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Abstract

Over the last years, GNSS technology has been under continuous developniera@pittations as

well. This progress is driven by the emergence of increasingly complex applications. u@ne s
trending application for GNStechnology is automated transportation, which expands the boundaries
in terms of navigation safety. Since multipath is one of the most challenging errors which affect the
position and integrity of a navigation system, research is required in thisiatire€he multipath

topic is complex, since it is dependent on the satellite position in conjunction with the surroundings of
the receiving antenna. Therefore, the multipath effects are different for a static user compared to a
kinematic one. Environmentgperties may lead to one or many reflections, diffraction, orlinen

of-sight (NLOS) situations. The characterization of the errors due to multipath in the GNSS
observations have been extensively studied since 1972. Nevertheless, most of the fetielohdh

study has been towards static applications. This dissertation extends the current multipath research by
simulation, characterization, and modeling of multipath errors for kinematic vehicles.

To examine different multipath simulation models kimematic vehicles, a Hardwahe-the-Loop

(HIL) test bench is set up. Deterministic and physs#tatistic (i.e. hybrid) multipath simulation
models are implemented in the HiL to assess which is adequate for the research scope i.e. multipath
for kinematt users. Analysis of the simulations results reveal that the deterministic method is
appropriate. Deterministic simulations under same multipath conditions with a static and kinematic
vehicle show that the receiver errors due to multipath are larger $tatiieesimulation.

Two multipath estimation algorithms are implemented to characterize the multipath errors on
pseudoranges. Based on the estimated multipath, error models are computed. The multipath
estimation algorithms are verified by means of classelation with both experimental and simulated
data. To examine the kinematicsod6 i mpact on erro
investigated from a vehicle at various velocities. The computed multipath error models indicate larger
errors in the static measurements. For a static GNSS system mounted on the vehicle, the pseudorange
error due to multipath is between five and 42 centimeters in an open sky scenario. Kinematics of the
vehicle in the same environment reduce the multipath raev eragnitudeunder the average of the

one during the static measurement.

The developed HilL test bench is validated against experimental data in two environments: highway
and city.Experimental dat&om a vehicleon highway shows pseudorange errors dumudipath in

the intenal from five to 82 centimeter#\n error in the interval between eight and 99 centimeters is
depicted from simulations in the same environment. A vehicle in the urban environment is prone to
larger errors due to multipath. Experintendata indicated errors between 28 and 260 centimeters,
while simulations reproduced the error in a range from 32 to 230 centimeters. Since the kinematic
deterministic multipath simulations imply large amount of 3D data, the use of synthetic 3D models is
proposed. The validation is performed by comparing multipath error models from simulated and
acquired GNSS data. The multipath error models are used also to characterize thagmitideor
different vehicle environments. Additionally, both GPS antll&@asignal characteristics with respect

to multipath are assessed. Finally, the impact of multipath on coordinate errors is shown for
experimental and simulated dafiche computed 3D RMSEom highway experimental daia 160
centimetersand from simulad data the value increased to 200 centimeters. Measurement into the
city reveal a position 3D RMSE of 900 centimeters, while the simulations in the same environment
reproduce 700 centimeters.
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Kurzfassung

In den vergangenen Jahren wurddie GNSS Technotyie und deren Applikationen stetig
weiterentwickelt. Einer dieser Applikationen ist das automatisierte Fahren, welches die
Systemgrenzen hinsichtlich des sicheren Navigierens eines Fahrzeuges extrem alBaveitst.
Mehrwegeeffekt einer ddnerausforderndsten Fehler ist, welcher die Position und Integritat eines
Systems zum automatisierten Steuern eines Fahrzeuges beeinflusst, ist die Forschung in diesem
Bereich zwingend notwendig. Der Mehrwegeeffekt ist eine sehr komplexe Thematik, davdieser

der Position des Satelliten und den Einflissen der Umgebung der Empfangsantenne abhangig ist.
Aufgrund dessen sind die Fehler des Mehrwegeeffekts fir statische und kinematische
Anwendungsfalle unterschiedlich. Die Eigenschaften der Umgebung kénrenezwoder mehreren
Reflektionen, Diffraktionen oder Nici8ichtverbindung Situationerfiihren. Die Charakterisierung

der Fehler aufgrund von Mehrwegeeffekten in GNE&®bachtungen werden seit 1972 umfangreich
wissenschaftlich untersucht. Im Zuge diesetddsuchungen wurde der Fokus bisher auf statische
Anwendungsfalle gelegt. Diese Dissertation erweitert die aktuellen Mehrwegédéffetsuchungen

mit Hilfe wvon Simulationen, Charakterisierungen und dem Erstellen von Modellen des
MehrwegeeffekiFehlers fukinematische Anwendungsfalle.

Um die verschiedenen Mehrwegeeffekt Simulationsmodelle fir den kinematischen Anwendungsfall
zu untersuchen, wurde ein Hardwamgheloop (HiL) Prifstand aufgebaut. Sowohl
deterministische, als auch physikalissthtistische Simulationsmodelle fir Mehreeffekte wurden

im HiL Proufstand erarbeitet und umgesetzt, so dass beurteilt werden konnte, welcher
Forschungsansatz fur Mehrwegeeffekte im kinematischen Anwendungsfall am geeignetsten ist. Die
Analyse der Simulationsergebnisse zeigte, dass die deterstingstMethode vielversprechende
Ergebnisse erwarten lie3. Deterministische Simulationen unter denselben Mehrwegeeffekt
Bedingungen mit einem statischen und kinematischen Anwendungsfall zeigten, dass der Fehler
aufgrund von Mehrwegeeffekten in dem statiscAewendungsfall grof3er ist.

Zwei Algorithmen zur Abschatzung von Mehrwegeeffekten wurden implementiert, um den
Mehrwegeeffekiehler bei Pseudoentfernungen zu charakterisieren. Basierend auf den abgeschatzten
Mehrwegeeffekten wurden Fehlermodelle err@thnDie Algorithmen zur Abschatzung des
Mehrwegeeffekts wurden mit experimentellen und simulierten Daten verifiziert. Um den Einfluss der
Kinematik auf den Fehler aufgrund des Mehrwegeeffekts zu untersuchen, wurden experimentelle
Daten eines Fahrzeuges emt verschiedenen Geschwindigkeiten geprift. Das errechnete
MehrwegeeffekiFehlermodell zeigte groRere Fehler in den statischen Messungen, ebenso wie die
deterministischen HiL Simulationen. Fir ein statisches GNSS System, welches auf einem
Fahrzeugdach maett wurde, lagen die Fehler der Pseudoentfernung aufgrund des Mehrwegeeffekts
zwischen funf und 42 Zentimetern in einem Szenario ohne Hindernisse. Im kinematischen
Anwendungsfall des Fahrzeuges in derselben Umgebung reduzierte sich der Fehler des
Mehrwegeffekts im Rohzustand bereits unter den des Durchschnitts der statischen Messungen.

Der entwickelte HiL Prifstand wurde mit experimentellen Daten in zwei Umgebungen validiert:
Autobahn und Stadt. Fir ein Fahrzeug auf der Autobahn zeigen experimentedie @&atn
MehrwegeFehler bei Pseudoentfernungen von finf bis 82 Zentimetern. Ein Fehler im Intervall von
acht bis 99 Zentimetern wird durch Simulationen im gleichen Umfeld dargestellt. Ein Fahrzeug in
einer urbanen Umgebung isturch groRere Fehler aufgrdndes Mehrwegeeffekts gefahrdet.
Experimentelle Daten zeigen Fehler zwischen 28 bis 260 Zentimetern, welche durch Simulationen
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reproduziert werden kdnnen; hier liegt der Fehler in einem Bereich von 32 bis 230 Zentimetern. Da
die kinematischen deterministteen Mehrwegeeffek®imulationen eine grolRe Menge an 3D Daten
bendtigen, fanden synthetische 3D Modelle Anwendung. Die Validierung wurde durchgefthrt, indem
die Mehrwegerehler des Simulationsmodells mit GNSS Daten verglichen wurden. Die Mekrwege
Fehlermoelle wurden benutzt, um den Fehlerumfang fir verschiedene Fahrzeugumgebungen zu
charakterisieren. Zusatzlich wurden die Signalcharakteristiken von GPS und Galileo unter
Berlcksichtigung des Mehrwegeeffekts beurteilt. Schlussendlich wurde die Auswirkung des
Mehrwegeeffektes auf die Koordinaten, sowohl fiir experimentelle, als auch simulierte Daten
dargestellt.Der berechnetguadratischen Mittelwert der Fehlaus den experimentellen Daten der
Autobahnfahrt liegt bei 160 Zentimetern, bei den simulierten Dateigt der Wert auf 200
Zentimeter. Die Messungen in der Stadt zeigaren quadratischen Mittelweder Fehlervon 900
Zentimetern, wahrend sich durch Simulationen in der gleichen Umgebung 700 Zentimeter
reproduzieren lieRen.






Chapterl: Introduction 1

1 I ntroducti on
1.1 Moti vati on

The Global Navigation Satellite System (GNS8presentghe worldwide used positioning and
navigation systems Since 1995, when the U.Slobal Positioning System (GPS) became operational,
numerow applications on water, grouaaid air made use of this technology. However, the need for
increased positioning accusaleads to continuous research and progreise.emergef additional
GNSS systems (GALILEO, GLONASS, BeiDou) as well as receiving antennas and receivers
developedhe GNSS industry and increasth@ numbelof usecasesNowadays, one important use
case of GNSS technology is vehicle automated driving.

Figure1-1 shows the roadmap of the automated driyia®) functions, in the chronological ordef

their developmaet. These functions are split into levels of automation, which are highlighted by the
three lanes. Starting in 2010, the first steps towAconstitutelevel 1of automation, also called
assisted driving. This is shown on the left laneFajure 1-1, together with functions from this
category. These are mea# asupport during driving or parkindpartial and conditional automation
belong to driving functions of &y 2 and 3. These are shown in the middle lane oFigpere1-1. An
important feature introduced by this category is thatpit@ system is capable tully control the
vehicle for limited periods in some restricted situations. However, the perntaihamtsupervsion is
required.At last, the levels 4 and 5 includke high and full automation, represented on the right lane
of Figure1-1. The highest levels of automation imply that the driver is not required. The pilot system
is ale to perform lateral and longitudinal driving for all situations, given a defined use case.

Automated valet = % o -“' Urban pllot >2026
parking 2018 ; e e - =
. ! Highway assist
2019 1
¢ | NN ,
Integrated cruise . =¥ _Highly and fully

aSS|st 2017 : automated driving
\ ~ Reduced driver

Evaswe steering iy
support 2015 Traf‘f‘c jam assist 2015 § =Hporvision

Automatic emergency =
braking since 2010 o

7 i ;
“Assisted gjriy / Partially automated driving
Supports the driver = Permanent driver supervision

Figurel-1: Roadmap of highiAD functions The left lane shows the starting point of tlewvelopment, while
the middle lane shows the planned accomplishment of partially AD. The right lane shows the highly AD
timeline (Robert Bosch GmbH, 2019)

To accomplish assisted and some functions optréally AD, surrounéhg sensors were sufficient.
Since the development start of tighly AD, a complementary system for the absolute vehicle
localization is required. This leads to the use of GNSS for the following AD s¢pke time of
writing, the aitomated drivings one of the latest trends wh&®SS positioning is necessatys er s 6
positioning via affordable GNSS receivehss beenintegrated on the consumemarket into
smartphones or portable navigation devices since (&89 Diggelen, 2009Due to safety, integrity

and precisiomecessitynew GNSS equipment which is feasible for vehialegd to be developed.
Numerous challengdsave been faced duringe development of partially automated drivimger the
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last yearsBesides the legal aspects and traffic safisty,technical aspects repent a challengén
order to be installed in commercial vehicles, the navigation system fahADld be lowcost.In the
same timeprecision, redundancy and robustnesstbe ensured

The challenge to meet the mentioned AD requirements is represented by the GNSSSMIESS.
measurements are affected by errors introduced by the satellite clocks, orbits, atmosphere (ionosphere,
troposphere), multipath and receiver noise. Except fofastetwo error types, the satellite and the
atmospheric errors are correlated for different users. Thus, they can be mitigated by using e.g.
correction data services. Theors induced by multipath and noese user depedterrors, which

arenot corelatedand cannot be easily removed. The receiver noise is typical for each receiver and
can be characterized, thus the main remaining error source is multipais to the challenging
properties together with its numerous dependencies, multipath dmmisate the total error budget

in precise applicationsGNSS multipath error is known in literature as a challenging topic and
significant scientific work has been dedicated to understand its aspects related to various applications.
Since in the AD contdx a new setup and use caaee available, further understanding about
multipath needs to be gained.

Multipath error is introducedy the environment obstructioras natural topography, buildings,
degrading the position accura&incethe lineof-sight (LOS) reception is required for high precision
applications, the multipath error needs to be modeled for mitigation purpose. Satellite signals can be
degraded through reflection, diffraction, obstructionaoicombination of these phenomerihe

situation beomes more challenging for a kinematic scenario, as the surrowtdingesconstantly.
Previous research related to multipath is focused on static users due to the nature of former GNSS
applications As multipath is strictly dependent on the environmém,knowledge gaineth the past

cannot be applied fahe current purpose of AODherefore,this workfocuseson gaining knowledge
regarding multipattbehaviorin kinematic situationsThe scenarios where the error is examined are
highway and urban. This choice is justified by the next AD milestones: highway and urban pilot.

The highest automation levels imply sdtiving vehicles in highway and city environments. For both
scenarios mitipath is a dominant source of error that will impact the system performance. Thus,
additional studies are needed to gain knowledge dfyfiieal multipath forthe mentionedituations.
Although research regarding urban multipath effects has bees thsdefers to a static usase and
cannot be generalized. Referring to the highveayironment thatincludes high kinematics, no
multipath examination has been performed until the time of writing.

Besides the environment, the GNSS equipment also plegle & the multipath characteristicBhe

effect of the multipath has been investigated previously and several mitigation techniques have been
proposed for different applications. The different approaches took into account the type of the antenna
used andheir locationsFor geodetic applications, chekieg antennas or ground planes have been
proposedfor multipath rejection.Additionally, the antenna could be mounted in a high and
obstructionfree area, to reach the maximum operational range. Howkrethe AD purpose, the
previous solutions are not feasible. The setup for this new application implies thatcéneng
antennas mounted on the metallic rdop. This isanaspect which is taken into account within this
work. The presentedinvestigatims regarding multipath are based on simulations @udrded
measurements from an antenna installed on a vehicle. Therefore, the multipath results are
representativéor the AD use case
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Given the new GNSS application for the autonomous driving schpeydrk within this thesis is
dedicated to multipath simulation, modeling and characterization for kinemdticles in various
environmentsThe multipath error is dependent on the signal properties and its modulation. With the
increasing number of satédl available, the European navigation system, Galileo, becomes an enabler
for use of GNSS in autonomous driving. The Galileo signals have different modulation and structure
compared with the ones of GPS and thus the multipath error is expected tekendifiMeanwhile,

GPS remains the oldest and most used navigation sgstéamy GNSS receiver is able to process its
signals. Due to the relevance of both satellite systems for autonomous driiagnultipath
characterizatiom this workwill focus on the signals broadcast by the GPS satellites @AXode

and LZC frequencies and the European navigation system Galiled @SE&nd E5b frequencies.

12Previous research

The effect of multipath errors have been recognized and investigated since earlyH&WEman,

1973) Understandingf this GNSS error source has been built over the last decades from numerous
publications hat tackle multipth from different point of viewNevertheless, in geodesy books like
Seeber (2003)HofmannWellenhof et al. (2007)nultipath is presentedn an abstract levelAn
exception isParkinson et al. (1996Where multipath effects are detaileda separate chapter by
Michael S. BraaschProgress related to multipath is documented in sewisakrtationsBraasch
(1992) Winkel (2000) Ray (2000) Hannah (2001)Bilich (2006) Lehner (2007)Weiss (2007)
Irsigler (2008)

Multipath error is songly related to thenvironment and the satellitereceivergeometry. Thus, to
mitigatethe effects of this errothe multipath environmemteeds tdoe characterizedhis approach

has been exploreith Braasch (1992)where multipath is characterized for aircrafts. It is shown that
theresulted pseudorange errare a function of the e f | e c t iswoengihs phase shit and delay.

In Hannah (2001)multipath propagation is simulated for a static receiver. Sinygleeffectiveray
model s are i mplemented to demonstrate the effeci
and delay.Similar, multipath is modeled for an urban environmentLehner (2007) Extensive
measurements are processedHharacterizeéhe multipath error iurban and subirbanenvironment.

Such an approach has the advantage of being precisit,idite specific and time consumirig.

Bilich (2006), the multipath effects on the GNSS measurements are explained and shown for geodetic
GPS installations and receiveidultipath is modeled from signab-noise measurements and the
limitations of the proposed method are sho®mce pseudorange measurementsadiectedwith

errors in meter range due to multipatlin Weiss (2007) these arecharacterized for various
environments and applications: land, marine and aerial. The inplainmultipath characterization

is represented bgtatic measurementsall the previous studies related to multipath are useful to
understand theheoretical backgound of multipath and its numerous dependehti@gever, no in

deepth characterization of the multipath efamrkinematic measurementsis been done. The nature

of themultipath is diferent from the other scenariaad thus further research is needed.

As previously mentioned, the multipath error is dependent on the envirarimentler to estimate
the multipath error for the investigated environmesaveral modelingethniquescan be usedThe
most popular approaches are deterministic and stati3&terministic methods are based on-ray
tracing algorithrs. Through geometrical optics @3 and physical optics (PO), sispecific multipath
parameters are computédhe ug of this method requirestareedimensionamodel as input and has
the limitation of being sitespecific. Nevertheless, thigss the most accurate method of computing
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multipath parameter@vram et al.2018) Statistical models arextensivelyused to moel multipath

as well The Rician and Rayleigh modedharacterize the signah situations when LOS igither
present or abserftatistical models like State Markov, Suzuki and Loo became the most used models
(Fontdn & Espifieira, 2008)The statistical approach issedfor urbanmultipath modelingin the
DLRO6s | and maotopagatonLehnér,2G0f) kurttrer, a consolidatechodel where the

land mobile multipath is modeled by Markov or seévtarkov chains is presented iRrietoCerdeira

et al. 2010).Since both modeling methods have advantages and drawbacks, the question to be
answeredwithin this work is which approach is me adequatdor vehicle multipath simulation.
Consequently, statistic and deterministic multipath simulation techniques are implemented and
analyzed within this work

The multipath error depends on the characteristich@feceiving antennaResearchdedicated to
antennas and their capabilities to reject or minimize the multipath ®ffiest beenpreviously
investigated Popular approaches like usage of antenna arrays, gain and phase patterns for different
polarizations prove to be efficient in thaultipath error reduction. Nevertheless, the effect of
multipath is not completely removed. Depending on the GNSS application, different antennas are
appropriate. For example, choke ring antennas are extensively used for reference station applications
(Smyrnaie et al. 2018)Due to their construction, they reject the reflections arriving from negative
elevation angles. Nevertheless, they still cannot mitigate the multipath components arriving from
positive elevation anglesAntenna type and placement is an impnt factor in the multipath
characterizationSince the antenna is responsible to capture the signals which are later processed by
the receiver, its phase and gain patterns as well as the surrounding environment contribute to the
multipathmagnitude For the AD purpose, each vehicle mustelgipped with a GNSS antenfdne

metallic surface of the vehicle favors strong multipath reflectio@nsequently investigations
regarding multipath are madhgthin this workto assess the contributiaf the aenna montage on

the vehicle.

Prior research demonstrates tbae technique to mitigate the multipath error relies on the receiver
software The core of receiver technologies is represented by the nraowelator which was
developed by NovAtelvan Dieendonck, 1992)Iit was shown that by reducing the chip spacing from
1 to 0.1 the performance in terms of multipath of a C/A code is almost as good ascofda P
receiver. Later on, the method was further improved. This led to tracking algorithms like IMEDL
(Townsend et al. 1995)r TeageiKaiserOperatorBased MEDLL (Hu, 2013) Studies on different
receivers demonstrated the relevance of its algorithms in multipath processing. As the GNSS receiver
is an important factor in the multipath impact chain, & pérthis work focuses on the receiver
investigation The discriminator function and uoitipath error magnitudeof the used receiver are
studied by means of simulation. Thigudy providesan understanding of the receiver sensitivity to
different multipathdelays as well as different dynamics.

13Structure of t he t hesi s

This dissertation conssbf sevenchapters and it is structured as follows. Chafitbrghlightsthe
research motivatiarAdditionally, a preview over the existing d&of the art technolggand methods
regarding multipath is provide@heoretical aspects regarding multipath are presented later in Chapter
3 as well.
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Chapter2 gives a short overview of GNSS, describing the general theoretical aspects from literature
that are relevant for this researdh starts withsome theoretical background relatedstatigical
analysis it continues with theperational concept of GNSS and it ends withposition estimation

This chapter briefly covers the entire chain, from the signal transmission until the position
computation.

Chapter3 describesthe theoretical aspectsf GNSS multipath, whiclrepreserd the core of this
dissertation In the first part, the signal and propagation characteristics related to mulapath
presated. Next, multipatipropagation modeling techniques are describbd.last parof the chapter
covers the details regardirg receiver ahitecture as we as the tracking loops. The description
focuses on thelements thatre relevant for multipatprocessing

Chapterd comprises the two implemented algorithms for multipath estimation. Details regarding the
processing steps are presentadl intermediate resultare shown The algorithms are validated
through crosscorrelation of the computed multipath series. Discussiafated to theindvantages

and limitatiors regarding static and kinematic multipath estimationatudes thishapter.

Chapter5 consistsof simulationtest benchand multipath simulations at differestr velocities
throughtwo approaches: physieatatistical and deterministic. These two methodspaesentednto

two subchapters, for clarity. Theimulated multipath is characterized by statistical means and the
estimated errodue to multipath after the receiver procegsia quantified bypseudorange and
position errors.

Chapter 6 contains both measurement campaigns and simulations. The focus is split into two:
multipath estimatiorfor a vehicle at different velocitieand thereafterdifferent environmentsThe
velocities are further categorized into static, slow kinematic and fast kinematic. As for the
environmentthis is classified inthighway and urban roadwaysat last multipath impact o position

is investigated for specific traffic situations and finally for the entire specific environment.

Chapter7 summarizes the research within ttigsetation. It reveals shortly the conclusions that are
reached during the work. The limitations of the resea@hidentified and recomendations for
further work are presented.
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In this chaptersome theoretical background related to statistical analysisGéotohl Navigation
Satellite SystemsGNSS functionality andoperationis given The statistical part is related to
methods that are implemented and usethis work. The GNSS sectidocuseson GPS and Galileo
navigation systems, since this work refers to their signals. In theseetkors, the operadnal system
anderror sources which affect the GNSS measuresrmnatisted and described’hen,the GNSS data
processingnd position estimatioalgorithms that are relevant for this reseaah preseted.

22Statistical Analysis

Statistics consists of various mathematical methods for anatysigacterizationand presentation of

data. These methods are split into two categories: descriptive and inferential. Descriptive statistics
define properties of data by making use of céménradency (e.g. mean, median, mode) and dispersion
(e.g. standard deviation, variance). Through inferential statistics it is possible to examine relationships
between data within a sample and make predictions of how it relates to a larger datasetityProbabi
distributions, correlation testing and regression methods are part of the inferential statistics. In the
next sections, statistical methods that are relevant for this work are detailed.

2.2.1 Descriptive data analysis
2.2.1.1 Arithmetical mean and standard deviation

Considering a vector of measuremdnjsvhere:
4  amfM a h (2-1)

the expected valuand thetheoreticalstandard deviatioare unknownlinstead, the arithmetical mean
dand the empirical standard deviatibncan be computed as follows:

d -B 0, (2-2)

whereg is the number of elements of the measurement vectoraaiahce, is given by:

B o a .
" K (2-3)
E P

\ n, . (2-4)
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2.2.2 Inferential data analysis
2.2.2.1 Statistical distributions

In probability theory and statistics, there are several probability functions which provide the
occurrence likelihood for different outcomes of an event. Probalibtyibutions can be divided into

two categories: discrete and continuous. The discrete probability functions, also known as probability
mass functions can be applied for events where the outcome is discrete. On the other hand, a
continuous probability fustion is adequate for events where the output takes values in a continuous
range.

Normal distribution

The normal distribution is a very popular continuous probability function. Also known as Gaussian
distribution, it is dependent on two parameteegpecte value and standard deviation of a
measurement vector i@.0 ‘b, . The probability density function (PDF) of a normal distribution

is given by the equation:

Nk ——Qaon h (2-5)
I/Ic“ ” ("

where:

® acontinuous variable in the intervalbb  © Ho,
‘ expectedralueof the distribution,
" the variance of the distribution.

Figure 2-1 illustrates the normadistribution thatis defined by Equation2-5) for different
combinations of paraeters.
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Figure2-1: The Gaussian probability density for various defining parameters
Log-normal distribution
In statistics, a lognormal distribution is a continuous probability distributionaofandom vaable

whose logarithm is normally distributed. If a continuous variabfes the expeetl value' and
variance, ,thenw 'Q follows a lognormal distribution which is mathematically defined as:
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The expead valueand the variance values are givenGpwan, 1998)

., h (2-7)

N p. (2-8)

Ow Qwn
W W Qwg , O
It is to be noticed that the parameterand, from Equation(2-6) do not correspond to the same

parameters in the normal distributions, buQtov andw & from Equationg2-7) and (2-8). Figure
2-2 reveals the plots of the legprmal distribution, for several combinations odnd, , acording to

the definition from Equatiof2-6).
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Figure2-2: The lognormal probability density for severdéfining parameters

2.2.2.2 Covariance and crosscorrelation

The covariance function shows the dependency between two diffecagissesd 6 and® o . If the
realization of the two processes are represented by the time@seériendw 0 , then thecovariance

between them is given by the following form(Zhang, 2016)

Féil‘?Q é'r— &) ‘o w ‘1 ﬁ (2_9)

where:

M index ofcotrtreelcartasosn functi on,

¢ |l engt meafs utrlreeme n't vector
expect od Vvdleudeal i zati on

« expecteod VYaleueeal i zati on
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In order to measure the similarity between the two realizations, theaoostation function can be
used. The empirical cromrrelatiorﬂ 1 1.'Q can be computed with the following equation:

. 11 'Q 11 'Q
=|£JL'Q |=J_J.L |=J.J.L

8 (2-10)

FLLTU OpLuTt  » 3

The empirical crossorrelation takes values in the intervdl,[1]. As it is a measure of similarity, this
function indicates if the two realizations are similar over the time series. The highsintifarity
between the realizations over time, the clo&erl is thed Luvalue. The value O indicateno
correlation andl indicates inverse correlation.

2.2.2.3 Least square regression

An observation model, where the observations are lingalfyed to the unknowns is given by the
formula(Niemeier, 2008)

m o =2h (2-11)

where:

m vector of measurement s/ observati ons,
FmsCOVari ancnee ansautrreinxe notfs / obser vati ons
= design matri x,
I weight, matri x
e vector of unknowns,
o vector of inconsistencies.
Considering the followin@orms of the cavariance matrix and vector of inconsistencies
I —Ofuw (2-12)

~

o =2 ® (2-13)
theleast square estimate is given by the formulation:

o Jf>xo aqt (2-14)
In orderto obtain the minimunn Equation(2-14), leads to:

e 3= m Jfo=>» = (2-15)

=0fz=>» = O (2-16)

By multiplying the left side of Equatio(2-16) with the term = 3= |, the vector of unknowns
can be determined:

e ="0}3= ="l (2-17)



10 Global Navigation Satellite System architectt

23Gl obal Navigati ornc hSatteecltlurtee Sy s

Global Navigation Satellite Systerasnsists of three segments: the gpaegment, control segment,

and user segment. The space segment consists of the operational satellites as well as the transmitted
signals. The control segment is responsible for the supamyigierforms satellite trackingnd
generates clock and orbit cections. The user segment includes the whole spectrum of GNSS
receivers thatise the navigation systems for different applicati@®askinson et all 996)

Space segment

To provide continuous position globally, satellite constellations are developedhrasuay that at

least four satellites are visible anywhere. Each navigation satellite provides a platform for atomic
clocks, radio transceivers and computer equipment for the system operation. The radio transmitted
signals allow the receiver to compute ttange and the satellite broadcast message etlblaser to
compute the orbital position at each ep@idbfmannWellenhof et al2007) Ranging signals contain

a code known as pseudorandom noise (PRN) as well. The PRN sohstsp units whose frequency
variesfor different satellite system$he space segment is repraserby the satellites aldmown as

space vehicles i.e. SUH a navigation system, which provitime andranging measurement to the
users.The measuremesitare transmitted via different signal frequencies, which are encoded with
unique PRNcodes. Due to itsfunctional concep, GNSS is a passive systemnose signals can be

used by an unlimited number of users in the user segnhatially developed in 1973the
NAVSTAR Global Positioning System (GPS) represents the first navigation system in the world. It
was directed by the US Department of Defense (DoD) and was later released for civilian use as well
(HofmannWellenhof et al2007) At the moment of writig, he GPS space segment consist8Dof
operationalsatellites, placed on six orhitDue to their configuration, they repeat identical track

over aplace each sidereal day (23m%H6 Each satellite transmits data on three carrier frequencies: L1
(1575.42 MHz), L2 (1227.60 MHz) and L5 (1176.45 MHz).

