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ABSTRACT

The next generation of lowost, duaffrequencymulti-constellation GNSS receivers,
boards, chips and antennas are now quickly entering the market, offering to disrupt portions
of the precise GNSS positioning industry with much lower cost hardware and promising to
provide precise positioning to a widange of consumers. The presented work provides a
timely, novel and thorough investigation into thpositioning performanceromise. A
systematic and rigorous set of experiments been carriegbut, collecting measurements
from a wide array of lowcost duatfrequency, multiconstellation GNSS boards, chips and
antennas introduced in late 2018 and early 2019. These sensors range frineqdeaty,
multi-constellation chips in smartphones to staf@he chips and boards. In order to be
comprehensive ahrealistic, these experiments were conducted in a number of static and

kinematic benign, typical, suburban and urban environments.

In terms of processing raw measurements from these sensors, the Precise Point
Positioning (PPP) GNSS measurement processinge was used PPP has become the
defacto GNSS positioning and navigation technique for scientific and engineering
applications that require dntio cmlevel positioning in remote areas with few obstructions
and provides for very efficient worldwide, widgray augmentatioocorrections.To enhance

solution accuracynovel contributions were made through atmospheric constraints and the use



of dual andtriple-frequencymeasurement® significantly reduc€PP convergence period
Applying PPP correction augmentations to smiaotpes and recently releasémiv-cost

equipment, novel analyses were madi significantly improved solution accuracy

Significant customization to the YOlRPPGNSS measuremeptocessing engine was
necessary, especially in the quality control and residualysis functions, in order to
successfully process these datasets. Results for new smartphone sensors show positioning
performance is typically at the few dievel with a convergence periodf approximately40
minuteswhich is1 to 2 orders of magnitude better than standard point positioning. The GNSS
chips and boards combined with higlyerality antennas produce positioning performance
approaching geodetic quality. Under ideal conditionscarrierphase ambiguities are
resohable. The resuligresente@ghow a novel perspective aack very promising for the use
of PPP (as well asRTK) in nextgeneration GNSS sensors fearious application in

smartphong autonomous vehiclesnternet of things (loT)etc.
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CHAPTER1 | NTRODUCTIORNML T&GNS S
AND MUEREQUENCRECI SE POI NT
POSI TI ONI NG

The inception of navigatiodates back to the very early days of mankinde early
explorationof new territoriegprompted the need to locaa@d ascertaio n e 6 s &ndcat i or
destination Memorizing landscapes and landmarks wasessary for survivaMaritime
transportation fuékd the necessitipr accurate positioning as there was a loss of diregtion
senseon the highsea. The lack of terrestrial markand poor visibility made for dire
consequencaas the event of a disaster or loss of wakis positioning need led to the genesis
of positioning technique3.he story of positioning has a strong correlation withhiilseory of
instrument developmenBefore the discoveryf radio conduction, the innate desire to
communicate overery long distances wadready envisioned by tH#th century.However,
the laurch of Sputnik (Dickson 2001) by the then SovietUnion, was thestarting point for
satellite navigation systemBransit(Stansell 1978andTsyklon(Li 1996) systemsgdeployed
by United States an&oviet Union,respectively,soon followed These firstgeneration
systems were based on Doppler shift measurenadnth would require very high number
of launched satellites forovide users witt365-day and 24our reliable coverag®er three
dimensional positioningrhough it was possible and feasible to attdia,alternative of using
time-based measurements was sought as the soltdioncrease terrestrial average and
increase positional accuracyhe use of atomic clocks on satellitesoduced the second
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generation of the satellite navigation systéVultiple constellations of satellites currently
exist eachclassified as &lobal Navigation Satellite System (GNS®8)dtransmiting time-

based measurementsour GNSSsare currentlyeither nearingfull operationalcapaility

(FOC) or in FOC statu$ Global Positioning System (GPS) (UpfU.S. Coast Guard
Navigation Center 2015; GPS.gov 2017; NASA 20Ql1Gjobalnaya Navigazionnaya
Sputnikovaya Btema(GLONASS) (Russian Federatiofiissfeller et al. 2007; Urlichich et

