: in this subdirectory Sp3 orbit files (known as “Precise Ephemeris”, they
contain data records for the orbit and clock states) are saved;

logs: in it there are some log files in which informations on fatal errors occurred in
the installation or analysis are listed;

mgnssPre: in this directory there are all the scripts used in the pre-processing phase,
these scripts are written in PERL and they permit the download, the decomposition,
the conversion and the smoothing of the data;

program: in this directory the essential functions and the scripts of the software are
stored, they are described in Section 7.1;

mgnssUtil: in this directory there are other functions, which are called from the
main, they are designed for example to convert the date or to process the broadcast
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orbit files;

e results: here all the results and log files are collected, divided in the same 50 stations
subdirectories of the input directory;

e mgnssPost: here all the post-processing scripts and functions are stored together
with the results of the post-processing.

[20]

7.1 multiGNSS v3 Suite programs

In this Section the structure and the functions of the software multiGNSS _v3 suite are
presented; it is a software which puts into practice the theory of multiGNSS positioning
explained in Section 6.3 (N.B. only positioning, not speed computation).

multiGNSS_v3 suite was designed to operate a static positioning of a list of
on Earth stations, downloading the RINEX data of the observation by the respective
websites and the RINEX MGEX (Multi-GNSS Experiment, i.e. broadcast ephemeris
from all the constellations per day) from the IGS website (https://igs.bkg.bund.de/);
it computes also the precision of this fix for each epoch.

This is done thanks to two groups of codes written in MATLAB and in PERL:

e the PERL scripts and functions provide the necessary files (downloading them from
a list of websites) and convert them in a suitable way to ease their reading in the
pre-processing phase (multignssPre directory), see Fig. 7.1 and 7.2;

e the MATLAB part reads the observation files and the ephemeris files, samples them
and computes the position thanks to the software core, the function multiGNSS_v3,
described in detail in Section 7.1.1.
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Figure 7.1: The observation file before Figure 7.2: The observation file after
the decomposition. the decomposition.

Figure 7.3: The decomposition process is done to permit an easier transcription of the
data in MATLAB matrices or vectors. It creates from the obs file some other files, one
for each constellation, with ordered data, such as the one in the Fig. 7.2. This process is
done also for broadcast ephemeris and Sp3 files if present.

This function multiGNSS_v3 is called from the script AutoMultiGNSS_v3 which has
some important and essential tasks such as: it reads the configuration files (AutoMulti-
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GNSS.cfg and multiGNSS.cfg, they contain some important specifications like the eleva-
tion cutoff, the sampling rate, the stations’ list and the visible constellations from their
locations, the initial a priori position and much more...), executes the PERL scripts for
the downloading of the broadcast ephemeris files (downloadNav.pl) or the Sp3 files, the
decomposition of the obs and nav files (decompObs.pl, decompNav.pl and decompSp3.pl)
and also, if it is desired, it converts the broadcast ephemeris to the precise format Sp3.
Then, from this script, some important flags or settings can be specified such as the fIF,
which sets the computation on the iono-free dual frequency combination mode or the
single frequency mode; the type of ephemeris file to be used; the DOY (Day Of the Year)
and the year of the data.

It is important to underline that this script executes the function multiGNSS_v3 for
each station, which are 50.
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Figure 7.4: multiGNSS_v3 structure
As Fig. 7.4 shows, the AutoMultiGNSS_v3 and multiGNSS_v3 function need a cer-
tain number of other functions to work properly; these functions are located in the direc-

tory program of the suite, each of them has a different task, in particular the functions
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highlighted from the red square are designed for the elaboration and the reading of the
observation and navigation files providing the satellites coordinates, the pseudorange ob-
servations, the weight to be assigned, the relativity correction and the satellites clock
offsets. [20]

7.1.1 multiGNSS_v3 function

This function is the most important part of all the software, it executes the weighted
least squares algorithm using the multiGNSS data. For each epoch sampled, it requires
in input:

e the name and the a-priori position of the station computed (zq, yo, 20);
e the year and the DOY;
e the constellations to be considered.