Since the satellite position and navigatame essential for the European infrastructure, in 1994 the
European Council had the initiative of developing an augmentation system of the existing navigation
systems. As next, in 1999 the European Space Agency (ESA) was invohdabigming a new
satellite navigation system for Europe, Galileo. Although fully compatible with GPS, Galileo was
designed as an open, independent and global sy€ece fully developd, the European global
navigation systemGalileo will include 30 Medium Earth Orbit(MEO) satellites.At the time of
writing, the system consists of 28ablesatellites, which broadcast signals on three frequencies: E1
(1575.42 MHz), E5 (1191.795 MHznd E6 (1278.75 MHz). Galileo satellites are placed on three
equally spaced orbital planéSalileo System Status, 20).

Control segment

The groundor control segment is responsible for steering the navigation system. Besides satellite
tracking, maintenance, predictioand adjustment of the clock and orbital parameters, the control
segment is in charge of protecting the services against unauthorizedtldstigannWellenhof et al.

2007) The control segment updates the clock, ephemeanis almana in the navigation message at

least one time per day. If improved accuracy is required, more frequent updates can be scheduled.
Since the ephemeris parameters are an accurate fit to the SVs orbits, they are valid for 4 hours.
Almanac data represents auedd subset of an ephemeris file, as is contains 7 from taphEmeris
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orbital parametersAnother function of the control segment is to collect the pseudorange and carrier
phase measurements from remote monitoring station®rder to determine clock ah orbit
corrections. To accomplish this, this segment consists of three components: master control stations,
monitor stations and ground antenfidaplan & Hegarty, 2006)

Since 1985, the Operational Control Segment (OCS) for GPS is functionaluttenfive monitoring

stations andour ground antenna upload stations. The sites are spread worldwide to have a significant
separation in latitude and longitud€or Galileg, the Control Centres (GCC) are located in
Oberpfaffenhofer{Germany) and Fucino (Itgl. Additionally, the infrastructure is complemented by
European GNSS Service Centre (GSC), Geodetic Reference Service Provider (GRSP), Time Service
Provider (TSP),Galileo Security Monitoring Centre (GSMCYsalileo Data Service Provider
(SGDSP)andGalileo Reference Centre (GRC3}alileo System Status, 20).

User segment

All military and civilian applications that imply the use of GNSS signals form the user segrhent.
equipment which processes thdand signals and determines the user position, velocity, time (PVT)
solution is generically callethe GNSS receiveset This compriseshe following elements: antenna

and receiver. Satellite signals are received vidght-hand circularly polarized (RHCP) antenna,
which usually has a coverage gain pattdine antenna transfers the GNSS signals to the receiver
which is responsible for processing and computing PVT. Therefore, the estimated position is the
electrical phae cergr of the antenna. The physical and electrical @eot the antenna might vary.
Calibration is necessary for higitcuracyapplications A detailed description of how the receiver is
operating and processing the GNSS signals is provided in s8dgion

Besides providing PVT, there are numerous other applications for GN®&ft, marine and land
mobile navigation, kinematic surveys, ionosphere measuremenfsisia few applications whose
functionality is based on satellite signals. The unidirectional communication between satellites and
receivers enables the utilization of an unlimited number of users.
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24 Measur eameent Budget

This chapter describes the GNSS measurements that are used within this work together with the errors
which affects them. Although the multipath error for pseudorange (i.e. code) measurements is of
interest for this dissertation, the theoretical backgrowhith is required for its computation is
introduced as well. This is the basis for the algorithms presented later in dBAl@8pseudorange
multipath estimatior.

2.4.1 Pseudorange measurement

Also known as GNSS observable, a pseudgeds derived from the traveling time of the signal
which is transmitted from the phasenterof the satellite antenna to the phasaterof the receiving
antennaThus, thepseudorange is the geometrical distance between the satellitecancer Unlike

the terrestrial distance measurements, the satellite distance measurements involve smecéckr

and satellite clock. As these induce errseggellite distance measuremeaite referredn the literature

as pseudorange§.heseare provided by raxvers is two forms: code measurements and carrier phase
measurements. Unlike the carrier phase measurements, themeadarementare computed through

the receiver code correlation with the incoming signal PRN. Taking into consideration the clock errors
and the transmission medium, the mathematical model gisgngdorangeneasurements defined as
follows (Hwang et al. 1999)

i 0w @ Y O 00y -ih (2-18)

i true range,

& speed of light,

(9] the receiver clock bias

(9] satellite clock bias

Y tropospheralelay;

‘O ionospheralelay;

0 0y the multipath error on frequendgor code {
receiver code tracking noise

1
=2

It is known from the literature that the derived pseudoranges from medsurementgan be
approximatelyl% of a chip lengtiprecise Thus, a civil C/A codevhichis 300 meters long yields a
precision of 3 meters and assuming a precismde, the precision is 0.3 meters. However, the
precision of the pseudorange measurements depends on the receiver correlation techniques as well.

2.4.2 Carrier phase measurement

The carrier phase observations represent a measure of signal phase at the reception time, relative to
the signal phase at the transmission tiffleese are derived from a phase comparison between the
Dopplershifted receivedarrier signal andhe receivereference frequencyn literature, a complete

carrier wave is called a cycle and its measure varies as a function of the signal frequency. The
unknown integer number of cycles is called ambiguity. Although ambiguous, carrier phase
measurementare more accurate compared to the aogasurementgdue to a higher frequengXu,



Chapter2: Some Fundaments of Statistics and Global Navigation Satellite Syste 13

2016) Similarto thecodemeasurementshe carrier phase observals are affected by the atmosphere
and theclock measurements as wel@onsidering thisthe fundamental carriephase observation
equation i¥Hwang et al. 1999)

% 1 O W Y O 0_ 00y - g (2-19)
where:
_ thewavelength of the frequend@
0 ambiguity term,
00y carrier multipath error
-k receiver carrier trackingoise

As the carrier phase observable determines the phase within one signal wavelength, the main
difficulty related to the carrier phase determination is the computation of the cycle ambigigtio

be noticed that the ambiguity changes when the recaiffersa signal loss of lock, producing jumps

or measurement discontinuities.

2.4.3 Error budget

To obtain an errefree GNSS measuremerthe satellite and receiver cloghould be perfectly
synchronized, the satellite orbitswve tobe ideal and the transn@tt signal would propagate to the
receiver throughthe vacuum at the speed of lightlevertheless, in realifythe Earth rotation,
relativistic effects, atmosphere effects, receiver clock, orbit errors and receiver instrumental errors
contribute to the measr e ment 6 s e r rarorscdn bel gatedorized Thto esatedlite related
errors, signal propagation errors and receiver errors. Finally, the total error propagation is affected by
the geometrical reangements of the satelliteBable 2-1 revealstypical values of the error&6NSS
observables, measuraith a dualfrequency receiver according ltegarty (2013).

Table2-1: GPS error budget famvilian useduatrequencyreceivers withouSelective Availability §A). The
first four errors are related to the satellite and signal transmission, while the last four depend on the receiver

Error Source Error Budget [m] Remarks
Satellite
Ephemeris 0.8 Broadcast ephemeris residual error
Clock 1 Error due to clock drifts
Signal propagation
lonosphere x 00 Depends on satellite position and solar activit
Troposphere 0.2 Depends omumidity andtemperature
Code multipath 0.3 Varies with code frequency, signal modulation
environment
Carrier multipath 0.05 Varies with carrier frequency, signal modulatior
environment
Receiver
Receivercodenoise 0.3-3 Depends on dynamic stress and receiver

Antenna phaseenter 0.0010.01 Depends on the calibration process
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2.4.3.1 Satellite related errors
Ephemeris error

Ephemerigerrors occur due to the orliitegularity. Even if the satellites travel in very precadits,
there is a set of disturbances which must be accounted fossptamicity of the Earth anits non
homogeneous mass distributjothe gravitational effect of other celestial bodies and the solar
radiation pressuréSubirana et aR013) Due to tlese phenomena, the satellite position in the orbit is
different to the one sent in the ephemerithe GNSS ground control system is responsible for the
detection anccorrection of these disturbanceBhe International GNSS Service (IGS) operates a
networkof groundstations, whichs able to providdoroadcastGNSS ephemerides with an accuracy
of 0.1 m according t¢GS (2020)

Clock error

The time scale of the GPS system is GPS time and the satellite clocks tag the signals in this time
frame. Since a synchronization erropdf ibetween the GPS time and the satellite clocks leads to an
error of 300 meters, the S\dse equipped with atomiclocks.Rubidium and cesium clock oscillators

have shorterm stability ofp m and longterm stability ofp 1 (Seeber, 2003)Nevertheless,

small drifts exist and they lead to inaccurate determination of the user position. Additionally, errors
occurdue to a lack of synchronization between the GPS time system and the time when the satellite
broadcasts signals. Clock errors are determined and sent to the satellite by the ground control
stations. Within the downlink data, satellites provide theircicloffsets as coefficients of a
polynomial to the use(Li et al. 2018. IGS provides realime satellite clock solutions with an
accuracy of 5 ns according i8S (2020)

2.4.3.2 Signal propagation errors

lonosphere delay

The ionosphere is a part of the atmosphereithaktendedetween 50 km and 1000 km. As it is
mentioned byt ogan(2013) the ionosphere affects a GNSS signal in two ways: through the variation
in the refraction index because of the electrons contentsaimdillation. Due to its content of
electrons, the ionosphere affects the range and the-ratggef the GNSS signals through signal
bending, carrier phase advance or distorfiiobuchar, 1996) Scintillation refers toirregularities in

the ionosphe content. This causes shtetm signal fading that results in positioning errors.
However, this phenomenon occesgecially in low latitude areas.

Troposphere delay

The troposphere is thewest layer of the atmosphere, froine sealevel up to 18 km As opposed to

the ionosphere, the troposphere is the-iooized part of the atmosphere and consists of dry gases
and watervapor (Hobiger & Jakowski, 2017) Its effect is known as tropospheric delay and the
impact on the GNSS observables is shown qudtion (2-18) and Equation(2-19). Since the
troposphere is a nondispersive medium for frequencies up to 15 GHz, it has the same impact on the
carrier and code measureme(ifaplan & Hegarty, 2006)This implies that it canridbe determined

from duatband measurements.
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The troposphereomprisesa wet and a dry component. The wet one is difficult to mddelto the

fact that it depends on the water vapor distribution in the atmosphere. Nevertheless, the wet
componentrepresets only 10% of the totalropospheric refractian To model the dry component,
existing models can be employed. The total dellag to troposphere is proportiorialthe elevation

angle Hopfield developed a model to determine the troposphere error bidedng the hydrostatic

and the wet delay. Saastamoinen devel@redccuratenodelto compute the hydrostatic delayn

the case that the user does not hawveugh data to apply the mentioned model®PSHydrostatic

Delay Model(1998) tropospheric algrithm can be utilizedSchuler, 200Q)This algorithm makes
predictions regarding the troposphere delay by using staddémdhais dependent on the latitude of

the user.

Multipath error

Multipath error occurs when a satellite signal arrives atréloeivernot only via the line of sight
(LOS) signal, but alsathrough other paths due to reflection and diffractiohe multipath
components are delayed and phase shifted with respect to the LOS signal. Depending on the relative
delay and phase shift, mstructive or destructive interference appears. iltexferenceof multipath
signalsand LOSsignal affects the GNS®arrier,code measurements and the signal to noise ratio.
Multipath errors are challenging due to the number of fatchatinfluence then. Since multipath is
determined by the satellite user geometry anthe surrounding environment, it is a local erron.

time domain, the error is not constabtit shows a sinusoidal pattern for a stationary receiver. The
pattern is determined by thetsllite movenent above the antenna horizdnultipath error depends

on the satellite signal structure and frequency of the carrier. Additionally, the receiver which
processes the multipath signaddso hasa contribution to the resulting error on the GNSS
measurementsAs this error represents the core of this wonhle influence of multipath on GNSS
signals is discused in detail in Gapter3.

2.4.3.3 Receiverrelated errors

Antenna error

Pseudorange measurements might be biased due to the receiving antenna as well. Accurate knowledge
regarding the antenna phasenterand phaseentervariations is required to adih accurate GNSS
measurementsBased on the frequency of the received signal, azimuth and elevation of the
transmitting satellitethe antenna phasgentervaries in position. Therefore, antenna calibration is
necessary to determine the phasatercorrections for a given antenna model. The Right Hand
Circularly Polarized (RHCP) Left Hand Circularly Polarized (LHCP) antenna gain patterns play an
important role in the attenuation of the multipath signalsatatransmitted tthe receiver.

Receiver noig

Receiver noise is an error similar to white noise and can be removed withpadawilter. It arises
from the highfrequency thermal noise and the dynamic stress of the tracking |éajakitionally, it
contains the noise induced by the receiving ramae cables and amplifierdBoth GNSS observables
are biased by receiver noise at different magnitudes, frequEpanden{Subirana et al2013)
According toKaraim et al (2018), the modernreceivers have carrier phaserror of 0.1-1% of a
cycle anda pseudorange error in range of centimeters
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2.4.3.4 Satellite geometry

The accuracy od GNSSposition is influenced by two factors: the accuracy of the measurements and
the geometric distribution of the satellites, Ifdenotes the accuracy of the pseudgeaabservation,

the connection to the positioning standard devigtioand satellite geometry i.eilation of precision
(DOP) is given by the equatigBeeber, 2003)

" 00 0] . (2-20)

DOP values for a locationan vary considerably during a dajdowever snce GPScomprises31

fully operational satellites, the DOP variations are less critithé launch of other navigation
systems like Galileo contributed to even better DOP values due to the satellite redundancy.
Nevertheless, the critical situations can occur in urban emagats, where thb u i | ceightgasdd
narrow streetyield to signal blockage of the satellites of low elevatidue tothis phenomenqrthe

DOP values and implicitithe accuracy can be degraded.

2.4.3.5 Positioning errors

Accuracy and precision are mostlyedsto describe the position in satellite geodesy. Nevertheless, the
terms are distinct in meaning.ccuracy measures the closeness degree of the measured value with
respect to the true valuBrecision indicates the closeness of the measurements to tweir value.

An accuracymeasure that is often used in satellite geodesy is the standard deyiationngot mean
square error'Y 0 "Y)OThe'Y 0 "Yi@presents the squared differences betwasiredcoordirates

and truecoordinatesAssumingzO, 30 and3'O the errors in the east, north anettical components

in the epochiQthe 3D RMSE is defined aéSubirana et aR011)

gO'YD YO -B 30 30 30 . (2-21)
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25 GNSS data processing

As mentionedpreviouslyin section2.4, the GNSSmeasurements contain several errors on code and
carrier observableslo assess the errorhich is caused by the occurrence of multipath, the other
errors on the measurements should be estimated and removed. For this, several algorithms can be
used. In the next sections, the relevant methods that aremitbéul this workto isolate the errors
affecting GNSS measurements are shown.

2.5.1 Combinations of GNSS measurements
2.5.1.1 Code minus carrier

Multipath errois on code measurementan be determined by the combination of code and carrier
measurements on the same frequen€gnsidering the mathematicalefinition of the GNSS
observables in equation®-18) and (2-19), the multipath error on code measuremegtn be
computed by means obdeminuscarrier (CMC) combinatioas follows:

" % ¢O O_ 00p 00j - (2-22)

Through this combination the clock errors, tropospheric delay and ephemeris error are removed.
Equation(2-22) expresses the CMC observable with tbmaining errors: thsmnosphere, ambiguity,

coda anctarrier plase multipathand receiver nois@he ionosphere delay can be removed by making
use of dal-frequency measurements. The procedure is known as geeneetrygombination and it is
shown in the following section. Ambiguities from carrier phase observables are constant for each
satellite, as long as no cycle slips occur. Therefore, they can lowedrby averagingf the cycle

slip occurrence is known. For this, a detector of cgtijes can be used. The CMipproacmeglects

the multipath which affects the carrier phase measurements. Thécasise othe magnitude of
carrier multipath errorscompared with the code multiparrors Multipath influence on carrier
measurements may reach a maximuna gfiarter of wavelength i.e. 4.75 cm for.LThe multipath
magnitudeon code measurements can réaap to the signal code length i.e. 293 m for @&de
(Yedukondalu et al. 2011 owever,the amount of multipath error on pseudorange is dependent also
on the receivetechnology as shown later imapter3.6. Assuming that theanentioned errors are
determined and removed, the CMC estimate consists only of multipath ergseadorange and
receiver noise. Thisan be expressed fdlows:

C

" %o C"O 0 _ 0

Foo- R (2-23)
2.5.1.2 Geometry-free combination

According toSanz Subirana et a2011) the geometnfree combination cancels ughe firstorder
ionosphereeffect. This means that 99.94f the ionospheric delay is remavdrom the GNSS
measurementsAs indicated in Equatiorf2-18) and Equation(2-19), the error due to ionosphere
depends on the signal frequeri@ This property allows GNSS users who use more than one
frequency to correct the ionosphere error, as folliBubirana et al. 2013)
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0 %o %o o_  0_ (2-24)

where:

"(HQ  the two frequencies of the GNSS signal,
%P0  carrier phase measurements,
h_  wavelength,

0 the ambiguity on frequenc@

For the case of GNSS single frequency users, the ionosphere delay error can be approxithated by
Klobuchar modekxpressed in lation(2-25). By using he coefficients within the satellite broadcast
navigation message, the ionosphere error can be deterthioBdannWellenhof et al2007)

0 & 6 Al-6—, (2-25)

where0 vé€& iand0 p T local time. The values foro and® are computed with the
coefficients from the navigation message as foll(thafmannWellenhof et al2007)

(2-26)

Another possibility to correct for the ionosphere delay is provided by the TEC (Total Electron
Content) maps. Globally, TEC models are derived from the Internatidd@SGervice. TEC maps

are availableevery 24 hours, at a sample interval of 2 hours per 5° latitude x 5° longitud€IGi&Js
2020)

2.5.1.3 Single and doublecombinations

Widely used for relative positioning, linear combinations of GNSS observabjgisa® simultaneous
measurements at both a reference and a remote station. This means, that the measurements from the
two stations must be synchronized. Assuming two satellites i.e. PRN A and PRN B and tway close
receivers i.e. Q and R as illustratedrigure 2-3, single and double differences can be built for phase

and code measurements.

PRN B

Figure2-3: Between receiver differential technique
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The differentiation can be performed between receiver, between satellite and betweé@notisaon,

1992) One of thereasos why this method is popular is that it eliminates the correlated errors. By
forming single differences between observables, the satellitk eloor is eliminated Since the

baseline between receivers is typically short, the atmospheric and orbital (i.e. ephemeris) errors are
similar. Thus, these can be also reduced. Nevertheless, it must be noticed that the larger the baseline
between the regvers is, the less correlated the common errors become.

The double differences caridbe satellite and receiver clock errotdowever, the ambiguities of the
carrier phase measurements and the multipath errors are not elimirfatedlouble difference can

be used for the determination of the multipaiagnitude if the ambiguities are remov&estricting

to the literature regarding multipath estimation, the presence of multipath has been identified in 1988
by double differenced phase observation&éorgiadou & Kleusber(fl988)

Single differences

GNSS pseudorange and carrier phase measurements mathematical formulations are presented in
section2.4. Consideringhe equations antthe notatios in Figure2-3, the single difference (SD) for
pseudorangand carrier measurements are formed with the observables from one satellite and two
receivers:

Yo" " " i Q06 Qo6 00y 00 +-5, (2-27)

"YO% %o %o | 0Qd Q6 _ 0 0 00f 00§
(2-28)
-1 8

where:
? pseudorange from satellieto receiver),
” pseudorange from satelliteto receiver,
i difference of geometric ranges
& speed of light
Q oy clock corrections of receiveér, respectivelyy,
00 pseudorange multipath at receiverrespectivelyy,
- cumulative code error corresponding to recetvemd'Y noise
%o carrier phase measurement from sateflite receivery,
%o carrier phase measurement from satefiite receiver,
0k ambiguity integer number of receiver respectivelyy,
00 kR carrier phase multipath at receivierrespectivelyy,

thewavelength of the GNSS signal frequency
cumulative carrier phase error corresponding to recéivard'’Y noise

=

It is to be noticed that the differences expressed by EquaRe?d and (2-28) do not contain the
ionosphere and troposphere delay terms. Because of the proximity of the two receivers, these terms
are consideredimostidentical and are reduced.
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Double differences

By performing between satellite difference and between recdifferences the double differences
(DD) are formed. This removes the receiver clock bias from the SD. Neglecting the receiver noise,
the DD may be formed for both pseudorange and carriesepblaservations as follows:

00" YO YO" @i i 00 O00f O00f 00j N (2-29)

00% "YO% "YO% i i 00y 004 00 00 +=:)(230)
30 a0 ).

The terms in the first pair of brackets in Equati¢229) and (2-30) representshe geometry term
corresponding to the differenced unitsblne to different satellite§.he next two pairs of brackets
contain the multipath for the two satelli@sndé from the two receiverd and'Y. Equation(2-29)
contains the multipath on code measurements and Eqyat®0) the carrier multipathlit is noticed
that DD on carrier phase measurements containsafigiguity differences as welllhis can be
removedhrough averaigg. Within the continuous pass of the two satellites with no cycle gépts,
the last term of Equatiof2-30) is a constant number.

To pursue only the multipath effect in DD, the tarm 1  must be removed. Each SD includes
the termi , which is the projection of the relative position vector onto the LOS vector to each
satellite’Q In the case of a DD, the differentiation of the projection results in a geometry term that

includes thdlifference between unit vectors to different satellites for all possible combinations. To
determine this variable and subtract it from the Bi@Jeast square regression is employed.

The goal of the polynomial analysis is to motted trend of each geometrical term by means of the
lowest possible degree. The regression model is givéBriandt, 1999)

—e [ 1 O T O» E 1 % g (2-31)
where:

I polynomial coefficients
® time variable
- arandom error of the polynomial fitting

By solving Equation(2-31), a unique least square solution is obtaingdich is a set of values to
compute the best fibr the DD geometrical term.

2.5.2 Cycle-slip detection

As previously mentioned i8.5.1.1 receiver losses of lock cause discontinuities in the carrier phase
measurements. This is knownthe literatureas cycleslip. When this occurs, the integer ambiguity

the carrier measurement of a satelliteanges. In order to remove the ambiguity from the CMC
estimate, average is performed over segmehtrano cycleslip occurred. Tdave the information
aboutcycleslip occurrencea cycleslip detector has to be implementedff&ent methods cabe
implementedor cycleslip detectionaccording to the application type and available .daf#hin this
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work, dueto the availability ofduatfrequencymeasuremds, the detector is based on carrier phase
data from two frequencie$his has the advantage of eliminatihg clock andgeometry erra. The
first step to detect theycleslips is computing the differenced consecutive samples as follows
(Subirana eal. 2013)

3%o TQ %o TQ %o TQ, (2—32)

where'@iCare two frequencies of @NSSsignal andQrepresats an epochAs the second step, the
second order polynomials are further computed for each satellite carrier measuremeramuted
polynomial is comparetb the observed valusdo Q for each epocBIf discrepanciesargerthan a
threshold appeathena cycleslip is declared. Téthreshold can be computed by using the fahgw
equationgSubirana et al. 2013)

6 O O :Dy_ (2-39)
W = = (2-34)
h
% C
o @ ¢ (2-35)

whereYorefers to the measurement sampling rate "ahig the length of the segment which the
threshold is applied to

Based on the differencgsesented algorithntycle-slips are detected. Howevdrshould be noticed
thatjumps in the carrier phase measurements can occur also due to signal instdligtiekre, the
method can lead to false detections.

2.5.3 Receiver noise removal
Pseudorange smoothing

The receiver processes the incoming GNSS signals by means of two tracking loops called delay
lockedloop (DLL) and phaséockedloop (PLL). The output of hese loops consists of the
pseudoranges and carrier phase measurements. The process is described in more detaildrb.chapter
The noise withirthe trackingloopsis inversely proportionalo the frequency of the processed input.

The code frequency for C/8ode (1.023 MHz)s smaller compared to the carrier phase frequency
(1575.42 MHz for GPS L1). Consequently, the code measurementsiaier than the carrier
measurementsThe noisy code measurements can be smoothed with the precise carrier measuremen
by employing a low pasfilter, namelythe Hatch filter. Such a filtecan be implemented as follows
(Circiu et al.2015)

0 —20" 0 p 3B -J , (2-36)
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where:

" smoothed pseudorange

0 smooth window width

3B carrier phase change withime smoothing window

raw pseudorange value

The Hatch filter is a smoothing technigtiet makes use of the variation of the carqdrase.The

choice of the smoothing window size has been extensimegstigated. It was found iByungwoon

et al. (2017xhat the filter residual error for smoothesepdorages is the smallest for a 100 second
window width. As describedby Equation(2-36), the filter is recursive and uses the previous
measurement to estimate the remt one. Althoughthe Hatch Filter reduces the noise on the
pseudorange, it amplifies the ionosphere error which is present in the code measurement. Therefore, it
is recommendedhat the smoothing process is employed either after removingritieproduced by

the ionosphere or usirmydivergencdree Hatch filtePathak et ak013)
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26 Position estimati on
2.6.1 Differential position

The error sources in a GNSS standard positioning system are relatedfabothig: the satellite
because otlock and ephemeris erroihe atmosphere via i@sphere and troposphere erraisd

finally the user through multipath, receiver clock error ande.The errorsrelated to satellitare
spatially correlated and vary slowly in time. In 1980, the technique called differéB{DGPS

was developed in order to remove the spatially correlated errors. Besides improving the accuracy,
DGPShas a psitive impact on integrityas it reduces the probability that a GNSS user sufifens

an undetected system fault (Parkinson et al. 1996)vadays, the generic name DGNSS might be
used instead of DGPS since further navigation systems are utilized bigtinghm to compute the
position.

The DGNSS algorithnprinciple is based on thenathematical formulation presented in section
2.5.1.3 Assuming that one of the tweceivers is a base station and the other one is the rover, the
differential equatioafrom GNSS observatiorarebuilt. To generate corrections by using the precise
measurements of the base station, the following procedures may lH&esbdr, 2003)

a) Corrections in the position domain: the position of the reference station which is derived from
GNSS observations compared with a previolysknown position. The position corrections
are sent to correct the rover position;

b) Corrections in the measurematdmain: The pseudoranges observed from the base stations
are compared with the pseudagas computed from the known basation coordinates and
satellite position. The differences are transmitted to the rover station;

c) Corrections in the space domain: alvs¢ions from several reference stations are used to
estimate a vector of errors in the area.

The DGNSS based on corrections in the measurement domain can be further classified with respect to
the observations which are used as follows: ordinary DGNSB8ercamoothed DGNSS and precise
DGNSS. Ordinary DGNSS is based on pseudorange measurements. The accuracy which can be
reached for this algorithm varies between 1 and 3 meters, depending on the closeness to the base
station. The second approach, namelyriear smoothed DGNSSapplies smoothing of the
pseudoranges at the rover station. This approach leads to accuracies under 0.5 meters. Lastly, the
precise DGNSS is using the carrier phase corrections from the reference station to solve the
ambiguities.

According to HofmannWellenhof et al.(2007) Sennott & PietraszewsKiL987) Lachapelle, et al.
(1989) the multipath errors of the rover stations do not cancel out by using differential positioning
algorithms.Thus, to assess the impact of multipath biasedighigranges on the position, the DGNSS
based on code observationgmployedn postprocessingn Chapter6.