al. 2010, 2011; Federal Space Agency 20E&)ileo (European UniorfHein 2005; European
GNSS Agency 2015, 2017; European Space Agency 20ideiDou Pe o p | e 6is Rep ult
of China)(China Satllite Navigation Office 2012; IGS 2017; CSNO TARC 2QX3)rrently,

there arethree Regional Navigation Satellite Systems (RN&&jch are localized over
specific regions of the eartindian Regional Navigation Satelli&ystem(IRNSS also called
NaviC) (Department of Space 2011; Nadarajah et al. 2015; Indian Space Research
Organization 2017)Japanes®QuasiZenith Satellite System (QZS%$peynat et al. 2004;
Inaba 2009; Ishijima et al. 2009; Murai 20lHd phase 2 dBeiDou (Montenbruck et al.

2012; Sun et al. 2012Yhese RNSSare complimentary to GNSS afarther increas¢he

number of satellites in their intended coverage regions.

1.1 The evolution of GNSS infrastructure

The facilitation, interoperability andcompatibility among all available satellite
navigation systems is a key concématrequiresa level of coordination among governments

and agenciesThe aim of such collaboration ® protectand promoteopen service
2



applications which will be beneficial general communities his coordination has lei a

level of standardizationn the adoption of current and moderniz&NSS signals with

compatible frequencypand andmodulation plans The resultant goal is to facilitate a

commonalityin the design of mukGNSS receiver chipsets and antenfasend users.

Presented ifrigurel.1 are the operational GNSS and IRNSS healthy sateiliitesbit.
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Figurel.1l: Operational GNSS and RNSS satellites. Numbeatdllites presented excludes

those which are under commissioning, testing and faliteochches (European GNSS

Supervisory Authority 2017; European Space Agency 2019; Zak 2019; Nationdirzaian

Office for SpaceBased Positioning, Navigation, and Timing 2Q19)



It is interesting to observe the increasing number of GNSS satellites over the past two
decades. Such proliferation promises reliabilityegrity and enhanced accurdeyels for

positioning irrespective of the technique.

Between 2018 and 2019herewas a significant 30% increase in the number of
satellites, primarily due to GalileBeiDou and QZSS launchéghe extensive use of GNSS
in most current locationbased appications worldwide has deepened thesolve of
participating governments improveand modernize constellations towardsdbemmongoal
of interoperability Specific services are intended to be provided through dedicated sanals
the globalcommunity For instancea level of restricted access to governmental services is
intended to be made available to the pulfiach services includdalileo Public Regulated
Service (PRSpr GPS StandardPositioning ServiceSPS) Other services which maye
provided forfree or for a fee includ&alileo HighAccuracy Service (HAS), QZSS L#éhd
BeiDou short messaging servigf/ang et al. 2015; Fernandeternandez et al. 2018; Cabinet

Office, Government Of Japan 2019a)

The currenGNSS infrastructure is constantly changiByg.2020, BeiDou and Galileo
are planning on reachingOC, while GPS and GLONASS continue to engage/amious
modernization schemes fenhancegerformanceFor instancethe U.S.has deployed new
satellites, GB lll, since the beginning of 2018ith the L1C signawhich is identical to
Gal i | eods E(Canmrorg201®;CrefvseandtBatz 2018)addition to thatthe L1

legacy signal as well as the L2@0d L5will also be broadcasted resultimg the worldwide



availability of four GPS signalsThe transmissioand usagef L2C is meant to replace the
codeless and sermbdeless GPS access by 202Besecodeless and sermbdelesssignals
were intendedor receivers to track without the need of encryption Keythe pseudorandom

generation and modulation of the replica sigiiéisin 2017)

GLONASS launched the first generation@EONASSK satelliteon 26thFebruary
2011. The satellitesransmitCodeDivision Multiple Acces (CDMA) signals instea of the
Frequency Division Multiple Acces§DMA) technique which had been dst® previously
design GLONASS signal transmissidnis plannedhat the next generation of satellites will
be based on the GLONASSWand K2 satellitegprototype intended for launch after 2020
These satellites will featur®©rbit Determination and Time Synchronizatig@DTS)
technologes as well as improvement in clock stabil{tyrlichich et al. 2011; Federal Space

Agency 2015)