In output it produces some files saved in the results directory (in the specific subdirectory
of the computed station) such as:

e partialsDOY 0.csv: in this file for each epoch, the matrix of the partial derivatives
is stored (where the DOY is replaced by the actual DOY);

e multiGNSSDOY 0.log: in this file there are all the informations about the analysis,
from the reading procedure to the post processing, it is very useful for the debugging;

e CorrDOY 0.csv: one for each constellation, it is a file for the validation of the
relativistic and tropospheric correction;

e PostFit DOY.csv: one for each constellation, it contains the the postfit residuals;

e posDOY 0.csv: it contains for each epoch analyzed the vector Ax, the initial position
(20, Yo, 20), HDOP, VDOP and some other parameters;

e timeOffset DOY 0.csv: it contains time corrections for each constellation.

After the reading part, the code assign the weight to each measurement following some
criteria: the satellte’s elevation angle must be over the elevation cutoff, observations
on two frequencies must be present, ephemeris must be present and a check on prefit
residual is done, verifying that is under a certain residual threshold; if all this requisites
are confirmed the measure is weighted 1, else 0.

After all the partial derivatives are computed, the matrix H is assembled thanks to a
function (matrixParDer.m) and then resized, deleting unused columns and rows.

At this point the WLS is initialized: the default number of iteration is 2, the vector
oc (the y in Chapter 6) is computed as:

oc = code — range — cBiasG + dT - ¢ + dT'rel - ¢ — tropo + dcb; (7.1)

where code is the iono-free combination, range is the computed geometric range, cBias is
the estimated receiver clock bias plus the system time correction, d7 - ¢ the satellite clock
offset, tropo is the tropospheric correction and dcb is the differential code bias correction.
Then, the oc vector is multiplied by H” and with the formulas explained in Section 6.1.1
the Av vector is computed and added to the a-priori position.

After the two iterations, the post processing phase starts, computing the post-fit
residuals, the RMS error, the standard deviations and the DOPs. [20]
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7.1.2 Modified versions of the multiGNSS_v3 function

In this Section a brief description of the changes made on the AutoMultiGNSS_v3.m and
multiGNSS_v3.m to operate the different types of analysis.

The original flow of the software is the one shown in Fig. 7.5: the position fix in this
case is done only for the stations listed in the multiGNSS.cfg file, using downloaded data,
hence to give in input different data to the software main function multiGNSS_v3.m, the
AutoMultiGNSS_1stat was created.

s ™

Internet |

N PERL
. functions

—
nav files ]

obs files

MATLAB
functions
(PNT)
: J

.
position

e A | fix ‘

Figure 7.5: multiGNSS_v3 scheme

This script doesn’t call the download functions of the multignssPre, but takes the
data from a “fictitious” station directory (called “giul”) in which stonex RINEX files are
stored. The initial idea was to use the RINEX navigation files provided by the stonex
receiver, but they weren’t correct (probably because of some error in the transcription
phase or conversion phase from the binary file), hence broadcast navigation message were
downloaded manually and saved into the /input/brdm subdirectory.

Some other changes were made to permit the dynamic positioning and easy the
computation of user’s velocity: the check on the prefit residuals has been relaxed (i.e.
the reference threshold has been raised), the sampling rate has been increased and other
output files has been created: velDOY.log which contains the satellites’ speed at the
analyzed epochs (computed from the satelltes positions using difference quotient) and
the coord DOYlog file in which the position of the user (in terms of latitude, longitude
and height) at each epoch is saved. The velDOY.log is used to compute the a-priori
Doppler in multiGNSSvelocity.m (see Section 7.2), while the coord DOY.log is used to
compute the rotation matrix from ECEF to NEU system of reference.

nav files
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MATLAB MATLAB I =
functions functions [—» USErs

~
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functi
unctions (PNT) (speed) L speed :
J / \ .

stonex | position |~
files | fix |

Figure 7.6: Modified version, for analysis of Stonex data

The last modification was made to permit the PNT of the Sentinel 3A, a LEO satel-
lite of Copernicus constellation (see Chapter 9). In this case not only the AutoMulti-
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GNSS_v3.m was edited, but also the multiGNSS_v3.m, creating AutoMultiGNSS_LEO.m
and multiGNSS_v3LEO.m.

nav files J
A

90
PERL ;
functions functions
(PNT)

= By, L ,
I v

‘ Sentinel

MATLAB 1

| position |

files fix

Figure 7.7: Modified version, for analysis of Sentinel data

The main difference between the previous analysis is the much more higher speed
of the receiver, hence the a-priori position given in input to multiGNSS_v3.m function,
can’t be always the same for every epoch, as done for the static positioning, but the one
computed in the previous epoch. Therefore the algorithm was modified to do this and,
also, all the atmospheric correction were deleted, because at 800 km from Earth surface
these effect are negligible: tropospheric delay is absolutely assent, but a residual part of
the ionosphere is still present, thus in principle the iono-free dual combination should be
used, however the single frequency solution was selected for simplicity.