2.6.1.1 Codebased DGNSS

The basic equations for ordinary DG8I&ccording toSeeber (2003are detailed belowBy taking
into account the mathematical formulation of the GNSS observables, the pseudoranges from the
reference i.e. R antherover station i.e. P can be written as:
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? Y

Oh - k. (2-37)

G @ Y 0 D
Y Y 'O - ;. (2-39)

It is to be noticedthat the reference station is consideredexperience no multipath biases in
Equation(2-38) for simplicity. The reason for this assumption is due to the fact that the reference
stations are positioned in highpensky environments and the GNSS antennas are rejecting
multipath. The geometric rangé/( is given by:

Y o W oS (2-39)

Where'Y is computed based on thaown satellite position derived from ephemeris and the known
position of the reference statiofhe differential carection (DC)which is computed is given by:

06 Y WOQO W Y O - . (2-40)
At the rover station, the corrections are applied as follows:
" "$# Y @0Qo Qo Y Y 0O O+(p -5 +00z8 (241

Assuming no latency, the satellite clock error is identical and it camecglsThe differencesn
ionosphere and troposphere biases are negligible for separation up to a feweksldrasteen rover

and reference stations. As the separation increases, the errors decorrelate. Since corrections according
to (2-41) are applied to pseudoranges at the rover stations with a separatfewesfthan 5
kilometers, the position is affectezhly by the multipath at the rover.

2.6.1.2 Carrier phasebased DGNSS

Also known as Real TimKinematic (RTK)if the corrections latency is near to zetlois processing
algorithm is wellknown due to its accuracy. RTK can delivezattime centimegr accuracy over
short separation between the reference station and rover and reillanetiracy in posprocessing
(Kaplan & Hegarty, 2006)Since the carrier phase measurements are only a fractional part of the
carrier cycle, the difficulty in this algghm consists of finding the ambiguity. Thégorithm implies

the following features:

a) Transmission of GNSS observation from the reference station to the rovertime=al
b) Resolution of ambiguities;
c) Reattime baseline vector determination.

Two importantfactorsthat determine the quality dhe algorithm arg¢he transmission data type and
the time to fix the ambiguities. With dulikquency receiverdor example, the ambiguity fixing
requires less time than for singigequency receivers.

Similar to the codebased DGNSS, corrections are computed for the rover. In this case, these are
carrier phase correction#éccording to Seeber(2003) the carrier phase correction (CPC) at the
reference stations is given by:
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608 % —, (2-42)
where:
%o raw phase measured at the base station;
Y thegeometricrangeat the base station;
0 the ambiguity at the base station;
_ thewavelength of the GNSS carrier signal.
The corrected phase at the rover station is given by the equation:

% % O 0 6. (2-43)

2.6.2 GNSS/INS integration

The term INS is an acronynoff Inertial Navigation SystenThe integration of GNSS and INS is

often used as the two systems operate complenigntBine GNSS solution corrects the INS drifts,
whereas the INS is smoothing B&SS solution, rejects outliers and bridges outafles.naigation

solution resulted from such a system is compdete continuougGroves 2013).The basic principle

of an integration algorithm is based on thsionbetween the GNSS navigation solution with the INS
output. The final navigation solution is udbagivenby a Kalman filter By having this architecture,

the INS is able to bridge the GNSS outages. There are different methods to integrate the
measurements from the two systems. Depending on the input that is used e.g. raw measurements or
navigatian solution and the mathematical algorithm, there are three types of coupling: loose, tight and
deep. The loose and tight integration algorithms are presented in the next sections, as these are
relevant for this work.

2.6.2.1 Loosely coupled

The GNSS and INS sywns are working independently inlaosely coupled(LC) integration
architectureThis is visible inFigure2-4 as well, wherghree main blocks can be distinguishEcbm

top to bottom, te first block represents the GNSS receiver processing, the second one shows the INS
processing and the latter one symbolizes the integration software. Both GNSS Receiver and INS
blocks feed their outputs to the integration softwaréclvprovidesanintegrated solutiorFigure2-4

reveab subvariants of the LC architecture, depending on the equipment which is used. For example,
the system can be signed to have an open or clodedp configuration. The dashed line Figure

2-4 which connects the navigation and filtering algorithm toIt® preprocessings absent for the

case of an opeloop configuration.This feedback is required if thaertial sensorsguality is poor

due to high drifts. Otherwise, the closledp configuation is employed and the feedback to the INS
processing not performdgdvram et al201&).
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Figure2-4: Schematic architecture of a GNSS/INS LC integraffavram et al.201&)

The filtering algorithm inan LC integration is generally a Kalman filter implementation. A generic
Kalman filter model can be written asGianluca et al(2017}

When using the LC integration for re@he positioning, there are several limitations. One important
aspect is that neither the GNSS nor the INS solutiagmproved. Due to the fact that the navigation
solutions are initially computed separately andrafaed fused, the position can be affected in two
ways. In the case that the INS sensor is drifting, its measurement weight becomes smaller within the
filter until only GNSS is used. Thus, the integrated solution coincides with the GNSS solution. On the
other hand, if less than four satellites are in view no solution is available diggpitthe INS system.

An alternative to overcome these limitations isttgbtly coupled integration.

2.6.2.2 Tightly coupled

Generally, a tightly coupled (TC) implementation laasoverall better performance compared to the
previous one. The reason is that the two systma not working independently to provide a solution,

but they are fused at a higher level and aid each other in challenging situgiiome2-5 illustrates

the basic architecture of a TC system. For such a system, the integration is achieved by means of a
Kalman filter (KF) and it occurs at the rameasuremenievel. This mansthat raw pseudoranges,
pseudorange rates, acceleration and gyro measurements are fused to obtain the integrated navigation
solution. Consequently, a systdimat benefits froma TC integration is more robust and provides
better accuracy. The better aaey is the result of a smaller temporal correlation in a KF, as in a
PVT solution. The increased robustness is owed to the fact that an integrated solution can be provided
even if less than four satellites are in viéBleason& GebreEgziabher2009).However, due to the

drifts of the INS sensors, it is not feasible to output an accuraitiopd®r long time periods without

GNSS aid.The role of the GNSS measurements is to correct the INS drifts. The time interval where
the integrated solution is ao@ate without GNSS observations depends on the implemented KF, the
guality of the INS sensors and the TC variant that is implemented.
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Figure2-5: Scheme of a generic GNSS/INS tightly couglgdgration(Avram et al.201&)

Similar to the LC architecture, the TC architecture comprises threessiaimts as wellThe basic one

implies no velocity estimates for tracking loop aiding and feedback to the IN&gumessing. These

are marked witla dashed line irFigure 2-5. Another subvariant implies feeding information about

the previously computed integrated velocity and/or position to the GNSS tracking [Oaps.
increases the accuracy of the computed GNSS observations and decreases the acquisition/re
acquisition time of satellites.
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3 GNSS multipath
31 Il ntroducti on

The term GNSS multipath describes the arrival of a GNSS signal to a receiving antenna dheugh

or many pathsbesides the direct signalhis impairment occurs when alectromagnetic wave
encounters obstaclem its way, producing reflection, diffraction or scatterioigthe lineof-sight

(LOS) signal(Saunders & AragoiZavala, 2007) Among theother errors which affect the GNSS
measurements, multipath remains one of the most challenging errors in the budget due to its
randomness. Within this chapter, the complete chain which is affected by GNSS multipath signals is
described and the multipathflimences are explaineddditionally, methods for multipath modeling

are presented.

Sincereflectedsignals travel a longer way to the receiving antenna, they are delayed with respect to
the LOSsignal One of the multipath describing characteristics iglative time delay. Further
multipath chareteristics are amplitude and pha3é&e amplitude of a multipath signal is dependent

on the electromagnetic characteristics of the reflecting or diffracting surface. The signal phase is
proportionalto the additonal travelled path and the reflector's electrical propertiasd thephase
variation over timelepends on satellitgser dynamics/Vhen the multipath signal arrives in phase (0°
phase shift) with the direct signal, this results in a positive interfer@ineeopposite occurs when the
multipath signal arrives out of phase (180° phase shift) with respect to the direct signal. This is known
as negative interferencBue to the changing phase of the multipath signal relatitteetdirect signal

within positve and negative interferencihe multipath for a static receivhasa periodic pattern,

which resembles a sine waflesigler, 2008)

A multipath environment is showm Figure 3-1. Depending onthe surrounding environment,

refl ectorbds geometry and rcanfbe refedted ram the groupceart i e s,
lateral directions. Another phenomenon which occsiggnal diffraction due to edges of reflectors.

These phenomena adescribed in the next sectiondnother aspect which determines the impact of

the multipath signals iwhetherthey reach the GNSS receiver together with the LOS br\Within

this work, both situations are modeled: combination of LOS with reflected signal antneent-

sight (NLOS)

Edge diffraction

N

Line-of-sight
—

Backward reflection —*

Forward reflection

Figure3-1: Line-of-sight signal and multipath effect due to diffraction, forward and backward refiexti
Hannah(2003
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3.2S gnal mo d e |

EachGNSS system sends navigation signals to the Earth. These are altiffatedty to frequency
bands; all of them being spread between 1 and 2 GHz. GNSS signals overlap in the frequency domain
when the carrier frequency is the same, as showigure3-2 in the case of GPS L1 and Galileo E1.
Additionally, this indicates that the central frequencies of ARSand GalileoE5a/E5blay in the
lower L-Band, whereas GPS L1 and GAL E1 are located in the uppand.
N
GALE1

Nl

i =
GAL E5a

GAL E5b GPS L2 GPS L1
i \

®
4

1176.45 MHz 1207.14 MHz 1227.6 MHz 1575.42 MHz

Figure3-2: GPS L1/L2 and Galileo E1/E5a/E5b frequency basdsz Subirana et &d011)

GNSS signals overlap in the time domain as wHilis means that signals from satellites are sent
simultaneously to the user segmetbwever, each sellite signal is unique due the pseudorandom
number(PRN). To distinguishsignals from each othea GNSS receiver makes use of the signal's
individual properties through correlation. The operating mode of the GNSS navigation systems is
known in literatue as Code Division Multiple Access (CMDDndrej et al2017)

The method which is used to modulate the code information on the carrier of the signal impacts the
multipath sensitivity of a GNSS signal. The carrier and code frequenciebaalean impact GPS

L1 signals for example are modulated with the C/A code through the binary phase shift key (BPSK)
modulation.Galileo E1 signal modulation is CBOC (Composite Binary Offset Carrier) and originates
from MBOC (Multiplexed BOC)(Avila-Rodriguez et al2008). Galileo signals are more resistant
against multipath signals than GRIsie to thdarger bandwidth together with the modulation scheme
(Sleewaegen & De Wilde, 2008).

3.2.1 LOS and multipath components

Regardless of theatellite navigation system and cddering the LOS component only, a GNSS
signal at an intermediate frequency can be mathematically modeled as {Misnas & Enge, 2008)

O 06 60000 t”0 tATO®Q Q06 % 0 h (3-1)

whereo is the signal amplitudéQ is the antenna gain applied to the signél,stands for the
navigation data bits, is the ranging codéQ is the intermediate frequency is the Doppler
frequency antbo is the carrier phase of the LOS signal. The signal time of emissiani the
time of arrival at the usast . When the navigation signal arrives at a GNSS receiver dibvar
convertedio the baseband by ming it with an internally generated replica and a Doppler frequency
estimate. Assuming that the receiver frebandwidth preswes the entire signal spectrurthe
Doppler frequency estimate error is ngdlle over the integration timeand that the navigéon
message is decoddtie resulting signal iBNVeiss, 2007)

O 06 600”0 t Al B 08 (3-2)



30 Signal reflection

Equation(3-2) expresses theOS signal as a function of amplitude, antenna gain, ranging code and
carrier phasen the presence @& multipathsignal, consideringn ideal antenna pattethe equation
(3-2) will become:

66 6”0 tAi % o0 & |70 tAi®H 0 %8 (3-3)

In eguation (3-3) the first term representdhe direct signalcomponent andhe second term the
multipathcomponentwhere:

0o thecomposite signal that reaches the receiving antenna
| multipathattenuatiorwith respect tahedirect signalo ), | —,

T arrival timeof the"Qnultipath signalt  t,
%o multipath phase shift relative to theect signal

The parameterpresented in &uation(3-3) together with the receivdype determinethe size of the
error determined by multipatfihis is detailed irBection3.6together with the receiver architecture.

3.3Si gnal refl ecti on

To understand the multipath phenomenon, it is necessary to understand the determining factors and
influences. In the case of a satellite system, because of the large distavemntibe transmitter and

the receiver antenna, multipath effects occur in the vicinity of the(8semders & AragoZavala,

1999) For the computation purpose of the minimum reflector size that produces multipath around the
receiving antenna, the Fresrmne conceptan be employe@hang, 2016) The amplitude of the

multipath signalas well as its impact on the composite sigoah be mathematically determined by
reflection coeffi ci e bependimgfon thehphysicalenfituregdbe refbectd@r,s mat e
the electromagnetic waves can be affected by different types of reflection or diffractions. All these
aspects are discussed in the next section.

3.3.1 Fresnel Zone

The areas which contribute to the signal reflection are known in literaturesseFzenesAssuming

that the Eartls surface is a plane, the concept of Fresnel zones is presefigdiia3-3. The Fresnel

zones are defined by the @énsection between the plane where the receiving antenna is located and the
satelliteantennaihk.

According toRappapor{2002) the first Fresnel ellipsoid plays the most important,foéeause this
is where most of the signal passes through. In the case that it is partially occupied by a wéfleltor
is largerthan the signal wavelengtmultipath effects are expected.tiife reflector is biggethanthe
first Fresnel zone, the signia completely blocked. Therefore, the first Fresnel zone (Higare3-3)
should be free of obstructions.
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Figure3-3: Fresnel zoneff) of a GNSS signal for a static us®rR stands fothe reflection point
(Zimmermann et al. 2018)

According toEissfeller(1997) the semimajor and semininor axis of the first Fresnel zone can be
expressed as a function of the sigmalvelength and the satellite elevation angle as follows:

%) — and ) _ (3-4)
where:
A thesemimajor axis of the first Fresnel zgne
A thesemiminor axis of the first Fresnel zone
h height of the receiving antenna,
1

number of Fresnel zone
thewavelength of the GNSS signal
% satellite éevationangle.

Equation(3-4) is valid for a planar reflectoFigure 3-4 shows the size of the first Fresnel zone for
GPS L1/Galileo EXrequencyof 1575.42 MHz 1227.6 MHz equivalent to GPS Léhd 1207.140
MHz for Galileo E5b frequencyDifferent antenna heights were used over the elevation interval from
10° to 90°.

As the etvation angle increases, the first Fresnel zone area decreases. Consequently, the multipath
phenomenon is more likely to appear at lowlesn at higher satellite elevationsMoreover, for

elevation angles larger th&0° the size of the Fresnel zone harcharges (< 1 A), regardless of the

signal frequency.The satellite signadlso playsa role. According td-igure3-4, for the same antenna
height, theE5b frequencys more susceptible to multipath effects than ltBefrequency and.1/E1
frequency. Threfore for the same satellitposition with respect to the receiyéhe signal will be

affected differently at different frequencies.
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Figure3-4: First Fresnetone areas for L1/E12 and E5b frequencidsr different antenna heights

3.3.2 Attenuation factor

As previouslymentionedmultipath signals appear due to reflection, diffraction or diffuse scattering.
Depending onhte reflector properties that produces the multipath, the attenuation of the signal can be
determined. Assuming a LOS and multipath reflection, the compositel signthat arrives at the
GNSS receiver has an amplitude that contains following parameters:

6 6 Op ¢ ATYH | (3-5)
where:
0 anplitude of the composite signalo ,
0 amplitude of the directignal,

| multipath attenuation with respect to the direct signal
Y% multipath phase shift relative the direct signal

Equation(3-6) shows the dependency between the resulting amplitude of the GNSS signal which is
affected by a multipath and the attenuation factor due to multipath. Nevertheless, the attenuation
factor dependson the surface of the reflector and indicalesv strong the multipath signals are
affecting the composite signal According to Rodgers(1992) the signal attenuatiorj due to
multipathcan be mathematically modeled as:

I -3 3 3, (3-6)
where

—  free space loss

— signal attenuation due to reflectjon

—  signaldepolarization

— signal attenuation due to the antenna pattern
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The terms- and— arenegligible as — 180 wfor path delays up to 450 m and p for the
omnidirectional antenna is considered within this work. The variablemd— can be computed
considering the signal polarization proper@esl refer to the left and right laoization of the signal
The navigation satellite systems use signals that arehaidcircular polarized (RHCP(Stutzman,
1993) The RHCP is the particular case of the elliptical polarization, i.e. the electromagnetiéswav
composed of two linearly components: tharizontalcomponent and theertical component. The
reflection coefficient- for the horizontal component and for the vertical componest can be
expressed as a function of the elevation afigennah, 2003xs shown in Equatio(B-7). The sum

of the horizontal and vertical compents determines the total reflection coefficient

i QA wé 'DFl s Jd QU o wé 'Dﬁ
| 0t O GED J 0t OF GED

(3-7)

with:

- ——— (3-8)

where:

‘O elevation angle of theacoming signaldeg)
- dielectric constant

thewavelength of the signé&m),

»  conductivity in the reflective mediu®/m),
‘ relativepermittivity (F/m),

- complex relative permittivity

The polarizatiorof the signal can bexpressethy meanf the two lineacomponents and3 . The

signalcomponents are representey a copolarized(3 ) and acrosspolarized(3 ) componentas
follows (Aloi & van Graas, 1999)

8 (3-9)

Nevertheless, due to signal reflectidghe signalcircular polarizatioris modified This is knownas
depolarization- and itis determined bythe ratio betweenhe two linear components ands .
Depending ortheir values, following cases are defined:

a. Elliptically polarized if 3 3;
b. Circularly polarized if 3 3;
c. Linearly polarizedf 3 mor3 = 0.

Assuming that a GNSS signal encounters a concedfection surface, the values of the reflection
coefficients are computed within the elevation interval ff@nto 90°, for both the circular and linear
coefficients.These are plotted iRigure 3-5. The constantsvhich are used for concretee- g,

., C¢Ppm S/m,and_ 1 un, corresponding to a concrete reflectod &1/E1 signal according
to ITU (2015) Nevertheless, for the Land L5 frequency, the values remain identical for the
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reflection coefficient, as the wavelengtifference to L1/E1 (i.e. 0.08 and 0.09 fhdoes not impact
the polarization.

1 1
*E —+— Co-polar component 2] —— Horizontal component
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Figure3-5: Circular(3 , 3 ) and linear reflectiomoefficients(s Fs ) for a GNSSsignalwithin theelevation
angleinterval[0°, -90°]. The reflection coefficient values corresponihmmingsignals thaencounters
concrete reflector

At the elevatiorO 1t Jthe signal is RHCP, as the satellite is transmitting them. For the angles below
30°, the signal is righhand ellipticallypolarized (RHEP). This can be seen in both plotEigtire

3-5, by the different magnitudes of the two components. At 30°, the polarization of the isignal
changing. This is also known in literature as Brewsterangle. From 30°, the signal is kfand
elliptically polarized (LHEP) until 90° elevatipnvhere it becomes lefiand circularly polarized
(LHCP). Figure3-6 shows the attenuationof a GNSS signal if it receives one multipath reflection.
The signalattenuation|() over the elevation anglis computedconsidering the material reflection
coefficients presenteih Figure3-5 on thelogarithmic scalelt is to be mentioned that tlagtenuation
values differ for other material of the reflector i.e. megtdss, water according to the corresponding
permittivity (' and dielectric constaift . The constant values for other materials can be extracted
from tables as itiTU (2015).

Signal attenuation (dB)

0 20 40 60 80
Elevation angle (deg)

Figure3-6: Signal denuation( ) due to a multipath reflectioover the elevatioanglecf. Hannah (2003)The
reflecting surface is concrete.
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3.3.3 Specular and diffusereflection

The reflection coefficients presented the previous sectiorare valid for the case of specular
reflection. In reality, there is also the possibility that thee f | e c t o is do$ smeothrAsac e
consequence, the signal has diffuse components after the reflectibguta3-7 it is illustrated how

in the case of specular reflection, the incident angle of the sigiha equal to the angle of the signal
after the reflection. Oppositely, in the case of diffuse multipath, the incoming angle differs from the
angle after the reflection.

N

Figure3-7: lllustration of pecula reflection(left) and diffuse reflection (right) according Zihhang(2016)

In the case of diffuse reflection, the signal power is scattered in different directions. Additionally, the
reflected signals have different phase shifts. For the purpose of determining if a surface produces
diffuse or specular reflection, the Rayleighexion can be use@err, 1964)

©0 g8 (3-10

The termz’Oin Equation(3-10) represents the height difference between two reflection pointg and

is used as a measure to establish whether the reflecting medium is producing a specular or diffuse
reflection. This criten is also depending on the signal wavelerigjhand the incident angle of the
incoming ray (y). Figure 3-8 is the interpretation of the Rayleigh critami for thethree carrier
frequencies corresponding to GPS L1 and Galileo Eland E5b The plot indicates the little
difference between the carrier frequencies and that for elevation angles bigger than 50°, réfétctors
have irreglarities bigger tha2 cm causéiffuse reflection.

—o—L1/E1l frequency
—+—12 frequency | |
L5 frequency

Diffuse reflection

ssssuvseny

Specular reflection

10 20 30 40 50 60 70 80 90
Elevation angle(deg)

Figure3-8: Influence of the reflector irregularities on the signal reflection type. L1/E1 and L2 carrier
frequencies are considered alamigh the elevationntervalfrom 0° to 90°
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In the case of diffuse reflection occurrence, the reflection coefficianEquation(3-9) must be
modified by applyng a magnitud reduction factor. Tén reflection coefficient for diffuse reflection
can be computeds a function of the reflection coefficient for specular reflectiamd the reduction
factor” by using the formuléHannah, 2003)

w 7 . (3-11

The magnitude reduction factoris a function of the carrier phase differer(e§g ) between two
reflecting signals coming from different leveltheseare mathematically modsd as:

" QbR (3-12)

“p'Q )
o WY g (3-13)
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Prior research generally confirms that multipath is primarily produced as an effect of specular
reflection. There is one more signal propagation effect that can affect the GNSS signal and produce
seondary multipath effectssignal diffraction. This occurs when the LOS signal is obstructed by
reflectors and a fraction of the bent signal still reaches the GNSSeaecEhis is illustrated irFigure

3-9. There are two possibilities of receiving a diffracted signal: with and without the LOS component.
The region where only the diffracted signal is present is known as shadow region. If a receiver is
positioned in this area, the signal attenuation is pronousioed a part from the signal is blocked by

the obstacle.

LOS

Diffracted signal

Figure3-9: Diffraction of a GNSS signal

It is expected that the signal stops beiagked by the receivarhen facingan obstacle. i reality,
the LOSsignal can pass despite the presencanobbstacleas long as it imot bigger tlan the first
Fresnel zone (seedion3.3.]). Previous studies have considered the kedge diffraction problem
to compute the power loss of the signal strengthis approach is adopted also into this wdrke
formula to derive the signal strength attenuation dueiffoaction is a function of the antenna and
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obstruction height, distance of the antenna from obstruction and angle of incoming GNSS $ignal. If
is the angle between the LOS and diffracted signal, this can be comp(fEd,g2019)

r OAT — 0O (3-14)
where

"Q heightdifference betweethe receiving antenrend the obstructign
‘Q horizontal distance to the obstruction,
% Elevation angle of the incoming GNSS signal.

TheFresnel diffraction parametavhich determines the signal strengttenuationcan be written as:

q
— 38 31
20 Q (19

t M Q WVET D

To determine the signal attenuation on thgarithmic scale, the following equation should be
applied:

| @8 ¢ i CE p f8 (3-16)

Assuming thatQ andQ from Equation(3-14) have both the value of 2 metetise signal attenuation

is computed and plotted below kigure 3-10. The attenuation values on the decibel scale are plotted
for a range of possible elevation angles of the incoming signal. The vatl® r@presents no
attenuation and the valu@0 dB indicates a weak signal. Most of the commercial receiveraide to
track signals which are above 30-8R. It is visible from the plobelow that from 45°the signal
does not experience attenuation anymore. This is known in literatsignas$ being in the clear.

10

-10
201
-30

-40

Signal attenuation (dB)

-50

-60

10 15 20 25 30 35 40 45 50
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Figure3-10: Signd attenuation ) due to diffraction over signal elevation angle
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Despite the efforts that have been done by researchers to model the multipath, several aspects
regarding this topiare still ogen (Smyrnaios et al2018) The reflections number, the satelite
receiver geometry, the multipath parameters changing nature at each epoch together with the antenna
andthereceiver architecture make the multipath challenging and difficult to medet.research has
thoroughly investigatedlifferent multipath aspects, focused on different applications. By modeling
the propagationf multipath signalsanassessmemegardingthe delay and magnitude of the multiple
reflectionsis done This approach isdeveloped and used idannah(2001) Fontan & Espifieira
(2008)and Lehner(2007)for instance. Although the modeling techniques are different, the common
objective is to determine the multipath behavior for different scenarios. Another appisesthin
literature is the modeling through geometrical optics \Glatis raytracing. Whilst this approach is
computationally expensive, it provides accurate results if the environment is KRawicciari et al.

2017) Multipath can alsobe statisticly modeled by the welknown Rician and Rayleigh models.
Several derived modeldased on measurement campaigns have been preseritetnier (2007)
Goldhirsh & Vogel £998) Weiss(2007)

Due to the complexity of the topic, the multipath modeling topic is split into three sections within this
work. For clarity, this structure is presentedrigure 3-11. The first two blocks are detailed within

this chapter, whereas the last one is presented in Chapkailéwing the phenomenon chronology,

the first part examines several multipath propagation modeling approabesling the multipath
propagation serves to obtain a relationship between signal reflections and carrier frequency,
environmentand usersatelite relative speedGallager, 2006)It is of high importance to reproduce
multipath through propagation modeling for simulations both in software and hardware and
eventually for system testingVillacieros, 2011) According to Schnell & Fiebig (2002) the
propagation models can be divided into three categories: statist&takministic andphysicat
statistical modelsThe multipath modeling sectiois followed by the multipath influence on the
receiver. As numerous receiver signal processing techninfiesnce the incoming multipath signal

and process it differentlythere is a need for understanding the prodgkisnately, the focus lies on

the multipath errqmwhich affects the GNSS observasthatare output of the GNSS receiver.

Multipath signal || Multipath impact || Multipath bias on
propagation on receiver observables

Figure3-11: Multipathimpact chainThe first two topics are detailed within Chapter 3.5 and 3.6, whéreas
last one is detailed within Chapter 4

3.5.1 Statistical models

As previously mentionedhe signal propagation changeaccording to the environmentTherefore,
statistical models have been developed to demonstrate the propagation features for aatite@nt
interest. Some examples can be founé&amtan et al(2001) Mella (2007)and Joseph & Braasch
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(2000) Widely acceptedsignal propagatiorthannels are often categorized into narrowband and
wideband. Narrowbangropagationchannels are used ipglications where the signal bandwidth is
smalkr thanthe coherence bandwidth of the multipath fadiRgoakis, 2001)Narrowband models
include Rayleigh and Rice models, which are typically used for modelingmahde satellite
channelqLutz et al. 191). Wideband models are used in situations when the time difference between
the LOS component and the multipath reflections exctetisignal bandwidth. This means, that the
multipath delays are solvable within the signal bandwidth angrgagatiorchannel is modeled as a
tapped delay linewith time-varying coefficientgRice et al. 2004)

Within this work, both methodsare implemented to simulat@ultipath in static and kinematic
situations Dependingon which kind of multipath signad are produced due to the environment
different modes can be usdRice modelis usedfor modeling a situation whdmoth multipath and the
LOS signal are present, while Rayleigh is modeling the signal charactevigters multipath is
presentbut the LOSs blocked i.enonline-of-sight (NLOS) situation.

3.5.1.1 Rice Model

Rice equation can be used to model the signal amplitude in a situationtheheeceived signal
consists of LOS andn unknown number ghultipathcomponents. Assuming that thignal strenth

of the multipath components are equidle amplitude of the composite signal is described by a
statistical distribution. fie probability distribution function (PDR described by Rice fading model,
as follows(Fontan & Espifieira, 2008)

0 o] 0 )
. w —Ag@Db O o] NE ®
oo d o me n (3-17)
1 ne =

where

0 amplitude of the composite signal,

| multipath attenuatiorrelative to LOSsignal
0  amplitude of the.OS signal,

‘O modified Bessel functionf order zero

Equation (3-17) reveals that the Rice distribution depends on two parameterdirde signal
amplitude and the multipathttenuatiorrelative to LOS Considering a multipath signal thaas a
constant amplitudé p and that the amplitude of the LOS component is varyitite Rice PDF
variations are plotted iRigure3-12. This plotoutlines the evolution of the Rice distribution from the
situation when the LOS componentiieckedand for a range of increasing values. It can be noticed
that as the LOS power increases with respect to the multipath ,pineetistributiortends towards a
Gaussian ondn literature, the Rice -kactor is often used. This represents the catdaenultipath
ratio and is defined as:

Q T— no Qs pmét® (3-18)



40 Multipath modeling

The k-factor is importantas it determines the distribution function, thereforeattenuatiorthat the
signal will experience. iQ m, then the Rician distribution becomes the Rayleigh distribution.
Figure3-12illustrates the PDF of the Rice fading model expressetidRice kfactor.