To provide a global service by 202@ third generation BeiDou satellite system
(BeiDouphase 3js currently being plannégdr launchwith the aim of obtaining a 38atellite
constellation|t is expected that the compldtand final system will transmit signads$ the
B1, B2 and B3 frequencies. These frequenciessarglar to the E1/L1 E5/L5 and E6
frequencies of Galileand GPS, rgeectively.The purpose of sharing close frequency bands
and waveforms with GPS and Galileo is to maintain interoperability amor@NB&Ss With
the inclusionof regional BeiDou phases of operational satellitee global constellation of

BeiDou wouldbe the largest to exisiwo main services will be provided only by the regional



system: Short Message Service (SM8§ WideArea Differential ServicéLiu 2013; China

National Administration of GNSS and Applications 2019)

Galileo aims taeach FOC by 2020 and thus continues the deploymesattelfites to
realize its goalBy August of 2018, the Galileo constellatiortluded 26 orbiting satellites
with 17 being fully operationaBeing the first GNSS constellation feahg a Search and
Rescue (SAR) servicwith a return link for users in diess Galileo additionally provides
services based on the f[ES bandsThe provision ofNavigation Message Authentication
(NMA), an encrypted navigation signal on B6d Signal Authentication Service (SASje
also among thaniquecapabilities offered to end usefe functionalities of NMA and SAS
are intended to provide the first protection level agathstspoofing of GNSS users

(FernandetHernandez et al. 2016; European Space Agency 2019)

QZSS is currently a 4satellite constellation consisting of threlclined
Geosynchronou®rbit (IGSO) satellites and orgeostationary (GEO) satellit€he purpose
of its infrastructure is t@rovide visibility constantly from all the Asi@ceanicregions By
2023, it is planned th&@ZSS will have a -satellite constellatiomaugmenting GPS coverage
over Japan 6 aswellab enhancing peyoomarmecuracy and reliabilityQZSS
is anticipated to provide a host sérvices to the public end user including exploitatiohs
QZSS data links(for instance,Satellite Report for Disaster and Crisis Management

Centimetre Level Augmentation Service (CLASubmetre Level Augmentean Service



(SLAS), a future Public Regulated Serviaad anSBAS Transmission Servid&PS World

Staf 2018; Cabinet Office, Government Of Japan 2019a, b)

The successful launch of Nawlll. on April 12, 2018 pear headed | ndi ac¢
having a 7satellite operational constellatiohhe coverage of NavIC extends 1500 km around
India and aims to exteritle number of satellites from seven to eleven to exgi@ndoverage
regions.It transmits on thd.5 (1176.45 MHz) and S band (2492.028 MH&Bquenciesand
currently offers aStandard Positioning Service and a Precision Ser{lindian Space

Research Organization 2017; Maaét2019)

1.2 Overview of PPP

Precise Point Positioning (PPB)an augmentegoint positioning approach that uses
un-differenced, duafrequency pseudorange and carpéase observations along with
precise satellite orbit and clock products to produceingetre to subcentimetrelevel
positioning(Zumberge et al. 1997; Héroux et al. 2Q@sitioning techniques such as relative
GPS positioning, Redlime Kinematic (RTK) and NetworRTK require the use of more than
one receiver. In contrast, PPB,a costeffective technique, requires a singlser GNSS
receiver with no additional local GNSS infrastructugatic and kinematic data processing
can be done using the PPP techniquweeiin postprocessing or redlme modeg(Koubaand

Héroux 2001; Chen and Gao 2005; Leandro 2009)



In conventional PPRhe combination ofatellite positions and clocks errdosobtain a
few centimetreof accuracywith ionospheriefree (ionospheric effechas been mitigated)
pseudorange and carrphase observationgquires theccouning of someerroreffects that
are not considered in Standard Positioning Service (SPS). The GPS SPS is a positioning and
timing service provided by way of ranging signals broadcasted dBRBel1 frequency. The
L1 frequency, transmitted by all satellites, contains a coarse/acquisition (C/A) code ranging
signal, with anavigationdata message, that is available for civil, commercial, and scientific
use(US DoD 2001)Figurel.2 compares the approaches of SPS and PPPegBigeanetre
level, reattime satellite orbit and clock informatiofiom GNSS satelliteslonospheric
refraction erroris mitigated through ionosphefeee linear combinatian (Odijk 2003)
However, singldrequencyusers adopt various rdels to account for the ionospheric error
(Klobuchar 1987, 1996; Shi et al. 201Zhe troposphere is accounted for by usimapping
function and modeldor wet and drytropospherde.g.,Collins 1999) Through epociwise
least squaresestimation all of this information is combined with C/8ode pseudorange
measurements to produce mdteel user position estimatéBisnath and Collins 2012PPP
utilizesthe same receiver tracking information in §But combinest with centimetrelevel
precise orbit and clock informaticend additional error modelling and filteringp obtain