7.2 multiGNSSvelocity code

The multiGNSSvelocity code is the part of the software expressly developed for this work.

The integration of this new part with the original code’s suite was necessary to permit
the determination of the receiver’s dynamics, to complete the description of its motion
and to enhance its precision.

The Doppler measures are very accurate and clean, because they are not affected
by atmospheric delays, hence very precise information could be extracted from them.
Therefore instead of computing the speed as the time derivative of the position (running
into pseudoranges error amplification and propagation), a new model and a new code
have been created, taking advantage of this other set of measures.

This code has been written in MATLAB and it puts into practice the theory of Section
6.2. The script multiGNSSvelocity.m must be executed after the AutoMultiGNSS_v3
analysis; this because many inputs for the speed computation are taken from the outputs
files of the PNT fix (while others are the same of the previous analysis), such as:

partial derivatives file, to rebuilt the H matrix;

the velocity file, which contains the satellite’s speed to compute the a-priori Doppler;
the coordinates position file, with latitude, longitude and height of the receiver;
the observation file, to get the pseudodoppler observations;

the broadcast ephemeris, to get satellites’ positions and satellites’ clock drifts.
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Figure 7.8: multiGNSSvelocity input scheme

First of all, the epochs are read from the observation file, then using 5 functions (one
for each of the input files written in the previous list) the necessary data are provided.
Each of these functions has been created to gather and to process information from GPS,
Galileo and BeiDowu constellations. After the reading part, the matrix and the vector
of pseudodopplers from each constellation are concatenated, then the prefit residuals (oc,
i.e. observed minus calculated) are computed as:

oc =D — d+ clockdrift - c; (7.2)

where D is the pseudodoppler measure, d is the computed Doppler and clockdrift is
satellite clock drift expressed in s/s.

The matrix W is inherited from the previous analysis and it is read by the partial
derivatives file; although W is given, in some cases the measure’s weight can be modified
to avoid mistakes due to bad or not present measures, for example if the Doppler measure
is not present or it is present, but it is weighted to zero, or the satellite’s speed is not
present and many other possibilities.

When all the data are ready to be processed, they are used for the computation of
Av and the updating of the speed vector.

The algorithm’s strategy is different from the one shown in Section 6.3, it follows the
principle of the weighted least squares, but instead of doing a single analysis for both
speed and position, it computes them separately in a consecutive way: first the position
and then the speed. In this way some calculations are easier, because some things are
known from the previous analysis, such as the matrix H and also the weight matrix W.
Therefore only one iteration is needed to get the speed components and the receiver’s
clock drift.

In output a log file (multiGNSSvelocity DOY 0.1og, see Fig. 7.9) is created; it contains
all the information of the analysis from the reading procedure to the computation of RMS
and postfit residuals. All the results are presented in the following Chapter 8.
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AMK STEP 1.1: READING PARTIAL DERIVATIVE FILE *44

SAT YEAR MO DY HR MN S5 PARX PARY BARZ W
G 22021 821 0 0 0.000 -0.385 -0.824 0.415 1
G 62021 821 0 0 0.000 -0.058 -0.858 -0.001 1
G10 2021 & 21 0 0 0.000 -0.200 0.947 -0.251 1
Gl2 2021 & 21 0 0 0.000 -0.782 0.331 -0.528 1
GI5 2021 & 21 0 0 0.000 -0.537 -0.12% 0.325 1
GL7 2021 & 21 0 0 0.000 0.385 -0.551 -0.741 1
615 2021 & 21 0 0 0.000 -0.047 -0.684 -0.728 1
G24 2021 821 0 0 0.000 -0.662 -0.233 -0.712 1
G25 2021 & 21 0 0 0.000 -0.677 0.727 -0.117 1
G32 2021 821 0 0 0.000 0.162 0.680 -0.715 1
444 STEP 2.1: READING DOPPLER RINEX FILE 44*