< 04t

Figure3-12: Rician cumulative distribution function (CDFr various amplitude values

3.5.1.2 Rayleigh distribution

In a worstcase scenario, the direct link between the satellite and the user is blocked and only the
multipath contributions are receivethis is a typical noiine-of-sight situation (NLOS) Assuming

that themultipath signalsare uncorrelated, normally distributed, of equal amplitude andraeem
distributed, their distribution can be modeled by Reyleigh modelThis distribution is known in
literature as a chi distribution. () with two degrees of freedoffrontan & Espifieira, 2008The sum

of two quadrature Gaussian noise signhals follows a Rayleigh distrib{R@ampaport, 2002) The
Rayleigh nodel is known as the special case of the Ricean function without the LOS signal and can
be mathematically modeled @da et al.2001)

6A®E>6 m ©
b 0 | q
P

Tt

H
T (3-19

In Equation(3-19), the term plays the role of the scale parameter of the distributionuAsg that
the multipath signal strengihcreasesFigure 3-13 shows the spread of the Rayleigh function. This
indicates that the more powerful the multipath component is, the wider i®sbking amplitude
spread.
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Figure3-13: Rayleigh distribution function for various multipath amplitudes

3.5.2 Deterministic models

In the case of deterministic modeling of the propagation channel, input knowledge about the
environment is required. To make accurate assumptiaf@gmation about the geometrical and
electrical properties of the environment have to be known. However, this is computationally
expensive and environment simplifications are often maidile cost of results accuracy. The output

is specific to partiglar locationsin contrast to the statistical models where it is rather an average
characterizing value. There are two categories of deterministic models: exact and asymptotic
(Villacieros, 2011) The asymptotic methods are used to model the satelligdves link and are
therefore the focus in this work.

Asymptotic models includghysical optics(PO), geometrical optic§GO), geometrical theory of
diffraction (GTD)and uniform theory of dfiraction(UTD). PO methods are used doalyze large
scatteriig surfaces by performing a higlequency approximation. The GO is a+#msed method,

which considers the existence of LOS, reflected and refracted waves. GTD is an extension of the GO
method proposed bigeller (1962) which additionallypostulates the existence of diffracted rays.
Although is more accurate than GO, the GTD approach has the drawback of failing in the shadowing
boundary since it is purely based on ray optical theory. Nevertheless, by using the UTD method, the
shadowing mpblem is solved. The UTBal so named the Ouniform versic
nature of the ray diffraction to determine diffraction coefficigi@hen et al2009) Within the next
sections, three multipath modeling deterministic mqadetéch are réevant for this work are detailed.

They are presented in the order of their complexity, starting with the most basic one.

3.5.2.1 Ground reflection

In a satellite navigation system, a single and direct link between the satatlitbe user, as expressed
by Equation(3-2) is seldom the only propagation path. Ground multipath originates from a reflection
off the groundwith a relative delay and a phase shifthmiespect tdhe LOS signal. The relative
phase of the reflected signal varies differentlythe user movegSchneckenburger et a?017)
Figure 3-14 illustrates the ground reflection multipath, whérés the receiving antenn®is its
height,Qrepresentshe horizontaldistance from antenna to the reflecting point @nd the satellite
elevation angle. According tosigler (2008) for this kind of multipaththe following rules apply:

a) As a consequence of the reflection law, the angle of incidence equals the angle of reflection;
b) As a result of the satellite movement, the disté@obanges and can be expressed as a
function of the satellite elevatidi®), as expressed in Equati¢3+20).
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Figure3-14: Ground reflection geometry

0
The significance of terrf2consists in the fact that it influences the frequency of multipath variations.
These are directly proportiontd the distance from the antenna to the refleamiit was shown in
Irsigler (2008) This implies that the multipath variations are a functibthe satellite elevation. An
additional influence on multipatiehavioris the user state: static or dynamic. Prior research confirms
that theoretically, the maximum multipath fading frequency of a static user reaches the value of 0.5
Hz. However, deperigg on the geometry, for a user velocity of 15 m/s the fading frequency can
reach 180 Haccording toran Nee 1{992)

Based on the assumptions above, the additional tpmthledby the multipath raydue to the time
delay { in Equation(3-3)) with respect to LOS and the relative phase ddkayir{ Equation(3-3))
can be computed as folloWghang, 2016)

3 0 C¢OEIoh (3-21)

W%O —ApT O = —— (3-22)

where:

w” reflection additional path with respect to LOS (m); " ” wdr

"Q  height of the receiving antenna (m),

‘O  elevation of the satellite (deg)

w %o thephaseshift of the reflected signal with respect to LEi§nal(deg)
thewavelength of the signal (m).

Equation(3-21) shows that the additional pattravelledby a multipath reflection is a function of the
satellite elevation angle and the antenna height. Assuming different heights of the receiving antenna,
the left plot inFigure3-15reveals the increasing pattern of the path datag function of the satellite
elevation angleRegardless of the chosen waaediths, the pattern of the graph remains the same.
Consequently tiis visible fromFigure3-15that the errotrend isthe same. This shows that multipath
reflectionsinfluencewith differentdelays but with the same pattern.
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Figure3-15: Ground reflection additional path relative to LOS

3.5.2.2 Arbitrary reflection

Besides reflections from the grouridcoming signals might be reflected from obstructions in the
vicinity of the antenna. This situation is illustrated Figure 3-16. Assuming that the receiving
antenna is theenterof the local coordinate system, therrors induced by the reflected signal are a
function of the satellite positiofirsigler, 2008) ConsideringFigure 3-16, the components of the

multipath additional paths are showndoyandd , the elevation of the satellite is represente®layd
the horizontal distance to the reflecting pointtby

multipath signal
Z (Zenith)

f

l2 ¢/
Reflection .4 %

point 9:\ }O

direct signal

- Y (East)

X (South)

Figure3-16: Geometric conditions for a signal reflection from an arbitrary reflection poidhefing (2016)

Considering the geometrical arrangement illustratedrigure 3-16, the delay due to multipath
consists of two segmentsanda . If & represents the distance to theeefing pointthe extra path
travelled by a reflected signal can be expressed as:

Ww”0 & a3E, (3-23)
& & aoé . (3-24)



44 Multipath modeling

The anglancan be computed as the dot product between the vector determined by the direction of the
incoming signal and the vector determined by the reflected signal direction. In this way, the phase
shift of the reflected signal can be mathematically modeled lasvB{Zhang, 2016)

WhD I O0Op HEDO WEDO0MED O O 6 | @o I @ o R (3-25)

where

_ wavelength of the GNSS signal (m),

‘O elevation of thesatellite (deg),

0 azimuth of the satellite (deg),

O elevation of the reflected signal (deg),

6 azimuthof the reflected signal (deg),

a distance from the antenna to the reflection point (m).

3.5.2.3 Ray-tracing

Ray-tracing techniques are known literature to realistically model multipath, considering all the
complex changes of the GNSS signals in both time and frequency doBwimpared to the
previously presnted deterministic models, raycing haghe advantage of being very precise within

the simulation environmer{Schmitz et al2009) Nevertheless, accuracy is obtairsdhe cost of

long computational time. Prior studies investigate methods to reduce it and maintain precision. Most
of the deterministic algorithms that piet the signhstrength, phasand delay are based on the
computation of thewvave's reflection, diffractiorand scattering. In 1980, successful computation
based on Geometrical OptidSQ) algorithmswas presented iwhitted (1980) Later,in Ikegami et

al. (1991) the raytracing algorithms foisignal loss due to multipath propagatiare extended for

urban areas. Within this work, the theoretical predictions show a good agreement with the measured
values. Further improvements on racing methods through Geonieal Theory of Diffraction

(GTD) and Uniform Theory of Diffraction (UTD) are presentedSichaubach et a{(1992) Seong

Cheol et al.(1999) Schmitz (2012) and von Hinerbein & Moura2014) The GO raytracing
algorithms ar e bas edmahamatica formaldtidnsan pe foundearkasl&e . Th
Kaly-Kullai (2007) The basic postulates of GO aeording talenn(2000)

a) the waves arransverse electromagnetic modégM),

b) rays travel in straight lines in a homogenous medium,

c) polarization is constant along a ray in an isotropic medium,

d power in a O0bundle of raysodé is conserved,

e)reflection and refraction obey Fermatds pri n

f) the reflected field is related to the reflection point field through the reflection coefficient
descibed in ChapteB8.3.2

Since this principle postulageonly the existence of direct ameflected rays, an enhancement has
been achieved by adding the Geometrical offaeof Diffraction, i.e. signal propagating in the
geometrical shadow regions of an obstacle. According to this medpgtsform the strongest fields,
while corners develop discontinuities. Assuming a random fJoiw!here asignalreflection occurs,
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thetotal field of the signal &, P 0 can be decomposed into GO and GTD componastillows
(Pathak et al2013)

M0 RO RO N (3-26)
where

R0  field of the signatlue to reflection at reflection point,
@0 field of the signatiue to diffraction at reflectiopoint0 .

The field of adirectsignal, also known as ralias the following expression:

Pl Pl o0 ———m (3-27)

where:

0 incident field of thesignalat the transmitting point,
” principal radius of curvature of tlei g nvave fiost,
i length of the direcsignalfrom transmitter to receiving antenna

wavelengtlof the signal.

Assuming that the signal is reflected by a surface in the @@irthe reflected fieldpp 0 can be
computed with the equation:

md POl > ———— (3-28)

where:

@0 incident field of the signal at thveflectingpoint,
. the reflection coefficiendf the surface
i length of thereflectedsignal fromreflection point Qto receiving antenna

The reflection coefficiestfor the vertical and horizontal components of the sigmalcomputed
based on the theory presente®id.2

In order to model the diffraction, both regions presentegldmust be taken into consideration: the
shadowed and.OS areas. TheUTD has the following expression to compute the diffracted

field @0 :

0 @0 O —— X (3-29)

where:
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P incident field of the signal at thdiffraction point,

me the diffraction coefficientof the edge

: wave frontradius of thes i g ndiffracfed components

i signal length from the diffraction edge to the receiving antenna.

The practical implementation of the GO and UTD algorithms imply computational speed. An
approach which is nowadays used to decrease the computational load is shiguneig-17. The 3D
environment can be simplified by considering the surfaces as 2D triangular grids. According to the
receiving antenna position in the 3D model and the position of the satellites, the fields of the signals
are computedwhen intersecting wit the surfaces delimited by orange lines. The figure illugtrate
screenshot taken from a rinacing software, namely Sim3@pirent Commnunications, 2019)

& L )
erry | Lol

[

ST

Figure3-17: 3D model with obstdes modeleds polygons for rayracing computation

3.5.3 Hybrid model

As alreadymentionedthere are either statistical or deterministiethods¢o model the propagation of
multipath signad. However, according to the state of the art, no model can deakwdrsdue to
multipath regardless of the environment. The statistical models are bassi@tistical distributions
from measured data. These are straightforward tphugenot preciseDeterministic models, on the
other hand, are precise, yet requdgrcomputational power anehvironment input data for rayacing
algorithms(Avram et al.2018) To lower the computational requirements of a deterministic model
and to improve the accuraof a statistic one, thphysicalstatistical (i.e.hybrid) approach can be
used. Several models of this kind were proposetiziaras et al(1998) Oestges et a(1999)and
Oestges & Vanhoenackdanvier (2001) considering different input parametersA random
environment where this model can be applied is presenteigjume 3-18. Considering the illustrated
geometry, the hybrid moded implemented within this worky applying the following steps:

a) Considering the size of the buildings, the relative position of the receiving antenna and the
satellite positionthe following canbe established by means of +tagcing computation: the
receving antenna receivestherthe direct signalthe direct signal and multipath reflections
or no direct signal and multipath directions;

b) According to the computation in the previous step, multipath components can be modeled by
the statistical methods pesged in3.5.1
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SVi

SVi

A &
Multipath pr
reflections )V'/

Figure3-18: Example of environment for multipath computation vihie hybrid model

The satelliteSVi in Figure 3-18 experiencesnultipath from the facades of thbuildingsaround the
antenna. Assuming that the buildingave the samsurfaces, thereforeamereflection coefficients
thesignal attenuatiodue toreflections is equalConsequentlythe multipattfor this specific satellite
can be modeled by Rayleighs expressed by equati@®19) if the direct signal is blockedf the
LOS signal is presenthenthe signal multipath amplitude can be modeled by the Rician model.

36Receiver sensitivity to multipa

Receivers provide posiin, velocity and time informatigiased on incoming GNSS signals dinely
represent the user segment. The components of a generic receiver coasatliof frequencyRF)
component, digital signal processing and navigation data procg¥¥eigs, 2007)as illustrated in

Figure 3-19. The RF component receives the GNSS spread spectrum signals employing right hand
circularly polarized (RHCP) antennas because the GNSS signals are RHCP (&sawel000) In the

case of an active antenna, the additional use of a Low Noise Amplifier (LNA) is required. This has the
role of reducing the noise from the RF dewanversion and compsates for the cable loggan
Dierendonck, 1996)After the downconversion and sampling of the signal, this goes further into the
next block. At this point, the GNSS signal consists of a mixture of all the visible satellites.

) Navigation
RF > Slgnal_ > Data
Component Processing .
Processing
v 2

Pseudorange
Carrier phase
CNO

Ephemeris data
PVT

Figure3-19: Architecture of a generic GNSS receiver

The digital signal processing bloakpresents the core of a GNSS receiver. It performs several
functions in reatime, using the input signal from the first blockHigure3-19. Signal tracking loops

are incorporated in the signal processing block, which provides the pseudorangeremdpobase
measurements. Tachievethis, the signal must be correlatadd tracked. The hardware responsible
for this function is called a channé®Principe & Bacci, 2011)A modern receiver contains many
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channelghatcan be operated in parallel, independent on each other. Each channel contains code and
carrier tracking lops together with their hardware and software. Pseudoranges and carrier phase
measurements are the outcome of the Delay Lock Loop (DLL)ectgply Phase Look Loop (PLL).

The navigation data processing block has threetion of data extraction and positjovelocity, tme

(PVT) computation.

3.6.1 Receiversignal tracking

After obtaining the coarse code delay and carrier Doppler in the acquisition phase, the next step is the
signal tracking. Within this process, the fine estimates of signal parameters are obtained. These are
obtained by means of the receiver code and pinasking loopsThe DelayLocked Loop (DLL)and
Phased_ocked Loop(PLL) block diagrams with descriptions can be found in the literatpdker

(1980) and Dafesh et al.(1998) For the further understanding of the receiver mechanisms, a
simplified schemeof the tracking loops presented irFigure 3-20. Each receiver channel has a
tracking loop that works independently. According t@eiss 2007) dependingon their code
discriminator type, the code tracking loops can be split into coherent DLL andoherent DLL.
Considering thephase trackinghe most popular is the Costas tracking loop.

Figure 3-20 illustrates the signal processing required to obtain the pseudoranges and carrier phase
measurements. The first step after the A/D conversion of the GNSS signal at an intermediate
frequency is multiplicationThe receiver's Numerically Controlled Oscillator (NCO) generates in
phase ‘Gignal samples)which are0° phase shiéid and quadrgphase(0 signal samples)hich are

90° phase shiftedTo match the incoming phase of the signal, the NCO isgeently adjusteth

reattime. The'Gaindd samples are mixed with thiecoming signal to produce th@nd0 channels.

The next step is the correlation. Most of the receivers generate three signal replicas at constant chip
offset resulting in early@), prompt () and late §) copies of the signal. These are correlated with the
incoming signal on botf@&ndd channels.

\ >“’.,’/ b > Integrate&Dump i

o5 L
T —(X) | Integrate&Dump |+ |

Integrate&Dump |

sSig 2po)

IF signal —
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—— 1 Integrate&Dump [~ Q

)]
eulwl

,41\'1 { Integrate&Dump 4 Oy

|
10}

—( X H——F— X H—F—F— Integrate&Dump || 14 g

| NCO Code Generation | | CodeNCO | Code Loop Filter F -5

‘ b Q)

Carrier Loop Filter ‘ Carrier Discriminator

Figure3-20: Receiver tracking loops architectuafter Pany(2010)
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The resultof the accumulation during the integration time leads to the vaDie$h'O,0 ) |,

and 0 . These are used by the code and phase discriminators to compute the signal error and then fed
into the loop filters. After being filtered, the tdisis communicated through a transfer function to the
NCO, to adjust itself to maintain track of the sig@any, 2010)

3.6.1.1 Tracking loops

Depending on the signal parameter that is b&iagked the loops are split into: code, phase, and
frequency. Considering the purpose of this work, the first two type of loops are presented further. The
code loop i.e. DLLs tracking the code pha3ewhile the phase loop i.e. PLik tracking the signal

carier phasé&w Assuming a linear model of the tracking loop, the output efan be expressed as
(Teunissen & Montenbruck et al. 2017)

9 — —i —i h (3-30)
where:

1 — linear equivalent ofliscriminator output also known as signal tracking error
—i  input for the tracking loop,
—i  output from the NCO.

The term computed in Equatiof3-30) can express either the code or the carrier tacking error
estimate, depending on the tracking loop tyAse. seenFigure 3-20, the output of both loops
represents the input for their filter. The loop filter transfer function is defined as:

— .
"Oi —h (3-31)
1 —+

where:

—i Laplace transform of the inpati |,
—i Laplace transform of output 8-

The loop filters estimation is processed further by the NCO. Assuming unity gain for the NCO and
considering thatOi stands for the overall tracking loop transfer function, its mathematical
representation is:

— 5 i J0i oi .
0i . 3-32
°f I s oiroor T o (332

where:

—i  NCO integrator output,
0 i  NCO transfer functiond i pAi.
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Considering tha®D i is the transfer function error andi its error function, the steady state error
- i 1 can be computelly applying the Laplace transformihe mathematical formulation of the
three tracking loop parameters can be expressed as follows:

O i p Oih (3-33
- '0i JYih (3-39)
00

-0 Tt $_Oﬁ (3_35)

where:

"Yi  theinput signal

3 filter loop order,

Q0 . , . .

a5 maximum line of sight dynamics,

0
1 loop filter natural radian angular frequency.

Since the steady state error depends on the loop filter order, the type of the tracking loop error
depends of thimop filter order. Thaypesof loop filter are discussed in more detaiBi6.1.4

3.6.1.2 Correlators

The integration between the incoming signal and the receiver generated replica is done within the
correlation process. The integration time can vary depending on the hardware and software resources
of the receiver. The accumulation of many integrationaalior various consecutive signal samples
results in an increase of integration time even in the presence of limited hardware resaunges.
integration time determine an increased bandwidth of thelgiection process. On the one hand, this
leads to ineased sensitivity in tracking a signal which is weak or interfered. On the other hand, the
robustness of tracking a signal in dynamic conditions is decreased for long integration time.

The position of the correlators with respect to the signal true vatue code and phase domain are
shifted with an amount noted withfand "Q. The values that the correlators are shifted with vary
between 0.1 and 1 chiffonsideringChe inphase component of a processed signal (atide
quadrature componenthe correlator® can be modeled as a function of the signal parameters
(Teunissen & Montenbruck et al. 2017)

6 "QORMA h QA % -h (3-36)
H DIV T -F QU QATYWE i %o
16 00YDT T -3 Q8 ATYT QEL %
"' 5 00YD T QI ADE (] 7
u 5J00YD T QEQIYT V& G

with "Q (3-37)
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where:

6 early, late and prompt correlator§, "Of) HOWD RO
(o] navigation data

Q correlator spacing,

0 signal amplitude,

1 B "QR % shifted code, Doppler and carrier frequencies
Y integration time,
- correlator noise,— "OfD RO RO

Depending on the signal modulation and receiver architecture, an additional number of correlators can
be usedand the correlator offset can vaty Figure 3-21 various correlation phases are shown. In (a)

and (b) the early correlation at 1/2 and 1/4 chip offset is shown, whereas in (b) and (c) the same
distancing is illustrated but the late receiver generafaites.

Incoming signal
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Receiver replica signal
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(a) (b) (€) (d)

Figure3-21. Code correlation with different correlator distancing ataplan & Hegarty (2006)

The output of the correlators computed as shown in EquéiB8) represents the input for the next
processing step discriminator.

3.6.1.3 Discriminators

The role of the diriminators is to determine the error for the signal code and carrier phase from the
early, prompt and lat&and0 correlators output. The output of the discriminator is known in
literature as the -Burve and it represents the amount of error in theivec generated replica with
respect to the incoming signddiscriminator types determine the kind of tracking loop (i.e. PLL,

DLL) and the characteristics ahe receiver (i.e. robustness to dynamics/multipath, amplitude
sensitivity, etc.).
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PLL

The PLL is the phase tracking loop of a receifl can be split into two categories: pure PLIdan
Costas PLL. The main difference between the two types is that the pure PLL is sensitive to the
navigation bits from the modulated signal, while the CoBtasis insensitive. Another advantage of

the Costas PLL is that it is accurate, but it has the drawback of being sensitive to dynamic stress. The
mathematical formulation dfvo PLL discriminators are described(&aplan & Hegarty, 2006)

. 0
1 % OAT— (3-39)
0

O E 1%o 8 (3-39

600 ©

The discriminator in Equatiof8-39) is known as the fouquadrant arctangent. It is optimal for both
high and low SNR(signal to noise ratio)ut it implies computational burden. The second
discriminatorpresented if{3-39) is computationally not expensivbut still provides the advantages
of the fourquadrant arctangent. Two common Costas discriminators are expressed as(kKdjolas

& Hegarty, 2006)

OKi% 0 '@ (3-40)
OET% 0 i Qs (3-41)

Equation(3-40) represents the classic Costas discrimindtonas the characteristics of being near
optimal at low SNR at the cost of moderate computational burden. The discriminator in Equation
(3-41) is the Costas discriminator with the least computational burden and the slope is proportional to
the signal amplitude.

DLL

The delaylocked loop (DLL)is the tracking loop which estimates the code efro}f between the
incoming signal and receiver replica. The basic functionality resembles the PLL, except that the DLL
has a triangular shape of the correlation function which has no different peaknwloeme errors

exist. There are two important characteristics of a receiver: the code loop thermal noise and the
maximum LOS dynamics. These are determined by the predetection integrators, discriminator of the
code tracking loop and the code loop filt&he most common code tracking loop discriminator is
known as normalized earlyjower minus latgpower and can be expressed @®unissen &
Montenbruck et al. 2017)

1T . = 8 (3-42

The discriminator expressed in Equati(8i42) is first-order linearly proportional with the code
tracking errorConsidering the correlator distancing showirigure3-21, the discriminator output is
illustrated below inFigure 3-22. The discriminator output is also known #ee SCurve and it
indicates the errors of the generated replica alignment. If the incoming signal is perfectly aligned with
the generated replica, the output error is zero as also shown in the figure below.
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Figure3-22: Code discriminator with respect to receiver generated replica at different offsetSagfiien &
Hegarty (2006)

Further discriminators which are used for receiver architectures are presented(kKefdan &

Hegarty, 2008)
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(3-43

(3-44)

Equation(3-43) represents the quasbherent dot product discriminator. It is characterized by the
employment of all three correlators and a low computational burden. Considerioipg@ 0
correlator spcing and no noise, this discriminator outputs the true error of the code misalignment.
The discriminator expressed in Equat{@34) is a coherent dot producthis has also the advantage

of low computational burden and accurate output, but it can be used only when the carrier phase of the

signal is in lock.

Both discriminators (PLL and DLL) output is provided further to the numdyicahtrolled oscillator
(NCO) which controls the carrier and code generators. However, the discriminator output contains
noise that needs to be suppressed before the feedback is sent to the NCO. Therefore, the next step is

that the discriminators outpid provided to the loop filters.

3.6.1.4 Loop filters

The scope of loop filters is to minimize the noise from the discriminators output. In this way, the

feedback to the NCO is more accurate and the receiver tracking error is minimized. The choice of
bandwi
is the state vector anlis the output, the implementation of a loop filter in a receiver is given by the
following equationgTeunissen & Montenbruck et al. 2017)

fiterorderand noi
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® I I %h (3-46)
where:
O transition matrix,
0 gain filter matrix,
1 %o discriminator outpugeither code or phase),
6ho matrices to obtain the system output from the system state and input.

Depending of the receiver type, loop filters can have different orders. Their details are presented in
Table3-1. To be noticed that the filter natural radian frequencys computed based on the value of

the filter noise bandwidth which is selected when the design of the receiver is defined. The choice of
the filter order is made relating to the application. For example, if a receiver is exposed to high
accelerations, ththird order loop can be an option. The minimization of the jerk stress succeeds by
choosing a wider noise bandwidih. However, it should be considered that regardless the design of
the receiver, the loop filter becomes unstable when the produglis not below unity as shown in
(Kaplan & Hegarty, 2006)

Table3-1: Loop filter characteristics aftéfeunissen & Montenbruck et al. 2017)

First order Second order Third order
Loop filter transfer Oi 7 - w0y I 1] - wp I O
function i i
3V 0w — O —
implementation
O p o P Y
m p
0 YO
0 "YW I YO
o p
0O p ™
O w?d _
O w3
Loop noise 5 5 5
bandwidth T pPE w Py
Filter coefficients 1 O UC © pph & ¢8
Steadystate error QY _ QY | QY |
__Qo Q0 Q0
| 1 1
Loop filter Sensitive to Sensitive to Sensitive to
characteristics velocity acceleration jerk
stress stress stress
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3.6.1.5 Tracking loop measurement errors

Thermal noise

The PLL thermal noise is considered the main error soiir¢ke phase tracking loggnce the other
errors are often negligible. The same is valid for a DLL tracking loop, as in the absence of multipath,
themal noise is also a dominant error source. Considenr@gaangent PLL and a noncoherent DLL
discriminator, the mathematical expression for the thermal noiae fellows(Kaplan & Hegarty,

2006)

_ 0 p .
— 34
v 0 Em 2P ovam (3:47)
5 0 Q Y Qi Q¢ 0Q00JTY QQ
” WQ 0
¢ o, Y Qi Q& DQ003Y Q0
y
(3-48)
6 Q Y Qo é i 0Q00TY 'QQ
P h
N YDHI O Y QO£ i OQ00TY Q'Q
y
where:
— wavelength of the signal frequen®y
070 carrier -to-noise ratio,
Y 'Q power spectral density of the signal normalized aviemite bandwidth,
0 doublesided receiver froatnd bandwidth,
Y chip period;Y P vy » Where is the chipping rate
(0] refers to correlator spacing of the receiver.

It is visible from Equatior§3-7) that the carrier thermal noise standard deviation is dependent on the
carrierto-noise rationd70 , the noise bandwidth and the integration timé& TheoF0 is an
important performance measurement for GNSS receivers since the stronger the recovered signal is,
the noise amount decreases. This leads also to a decrease of the thermal noise error. Another method
to decreasg is to decrease the noise dandth. Lastly, the decrease of the integration time
reduces thesquaring,and this alsdeadsto a decrease gf . However, this comes at the cost of
receiver incapability to accommodate higher signal dynamics.

The thermal noise error of a DLL #&fected by various parameters as shown in EQuéB@i8). The

power spectral density is the Fourier transform of the second derivative of the correlation function
expressed in3.6.1.2as shown inTeunissen & Montenbruck et al. (2017). Although GPS signals
which have a BPSK modulation occupy the same bandwidth as BOC modutatats,sthe latter

have a higher power at the spectrum edge. For this reason, the correlation peaks are sharper for BOC
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modulated signals compared to BPSK and therefore the tracking accuracy is increased. This leads to
less noisavhentrackingthe codeén aDLL.