SAT YEAR MO DY HR MN SS Doppler [s/s] W

G 22021 821 0 0 0.000 2747.562 T

G &2021 821 0 0 0.000 2554.070 T

G10 2021 & 21 0 0 0.000 ~1765.414 1

Gl2 2021 & 21 0 0 0.000 1647.773 T

GI5 2021 & 21 0 0 0.000 -3630.113 T

G17 2021 & 21 0 0 0.000 ~2815.801 1

Gl% 2021 & 21 0 0 0.000 -1425.363 E

G24 2021 821 0 0 0.000 -445.557 T

G25 2021 & 21 0 0 0.000 3060.113 1

G32 2021 & 21 0 0 0.000 2892.747 1

AAk STEP 3.1: READING BROADCAST EPHEMERIS FILE **¥

m
z
=4
Q
2
=
=
n
=

ClockDrift [s/s]

G 22021 821 2 0 0.000 -2.3874e-12
G 62021 821 2 0 0.000 &.5938e-12
610 2021 821 2 0 0.000 -7.7307e-12
Gl2 2021 821 2 0 0.000 -5.3433=-12
G15 2021 2821 2 0 0.000 2.7285e-12
G17 2021 821 2 0 0.000 5.6843e-12

Figure 7.9: The output multiGNSSvelocity DOY 0.log contains for each constellation the
reading obs and nav part, the concatenation part, the computation of prefit residuals
and HT H matrix, the results, the computation of postfit residuals, the DOPs and RMS
erTors.
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Chapter 8

Experimental tests and results

In this Chapter the results of the experimental campaigns are presented.

The first analysis describes the elaboration of the data acquired by the receiver of
CISAS (station PADO); this was done to assess whether the installation was made cor-
rectly and everything worked properly.

Thereafter, data from an external source has been used: the STONEX S580 receiver
carried out some experimental tests, in particular two static and two dynamic detections
(one static and two dynamic are presented in this work). Places for the experimental
campaigns were selected as clear as possible and with no high obstacles which could
hamper signals from the sky.

The static detections were implemented to test the modified version of the suite multi-
GNSS_v3 and to make sure it took the correct inputs.

The original code (multiGNSS_v3 suite) is completely automatic, the input (in terms
of DOY and year) is given from the command prompt and it downloads all the files needed
for the PVT of the fifty stations memorized inside the configuration file. Therefore, to
execute the PVT from a new receiver, a new “fictitious” station folder has been created,
containing all the data from the STONEX S580 receiver.

To fulfill the purpose of this thesis, Doppler measurements from satellites were needed
(as well as pseudoranges) to determine the speed of the user, thus dynamic detections were
done to test the computation of the velocity and verify the precision and the accuracy.

8.1 Static positioning

The first static positioning has been done using Padua station observation data. This
passage was necessary to initialize and to test multiGNSSvelocity with a static fix, using
a known position and accurate pseudorange data from a reliable receiver.

Then another static positioning has been done using STONEX S580 data to be sure
that the receiver worked properly, to evaluate its performances and to test multiGNSSve-
locity code.

DOY 233, Padua station data

Padua station (more precisely the CISAS “Giuseppe Colombo” ) has a STONEX SC2200
(see Fig. 8.1), a very advanced receiver, used for professional applications when high pre-
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Figure 8.2: CISAS DOY 233, Google
Figure 8.1: STONEX SC2200 receiver. Earth rendering.

cision and maximum reliability are needed. Therefore, from this analysis the results
expected are, for the positioning, coordinates with an error of &~ 1 m and an almost null
speed (because it is a static receiver).

The settings used for this analysis are listed in Table 8.1.

Analysis | used const elev cutoff [] residual threshold [m] sampling rate [s] duration iterations ||

Positioning | GR E C 5 150 900 24 h 2
Speed GEC 5 - % 900 24 h 1

Table 8.1: Table of analysis of DOY 233, Padua station. * No check on prefit residuals
has been done on the pseudodoppler.

This parameters were selected specifically for this analysis: the residual threshold
(i.e. the threshold applied on prefit residuals to verify their<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>