Transient errors

An additional type of error that influences both kind of loops is the transient grrprThis error
reveals the inability of the loop to accommodate to the user dynamics. The mathematical formulation
for a transienerror corresponding to a first order DLL is a function of the loop bandwddth Y and

the user range jum@déunissen & Montenbruck et al. 2017)

nooQ R (3-49)

Transient errors for both PLL and DLL are dependent on the user motion, therefore they are time
correlated and independent on the measurement rate. These are present for all orders of loop filter and
the design of the receiver is a tramfé between thermanoise and transient errors as stated in
Teunissen & Montenbruck et al. (2017)

Carrier cycle slips

After the acquisition of a GNSS satellite, the role of the tracking loops is to keep continuous tracking
of the locked signal. However, interruptions ie tiacking of the carrier phase may occur. When the
tracking errors exceed the receiver tracking threshold, signabtdesk is experienced. This is also
known as cycle slip and it is seen as a jump in the integer number of wavelengths of the eeier ph
Figure 3-23 illustrates the tracking loop errors evolution versus the cawiapise ratio. It is visible

that the lower the satellite elevation, the higher is the tracking loop error afthalecreases.
Additionally, for each receiver, there is a region whtd 70 tracking threshold is set. IIRigure

3-23is also shown that the receiver dynamics and the tracking loop errors are directly proportional.
Therefore, if thed70 threshold or if the loop tracking error are exceeded, cycle slips occur.
Considering a dynamic receiver, cycle slips might be experienced due to signal obscuration in the
presence of obstacles. When this phenomenon occurs, the cycle slips ardegétied and repaired

or if not possible, the satellite signal is not tracked unless favorable conditions are present again.
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maintain loop conditions in stable tracking
lock conditions

Figure3-23: Tracking loop error with respect to carriernoise ratio afteleunissen & Montenbruck et al.
(2017)
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Signal tracking threshold

Assuming multipath free conditions, the main tracking measurement errors are due to the tracking
jitter and the dynamic stress. The tracking loops should maintain the lock of theifsthpatacking

errors are below thresholds defined by the rule of thumb. The rule of thumb is expressed as
(Teunissen & Montenbruck et al. 2017)

o, O, h - h “Y h (3-50
where:
" 1-sigma error for a PLL or DLL,
w B 1-sigma phase or code jitter,
- h dynamic stress error for either code or phase,
Y thresholdcorresponding to the useliscriminator

The threshold which is computed depends on the type of loop. For a DLL in the absence of multipath,
the main error source is the thermal npigbereador a PLL there are many additional contributions

as follows: vibration induced oscillator phase noise, Allan deviation error and reference oscillator
acceleration stress errifaplan & Hegarty, 2006)

3.6.2 Multipath impact on DLL

The multipath error influeses directly the tracking loop performance of the GNSS receivers. Given
the prior description of how the DLL and PLL are operated, a description of how the error impacts
their functionalityis presented. As presented iacBon 2.4, Equation(3-3), a signal reflection has
three components relative to the LOS i.e. #ienuation , time delayt and phaseshift —.
Neglecting the receiver channel noeed assuming) multipath reflections, th®LL discriminator
function can be written as

o O O .
Yt | 0 ATH — YOt < YOt it < Qb (3-51)
where:
Y integration time over which the correlation outputs are averaged,
YT the correlation function,
(0] receiver correlator spacing.

The errors induced by multipath (, T and—) can be processed in various ways. An illustrative
representation according t©hang(2011) regarding the correlation function and the discriminator
output is given inFigure 3-24. It is to be noticed that the graphs provide an understanding of the
process in an ideal receiver with an infinite fremd bandwidth. In reality, the froenhd receiver
bandwidth is limited consistent with electrical considerati@pplicdion accuracy, signal spectrum

and bandwidthThe decrease of the bandwidth leads to the correlation peak loss and appearance of
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constant parts in the correlation maximum. This hinders the determination of the exact time of arrival
of the signal.

tio
t

ode Delay (chips) Tracking Error (chips)

Figure3-24: Schematic representation of correlation function for a LOS, multipath and composite
signal (right) and the equivalentlEdiscriminator responsafter Chand2011)

The correlation distortion ithe presence of a multipath reflection is presentedhenleft sidein
Figure3-24. This is the case of the positive interference, i.emthkipath signal reaches the receiving
antenna irphase with the LOS signdt.is assumed thahe multipath amplitudattenuatiorrelative

to the direct signal representsi@® from the LOS signal. It is visible how the time defaylistorts

the caonposite signal correlation peak. This precedes the distortions of the discriminator output, visible
on the right sidan Figure 3-24. The SCurve of the @scriminator output represents the sum of
integrations ogr an integration period. Forl@DS signal, the urve is symmetric around the zero
valueas shown irFigure3-22. When a multipath signal is added to the LOS, t@u&/e is distorted

in the same way as the correlation, vathialue, which corresponds to the time ddlags seen on the

right side of Figure 3-24. However, the way how is processed depends on the discriminator
function. Thus, a multipath delay results in different tracking errors and implicitly pseudorange errors,
depending on the kind of receivisr used. The schematic representationkigure 3-24 showsthe
coherent discrimination, i.early minuslate from3.6.1.3

The amount of error which is produced by multipath signals is known in literature as multipath
envelope. By simulating a GNSS receiver and the signal structure that is being processed, the
multipath envelope can be determiné&dgure 3-25 shows anillustrative example of the multipath

error envelope for different signal modulations considering a narrowreator (Q 1@ . The
BPSK(1) signal is representative for a GPS C/A signal, the BPSK(10) shows a similar modulation to
Galileo E5b and CBOC(6,1,1/11) stands for a signal of Galileo E1.

In Figure 3-25 it is visible how the pseudorange error due to multipath is influencedihay
modulationtype of the signal. The lines above the zero value represent the maximum errors and the
ones below represent the minimugrrors for different multipath delays. Maximum pseudorange
errors in multipath conditions occur when the LOS signal and the multipathtiefleeach the
receiver inphase(i.e. relative phase of multipath signal is zero). Minimum pseudorange errors take
place when the multipath reflection arrives-ot#phase at the receiver. This means, that the relative
phase of multipath is 180°. In regli the multipath phase with respect to LOS oscillates constantly,
therefore pseudorange errors are visible between the maximum and minimum Byreemparing
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the three signal structures, it is visible t#RS C/A hashe least resistance to multipaBoth signal
structures for Galileo are better with multipath but the E5b outperforms the first frequency
considering all the range of multipath delay. Nevertheleésgjre 3-25 also reveals that for Galileo
signals, the multipath error envelopes overlap for multipath reflections with delay up to 40 meters,
therefore the errors on pseudorange are similar.

8 BPSK (1)

Pseudorange error (m)

-8 > Multipath delay (m)
0 100 200 300 400

Figure3-25: Multipath error envelopes for pseudorange assuraingrrowcorrelator foBPSK(1) BPSK(10)
and CBOC(6,1,1/11after Teunissen & Montenbruck et al. (2017)

3.6.3 Multipath impact on PLL

The carrier phase measurements are also affected by the correlation distdugoto multipath.
However, these are affectéd a different way, compared fmseudoranges, as shownsaction 3.3

and illustrated inFigure 3-26. Figure 3-26 describes the carrier phase measurement, esora
function of time delayt , induced by multipath withraamplituded  T@®, for a narrow correlator

spacing i.er® chips. The error envelope corresponds to ra RaL discriminatordescribed in
Equation(3-38).

Figure3-26: Phase error envelope due to multipath déldgr a PLL discriminator and a correlator
offset of 0.1 chigafter Irsigler(2008)
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Interestingly, the multipath carrier error has an inversely proportional behestoparedto the
pseudorange (i.ecode multipath error. This means that for short delay multipath,etfier of the
carrier phase is at its maximum acwhtinues decreasing until it reaches zero when the code delay is
bigger thang w meters, i.ep‘ itime delay. The mathematical expressior the carrier phase
measurement err¢%o. is given by(Teunissen & Montenbruck et al. 2017)

% O Q I M oYt t Qs (3-52)

Contrary to the pseudorangaultipath error which can reach several metdérsptaximummultipath
error for the phase measuremengmacheonly the centimeer level. This is the casdecause of the
high frequency of the carrier, i1675.42 MHzfor GPS L1/Galileo E1. As the multigaerror occurs
within a period, the error interval for the code is frim ¢ wmeters for C/A and Ebpen service
(09 codes, while for the carrier phages 1 1@ uneters. However, according k@ick (2004)in
the worstcase scenarjdhe resulting carrier phase multipath errot jig; radian or onejuarter of the
wavelength, i.er@t T meters

3.6.4 Multipath impact on SNR

A

In addition to pseudorange and carrier phase measurements, thudffieats also the GNS$Sg nal 6 s
SNR. By definition, a high SNR indicates a strong sigwhile a low SNR indicates that the signal is
close to the noise floor and is not easily tracked by the red@ilieth, 2006)

As previously mentioadin Section 3.6.3 the carrier phase is also not changed by the navigatign bits
due to the signal encoding techniques. Therefore, the SNR indicates the power signtide
independerty of the code and data bitd. multipath occurs, the reflected signals add constructively
and destructively to théirect signal and this affects the amplitude of the composite signal and
implicitty the SNR The explanationof this degndency with respect to théOand 0 signal
componentgpresented previouslis outlined inFigure 3-27. Generally, in a receivethe SNRis
dependent of the amplitudé the composite signéb ) asfollows (Irsigler, 2008)

0o .
YO 'Y ?h (3-53

6 =0 0. (3-54)

where:

‘O in-phase component from output of receiver correlation with the prompt signal replica,
0 guadrature component from output of receiver correlation with the prompt signal replici
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Qs

Figure3-27: Diagram illustrating the impact of one multipath reflectiorbonafterBilich & Larson
(2007)

Figure3-27 shows the connection between nd0 components of the signal and the amplitude of
the composite signalvhich arrives at the receiveAssuming a tracking loop which is tracking the
signal under multipath conditionghe multipath amplitude i , the composite signal amplitude

isd , the LOSsignal amplitude i$H and the termm%o M and%. represent their phaseSince the

0 represents thamplitude ofcomposié signal, it can be moded as(Bilich, 2006)

o) 0 0 ¢ B Aiws (3-59)

Equation (3-55) indicates that changes in the show the presencef reflected signalsThus,
according to Equatia(3-54) an(3-55), depending on the multipath pheased amplitudethe SNR of

the composite signal carscillate This implies that in the presence of LOS only, the SNR value has a
constantbehavior asuming an ideal antenmeattern,and ignoring the satellite eleva and azimuth
contribution.
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4 GNSPpseudomualntgiepat h esti mati o

This chapter presents two afgbms for pseudorangenultipath estimatiorand ther experimental
verification. The first implemented algorithm is code minus carrier. An oveathitecture and
intermediate steps towards the estimated multipath are det&iade thisapproachindicated
limitations for kinematic measurements, a secaldorithm based on double differencds
implemented. An overviema s we | | as t he al ghoestimatibnmioasigh siduldep s f or
differences are detailed in tlsebsequensection.Lastly, two data sets of GNSS measurements are
used to verify the estimated multipath through the implemented algorithms. &atkets are GNSS
measurements acquirddom a fixed antenna, from two consecutive days and under multipath
conditions. The difference between the data setseifollowing oneof themis acquiredfrom real
GNSS signalsaind the second oraesimulated signaldMultipath isinfluencedby geometry at the
GPS constellation period is one sidereal depfmannWellenhof et al. 2007) Therefore, the
multipath error for GPS satellités approximatelyrepetitive. To verify the results provided by the
implemented algorithmsrosscorrelations betwee®PSs a t e Imultipathefrerd consecutive days
are computed.

41 Codme nus carrier

It is challenging to isolate multipath contribution from the total error present on pseudorange
measurements. One popular technique is the code minus ¢aiv&) differentiation Thishas been
studied sincel996 (Parkinson et al. 1996AIthough this method eliminateshe common errors
between pseudorange and carr@asuremenithe ionosphererroris doubledand ambiguities are
present Depending on the availlbdata several approaches solve these isstlikerefore, there are
various methods to isolate multipaikingcode minus carrier differentiatiorVithin this work, the
ionosphere error is removed byaking use othe available dudrequency measurementurther,

the ambiguities are removed by averaging, after a <sfligedetector is appliedt is to be mentioned
that when the cyclslips are detected, but they are not repaired. The epoch whereslgysleccur is
considered within the further comptibn by splitting the measurements into segments where no
cycleslips happen

Figure 4-1 shows the flowchart of the implemented algorifHoy means of code minus canri
differentiation. The succession of the illustrated stégedsto the computation of multipath error on
pseudoranges. Aa first step, the RINEX observation files provided by the receiver are parsed and
stored in matricesThen the data isnalyzedo look for data gaps in the measurementgjaps are
presentsegments of continuous measurements are created. Tretapeid to identify the cycle slips

In the presence of cycle slips, the number of ambiguities change. For a successful ambiguities
removal through average, the measuremengssplit into egments when cycle slips occdrhe
ionosphere error on thimvesigated frequency is determined from dufaéquency measurements
When the ionosphere and ambiguities eemoved, the remaining errigrmultipath As a final step,

the multipath datas categorizedaccordingto the satellite elevation and statisticseacomputed to
determinea multipath empirical model.

The following sections detail each processing step of the measurements and exemplify intermediate
results before isolating the multipath error.
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Figure4-1: ImplementedCMC algorithm flowchart

Measurement parsing

The GNSS data is recorded by most commercial receivers in RINEX observation and navigation files.
In order to process them, the files are parsedagahized in matrices. An example of how the data is
organized for GPS L1/L2 is presentedTiable4-1. The input needed for the CMC algorithnthe
following: GPS tine of week(TOW), satellite system, PRN nurar, frequency, pseudorange (C),
carrier phase measurements §RJIPRN elevation (E).

Table4-1: Parsing data header for GPS L1/L2

| TOW(s) [ GPS | PRN | Ci(m) | c2(m) | Pi(m) | P2(m) | E(deg) |

lonosphere delay

The error induced by the ionosphere is computed from-fde@liecy carrier phase measurements.

In the case of a single frequency receiver, the ionosphere error can be computed using measurements
from a nearby receiver. According Barkinson et al(1996) the ionosphere delay differs up to 1 m

per 100 km receivereparation.
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The effect of the ionosphere delay on the CMC observables is illustratbe left side oFigure4-2.
Table4-2 summarize the satellite change in position during the observation. tithean be noticed

that the downward trend due to tlmmospheredelay isinversely proportionato the SV elevation
angle. The left sde of Figure4-2 reveat the CMC of SV3 and SV8vhich contains the ionosphere
error twice On the right side, the same quantity with the ionosphere delay removed is plotted. The
subtraction of the bias due to ionosphere is accomplished by means of the theory presentich in

2.4. The data used for the plots is experimental andasgairedon November 21, 2018.
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Figure4-2: CMC differentiationbefore and after removing ti@enospheralelay error for GPSV 3 and ausing
acquireddata from November 21, 2018

Table4-2: Corresponding satellitelevation and Zmuth angles

PRN | Elevation start | Elevation end | Azimuth start | Azimuth end
3 25,7° 65,7° 2323° 264.4°
8 42,3 6,4° 1762° 1744°

Carrier Phase CycleSlip Detection

Receiver loss of lock cause discontinuities in the carrier phase measurements, which determine the
change of wavelength integer numbee. 0 in Equation (2-19). To detect cycleslips, different
methods can be implementedccording to the application type and available data. For- dual



Chapterd: GNSS pseudorange multipath estimation 65

frequency signals, thgeometryfree combination can be used. This has the advantage of eliminating
the nondispersive effects in the signalock errorand geometry error

Nevertheless, it must be taken into notice that theteeand influenced by a reduced signal tisae
ratio, signal instabilities, and scintillation After detecting the cyclslips and splitting the data
accordingly, the ambiguitgd _ ) becomesa constant over a continuous pass of the satellite. Thus,
this influence can be removed by averaging sufatraction from measuremenigithin this work the
cycle slips are not repaired, but just detected and the ambiguity is computedTagaucycleslip
algorithm for the purpose of this work is implementedhsymean of the theory presed insection
25.2

4.1.1 CMC estimate

After applying the previous presented steps, the multipath error presenpssudorange can be
determined. Nevertheless, the estimate contains two additional noise terms, wiocle arger of
magnitude smaller. The remaining errdigat cannot be sepded from pseudorangaultipath are
carrier phase multipath and receiver noise. However, the caméipathhas a maximum value of a
quarter of the signal wavelengfhhmed,2002)and thereceiver noisdor carrier measuremenisin
theorder ofmillim eter Thereforethese ar@ot affecting the resultss found inWeiss(2007)

To show the estimated pseudorange multipath by applying the CMC algorithm, a simulation with the
GSS7000 GNSS signal generator is perforné&dund multipath is applied to ti@PS L1 SV7 and
Galileo E1 SV21. The GNSS antenna is simulated to be static and its heighibi? seeters above

the ground.The simulatedmultipath signal is half as strong as the L&&nal The RINEX data is
recorded using a GNSS receiver and fpoetessing using the presented algorithm is employed.
Figure 4-3 shows the resultedmultipath error magnitde. By applying the CMC algorithm,he
sinusoidal pattern typical for a multipath error is revealéts is typical for a static GNSS antenna,

as found in literaturglrsigler, 2008) It can be noticed that the multipaghrorsdiffer, although the
samemultipath is simulated in both cases. This is owed to the different sitpaathe two navigation
systems have artd theposition evolutiorof the satellites during the simulation time.
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Figure4-3: Codeminus carrier multipath error @imulatedpseudorangebservationgor GPSL1 SV7 and
GalileoE1SV21
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4.1.2 Multipath model

Since the multipath environment in the simulation models is dependent on the satellite position, th
evaluation of the receiver output is done with respect to satellite elevation. The elevation range is
from zero to 90 degrees (i.e. zenith). This interval is split imtee intervals, each intervabin
containing 10°, as shown Trable4-3.

Table4-3: Definition of interval bins used for evaluation of the multipath errors

Elevation bin 1 2 3 4 5 6 7 8 9

Elevation interval| 0°-10° | 11°-20° | 21°-30° | 31°-40° | 41°-50° | 51°-60° | 61°-70° | 71°-80° | 81°-90°

4.1.3 CMC Limitations

The major limitation of this approach is the dependency on carrier phase measurements for the
following reason: cycle slips. In challenging enviramts, the receiver may lose the signal lock
several times during a measurement. This leads to cyck asig implicitly, the change of the
ambiguity integer numbér., By using the CMC algorithm, there is the need to restart the time
averaging procegsiven the event of a cycle slim perform correctly the multipath estimatidgsing

a receiver prelefined model or a reference receivernot possiblesince the ambiguity number
differs from receiver to receiver.

Another aspect to consider is the nded duatrequency measurements order to be able to
determine the ionosphere delay. However, a sifrglguency receiver can albe used if a closeby
receiver is measuring in parallel. Another alternative is the derivation of ionosphere delay from TEC
(Total Electron Measurementsiaps. Nevertheless, depending on the applied mettiedionosphere
computation has different precisi¢sos Santos Plet al.2017)

To verify if the implementation providesrrectmultipath estimateshe algorithm is tested by means
of crosscorrelationwith realand simulateaneasurementsThe procedure andeaults are presented
in Sectiord.3.
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42 Mul ti padbubremdi fferences

Kinematic measurements of GNSS observables include frequent measurement data gaps and cycle
slips, especially for satellites which are not situated in zenith. Considering this and the limiketions

are found regarding th€MC algorithm a second method tdetermine themultipath error is
implemented.Consideringthe awailability of reference dataa feasible alternative to compguthe

multipath erroiis represented biye linear combinations.

Widely used for relative position computati the double differences between a rover and a master
station and between pairs of satellites can be successfully used for multipath modeling as well. The
benefit of this method consists of the fact that almost all the correlated errors are remdwed in t
process of differencing(HofmannWellenhof et al. 2007) besides multipath.A schematic
representation of the implemented algorithm that is used for code and phase multipath determination
is shown inFigure4-4.

| Parse reference | ‘./7 Start ‘\
— Star
and rover data | g /'
Create data _ Split data into
. —>» | SD Computation —> I > .
matrices elevation bins
Reference -
i X Compute
pseudor anges DD Computation X
) multipath model
smoothing
i Ay
1 \
Rover and ] \ End /"
reference L Geometrical term | | | -
synchronisation removal

Figure4-4: Scheme for multipath estimation from linear differentiation

Compared tahe CMC algorithm, this approach does not requioeiblefrequency measurementsut

a reference station near the receiver. This is necessary to remove the ionosphere and troposphere
delay through receiver single differencing. The ionosphere isbilas thathas alarger spatial
decorrelatiorthanthe roposphere According toKonno (2007)the ionosphere is typically varying at
the level of 1 to 4 mm/km. Although the carrier phase is consideneiesencecompared with the
noisy pseudorange, it is affected by multipath. td®rior research substaates the belief thahe
multipath carrier erromagnitudes 1% of the code errorA benefit of this method is that it offers the
possibility to investigate the carrier phase multipath emsssiming that the cycle slips are detected
Although this is beyond the scope of this worknowledge about carrier multipath is essential for
high-precision applicationghat rely on phase observatiansThus, the modeling of the error is
essential fothe latter mitigation purpose.

The first steps are similar tbe CMC algorithm, athey consisbf data parsing.Nonetheless, in this
case the data originates from two sources: rover and reference receiMes.reference data is
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provided by means of a Cloihsed Posioning Network(i.e. AXIO-NET). Before computing

linear combinations, the refarce pseudoranges are smoothed and then synchronized with the rover
data. After the double difference computation, the geometrical term is removed and the multipath data
is split according to satelliteds elevation.

In the next sectionghe steps to determine the multipath error on pseudoréygmeans of linear
combinations of GNSS observations are detadad intermediate results are showinally, the
implemented algorithm igerified in section4.3 by means of crossorrelation to confirm that the
computednultipath estimates are correct.

4.2.1 Pseudorange smoothing

The carrier measurements are more accurate than the coderenszsts due to the higher
transmission frequencyro eliminate the code jitter that induces noisepsaudorangedecause of
internal receiver algorithm, the carrier measurements are used. This procedure is known in literature
as carriersmoothing of cde pseudoranges or pseudorange smoothiing. approach that was
implemented to make pseudorange smoothing for references diagaHatch filter.

The algorithm was firstly introduced by Hatch, therefore it is known in literature as Hfiteh

(Zhang & Huang, 2014) The performance of the Hatéfiter is determinedby the smoothing
window width'Q If the value ofQis a constant during the smoothipgocess, the filter becomes
unstabledue to the ionosphere error opposite sign in the pseudorange and carrier phase equations. To
avoid this, a possibility is to use the ionosphieee combinatiorof the code and carrier. By using
ionospherdree obsevations as input in the HatdFilter, the filter remains stable with a constant
window.

A description of the theoretical aspectstioé Hatch filter is presented isection2.5.3 The results
afterimplementing andapplyingthe smoothing algorithrare plotted inFigure 4-5. The upper plot
reveals the ionosphere delay wvariatiobhemoh L1 me
below indicatedthe unbiased measurements and the corresponding smoothed psewsdarange

plotted.

The window widths are 50seconds and 1@€econds in theshavn example. The choice of the
window width has an impact on the accuracy of the smoothed pseudorange. As noticed in the below
plot of Figure 4-5, the two lines are naterfectly overlapping. Therefore, different choices of the
window width result in different approximations of the pseudorange. Another aspect to be taken into
consideration is the measurement frequency. Although the {H#tehis used with the samendow

width, the results are different for various measurement frequencies. Within this work, the 1 Hz
interval is used. According tZhang & Huang(2014) the best pseudorange accuracy for this
measurement frequency is given when the smoothing windd@0iseconds. Hence, to get the best
results, the pseudorange smoothing is performed usingsdd¥hds constant on ionosphere free
observations.
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Figure4-5: Smoothing of the code noise with the Hatch filigrusing different window widths. The upper plot
shows the filter output with measurements containing ionosphere error. The plot below represents the same
output without ionosphere error

4.2.2 Geometrical term removal

The theoretical aspects regarding lineambinations to determine the multipath error from GNSS
observations are shown £15.1.3 The correlated errorsuch as the satellite clock bias, ionosphere

and trgosphere delays are eliminated through single differenBesible diffeences (DD)
additionally removehe receiver clock error. In the case when the baseline is different from zero,
meaning that the signal is not coming to the two receivers through the same GNSS antenna, an
additional geometrical term has to be eliminatéidure4-6 illustrates an example of a DBomputed

using experimental data before the geometrical term is removed. The red lines indicate the fitted
unique least square solutiamhichis computedasthebest fit for the DDseries

The regression line represents a seeomi@r polynomial, which fits the data trend. Tdwerectness

of the fit is tested by applying the -test on the regression errers The 95% confidence bounds are
plotted inFigure4-6. These show the relevance of the applied method. The narrower is the confidence
interval, the more precise is the estimate.

It is to be noticed that the trend plottedFigure 4-6 is common to all DD, although the regression
coefficients differ. This is the case, because the geometrioaltbeat is being modeled contains the
Earth rotation, with respect to the satellite movement within the measurement time. In the case of
kinematic measurements, the geometrical term also contains the contribution of the rover movement
(HofmannWellenhof etal. 2007)
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Figure4-6: Double differenceghseudorangewith polynomial regression and 95% confidence bounds

4.2.3 DD multipath estimate

The last step of the multipath computation by means of linear combindgidghe removal of the
computed polynomial for each satellite pair. To check the applicatiGinated data, a or®ur
multipath simulation is performedy the mean of the GSS7000 signal generator. The modeled
multipath isa ground reflection for anrdenna situated 2 meters above the ground. The simulated
multipath amplitude is three times smaller as the amplitude of LOS. In order to apply the presented
algorithm to determine multipath, a second simulation has to be made. The simulation-fieerror
and replaces theirtual reference stationsVRS) data which is available for the measurement
campaigns. After recording the RINEX observations for both simulationsyuhigath is computed

by means of linear combinations for carrier and phase ob&mrsatAlthough the carrier phase
multipath is not the purpose of investigation within this work, it is computed and plotted for two
reasons. The first one is to confirm the theoretiedtion of the phasenultipath with the code
multipath andhe secondeason igo show the relevance of the algorithm for eventual further carrier
multipath investigations.

Figure 4-7 reveals the multipatihesulted from simulations fa&8PS7. The plotted multipattrerror
magnitudeare the output of the proposed algorithhnis obvious from the plots that there is a strong
correlation between the code and carrier multipath. Neverthdless;arrier multi@th error
represents 1% from the code multipatthich is according to the findings in tBection3.6.2
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Figure4-7: Code and carrier phase multipath obtained from simulatibhe multipath issomputedrom the
GNSS observations through the proposedrtigm with linear combinations
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4.2.4 Double differenceslimitations

Since the double diffences make use of pseudorange measurements, the results are not influenced by
the cycleslips which affect the carrier phase measurements used in the CMC method. Therefore, this
is the main advantage of using the DD method over CNi&ertheless, there eisome limitations

when applyinddD method as well.

Assumingthat multipath-free observations are available from reference data, the multipath at the
rover receiver is computed by means of double differenths implies the use of two satellite pairs
one pair from the rover and one from the reference. Consequenthsatellite from therover
observationsituated in zenitls used to determine the multipath for the secsattllitein the pair.

The choice of a satellite in the zenith is based oraisemption that it contains no multipatlue to

the convenient position in the sky pletowever this premise relie®n previous research andplies

that thesatellites situatedn zenitharemultipathfree.
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43 Ex per i neernitfailcati on

The multipath estimation through the two implemented algorithms is verified by considering the
geometrical aspect of the error. AccordingHofmanrWellenhof et al. (2007)multipath is related

to geometry. GPS satellites have an orbital period ofdiddfreal dayi.e. 11 hours 58inutes and 2
seconds This means that the multipath error repeats itself for measureamnigedfrom a fixed
antenna each consecutive dajth a time lag of 4 minutes and 4 seco@pilker, 1980) This is the

case if he user is stationary and the environment remains unchasgetiat the multipath error
changes only due to satellite motion.

In order to verify the implemented CMC and DD algorithms, GPS data was gathered. The
measurements aeequiredfrom both simulaed and real GNSS signals in two consecutive days. The
setup that is used, the evaluation of #oguireddata and the results are presented in the following
sections.

4.3.1 Measurement setup

The GPS data used for verification originates from two sources: 38 @0 GNSS signal generator

and a fixed roof top antenna. The setup is detaildeiganre 4-8. The simulatios are performed for

two consecutive days: 7.02.2020 and 8.02.2020, at the same lzonm:Rr four GPS SVs (i.e. 2, 5,

12, 20), multipath is simulated by means of the reflection multipath model presented in section
3.5.2.1 Thus, the NovAtel receiver processes the generated multipath flouth@ PSsatellites. The
receiver output with the GPS measurements under multipath condit&iosed

GNSS signal RINEX

generator f]mu]nn»on
with multipath

multipath consecutive days
model -

NovAtel receiver
Roof top antenna in —
ltipatl RINEX
IrRIpath measur ement
environment | | with multipath

consecutive days

Figure4-8: Setup for measurement of simulated and real GPS signals for the verification purpose

Similar, two measurements of real GPS signals are performed on 29.01.2020 and 30.01.2020 at 17:30.
The fixed antennarothe rooftop that has a tall building in the vicinity represents the adequate

mul tipath environment t o behaviordsknowg &dmeliteratires theer r or 0
ionosphere impact on the GNSS signals is stronger during the day, due solaheadiation.
Consequently, the measurements acquiredafter sunsetin order to minimize the effect of the
ionosphere on the observables.

4.3.2 Measurement evaluation

The data that waacquiredwith the previously described setup represents the input for the verification
of the two multipath estimation algorithms. As indicatedFigure 4-9, the RINEX files fom
measurement and simulation serve as input for the CMC algorithm. The multipath error for GPS
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satellites is computed for all four data sets. Then, eros®lation iscalculatecbetween the estimated
multipath in the consecutive days for both simubatiand measurement.

The RINEX files together with reference data are required to estimate the multipathvéthothe

DD algorithm for the same four data sets: simulated and measured in two consecutive days. The error
is estimated for the same GPS Ba#s and crosgorrelations are computetb verify the multipath

results that are provided by the second algorithm.
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consecutive days CMC multipath estimates CMC
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consecutive days for consecutive days dave
 E—— DD algorithm

RINEX reference data

Figure4-9: Evaluation scheme of the measured GPS data

Table 4-4 below shows the results of the crassrelations, after the evaluation is done. The
correlation lag at 244 secomthdicate that the computed errors have the period found in literature for
multipath. For the measured GPS 12, the time lag indicates 245 seconds. This is acceptable according
to Zhang(2016) due to he small clock periodic errof satellites The cros-correlations magnitude

is different forthe investigated satellitedue to thedifferent geometry conditions and other errors
influences besides multipathThe limitations of the methods which lead to different correlation
values have been presentediifh.3and4.2.4

Table4-4: Crosscorrelation results for estimated multipath from consecutive days

Simulated GPS signals with multipath Measured GPS signals with multipath
SVID Cross Cross SVID | Crosscorrelation | Crosscorrelation lag
correlation correlation lag coefficient
coefficient
2 0.796 244 14 0.879 245
5 0.828 244 29 0.702 244
CMC | 12 0.8%6 244 32 0.864 244
20 0.829 244
2 0.782 244 14 0.651 245
5 0.826 244 29 0.621 244
DD 12 0.823 244 32 0.735 244

20 0.821 244
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5 Multipath simulati on
51 I ntroducti on

The interest in the multipatiehaviorin kinematic situations urges from therrenttechndogy trend:

automated drivingDue to the lack of multipath investigations in this scenario, the simulations in this
chapterfocus on this use casas well as establishing to which extent the user velocity has an
influence. The advantage of the simulations is that one carpsstuations which in reality are hard

or impossible to recreate. For instance, the simulations aignéel to keep the same geometric
arrangementwhi I e the userés velocity is varied to as:¢
are carried out t@nalyzethe discepancies to the kinematic usase. Based on these assumptions,
investigations regrding two differenmultipathmodels, velocity impact and multipathagnitudeon

GPS L1 and L2, Galileo E1 and E5b are accomplished.

In order to make a realistic quantitative assessment of multipath, the receiver architecture, signal type
user kinematis and multipath environmentsave tobe consideredConsidering thesen this chpter
multipath simulations irHardwarein-the-Loop (HiL) are implemented, carried out and evaluated.
The background of the multipath modelhich are implemented in the HiL simulations are
introduced in sectioB.5. The chapter is split as follows: simulationsugetHiL simulations with the
hybrid multipath model, HiL simulations with the deterministic multipath madel a summary
section First, thesimulatiorsdimplementationrand steps ardetailedfor both investigateanultipath
models Then,the usedhardware isdescribedand the receiver sensitivity to multipathaealyzed
After performing the simulations for static arkdnematic use casegshe generated multipath
parametersvith each methodndthe corresponding receiver errors are evaludtedtipath estimates
from the reeiver observatianare computedbased on the algorithm implemented and validated in
Chapterd. Finally,the summarngection reviews theimulationresults from the employedodelsand

it conclude which is moreadequate for the kinematic usase.
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Over the past decades, researchers have made progress in simulating multipath. As a first step,
multipah simulations by means of software have been developed based on the corresponding
mathematical modelsSome examples of successful implementations regarding GNSS multipath can
be found inHannah(2001) Winkel (2000) Lau (2005) and Weiss (2007) Due to the multipath
changing nature and complexity,is unfeasible to use the same model for different applications.
Moreover, the hardware (i.e. GNSS antenna, receiver) has multipath mitigation techniques. Thus, in
order to have knowledge of the multipattagnitudeandbehavior investigations are required for new

use cases and/or hardware.

Within this work,both software and hardwaneultipath simulations are performéa duatrequency
constellation: GPS and Galilebhe frequencies which are simuldtare L1/E1, LZ and E5b for the
reasons mentioned section 1.1 By means ofsimulation, information regarding the impact due to
multipath on the complete satelliteceiver chaircan be gainedrigure 5-1 indicates the software
(SW) simulation This is the first step in the simulation setuphe outputconsists ofmultipath
parameters i.e. attenuation, phase and codefshiéach simulat satellite @rfrequency These are
sent to the signal generat@SS7000. Following,hie signal generator produces GNSS signals by
means of hardware (HW) and sends them to #oeiver.It is to be mentioned that the simulated
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receiving antenna is isotropic. This implies that the gain zero is applied for all frequéries.
simulation chain presenteéigure 5-1 is also kown in literature as Hardware-theloop (HiL)
simulation

Multipath parameters Signal simulation with Signal processing by
generation by SW simulatior GSS7000 by means of HW NovAtel PwrPak7

Attenuation, phaseand
code shift

Figure5-1: Equipment and setup of tlsatellitereceiver simulation chainSoftwaresimulationoutput is being
used to generate multipath signals with the hardware of GSS708Gidnal processing is performed by
NovAtel receiver

5.2.1 Simulation of multipath parameters

The multipath parameters can be computed with software simulation by using the predehted in
section3.5. From theintroducedmodels, the most representative ones are chosen for the simulations
in this chapter. Thesaathe hybrid model and thay-tracing modelWithin the hybrid model, the
multipath parameters are computed based on the statistical approach, consideregnteeygof
environment. The rayracing method computéhe multipath parameters only based on the geometry
of the envionment. This means, that the output is deterministic and representative to the 3D
environment which is simulatedlthough both multipath modeling models are known in literature,
these haveden extensively used for static applicaiofihus,their implementation and simulation in

a HiL setup are necessary to investigate their capabilities to reproduce the GN3®path
parametersalso in kinematic situations.

5.2.1.1 Multipath parameters with hybr id model

The statistical models that are used to model multipaumehat the patlbetween the satellite and
receiveris a sum ofthe direct signalnd reflectionghat can be statistically modeleds shownin
Chapter3.5.1 It is assumed that the multipath components are not resolvable in the time domain,
therefore phase shifts and attenuation of the sigoali;, but no time delay is experienced by the
receiver.Making additionabresumption®n the surrounding environmebly connecting the arriving
signal type (i.eno/direct signaldirect signal andnultipathreflection, multipath reflectionwith the

angle of arrivalas in the deerministic models presented in Chapdes.2 leads to thdaybrid model

The theoretical background of the hybrid model has been detailed in CB&p&iThis simulation
modelis implementedy making use of thEimGEN softwardrom Spirent.

In orderto perform multipath simulations by means hofbrid multipath mode| the first step is to
define four potentiakignal categoriesTable 5-1 summarizes the meaning of the categories and a
possible distributionas a function of satellitelevation. In the last column, the visualization of the
environment definition is added foracity.
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Table5-1: Hybrid model environment definition

Label Significance Elevation (°) p
Category A Obscuration 0-25
Category B NLOS and multipath 26-35
Category C LOS and multipath 36-70
Category D LOS 71-90

The grid isdefined bythe azimuth and elevation angle of arrival of the direct signal. This can be
modified according to the geometry of the environmEot example, for an opesky environment,

the LOS category can occupyaagerelevation interval. According to tHabeledcaegory defined by

the environment, multipath is modeled by statistical means. That is, for LOS and multipath i.e.
Category C, the Rice Model presented in SecBdhl.1is employed. As for the NLOS and
multipath i.e. Category D, this is modeled by Rayleigh, as showh5ri.2 In the obscuration
situation, the satellite sigreaare not simulated.

In order to make a more realistic simulation, fiyérid model can bgparameterizedyy using values

from look-up tables (LUT). These contain paramstevhich have been derived fromeasurement
campaigns in different environmeniBhe parameters which were used for the simulation with the
hybrid model within this work are detailed later in sect©B.15.2.1.1 The ease of environment
definition and shorter computation times represent the advantage of this approach. Nevertheless, the
main limitation consists of the inflexibility to change the environment during a dynamic simulation.

5.2.1.2 Multipath parameters with r ay-tracing model

Ray-tracing simulationproduce multipath components which are resolvable in thedonein, thus
a significant temporal dispersion is observéde second method to simulate multipath within this
work is based otthe ray-tracing algoritims implemented in the software Sint3aDBy usingsuch a
tool, the propagation of the signal from satellite transmission until recepsiotieterministically
modeled The ray-tracing algorithm computes the multipatiparametersbased on three inputs:
satellie constellation, 3Rlataand user positianThe satellite constellation is defined bpghemeris
files. As for the 3D data, this consists of the 3D model of the environn#eB8D modelis developed
for the purpose of deterministgimulatiors. Besides this, the diectric propertiesof the objects
present in the 3Dnodel are considered. Material properties are requicedompute the reflection
c o e f f iimpacedne tdtisanteractionof objectswith the electromagnetic wavedhe theoretial
background for thessdependencies is discussedegt®n3.5.2.3 Finally, yet importantly, the user
position is required. Depending on the simulation typis, ¢An be either static or dynamic, ice.
trajectory isdefined With this input, theray-tracing algorithm computes multipatharametersy
means olniform theory ofdiffraction (UTD) and geometrical optics (GQgspreviously detailed in
section3.5.2.3

Refracted and diffracted GNSS signals, which #ieresult of the interference with the objects
modeled in a 3D scene, are shmow Figure5-2. The white rays represent the LOS, the red ames
reflections,and the hue ones indicate diffractionThe multipath parameters are computed and sent
with a sampling rate of 104for each satellitdrequencyand route point. To integrate the multipath
simulation in the HiL, the information (phase shift, code delay and power loss) is sent to the GSS7000
by a specific protocol.
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Figure5-2: Screenshot afay-tracingsimulationwith Sim3D using atreetmodeland a dynamic vehicle

5.2.2 Receiver type impact on multipath

SinceGNSS is a ranging and positioning system, it is imperative that the reception from the satellites
is the LOS only. However, multipathadvays present to some degree in reality and this is critical for
the accuracy of the position, velocity and time (PVT) resllisis issue has been known since the
beginning of the GPS usehdrefore, the receiver techniques for multipath mitigatiortestdao be
developed very earlyAt the beginning of their developmerBPS receivers have used eafep
spacing between the early and late signal replicas ande@prdation bandwidth of #1Hz. Later,
research has revealed that using larger bandwidtbembination with closer spacing (> % chip) of
the early and late reference codes leadsntdtipath reductionas shown in sectio®.6.1 The
evolution of receivetracking loop configurations is presentedrigure 5-3. Region 1 stands for the
receiver discriminator configuration beginnings, ascending to Region 4 that liesthin terms of
performanceThis leads to better positioning resultgen in the presence of a multipath

24 MHz
Region 4
20 MHz
Region 3
16 M1z

Region 2

7 MHz

Receiver Bandwidth

Region 1
2 Mz

0.045 0.08 0.12 0.21 I

Average Correlator Spacing (chips)

Figure5-3: Evolution of receiver discriminator tracking configuratiafiter RTCA DO-253C (2008)

Each GNSS receiver nowadayashone of the configuratieshown inFigure5-3. Depending on the
bandwidth and correlator spacing capability of a receiver, the multipath signals are differently
processed. The bandwidth determines how much information of the signal is processed. Thus, it has
an impact on the correlation output descriliedection3.6.1 The correlation output is used after
integration to compute the discriminator function. This function determines the multipathwériatr
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representhe contributios 0 0 ; andd 0 j to the pseudorange and carrier phase measurement model
presented in sectidh4.

Thus, it is essential tanderstad thata multipath signal, which reaches the receiver,processed
differently by receivers having different configuratiorihis leads toarious pseudorange and carrier
phase errordor the same multipath errowhen using different receiverdzor the multipath
investigations within this work, the reger NovAtel PwrPak7is used. In order to create an
understanding regarding the receiver processing of multipath signals, an analysis is performed. The
setup and results of the analysis are prteskim the next section.

5.2.2.1 NovAtel PwrPak7 multipath sensitivity

The technical specification of commercial receiveresdmt offer specific information regarding the
multipath mitigation algorithmsNevertheless, it iknown from literature that arrow correlator
technology has been developed and used since 1992 by NovAtel Inc. Considering this and in order to
understand the PwrPak7 Delagck-Loop (DLL) influence on multipath, a series of simulations are
performed. To begin with, investigationsgarding the multipatkerror magnitudeof the narrow
correlator have been made. Multipath simulations for different correlator spacing have been published
in Chang(2011) These reveathat the receiver with narrowomrelator (0.5 chip &) is affected by
multipath delays from zero up to 350 metdiise value of 350 meters is chosen based on the previous
researchwhich show that delayswith a largervalue are successfully decorrelated by the receiver,
therefore they produce no errors. Several publicatsuchasTownsencet al. (1995)Wang (2002)

Hu (2013)analyzethe receiver error for delays within the mentioned interi/akérefore, simulations

are performed with a multipath signal whose delay is within the mentioned interval. Additionally,
differert velocities are considered for the analysis. In this way, a first understanding is created
regarding the receivérdehavior for multipath under kinematic situationd. similar approach for
testing a receiver DLL can be foundWeiss(2007)

Four simulations withan increasingmultipath delay are completed for different velocitie$he
settings remain identical during all simulations, exckptthe multipath. Charactestics of the
injected multipath are described {®¢1). The reflecteds i g n a | idcseasdsdihearly with time, as
follows:

ano & GO, (5-1)

whered 1y 0 is thesimulatedmultipath delayas a function of timebis the initial error andbis the
increasing error with the tim@he initial error is set to zero and it is going up to B5@vhichis the
equivalent of 1.2 C/A code chipThe same multipath error is addedat@atellitefor simulatiors in
static and kinematic conditionsp that the influence of the kinematic undaultipath conditionss
analyed

Figure 5-4 shows the results of the simulatiorghe simulated multipath delag plottedto the
correspondingpseudorange error produced by the receilke results irfFigure5-4 shows two facts
regarding the receivell) the correlatrs are found to resemble PAC (pulse apertungetator)
according to the analysis fones et al. (2004nd (2) multipathmagnitudes inversely proportional

to the velocity. This meanghat the receiver copes better with the same multipath error in a slow
kinematiccase, compared t@staticone This resultis justifiable, as bw pass filteran the receiver
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eliminate the multipatteffects produced by the signal dgmics in a kinematic scenar{@Vinkel,
2000)

For NovAtel PwrPak?7, théighlightedblue areasn Figure 5-4 indicate where the correlators are
susceptible to multipath errors-@5 m and 25% 320 m. However, the maximum resultant receiver
error is 0.37 m, which is negligible compared to the injected error. This is the effect of the receiver
bandwidth, which Bows the correlation function to be sharper, therefore efficient in delay tracking
(Avram et al.2019)

0.4 T T T
—>— static
—a—v=0.5m/s
0.3 v= 1mis |7
<—v= 3m/s
0.2

0.1

Error on pseudorange (m)
o i

g gacg aaaadagadad 9d38dagaqaa 2 £ 2 & 2l
I\ M IgaeeIN RN Bl SR 4 A b

\ ¢ N90990499ea999996M 89 gaaq A Y P |\ ,*\g(’_.n}r}} Gaad)
Y K€ r'dﬂ_ 4 %ed § 4 S 196gasK

|

0.1 I I I | I
50 100 150 200 250 300 350 400

Multipath delay (m)

o

Figure5-4: Receiver tracking@rroron pseudorange measuremdntsa direct signahndone multipath
reflectionunder various kinematics. The multipath signal h@snstant power loss of 6 d8ative to LOSand
increasingpseudorangerror
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53 Hi i mulsavi t dan mul ti path hybrid mc
5.3.1 Simulation environment

The first approach to simulate multipath in the HiL setup is by means of the hybrid model. As
previously mentioned igection5.2, this method models the environmestngfour signalcategories.
Multipath reflections are not easily predictabdspecially for a kinematic usefo assess if b
modeling method is adequate to recreate multipathifferent kinematic situations, simulations with

a user at different vetities areperformed

The first step is to define a scenario for the signal generation. The scenario is definedsatellite
constellation, the simulated user position, time and duration of the simul@tierGPS and Galileo
constellations are defed by usingpostprocessedephemeris data from November 21, 20T8e
signal frequencies to be simulatee B1/E1 and L2, E5b. These are the frequencies of interest within
this work. The usér positionis defined in WGS84 coordinates by a tcapey which is randomly
created, withthe length of 2&kilometers To make aradditionalanalysis between different usases,

two kinds of simulations are performed: static and kinemdthe kinematicsimulations are done to
distinguish between various commonlged vehicle velocities: 8, 14, 19, 25 and 30 m/s.€i
approximatehy30, 50, 7090 and110 km/h). The startinime of the simulation is the same for, &l
order to have the same GNSS constellation.

The second step is modelthe environment. For thishe four categoriepresented imable5-1 are
defined around the receiving antenmdoscuration,direct signal, direct and multipathsignal and
multipath signals only These are delimited by elevation and azimuth arrival andlksough
deterministic modelig these limitsare determinedccordingto the reflectos position and sizén the
surrounding environmengigure 5-5 shows theenvironment, whiclwas modeled and used for the
simulations.

Elevation {degrees)

Figure5-5: 3D and D view of theenvironment for hybrid model simulations. Differemtiorsindicate the four
categoriegletermined by the environment geometry

A limitation of this approach is that the four categories which are defined remain the same during the
kinematic simulations. Aerefore, the environment around the receiving antenna does not change. The
type of multipath which is simulated depends on the signal angle of arrival. This meaos)ytiiae

satellite motion determines a change in the simulation. For example, #li#esé& not simulated at

the beginning because it lays at 5° elevation with respect to the user, this can change when the satellite
lays at 10° elevationlThe ploton the rightin Figure5-5 shows the categories of signals generated

with respect to the satellite elevation and azimuth. The red areas indicate obscuration, the white ones
multipath only, the dark blue show multipath and direct signals, the light blue shigwdirect
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signals. he grid which defines the type of signals that are modeled has a 5° resolution. This means,
that the satellitenustmove more than 5° during a simulatjeo that the type of signal for the specific
satellite changes fromdirect signé to direct signalsplus multipath, for example. The modeled
environment for this set of simulations is an op&y environment on the highway. The echo sources

in these conditions are hills and vegetati@hoosing the highway environment serves to the
motivation of this work, that is multipath investigation for the autonomous driving. Additionally, in
literature, most of the research related to multipath is done in critical environments as cities. Thus,
choosing the highway environment additionally coenpénts the current studies in this domain.

After the categories ametermined, the signals are modeled by statistical méangresented in the
theoretical backgroundh¢ mixture of LOS and multipath sign&éanodeled by the Rician fading and

the NLOS signals by Rayleigh fading. To make the simulation as realistic as possible, the parameters
in the mentioned models are provided from lagktablegLUTSs). There are LU specific for each
environment type, as ¢hparameters are computed after measurep@mnpaign analysislable 5-2

shows theLUT valuesto model the signal attenuation ftive Rayleighand Ricedistribution in a
highway environmentThe values are provideaccording to the ratio between the composite signal
strength andhttenuation due to multipatht is to be noticed that the values used for the physical
statistical simulation are according to the LUT for ahiwgy environmentas indicated irSpirent
CommunicationsZ018)

Table5-2: Rayleigh and Ricenodelingof multipath reflections

E() 0-10 1020 | 2030 | 4050 | 5060 | 6070 70-80 80-90
O (Rayleigh) 2815 | 140599.1| 360.6 | 107497.9 | 475.4 | 1097767 | 128190.3 | 1226385
| (Rice) 4.9 8.2 425 | 415 | 63 | 434 138.2 123.3

5.3.2 Simulated multipath parameters

The objective of this section is tanalyzeand understand the output of thgbrid multipath
simulatiors with different user velocitiesAs this approach simulateke signal characteristics in
terms of attenuation due to multipath, this means thapakeer of the transmitted signial affected
Consequently, the output consists of the attenuation because of multiigtire 5-6 reveals the
resulted cumulative probability of the signal attenuation during ittnelations at the mentioned
velocities.

The data resulted from simulations in the environment describg@.ib It is noticed that regardless

the user velocity, # signal attenuation follows a similar trend. In 80% of the time, the multipath
signals have an attenuation betweldsand 15 dB. On the presented scale, 0 dB attenuation indicates
no attenuation and50 dB indicates that the signal is weak, under the noise floor. The resulted
cumulative probability indicates thahe simulated multipattsignals have the same attenuation,
regardless of the velocity and they are weak with respect to the direct signal.
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Figure5-6: Cumulative probability of attenuation due to multip&dhstatic and kinematic simulations at
different velocities

The multipathsignal fluctuation®over a 1200 seconds simulatiare plotted inFigure 5-7, together
with the averagesignal attenuatiorfior all six simulations. The scaling of the simulation tioeer
1200 seconds done for clarity purpose Theattenuatiorthatoccurs in the same environment with
staticand kinematicusers is plotted on the lefide in Figure 5-7. A visual inspection indicates a
random multipath attenuation spreadhich is similar despite the different kinematics. Twerage
attenuation valudor all simulationis plottedon the right side ofrigure 5-7. This confirms the

similarities by indicatingan averagemultipath attenuatiorof approximately 10 dBower bssin all
cases.
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Figure5-7: Comparison between simulated multipath attenuation at different user velocities
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5.3.3 Impact on SNR

Due to the simulation with changing multipath attenuation within thaentioned statistical
distributions the strengthof the GNSS signals affected Therefore, within this section, tH&NR
values of the simulated satellites are investigadaddescribed in the simulation setup, the multipath
parameters depend on theedlie position with respect tthe user. Therefore, the SNR attenuatisn
characterized according to the satellite elevation, as descrilsedtion4.1.2 SNRmean values pro
elevation bin intervalare computed.

Figure 5-8 describes the average SNR evolution over the satellite elevation for GPS and Galileo,
within the simulatd scenarios. The resultsvealan increasen the SNR with the elevation. This
makes sensesince the closer are the satellites to zenith, the less multipath they experience. Thus, this
aspect is realistically simulated by thgbrid model Anotherresult revealed by theimulationsis
represented byhe differences between GPS and Galildozoom into the plots shosva better
average SNR for Galileavhich is realistic as well. This is owed to the fact that Galileo satellites
benefitfrom a higher signal power compared to GPS.
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Figure5-8: DualfrequencySNR for static and kinematic multipath physis#atistic simulations. Average
values pro elevation bins are illustrated separately for GPS and Galileo

Nevertheless, it is difficult to identify a pattern in the SNR by comparing the static andaktioe
simulations. They show very close values within 0.5 dB difference. Therefore, no conclusion can be
drawn regarding this aspect when simulating multipath by ubimlgybrid model This was expected,

as the investigation ofignal attenuation showegpproximately equalaluesin all situations. A
limitation of the carried out simulationstise lack of a real receiving antenna. A GNSS antenna is a
component of the signal processing chain iamafluences the multipath impact on the receiver. This
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is the case because of the presence of the antenna phase grattgam Since during the simulations
an isotropic i.e. ideal antenna pattern is used, the resulted SNR values might deviate from the reality.

5.3.4 Impact on position

After analyzingthe multipath attenuatioandits impacton the SNRthe last investigations are made
on the coordinates. For comparison purpose, six multipath free simulations are carriaedth the
same HiL setup. Having both erfivpee and multipath measurement outgbe absolute 3Doot
mean square error (RMSE)computedor each simulationFor this purpose, the method presented in
section2.4.3.5is used.To analyzethe compited errorsthesearemodeled bystatistical distributions
corresponding to each performed simulatidhe errors for each simulation fitted the lognormal
distribution. The left side ofFigure 5-9 shows thefitted distribution of the 3DRMSE in the static
simulation On the right side ofigure 5-9, the resultsfor kinematic simulations areplotted. By
comparing the two cases, it is noticed that eéhers distributionsare similar.This means that the
simulatedmultipathwith the hybrid model has the same effects on the receiver for all the simulations.

By looking atthefitted lognormal error distributions Figure5-9, it can be noticed that thexpected
valuelays around 0.4 meters. The differences between the simulations arecentih@eterrange.
The variancedfor the fitted distributions lay in the interval fro@b to 29 centimeters Comparing
distributions plotted ifrigure5-9, it can beconcludedthat the positioning errors are spregithin the
sameinterval for multipath simulations with all velocitiesThe settings for all simulations are
identical excepfor thevelocity and the only simulated error is multipath. Since the error distiisuti
are similar in all cases, thisndicatesthat the simulated multipath remaisgmilar despite the
kinematics.
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Figure5-9: Error distributions resulted frosimulations withphysicatstatistical multipatimodelin
static and kinematisituations

The tacking loop filter bandwidth impacts the quality of the measuremerien multipath is
present. In kinematic conditions, the bandwidth is expandekiep the GNSS phasmked andto

avoid cycle slipgMao et al.2004) A wider bandwidth allows more frequencies of the signal to be
processed and despite the noise, the correlation with the receiver internal replicas can identify the
multipath component in the incoming signalis’banreduce the error due to multipath ihve GNSS
observation and consequently lead teeahancemertf the position result.
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54 Hi &1 mul ati ons wi-ttrhaanlurhgh f iptath ms r a
5.4.1 Simulation environment

In this sectionthe second multipath modeling techniqueinsestigated This approach models the
multipath in a deterministic way, through ragcing. The theoretical background of tmeethod is
detailed insection3.5. By means of thesenodeling techniquesthe multipath components are
resolvable and ateporal dispersion is observelb comparaghesemultipath model capabilitiesith

the previous onghe sixHiL simulatiors areperfamedagain The only difference is that withithese
runs the multipath parameters adetermineddeterministically. The simulation chain the one
presented irFigure 5-1, where the channglarameters areomputed bymeans of rajracing A
screenshot during the simulation is showrFigure 5-10. The lines represent the incoming GNSS
signals and theicolor varies, depending on the ray nature: LOS, reflection or refrac#onisual
inspection reveals that the created environment determines two kinds of reflections/ditfistobid
range and longange. The short reflections/diffractions arausedby the car structure and the
metallic barrier that delimits the road. The source for the -tange multipath is the natural
environment (i.e. hills, mountaind)ifferent objectan the created 3D scene are hititedto various
materialsThe mul ti path attenuation is computed based
in section3.3.

Figure5-10: Multipath simulation with Sim3D. The environment is represented by the generated 3D model; the
white lines showthe LOS signal, the red liresstand for reflection and blue lines for diffraction

Similar to the previous scenario, the simulated signal&S&® L1 and L2, Galileo E1 and E5B0
study the multipatlimpactfor a static usease as well as for different Vecities, the developed HiL
seup is used to carry out spay-tracing simulations. All the settingésee Appendix B.2Jjemain
identical duing the six simulations, excefur the usevelocity. The same trajectory is simulated with
the following velocities: 8, 14, 19, 25 and 30 r(i/s. approximately 30, 50, 70, 90 and 110 km/h).
These velocities are chosdrecause they represadifferentstreet sectors.
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Similar to the setup in the previous sectiorstatic simulation igperformed in orderto assess the
differencescomparedo the kinematicsimulationsin the samesnvironmentIn all simulations, the
strongest two multipath reflectiorand diffraction are considere8everal simulations revealed that
using more than two reflections and diffraction for the simulated environment leads to creating weak
GNSS signals, which the receivsmnot able to track.

5.4.2 Simulated multipath parameters

This section explores the type of multipath del#tyst are created in the same environmednit
considering different usewelocities. The cumulative probabilities of the delays frothe
deterministic multipath computationsothin staticand kinematicsimulationsare computed.These
are showrfigure5-11. The probability isshownfrom 0.5 for clarity.The delays due to reflections lay
in the range from zero to 400 tees. The plot reveals that the multipatlelayswhich are produced

for different velocitiedollow a similar trend The probability of having delays up to 50 meters due to
multipath ishigheras the velocity decreases.

In the case of static simulatiomet probability does not follow ¢éhpattern of the kinematic usdrhe
different pattern for the static case was expected, as the multgrétls in the static case only due to
the satellite movemenDverall, results show that for the performed simulajahehighestdensity of
multipath delays laywithin the interval from 0 t@00 meters Nevertheless, delays up to 40@ters
are produced during all simulations.
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Figure5-11: Cumulativeprobabilitiesof multipath delayfor static and kinematisimulations. The multipath
delays are computed in thamse environment by means of fagcing

To show the main difference between a static and a kinematic multipath channel, the delay spread
oversimulation time is plottedn the left side oFigure5-12. During the static simulation, the delays
change is determined by the satellite movement only. The uppeinpkigure 5-12 depicts the
multipath which is produced in ¢seconditions. It isnoticedthat the delays have constdrghavior

during the simulation and thiehange siwly, according to the satellite movement.

The opposite occurs when the user is moving. As multipath is strdeggndent on the geometry,
the delays change fasiccording to the surrounding environment. This is shown ise¢hendolot of
Figure5-12. However, the user is static ihe first 200 seconds of the simulatiavherethe delays
show a cortant value This is setup intentionallyat the beginning of the simulatioro that the
signals are tracked by the receivieefore starting the kinematic simulationmultipath conditions
After the 200 ®conds, the user starts wirtg. Fastchanging delays occuas a cosequence of the
user movement, because tlistances to obstacles in the 3D maalel changing
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Although the erromagnituderesembles the static channel, tiehavioris different. Consequently,

the receiver pemives the multipath error also in a different wdhe averagemultipath delay
produced during the studied velocities is plotted on the right sideigufre 5-12. The trend is
decreasing while useelocity is increaing. This phenomenon occurs due to satellite movement and
sampling of the route at different velocities. Assuming the same trajectory and environment, the
geometry isfavorableto bigger delaysin awerage for lower velocities. This is becayseithin a
multipath event for a specific route point, the user spends more timeunfiénmrablegeometry due

to the low velocity. On the contrary, when the velocity increabesuser spends less time thérhis

is also visible when comparing the multipath delay$igure 5-12. For the static case, there is a
bundle of delays near 400eters which vanish in the kinemiatmultipath channel.

400

)
0 0.5 1 1.5 2 25 ) 35 4 !

Simulation time (s) <10*

Average channel multipath delay (m)

0 5 10 15 20 25 30
Velocity (m/s)

Multipath delay (m)
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Simulation time (s) x10*

Figure5-12: Multipath delays for a static and high kinematic user in the same environment

As this multipathmodel takes into account the reflection coefficients of the multipath sources, the
signal attenuation due teflections isanalyzed Similarto the investigation on the reflections delay,
Figure5-13 shows the power logsehaviorandmagnitudeor astatic and high kinematic usén the

right side, the average power loss due to multipath at various velocities is relldedqulots on the

left sideare zoomed irfor clarity reasons.

As expecteddue tothe behaviorof the delay, the signattenuatiorin the static case has a repetitive
nontchanging patternin contrastjn the kinematic simulatigrirregularities appear as a consequence

of the changing path delays. Regarding the average power loss, significant differences between
simulations are present. The computations reveal stronger multipath delays for higher velocities. This
trend is decreasing with velocity. Given the dependendwdmsn the signal power loss and the
travelledpath, it was expected that in the case of smaller delays, the power loss is also smaller.
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Figure5-13: Zoom for a short time periadto dgnal attenuatiorfor static and kinematic userAverage power
delay percompletedurationof simulation is plotted on the right side

5.4.3 Impact on GNSS observables

To determine the multipathehaviorand magnitudefor the simulationfrom the receiver point of

view, the firststep is to convert the NovAtel outpdata to a RINEX formatNext, the errors on
pseudorangéue tomultipathare computed This is donefor the static simulation with the algorithm
presented irsection4.1 and for the kinematic ongith the algorithm presented ir&ion4.2 Then,

the mean value of the error pro elevation intervals is computed, as presessstion4.1.2 This
evaluation is performed on both simulated frequencies of GPS and GEligioe 5-14 shows the
results for the first frequencies, namely L1 and \Eith respecto the satellite elevationThe result

for the different simulated velocities, as well as for the static simulation are overlapped for a better
comparison.

It is noticed thathe multipath error magnitudés more significant on GPS L1, compared to @alil

E1l. For the simulated environment, the differences in terms of multipath between the two frequencies
areapproximately 10 cm. The better performance of Galileo compared tc&Pie explained by

the modulation schemef the two navigations systenassd t he s i g n aGalded sigmalsn d wi dt
have theBinary Offset Carrier BOC) modulation scheme (CBOC for E1 frequency and AltBOC for

E5) and wider signal bandwidtti\ccording to Rodrigue22014)due to these characteristics, Galileo

signals have dower sensitivity tomultipath signals compared to thdinary Phase Shift Keying

(BPSK) modulation scheme of GP@&Vard et al. 2006) The advantage of the BOC over BPSK
modulation is that the BOC modulated signals have narrower correlation peaks. Thkde lea
improved signal tracking and consequently to multipath rejection.
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Regarding the erroevolution with respect to the elevation bins, thehavioris descending, as
expected. The reason is that the satellites at low elevation angles are more likdfgrtoeflections

and diffractios, compared tahe satellites situated in zenith direction. Nevertheless, in the case of
GPS, an increase of the multipath bias occurs for the interval 85" A posdile source is the car
structure where the antennia mounted, that produces strong reflections. Moreover, an ideal antenna
is usedfor all simulations Thus, the gain pattern does not reject the signals coming from lower
elevation angles, as in the case of a real antenna. Consequently, the impadeisrvigib GPS error
magnitude In the case of Galileo, this is not visible, as theeiver can cope with thghortrange
reflections due to the enhanced signal structure.
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Figure5-14: GPS L1 and Galileo E1 pseudorange error due to multipath for static and kinematicThger
multipath estimate contains receiver noise

Another interesting aspect is that the multipath distribution over the elevatiasasgimilarfor all
simulations This reveals the environmerrrelation withthe errormagnitude The sudden decrease

from 25° to 35° indicates that the multipatbcurrences lesslikely for satellites situated above 35°

in the investigated envirorent. Another finding based on the performed simulations is that multipath
affects the pseudorange observations differently for a static and a kinematic user. The latter one shows
a decreased multipattrror, due to the receiver architectusad the multipthh properties showed in
Figure5-12.

As explained insection 3.1, the multipath propagation for a static receivegsults in a error with
sinusoidalpattern The amplitude of the erras determined by the reflector position withspect to
the receiving antenna, the reflector material properties thadsatellite position In kinematic
situations, multipath error properties change, due to the additional/éirngig reflector distances
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shown in the previous sectio€onsequently, the sinusoidal frequency vanishes and the multipath
error can be described as noiBeitler et al.2015) Due to these characteristics, the receiver tracking
loop filter presented in sectioB.6.1.4is able to filter multipath out, as shown Winkel (2000)
Simulations to prove this faédr the used receiver are describedeant®n5.2.2.1

Carrying out kinematic simulations for the same trajectory and environmefitferent velocities

revealed that in these conditioritie multipatherroris inversely proportional to the velocity. This

means, that the multipath error decreases as the user accelerates. This is a consequence of the
multipath propagatiorbehavior As shown previously in thanalysisof the simulated multipattdue

to geometrical aspects, the average multipdglay that isproduceddecreases with the velocity
increase.

Figure5-15 shows the results for the secqpair of frequencies of GPS and Galileo, namely L2 and
E5b. This evaluation revealed the same multiggthavioras for the first frequencies. That is, the
deceasing trend with respect to the satellite elevations, the improved performance of Galileo over
GPS and the improvement in the kinematic case over the static one. However, the overall multipath
erroris largeron L2 and E5bThe lower performance on L2 cée explained by the signal reference
power level(Yedukondalu et ak009)
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Figure5-15: GPS 2 and Galileo Bb pseudorange error due to multipath for static and kinematic user. The
multipath estimate cdains receiver noise

GPS L1 and L2 signals transmitted power levels-a89 dBm and-136 dBm respectively. As a
result, the measurements are noisier on L2, compared to the first freqliens)L.1 frequency has a
better performance than LZThe difference is more significant at the lower elevation anglssE1l
has the power referene#25.5 dBm and E5128.5 dBm, the second frequency is noisier for Galileo
as well.Nevertheless, the differences of the multipath errors are not visible as famtifrequencies

of GPS, but they are rather similar. This is the consequence of the simulation reSult2amd the
shortrange multipatlerror magnitudéor the Galileo signal structures.
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The presence of multipath affects not only the pseudorange measurdmealso thesignatto-noise

ratio. The theoetical connection betweanultipath and SNR is detailed section3.6.4 As the SNR
indicates the presence of multipath as well, the values for the investigated scenario with respect to the
satellite elevatio areplottedareFigure5-16for GPS and Galileo

Comparable performance can be depicted by comparing GPS with Galileo. Direct proportional
growth of the SNR values with respect to the elevatioavsaled Thisshows an agreement with the
findings related to the pseudorange multipath error. The lelggations are more biased; therefore,

in this range the SNR is lower. In terms of user velocity, the same trend is followed. To distinguish
between static and kinematic users, the SNR is higher, although the code is mostly affected according
to the preious findings. Nevertheless, the SNR of the signal is not related to the multipath only, but
alsoto the receiver's internal architecture.
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Figure5-16: DuakrequencySNR (signaito-noise ratiojaverage m elevation fothe same route
simulated at different velocities in multipath conditions

Considering the theoretical aspects with respect to the re¢saeAppendix Cpresented in Section

3.6.1 it is to be considered that the signal noise that is entering the receiver is controlled by the
trackingloop filter. As described ir8.6.1.4 the receiver noise bandwidth of the tracking loop filter is

a tradeoff between accuracy and robustness to user dynamics. This is the consequence that for
kinematic users the bandwidth must largerto cope with the signal dynamicBhis implies that the

signal can be trackethut has the disadvantage of allowing noise to enter the tracking loops. On the
other hand, for a static user, the bandwidth can be limited to a narrovbomethe GNSS signal in

these conditions does not suffer sudden changes, a narrowband bandwidth is sufficient to keep track
of the signal in stable conditions. The advantage of a narrower filter bandwidth is that it allows less
noise to enter the tracking loops. $hias an impact on the resulting SNR. Nevertheless, under
dynamics, the receiver would not be able to track the skgnaking the same bandwidtihus the

noise that is present in the SNR estimate is not only the resultant of the mubipatiso he
different tracking loop procedures according the user state.
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5.4.4 Impact on position

Furtheranalysis is performedo study the impact of the computed multipathor magnitude at the
coordinate levelln order to obtain the position deviation due to tipakh, sixadditionalmultipath

free simulations are carried out. Each of these simulations corresfmtite ones that are performed

to analyzemultipath. This means that the settings remain identical, but this time no multipath is
simulated. In thisvay, the impact on the receiver due to multipath can be compadtaving the
multipathfree simulations as a reference.

Two sets of coordinates are available: one set from the six multipath simulations and one set from the
multipathfree reference sintations. After synchronizing the position between thmiltipath and
multipath free simulations, theotmeansquared error (RMSE) is computed shown insection

2.4.3.5 Therefore for both static and kinematic simulatiorthe RMSE is obtained. To better
visualize the spread of the error for each uease, thestatistical distributions are computed and
plotted. Figure5-17 shows the results for the static case on the left and for the kinezaation the

right. The two situations are plotted separately aodled differatly for clarity. For all simulated
velocities, the RMSE errors are characterized by normal distrilsution

Considering the static simulation first, it can be noticed that the RMSE spread lays fromefed8 m
to 1.55meters Thereforethe positioning @or oscillates within a 0.12 etersrange. On the other
hand, the RMSEesults for the kinematic ussses show a significant difference. The positioning
error is spreath the interval from 0.5 to 2.5 eters Thismeans thatompared to the static simulation
in the same environment, théematicposition error fluctuatesithin aninterval thatincreases 16
times.
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Figure5-17: 3D RMSE normal distribution fit fothe static sition (left) and kinematic position at different
velocities (right)

The investigations on the position RM8Ekinematic conditionseveal a similabehavioras seen on
the right side ofFigure 5-17. However, the RMSE distribution for the static simulation shows a
different pattern which correlates with the higher positioning errors found for this €Thse
differences between the static and kinematic RMSEoisnectedo the different behavior of the
multipath delays foa static versuginematicuser.
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5.5 Summar y

Despite theexistentapproachesvhich have been developed to understand multigath, erroris
challenging due to itsiumerousdependenciesVarying apects like the number of multipath
reflections, multipath signal strength, diffraction, scattednmpy geometry make difficult to obtain

a model, whichcharacterizes the multipath propagation in all use cddes question thatrises in

this chapte is the following: which multipath propagationmodel is more adequat® simulate
multipath for kinematic uses. The prdblem is tackled by implementing hybrid awd@terministic
multipath propagation models a HiL setup. Theadvantage of thispproachis that the computed
multipath parameters by this method can be simulated on GNSS signals. Therefore, it is possible to
analyzethe impact of different multipath reflections on a hardware recdivéhis way, thecomplete

chain fromthe satelliteto thereceiver isanalyzed

To find out which of the tweonultipath model$s more adequate for tlevestigatedusecase yarious
simulations are carried out. Within the simulations, multipath parameters are computed with both
methods for the same enviroant and trajectoryError free simulations arearried out as wellto

have a position referender each multipath simulatioriThe following aspects aranalyzed the
computed multipath parameters by using each method, their impact on GNSS observables and
position. On average, the hybrid model outputs stronger multipath reflectiomgpared to the
deterministic one. Nevertheless, the latter one shows differences between the various user velocities.
The impact of thesignal attenuationlue to multipaths visible in the SNR values thatre output of

the receiverThe average SNR values pro elevation bins resulted from both multipath models are
consistent with the expectations. That is, a lower SNR correspondshghitieé modeloutput where

the multipah is stronger. In contrast, an increased average SNR is found for the deterministic, channel
wherethe reflections are less strqrapmpared tahe ones resulteith the first methodNevertheless

the differences are smatlue to the lack of a receiving antenna. The gain pattdrich increases the
power of the received signaksccording to their angle of arrival and @dktation is set to zero during
simulations. Consequently, the valudsainedfrom simulationganight ke different compared to real
measuements in a multipath environment.

The deterministic model outputbesidessignal attenuationpseudorange delayer each reflected
signal. Taking into consideration thieehaviorof multipath delag for the static andhigh kinematic
simulations, the resultsbtained from the deterministic model are feasifblee reason is that in the
first case, the delays change slowly, as the geometry modificatierdetermined by the satellite
movement. In the kinematic case, temetry changes fast with the user velocity. This is visible also
in the delay variationsThe resultsshow that the delays decrease inversely proportitmahe
velocity. Considering the average power loss for the deterministic simulattoren be cacluded

that as the velocity increases, the multipath delays are shorter and stronges f@dsghle since the
powerof the received signalependsamong other parameteim the distance from the transmitter to
the receiver.

Investigations on the position estimation in both cases indicatdatiygr errors are produced by
deterministic multipath modeApproximately 1.4 meters deviation from the reference posigon
found, while for the first method the error lays aroundreters Thelargererroris the consequence
of the additional produced delays, whielad toerrors on theeceiver computegseudorange$Vhen
computing multipath with thdeterministicmodel errors for the same trajectocgn be distinguished
between lie differen user velocities. The 3D RMSE is the worst in the static case, whelardgest
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delays are also produced. Regarding the kinematic case, the error varies within 0.006 meters and the
smallesterror is found at thdargestvelocity. Another fiding is that although the largestror is

found in the static case, this has the lowest spread i.e. 0.13 meters. During the kinematic simulations,
the positioning errors are spread in a wider inteoyalto 2 meters.The presente@nalysisin this
chaptelleads to the following conclusisn

- considering thepresented hybrid model, it is difficulo distinguish between the multipath
effects for a static and kinematic usBevertheless, it is possible that further optimization
increases the relevance of thimulation method;

- the deterministic multipath mod&bgether with the receiver propertigglicate that for the
same environment, the multipath delays and positioning emorcorrelated with the user
velocity;

- the 3D positiorerror, produced by thenultipath parameters computed withdaterministic
model islargerthan theone computed with the hybrid model

Since this work focuses on the kinematic use case in multipath conditions, the deterministic modeling
method is considered adequateftother investigations. The reason is that the deterministic approach
showed a realistic impact on GNSS observalalest iscorrelated with theiservelocity.

The following dapter focuses on two multipath dependencies: velocity and environment.
Experimental data from measurement campaignamatyzedand compared against simulated data.
Only the deterministianultipath modelis employed for simulations in the next sectiosisice it
proved to provide realistic resuftsr kinematic users
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6 Multipath estimation from m
6.1 I ntroducti on

This chapter presengamultipath analysis for GPS and Galilebservationsacquiredfor various user
velocities and diffeznt environmentsAdditionally, aseries ofdeterministic multipatisimulationsare
carried out in similar environmén to evaluate the agreement with the experimental dega.
mentioned in the previous chapter, deterministic multipath simulations akdras8D modelof the
environment The secondfocus in this chapter is to use representative 3D models for the test drive
environment and not an exact duplication. There are two reasons for this:

a) there is the need of a large amount of data to recongBianvironment for a kinematic
user;

b) if the data is available, the resulting 3D model would be excessively large for computation
with a deterministic i.e. ratracing algorithm for multipath.

The raytracing algorithmthat is employed for multipath computation has been validated against
measurementsn an identical reconstructed 3D environmen®inicciari et al. (2017and Spirent
Communications (2017). The question to be answered in this chapiawis/ell can the muipath

error be reproducedf instead of identical 3D models, representative 3D models are used.

This chapter is organized tonthree sections: measurement setup, multipath characterization for
variousvelocitiesand lastly for variougnvironments Firstly, the equipment that is used for the data
collection is detailed. Next, the multipath is characterizganeasurement campaigns at different
velocities to validate the simulation resultSinally, multipath is analyzed by means of simulations
and meagrement campaigns for highway and urban environments.

All the measurement campaigns are carried out using the samessetbat the multipath estimation

results in different situations can be compared to each dgure 6-1 shows a scheme of the
hardware that was mounted in the car.

Nav Xperience

Reference

= splitter [~ » Fa0o.E Aquisition DMI data
System
X
. h 4 IMU data
* K

Nov Atel
Receiver

Figure6-1: Equipment and measurement setup for the measurement cam@iiBs.signals from
NavXperience antenna are directed through a signal splitter Mothatel PwrPak? receiver and to
the reference system iTraceRT F4DRAvram et al. 201B)

The 3G+C maritime NavXperienceantennais a highprecise multiconstellation triplerequency
GNSS antennandit is mounted on the car rooftop. The dashed lines represent the cables that conduct
the signal to the GNSS receiver.sfignal splitter is used to direct the &) simultaneouslyo the
NovAtel PwrPak? receiver and to the car reference syst&ime reference system consiststio¢
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iTraceRT F402, an INS/GNSS deeply coupled inertial navigation sysegnAppendix C.2Due to

the algorithm thatperforms data fusig the sensor is able to suppress outliers and outputs position
even indifficult GNSS environments. Thdorizontal/vertical position accuracy in the presence of
GNSS is 2centimetersand 5centimeters respectivelyaccording to iMAR Navigation &Control
(2018) Although the reference system outpatgal timepositioning solution, it also stores raw data:
RINEX, Distance Measurement Increment (DMI) and Inertial Measurement Unit (ifdithe post
processing purposeAdditionally, a camera progies videos from all the measurement campaigns.
Despite thelow quality image to avoida huge amount ofdata storing, this is very useful for the
multipath analysis in different environmergeesented later in sectidh3. The GNSS observations

are stored at 1 Hz ratduring all measurement campaigns for both NovAtel receiver and reference
system.

6.2Mul ti path chardadtferriemat ived ofcart i

Different multipathpropagation models are investigated in chapt&esides concluding which is the
most appropriate for the kinematic use case, a correlation is found betweenattigy \aeid the
resulting multipath error on GNSS observables. The motivation for the measurement campaigns at
different velocities within this section is to assess the multibattaviorand magnitudefor realistic
situations. By means of the multipath esition algorithms from chaptdy the multipath error can be
computed from real measurements in static and kinematic condibistussions regarding static
multipath dominated research in this field since 138@ording toParkinson et al. (1996)t was
found that the strongest multipath dependenare the geometry and the antemeeeiver system.
For kinematic applications as Ahe geometry changes constandgcording to the user velocity
Moreover, the setufi.e. antenna, receivei¥ differentfrom otherapplications thatise GNSS data
Therefore, investigations with the new setup are necessary.

6.2.1 Static site

In the previous chapter, simulations in static conditions showed an increased error on pseudorange
due to miltipath, compared to the kinematic ones. For comparison to the reality, the first
measurement is carried out in static conditidfigure 6-2 shows the area where thiseasurement
campaign is completedn opensky arais chosenso that the multipath sources are restricted to the
ground and car reflections. In this way, conclusicas be drawmegarding the multipath errdior a

vehicle setup in opesky conditions

Figure6-2: Test vehicle in the opesky environment durinthe static measurement campaign. The antenna
mounted on the rooftop is visible while the rest of the equipment is installed in tfe/cam et al. 2019)
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Besides investigatmthe errormagnituds for this measuremesite, a comparison witl state of the
art multipath model is achievableurthermorethis enables alstihe possibility to distinguish between
the errorcharacteristicdor a static and kinematieehicle As mutipath is created by any obstacle
around the car, the parking lot was closed during the measurements. On November 20, 2dsaad 22
is acquirel in the presentegdite at 1 Hz rate, for GPS LC/A, L2C and Galileo EIOS and E5b. In
total, 216 satellite hos are stored.

The multipath error on the pseudorange is computganeans of the algorithm presentedsaction
4.1, as it is appropriate to determine static multipatithout the need of reference datfter
evaluating the recorded frequencies and sorting the results acctrthegsatellite elevatiohins, the
results are plotted iRigure6-3. On the left sidethe multipath errocomputedor the pseudorange of
GPSsatellitesis plotted and on the right sidihe same for GalileoThe empirical multipatimodels,
which are computed from the experimental dakmw a similabehaviorfor both satellite navigation
systems to thgalidated model presented urphy et al.(2005) Nevertheless, differences regarding
the errormagnitudeare presentAn agreement with the standard model regarding the ragnitude

is found for GPS at elevation angles below 50°. For higher elevatiorsatinglalifference of the error
found due to multipath differs with 5 to ¢éntimetersThis is likely to be the case because of the
opensky measurement site. In such an environment, it is unlikely that reflections occur for high
elevation satellites. Regiling Galileo, the agreement in terms of em@gnitudds between é&and10
centimeterspver all elevation intervalddowever, the model presentedNturphy et al. (2005) does
not include evaluation on Galileo signa¢éince at that time the first Galildest satellite GIOVEA
was launchedFor this reason, the computed ernsagnitudedeviates from the standard elevation
model.

Considering the error resulted from the measurement camphigrabsolute mean error is 0.15
meters and the standard deviatibhl meterdor L1 frequency Similar, on L2 the mean bias is 0.17
meters and 0.14 meters is the standard dewiatlthough the errodue tomultipath has the same
patternonbothL1 and L2frequenciesthe magnitudeof the error is larger on L&as atoconcludedn
Yedukondalu et al(2009) and Yedukondilu et al.(2013) Additionally, the resultedpattern isin
agreement with theattern from thedeterministic multipath simulatiom section5.4. Although the
simulated environment is hilly and the resulted multigatior magnitudeeach0.8 meters for L1 and
1 meter for L2, the increased performance of L1 overca? be observed’he same is concluded
from the static multipath simulations with the deterministic mod@ikelus, simulating the multipath
propagation with the deterministic i.e. ragracing model provides results according to real
measurementsisalsoconcluded in Weiss (200.
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Figure6-3: Multipath pseudorange errpersatelliteelevation forGPS L1C/A and LZC, Galileo E10Sand
E5b frequencies. The multipath estimate contains the receiver noise
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Regarding the p@grmance of the tw&NSS results inFigure6-3 depict a more significargrrar for

GPS pseudoranges. This can be explained by the different signal modulation that GPS and Galileo
have. As Galileo is recently built, lias newsignalsthat havethe BOC modulation scheme (CBOC

for E1 frequency and AltBOC for ERdsdocumentedn Rodiguez(2014) GPS signals have a BPSK
modulation schemeavhich is more prone to be disted by multipathasmentionedn section3.6. The
improvement of Galileo signals is especially significant for multipath, according/aad et al.

(2006)

A further point to be considered regarding the computed models is satellitd#itailalthough the

same posprocessing method is employed for all recorded observations, the predominant data is from
GPS satellitesDuring the static measurement campaign, from the visiellites 33 % are Galileo

and 67% are GPShis means thathe results inFigure 6-3 contain more data for GPS elevation
model than for Galileo.

6.2.2 Slow kinematic

Unlike the previous casewvhere the vehicle and surroundings atatis, in this measurement
campaignthe vehicle is moving at slow velocities. The purpose igdio knowledge regarding the
multipatherror magnitudendbehaviorwhen adding a new variable, namely kinemahidditionally,
this measurement campaign serasscomparison to the simulations at slow kinematid¢gch are
previously presented in sectidnDuring the déa collection, the environment remasstsitic to avoid
the contribution of othesispects besiddsnematic to the multipatmagnitude

Additionally, the data isecordedn thesame place as previoustp keep the same surroundirassin

the static measuremerdue to space restrictionisecause the testive occurred on a parking lot, the
duration and velocity are limited to 15 minutes and 6 m/s i.e. 20 l&ighre 6-4 reveals the results
after processing thacquiredGPS and Galileo observations. The analysis implied challenges due to
the limited measurement time and the low SNR on ticersk frequency. The latter factor lesad

data gaps and discontinuities of the cycle integer number. Consequently, only multipath error
magnituds of GPS L1 and Galileo Edan be computed. The raw multipath values are plotted in
Figure6-4 due to the reduced number of available measurearidatvever, these offer a preliminary
overview of the multipatimagnitudefor slow knematic measurements. Simitarthe static case, the
same inverse proportionality between the error and the elevation angle is shomdng that larger
errors occur for lower elevations
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Figure6-4: Raw multipath errors on pseudoge as a function of SV elevation for CYA and E10S
frequencies fronthe slow kinematic measurement campaign. The lines in the plot stand foietire multipath
error on pseudorange during the static da&tguisition
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Nevertheless, the magnitude of theoe is significantly smaller in the slow kinematic user case
Lines inFigure 6-4 show the mean multipath error in the static measuremdititese are above the
raw nultipath erros in the kinematic caseThis is due to the changed multipath properties in the
kinematic case, compared to the static.obaie to the fast changes of the multipath signal phase
relative to line of sight in kinematic conditions, the sinusoidal pattetis explained in chaptes
vanishesas shown irBeitler et al. (2015) This is replacé by fluctuations, as indicated from the
results of the multipath simulations in the static and kinematic conditions shown in $edti&or

this reason, the receaiv perceives multipath reflections as a noise in kinematic conditions and it is
able to filter it out by the tracking loops filters presentedsiection3.6.1, Figure 3-20. The filtering
capacities ofeceiver tracking loops are demonstratewimkel (2000)

6.2.3 High kinematic

To further understand the multipath error properties foarasetup, an eigitourlong testdrive is
analyzed The GNSS observations within this section are gathered in a highway enviroS8imelat:

to the simulations, this measurement campaign is investigating multipath for high velocities (i.e. 30
m/s). Nevetheless, not only the velocity changed compared to the previous measurement campaigns,
but also the environment. Besides velocity, a challenging environment has also an impact on the
multipath errormagnitude Although often associated with apensky environment, the highway
comprises challenging situations due to the changing environment, closeness to the reflectors,
vegetation, traft signs and bridges.Figure 6-5 reveals the typical environment during the
measurement campaign and highlights the relevance of multipath investigations for this street sector.

Figure6-5: Typical investigated highway environmte Screenshot from the video recorded during the
measurement campaign

The algorithm presented sectiond.1is appliedto the gathered GPS and Galileo measurements as in

the static and slow kinematic sectidtigure 6-6 illustrates the results for the first frequoy of both
navigation systems. Since the measurements on the second frequency are noisy in the presented
situation, the processing shows difficulties by means the algorithm based emicagearrier. This

limitation is detailed irsection4.1.3 Reference measurements are not available in order to estimate
the multipath by means of the algorithm presentedsantion 4.2 Therefore, the evaluation is
completedwvith codeminuscarrierfor L1 and Elonly.

A similarity to the prior fiings is the decreasing pattern of the error with the elevation increase.
Nevertheless, in terms ¢he multipath, the magnitude is increased with approximately 0.2 meters
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compared to the two previoamalyzedsituations. Galileo reveals a slightly better performance than
GPS. This is in agreement with the prior results.

GPS L1 kinematic ‘
GAL E1 kinematic

0 10 20 30 40 50 60 70 80 90
Satellite Elevation (deg)

Figure6-6: Multipath absolute mean error on pseudorange as a functgataifiteelevation for measurements
recordedduring the highway measurement campaign

The errormagnitudedue to multipath is larger for this measurement campaign compartg to
previous ones in opesky. This confirmsthat although the highway is considered an opkn
environment, the other traffic participants and vegetation showigire 6-5 do have an impact on
the GNSS observables.

Multipath contaminates both pseudorange measurementsSHRI valuesas shownin the theory
presented inextion 3.6.4 To establish whethethis comection can be depicted in the acquired
measurements, the mean SMRcomputed for the same elevation bins employed for pseudorange
multipath. Figure 6-7 provides the results separately for GPS and Galileo from static and fast
kinematic data. The correlation between SNR and pseudorange errors due to multipath is confirmed
through the plotted average. It is visible that more noise is present in the kindatatileading to a

lower SNR average for both. The differences between the twecases lay between2 dB-Hz,
although the satellites situated below 30° are similarly affeétéditionally, the increasing tendency

of the SNR average confirms the @ation to the computed multipath errors as well. Small SNR
values indicate a noisy signal, whereas the large values indicate the opposite. This means, that the
SNR values are inversely proportional to the multipath errors which affect the signals. When
comparing the SNR pattern with the computed multipatkigure 6-3, Figure 6-4 and Figure 6-6 it

can be noticed that they are inversely proportioflaé sameonnection between the multipath error

on pseudorange and SNR confirmed by the simulatits presented in sectioh.3 It is to be
mentioned that besides multipathe antenngattern influences the SNR valuestheFigure6-7 as

well. Lower elevation signals have a decreased gain compared to the ones which arrive from zenith.
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Figure6-7: Average SNR for GPS L1 and Galileo E1 in static and high kinematic measurement campaign as a
function of satellite elevation
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6.2.4 Impact on position

To determine the impact of the computed multipathgnituds at the coordinate level, further
analysisis performed.The vehicle position is computed by means of code ranging differential
position (DGNSS) using xtual reference stations (VRS) as detailed in se@iénl.1 The RINEX
files used for posprocessing purposes with the mentioned algorithm are the outputNow#tel
PwrPak? during the measurement campaigégcording to HofmanrWellenhof et al.(2007)
Sennott & PietraszewskiL987) Lachapelle et al(1989) the multipath errors do not cancel out by
using differential positioning algorithm#. the DGNSS algorithnis applied and assuming that the
VRS is erroffree, multipathis the main error source thaffects thecomputedcoordinates.

The data for lie reference position during all three measurement campaigns is provided by the
GNSSJ/INS integrated system, iTraceRT 42as described in sectighl For evaluation of the
errors due to multipaththe difference for eackpoch is computed between théerence coordinates

and the coordinatesobtained from DGNSSFigure 6-8 reveals the mean values of the estimated
position errors. The plot with therror results revealthe same pattern as in the case of pseudorange
multipath for the threanalyzedusercasesAs shown previously, the error on pseudorange caused by
multipath is larger in the static case as in the slow kinematic one. In the same way, the positioning
error is larger in the static case than in the kinematic one. The same pattern is found in gi®simul
results presented in secti@4.4 The largest positioning error is found in the third measurement
campaign, which is in a challenging environment. This isgneement with the multipatérror
magnitudefound in this environment, which has shown the largest error as Melertheless, it
should be considered that the result&igure 6-8 might have contributionffom other errors besides
multipath as well.
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Figure6-8: Mean absolute 3D RMS error base on code DGNSS during the three measurement campaigns
(Avram et al. 2019)

The magnitudeof the multipath error on pseudorange observations is a function of receiver tracking
loop bandwidths, correlators and discriminatdnsthe view of gathered data, the highwdgtaset
proved to be the most affected by multipath. The findingSigire 6-8 related to the pdtson are in
agreement, ashé largesterror is foundin the highway measurement campaigdespite the
similarities between the positioning errors and estimated multipath, other eldimantapact the
coordinaté accuracy have to be considered as wiable 6-1 summarizes the averagmsition
dilution of precision (PDOP), its standard deviation (SD) and the average number of saf#i@es.
average PDOP values indicate excellent satellite giegrimeall three situations. On the other hand,
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the standard deviation differs for the last us&se. This indicates that the changing environment due
to high kinematics on highway prodsdtuctuations.

Table6-1: GNSS quality statistics for the three measurement campaigns

Static | Slow kinematic | Fast kinematic

Avg. PDOP 1,0 11 15

SD PDOP 0,2 0,2 0,9
Avg. No. Sat, 16 16 12
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6.3 Mul ti path chfaoacdierfiemaemtonenvi r

As shown in the previous sections, the emagnitudeis not only influenced by the vehicle velocity
butis alsostrongly dependent on tisairroundingsThereforemeasurement campaigase conducted
to gain information aboutht error. Figure 6-9 shows that even restricting to a use cése,defining
features can varyin order to perform thenultipath analysis, this section narrows dowm the
following environmend: intercity highwayand urban road¥ he two categories are defined according
to the distinct multipath sources. As the nearby buildings are typical for an amdsonly, the error
magnitudeandbehaviorareexpected to diffefrom the other case

The following sectionsshow experimental and simulated multipath results for the two proposed
environments. Due to the previous investigations which show thatetieeministicmodel (i.e. ray
tracing)is adequate fomultipathsimulations, tis approach is further employelh. theliterature, ay-

tracing techniques to model multipath include a precise 3D reconstruction of the fdaditmethod

used to be feasible du® the nature of multipath simulation, whidk for a static receiver
Nevertheless, for a kinematicse case, itsi unfeasible to model the entire trajectory of a highway
measurement campaigfihe high velocity leads to a long trajectory, therefore the complexity and
data input of such a 3D model is massive. Moreover, objects in the scene are represented by polygons
and more details result in more polygons needed in the 3D moli.leads to a computational
burden and slows the rdsacing simulationor makes it impossibleConsidering this, a different
approach igproposedor thisresearchsynthetic 3D modelsThe simulation setup which is employed

for each environment is detailed in seci@3.1and6.3.2 Multipath estimationfrom simulations is
validated against experimental data via statistical comparison regarding the error range, characteristic
behavior distribution, and signal SNR.

Figure6-9: Different types ohighway environmentsTheseaepresent screenshots from recordings during
measurement campaigns

6.3.1 Intercity highway

A highway is characterized by high kinematies) opensky area and wide lanes. Nevertheless,
reflectionsources like safety fenctaffic participants, traffic signs and vegetatame present as well

To assess the multipattmagnitudefor this kind of environment, simulations and measurement
campaigns are carried out and the results are processed.

Simulation environment

As previously mentioned, the multipath is simulatddterministically, i.e. with rayracing
algorithms. The test bench remains identical to the setup presem@dievertheless, the 3model
that is used in this sectias developed to fit the investigated environment, whicthéshighway.
Figure 6-10 showsthe synthetic 3D model which is created for this purpose. On the left side, the
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vehicle trajectory used for the 3D model is plotted. The simulated velocity is betwed3ad kén/h,
representative to the simulated street segment. The 2D geographic cesrdihtie trajectory are
plotted and the segments which identify the 3D scenarios are marked withndiffelers The
arrangement is as follows: the first five minutes are static. The initial staticfrereosimulation has

the scope of having track sfgnals when starting the multipath simulation. The segment framta
corresponds to the urban highway. This is represented by buildings, light poles, and fence on both
sides of the road. Segmentsiba; and b T al represent the open sky highway, where the multipath
sources are represented by steel safety fence and traffic signs. Lastly.ih th@art, the vegetation

next to the street is simulated by the forest. This approach is practical for a kingmatation, as

the simulated vehicle is driving in a loop, allowing the data collection for a longer time, in a changing
environment without the need for extensive 3D models. The simuljagi@meters that are employed
arethe following

multipath refledbns: the strongest twmultipath reflections
diffraction;

simulated frequencies: GPS L1,,lghd Galileo E1 and E5Db;
isotropic antenna, i.e. no gain pattern or signal rejection.
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Figure6-10: Simulatedtajectorybased on the 3D modeéchematic representation tife 3Dmodel
and driving direction

Measurement campaign

Empirical findings provided by simulations are cargd againsexpeimental data For this, two
measurement campaigns on the highwaycarged out andgnalyzed The setup in the vehicle is the

same presented iBection 6.2 The data which is recorded with the iTraceRT FEOB used to
compute the reference coordinates of the trajectory. The data recorded by NovAtel iscasepUtie

the errors due to multipath on pseudoranges and coordinates. Additional analysis based on specific
situations is performed based on the measurenoentise highway A6n direction Crailsheim due to

the highway alignment with respect to the parallel 9 A5 16 .

The acquiredexperimental data consists folur hoursdrive, i.e. approximately 52 satellite hours and
380 kilometers on highway Figure 6-11 illustrates thetrajectory of the vehicle during the
measurement campaigns. The starting point is Abstatt lendwio destinations are Wuirzburg and
Crailsheim.
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Figure6-11: Google Eartfi screenshots of the trajectatyiven during theneasurement campaigrghe blue
lines represent the reference coordinates of the vehicle trajectory

6.3.1.1 Multipath error magnitude

The errors on pseudorange due to multipath are computed from simulations arichextal datdy
meansof the algorithm presented iecion4.2 In the simulation case, erriree simulations are used

as a reference, whildor the measurementampaigns, virtual referencéations (VRS) are utilized.
Figure 6-12 showsGPS L1 multipath time series from measurement amduation in the urban
highway environmentas well as the SNR estimated by the receiver.mbkipathamplitudein the
interval from-1 to 1 meter is reproduced by means of simulation, although the time series cannot be
compared by timestamp as the ephemeris alathtrajectories ardifferent. k can be noticed tham

the SNR figurefrom the measurement campaign the multipath signature is present through
oscillations of different frequencies. The different frequencies indicate the presence of multiple
reflectionsof the GNSS signallhe bottom plot irfFigure6-12 below shows thahis influence is also
presentin the SNR from the simulations. The theoretical relationship betwadtipath and SNR is
presented i18.6.4 It can be noticed that tH&NR valuesduring the simulations vary less compared to
the measurement campaigrhis is the efect of the ideal antena used during the simulations. An
ideal i.e. isotropic antennaiissensitive to multipath and collects all the signals without applying gain
or loss.

Simulated data
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Figure6-12: Experimental and simulated multipath time seriegiffferent GPS L1 satelliteig urban highway
scenarig. Correspondingignakto-noise values are plotted beloawultipath estimates
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Multipath depends mainly on tteatellite elevation anthe vehiclesurrounding As the environment
from simulations and measurement campaigramilar, the comparisorsimade ovetthe satellite
elevation intervalsThe evaluation of multipath error isode as presented section4.1.2 This
procedure is applied for the evaluated frequencies and constellations: GPS L1, L2 and Galileo E1,
E5b.Figure6-13 shows the multipath statistics for GR8dFigure6-14 for Galilea Overall, theplots
reveal an error increase for the second dqgency, as previously found iredions5.4.3 and 6.2
Comparing the experimental measurements witle simulated data, these agraéthin 20
centinmeters Theplot proves that thesimulatedmultipath prodicedlargerpseudorangerrorsover all
elevation intervals, except for Galileo Ebetween 30° and 40°The reason why the simulation
outpus a largererror is thatthe 3D model objects produce maevere multipath. This likely to
occurin the highway sectiowith buildings asides the street, due to tledsenesso thevehicle due
to their density and height, compared to the reality.

Additionally, the GNSS antenna plays an important, radgreviously detailed. The analyskowed
that in reality, the multipatkerrordoes not always decreasbenthe elevation increaseThis applies

to both GPS and GalileoThe result ties well in with the previous results presented in se&i#hn
where the same conclusions are dra@RSspikes in the interval 20° 30° to 302 40° @nfirm the
presence of random reflectors in reality, whismot accounted for in the 3D model. The reflectors
which produce this phenomenon can consist of statidynamic traffic participantsDue to the
position and closeness to the GNSS antennae fvexluce multipath reflection and diffraction which
come from high elevations. Thereforeis likely that the antenna processes multipath signals taking
into account the angle of arrival. Althougtatic reflectorgan be modeled in a 3D scene, thefiras

a challenging part, due to the arbitrary presence.

Considering te simulation results for GPSn a&rror increasedue to multipathis noticed for the
satellites situated at 8090° elevation compared to the values for the previous interval. Siimulat
results fromsection5.4.3point outthe same pattern. However, the 3D models used in the simulations
are different, but the car and antenna models are idenfib@ lead to the fact that theatellites

located at the high elevations are affected by car reflections and not by the ones in the surroundings.
Since in the measurement campaigns a real antenna was used and the signals arriving from low
elevations araot considered, this increase of the multipath error is not predem8D model used

for simulations is representativier measurement campaign environmehtt is not modeled
precisely.As mentioned ir6.1, the scope is to verify the agreement ektstween multipatterror
magnitudgrom simulations and reality by reconstructing 3D similar environments.
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Figure6-13: Intercity highway empirical model for GPS ICUA and L2Cfrequencies from simulation and
experimental data. The multipath estimates contain receiver noise
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Figure6-14: Intercity highway empirical modefor Galileo E10Sand E5kfrequencies from simulation and
experimental data. The multipath estimates contain receiver noise

The errors due to multipath vary within an interval determibgdnultipath delay, amplitude and
number of reflections. In sectidn2.2.1 the errors caused by onauiltipath reflectionin the presence

of LOS are shown with respect to the delay of the reflected sihal produced error varies from

zero to 37centimeters In Irsigler (2008), theerror magnitudefor different kind of multipath
reflections is computedt is shown that the error due to multipath can vary from zetoremmeters.

For the investigated environmemithin this work simulations and measurement campaigits the
presented setumdicate that the error due to rtiphth varies from zero td.1 meters. The error
distribution wer the elevation angles show the same pattern for errors from simulatedcanickd

data The patternis in agreement with the findings from the previous investigatiosgdtionss.4.3

and 6.2 The simulated multipath errors are consistent with the experimental data results, however
some discrepancies are present. Thesefuamy 0.05 to 0.26 meter3he largest discrepancy is found

for the satellites at low elevation angles.isTts determinedby the approximations done in the 3D
model and the lack of an antenna pattern in the simulaliotine with previous studies where
multipath proagation is modeled, the discrepancies betgiemriated and experimental err@nse of
decimenter orderThis is also the case in Weiss (2007), where the differences between the errors
obtained from raytracing simulations and the errors from experimental data are up to 0.8 meters.

Regarding the erranagnitudefrom thesimulationswithin this work the maximum multipath error

for GPS is 1.075 meters and for Galileo 0.994 meters. The minimum errors are 0.058 and 0.043
meters for GPS, respectively Galileo. Regarding the experimental dalagdsterror is found to be

0.831 meters for GPS and 0.818 meters for Galileo. Mininaurors for the two investigated
navigation systems are almost similar: 0.033 and 0.036 meters.

6.3.1.2 Multipath impact on SNR

To check the SNR figure from simulation ameasured datanean values are computed with respect

to the elevation intervalsimilaras in the case of multipa#rror. The purposef this investigation is

to check the similarities and discrepancies of the modeled and measured GPS and Galileo signals, as
well as the impact of multipath on ti8NR figure Figure 6-15 illustrates the resulted mean for L1,

L2, and E1, E5b frequencies. The mean values fronergxgntal GNSS observations contain peaks,
whereas the simulated SNR is characterized by a constant direct proportional increase with the
satellite elevation. This discrepancy from the experimental data could be attributed to the random
shortterm reflectors iriraffic thatare the consequence of a kinematic user.
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The same irreguldbehavioris found forthe pseudorangerrors indicating the conndion between
the SNR fluctuationsand pseudorangenultipath. For inphase multipath signalthe values increase
and the oubf-phase multipattsignals produce decreaseas detailed in3.1 Therefore, theSNR
oscillations are typical for a multipath contaminated signal.

The analysis of the GPS SNR from simulatiamsl experimental data reveals a difference of 11 dB

Hz for L1 and 6 dBHz for L2. The discrepancis smalkr for the second frequenbgcauséhe SNR

values are generally decreased compared to L1. Conseqieathygnals with mSNR under 25 dB

Hz are not tracked by the receiver anymore. Thus, the L2 average cannot decrease proportionally with
the L1 averag where the multipath affected signals are still tracked, as the transmitted signal is
stronger.Since the discrepancy occurs for the satellites below 40°, there are two possible reasons to
explain it.Firstly, the use of an ideal antenna for the simufetiand an antenna with gain pattern for
measurement is likely to produce the difference at low elevation aglesndly studying the videos

from the measwement campaigns revealed the presensegétation along the roadost of the time
According to the literature, the effect of trees ®NSS signak differs according to the season.
Nevertheless, in the presence of leavegxpectedthat the signal power is underminadcording

their thickness, sizend form(Wu et & 2017)
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Figure6-15: Signalto-noise raticbehaviorwith respect to satellite elevation for simulated and experimental
data in an urban highway environment

The two investigated frequencies of Galilwow the same pattern as in the case of GPS. The linear
increase of the SNR with the satellite elevation is justifiable, as the power loss is smalielfies

situated in zenithi-or the most part, the simulated signals are stronger than the ooetededuring

the measurement campaigdevertheless, SNR bumps are presentbiath constellationsFor the

satellites in the first 30° elevation, a larger discrepancy is noticed between the simulation and
measurement data. Besides the multipath signadsdigctrepancy is also the effect of the missing
antenna gain and phase pattern in the simulations. Since a physical antenna has different patterns for
each constellation and frequency, the SNR variation for Galileo signals between simulation and
experimenrdl data is different from GPS.
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6.3.1.3 Multipath impact on position

Depending on the continent and country, a highway can be defined differently. The traffic frequency
and location determine if the road can be categorized as arterial or cq(lemdorova et al. 2009)

The surrounding environment also differs duentduraland artificial featuresDifferent time and
weekdays when aehicleis crossing a highway also influence the obstaales encounteredAll
parameterghat change thesurroundings of a GNSS antenna mounted on a car, change also the
multipath which occurs on the highway.

In the next section, the impact of multipath on the vehicle position for specific situations is analyzed.
The GNSS position of the vehicle is computed by me#nBGNSS based on pseudoranges, as
presented i2.6.1.1 Thus, the errors gpseudorangedue to multipath affect the position results. The
DGNSS coordinates arempared against the reference coordinates. The car reference coordinates are
provided by iTraceRT F40E, as presented iB.1 An analysis based on the videos takeant the
measurement campaigns indicates the typical environment for a highway in Germany. The main
characteristics ar@ high volume of trafficthe presence of large vehicles i.e. trucks on the first lane,

and vegetation along the roadraffic jam situgions are frequentFirstly, these situations are
separately analyzed to understand the importance of such events in the highway environment. In the
end, an overall characterization of the test drigpesition errors is made.

Opensky

Although the highway is considered to be less challenging than athgironments due to the good
satellite visibility and absence of massive reflectding, multipath error still occursFigure 6-17
illustrates an intercity highway segment from the south of Germany, namelfi#6Google Earth
screenshot reveals that thehicleheadingduring the test drive i®wardseast. The velociy for this
sectionvaries between 100 and 130 kna# show in Figure6-16. The number of visible satellites is
fluctuating between 12 and 16, as a consequence optmesky environmentThus, the DOP values

do not influence th&NSSpositionnegatively The examination of the tedtive video unfolds that

there are thremain factors that might represent multipath sources: the dense vegetation, the metallic
safety faxce andthe trucksAdditionally, these are presemt the opposite driving direction as well.
Small cars could also produce signal reflections since they are in the vicinity of the test vehicle where
the antenna is mounted. Moreover, thdoseness$o the receiving antenrend metallic surfaceare

likely produgng strong multipath signals.

Figure6-16: Satellite availability and car velocity for the illustrated area
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Figure6-17: Reference (blue) and multipath affected position (red) supesetjpver Google Earth

Figure 6-18 reveas the errors which occur for the selected measurement interval. The height and
latitude are mostly affected, both having emeagnitudesof 3.4 and 3.3 meters, respectivelihe
correspnding value for longitude is 1.2 meteEgure 6-17 shows that thdveading of the road is
towards east and thathe vehicle positioerroris more pronounceih the rorth direction Vegetation,

trucks and the safety fence are all situated at the highway m&wgisidering thsefactors, it is

likely that he increased error on longitude is the effect of reflections coming from the lateral sides of
the road.The depenency between multipath errors and the positioning error on the latitude and
longitude components has been shown with simulated data in Mubarak & Dempster (2010).

The positioning error contasipeaks at irregular time intervals, which indicate the tempgrasence
of reflections. Multipath simulations at high velocity that atetailed in action 5.4 reveal that
random and shoterm multipath is typical fothe kinematianultipathoccurrenceAs the testvehicle
constantly overtakes the trucks, it can impact the positodomly for short period®verall, the
RMS error fluctuates from 1 to 3.2 metelhe aveage is 162 meters with 0.4 meters standard
deviation
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Figure6-18: Deviation from the car reference position on the 3D geographic coordinates for askgpen
intercity highway segment. The corresponding®Rvalues are plottealong themeasurement time

Highway construction site

This investigation is related to a situatidimat is often encountered on the highwaie road
construction siteThe question which addresses is if the narrow lanes and heafiy afééct the
position due to multipathAnalysis of the video and Google Edtthverlapped trajectory shows that
the test vehicle trajectoryeviateson a narrow lanén the opposite driving direction. Thus, besides
the metallic safety fence on thight side, vehicles drive close and in the opposite directidheofest
vehicle.
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The left side ofFigure 6-19 shows a screenshot of the investigated segment. Aththe driven
trajectory is longer thamvhat is presented by means @oogle Eartf, the partis intentionally
illustrated to indicate an additionghallenging factorthat appeared bridges crossing over the
highway.From the pltted satellite availabilt, it is visible that bridges are crossdéulee timesThe
two consecutive peaks arise between 200 and 250 seconds and correspond to the twihdiralges
shown inthe screenshot on Google EdftiThe velocityfor this segment is smaller compared to the
previous case. This is typical for the construction road areas, due to the temporary narrow lanes.
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Figure6-19: Google Eartfi screenshot with overlapped car reference pos{bare) and multipath biased
position(red). Satellite visibility and car velocity for the investigated highway segment are plotted on the right

From Figure 6-20, it is visible how the GNSS position deviates from the reference trajectory in the
vicinity of the bridge The differences over the measurement time are plotted separatélyuie

6-20 together with the corresponding RMS. Significant spikes can be identified in the latitude,
longitude and height. For clarity, these are marked with red circles as Juglging by the time
stamp, these corresponal the three bridges, that can identified on the satellite visibility ploas

well. Although loss of satellite track occurs for 1 secotid gap is filled due to the Kalman Filter
which is employed in the DGNSS sieprocessing.

An additional spike at 170 seconds is present in the latitude plot and it is marked with violet. The
spikeis present on height and longitude as wHtle video duringhe testdrive does not indicate any
anomalies besides intengeck traffic on the right lane. As previoulsy mentioned, it was shown in
Mubarak & Dempster (2010) that there is a connection between multipath coming from specific
satellites and the positing error. Considering this and the alignement of the highway along the N
49A1®® 34Hs Figuedly it is concluded that the increasdeviationin latitudeis owed to

lateral reflections from truckand vegetationFigure 6-20 reveals that the errors are overall more
significantthanin the previous casee. in open skyThe differences from the previously investigated
segment are lane width, closeness to the opposite traffic and decreased Velotitsr. research
could verify with simulations and measurements if this specific scemariiely to produce more
signal reflections which leads to an overall error growth. The average value of the 3D RMS is 2.7
meters with 2 meters standard deviation.
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Figure6-20: Position deviation of geographic coordinates due to multipath and obscuration. The corresponding
RMS error over the time series is plotted on the right

Traffic congestion

Anotherfrequently encounteresituation on the highway iatraffic jam. In such circumstances, the
environment is susceptible to multipath due to the glosktic and kinematitraffic participants.
Additionally, as showrnn sectionss.4.4in 6.2, the car is likely to experience increased pseudorange
errors for smaller velocitiesdue to multipath and receiver properti€sgure 6-21 illustrates the
connection between two highways, wheretthéfic congestion occurs. ThH@oogle Eartf screenshot
shows that the car headiig north-east, thus the multipath reflections should affect both with an

equal nagnitude both latitude and longitude.
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Figure6-21: Google Eartfi screenshot with overlapped car reference position i.e. blue and multipath biased
position i.e. redor traffic congestion. Satellite availability and vehicle velocity are plotted on the right

The number of available satellites is between 11 and 14npémgood DOP valuesiue to the open

sky conditions in the highway environmeiitie velocity plot indicates that theehicle decelerates
suddenly due to the traffic jarihe video taken during the test drive reveals the following events: the
vehicle deckerates and advances slowly when encountering the traffic jam. Next, in the area between
70 and 110 secondhe vehicle is overtaking the trugkshich are static on the right lane. In the end,

two lanes merge and the test vehiotatinuedriving behinda truck. Thethreeevents are important

to understand the multipath sources that cause position degraéi@gioe6-22 indicates peaks in the
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position that match theedcribed events. In theelocity andRMS error plos, these are marked with
blue. The latitude and longitude errors are affected Bgdak to the driving directigras expected.

The errorthatoccurs from second 120 to 135 is prominent on longitude. This is likely to be the effect
of driving directy behind the truck and receiving frontal signal reflections, leading to aoberged
towardseast/westThe RMS error for the traffic congestisegment reaches 6.6 meters. In the open
sky segment, the RMS error reached 3.2 met€msidering the related eventse position
deviationsas well as the vehicle headirigcan be concluded that the increase of RMS error for the
traffic congestion sagent is due to multipath occurrence.
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Figure6-22: Position deviation of geographic coordinates due to multipath in highway traffic congestion
Overall error for a highway environment

After the analysis foshort time intervals during the measurement campaign, an overall average for
the positiondeviation is computed. The position ertisr computed with respect to the reference
position for both simulated and experimental data. Reference position for simsilatems from
errorfree simulations and for experimental data from if@ceRT 402E, a GNSS/INS integrated
system The same receiver, namely NovAtBwrPak?® is employedfor simulations and data
collection to establish the impact of multipath the pseudorange erréior a better assessmeittite t
position isdeterminedn postprocessing by means of DGNS#&sed on pseudorange measurements.
Therefore the estimated multipia errors on pseudorang#luencethe position accuracy.

Figure 6-23 indicates aroverall increased position error from simulatipoesmpared to thecquired
data. Théis likely to be caused by increased multipath errors present in simul&tfmsesults are in
line with the analysis fronsection6.3.1.1 where is showrthat thesimulation produce a more
challenging multipath environmenthan the one that occurs in realitiRegarding the error
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individually, the best agreement between simulation and experimental data is found for the height.
This is the most affected componeas the GNSS satellites are above the terrestrial receiver. The
latitude and longitude discrepancies between simulation and measuregrelapproximately 0.4
meters. The error is more significant for the latittigen for longitude.The impact of multipation

the latitude and longitude coordinates is dependent on the reflections angle of arrival and the vehicle
heading as shown in the previous detailed analysi®verall, the estimated RMSE error for
simulations isl.9 meters and for the measured dhgmeters.
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Figure6-23. Meanabsoluteposition deviation of geographic coordinates and the corresponding 3heaat
square error for the measurement campaigns andations in a highway environment
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6.3.2 Urban roadway

Urbanroadvay represents a more challenging GNSS environment. Due to the constructions in the city
areas, the errorsaused by multipatiare likely to be more severe. Thus, collectionkifematic
experimendl data and simulatioraerequired to gain awareness of the generated bias.

By having the same measurement setup presentsdction6.1, the video timestamp is used to
determine the car surroundings. Raw GNSS -thegluency data for GPS and GalileolaHz is
recorded during nmesurement campaigns 8tuttgartand Frankfurt For the HiL multipath simulation
the same receiver is employeas in the measurement campaighn total, two hoursof kinematic
measurements in urban environmettiat are typical to south Germany are recor@ed the same
amount is simulated by means afxtracing A 3D modelof anurban environmens implemented
and used for the multipath simulations scofiee trajetory of the vehicle is generatédsed on the
created3D model and the veloagis are set between-30 km/h. The left side dfigure6-24 reveals
part of thetestdrive trajectory plotted over Google EafthThe right side illustrates therban3D
scenario. IrFigure6-24 the vehicle trajectoriegreoutlined with yellow for both cases

Figure6-24: Google Eartfi screenshoshowingpartof the investigatedata and 3D model used for urban
simulation.Theyellow lines representhe vehicledriven/simulatedrajectory

6.3.2.1 Multipath error magnitude

In total, two hours of experimental dataan urban environment scquired For consistency, the
simulation has the same duration. Nevertheless, more relevant is the recondeer ofsatellite
hours. For the urban scenario, averageof nine satellites (GPS and Galilgds in view. Thus,
approximately 18 satellite hours are amaly from experimental data. The same amount of data is
simulated to compare the multipath properties withattgpiireddata.

Figure 6-25 illustrates the computed multipath series for the recorded data during the measurement
campaign and simulation. Since the vehicle trajectories for the two cases are not identical and the 3D
model isrepresentativdut not identica] it is not expected thahe multipath seriemnatchesalong

with the time series, but with theagnitude This is successfully reproduced, as phats indicate that

the multipatherroris varying in both cassgfrom -2 to 2 meters. Compared to the highveayor, the

error isdoube for urban roadwagurrounding The experimental multipath time series indicates the
presence of multiple frequencjeghich is also visible in the corresponding SNR series. Although the





























































