decimetre to millimetre-level user positioestimates
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Figurel.2: SPS in comparison to PRRggrey 2015)

Given that all relevant PPP errors have either been modelled or estimated, the conventional

un-differenced observation equations can be writtefWadls et al. 1999)

0 moGte 1o Qs o of 0 11
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" @te 1o Q 0 & o™ _w 12
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The terms in equatioh1 and1.2 are:

0 Pseudorange measurement on L1 or L2 (m)



e

To

Carrierphase measurement on L1 or L2 (m)

Geometric range (m)
Speed of light (m/9$)
Satellite clock error (sec)
Receiver clock offset (sec)

lonospheric delay (m)
Tropospheric delay (m)

Receiver equipment bias for pseudorange and cqohiase

measurementsespectively (m)

Wavelength of L1 or L2 carrier waves (m)

Unknown cycle ambiguity term on L1 or L2 carrignases

(cycles)

Carrierphase multipath on L1 or L2 (m)

Pseudorange multipath (m)

Pseudorange measurement noise (m)

Carrierphase measurement noise (m)
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By linearizing equation4.1 and1.2 through the relation of the unknown guantities and the

observations, equatidh3 is obtained:

0] W w T 1.3
Where
0 Design matrix
9 Estimated corrections to unknown quantities
W Prefit misclosure vector
W Residual vector

The design matrixd) is the partial derivatives of tr@bservation equations with respect to
the unknown parametera)(which primarily are the receiver station 3D position (X, Y, 2),
receiver clock offset (0 ), tropospheric zenith path delay (zpd), cargkase ambiguities and

hardware biases. The desigatrix is given as follows:
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The misclosure vector represents the differences between the pseudorange euheeier
observations and the computed pseudoranges and qdrases determined through the

functional model. The misclosure vector elements are determined by the following equations:
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Theweight matrix for stationary receivers is givas:
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The weight coefficient matrix with respect to the estimated parameters is given as:

0 0 1.9

where 0 is the a priori varianceovariance matrix.
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20 000 0O O00® 1.11
O O 30 1.12

Given that thecarrierphaseobservations are about 1@éhes more precise than the
pseudorange measurements, the weight matrix of the observatipisgpplied as shown in
equation 2.8. Usinghe sequential leasiguares approach weighted with a priori weighted
constraints§ ) of the sate termsb , the unknown parameter estimateg){ as computed in
equationsl.11and1.12. ® andw represents the corrected state teamdinitial state terms

respectivelyfor agiven epoch.

Precise positioning and navigatibecomean asset in remote areas where reference
stations are not available. In recent ye@wljins et al.(2008 determined the plausibility of
using reaitime PPP technique in the determination and monitoring of seismic activities by

resolvingPPP norinteger ambiguities. By assessing the performance of PPP, it is possible to
13



further extend to other scientific apgdtions such as satellite clock error estimation, satellite
pseudorange bias, pseudorange multipath estimation and ionospheric delay estimation
(Leandro 2009) As more visible satellites and observations are maddablaiby the
advancement and modernization of various satellite constellations, a combined use of various
satellite systems in PPP is expected to improve the positioning accuracy, reliability and

solution convergence period.

1.3 Overview of York GNSS PPP sofivare development

The York GNSS PPP software is a scalable and modular GNSS PPP processor written
in C++ using Visual Studio in the Microsoft. NET platforirhe usage of C++ in developing
the GNSS PPP processor makes it not only platiadependent but alsenhances re
usability. A total of over60,000 lines of C++ codbave beerwritten by theYork GNSS
Laboratory with 11 solutionprojects over 100 classes, ovdb0 functions and ove8,000
lines of MATLAB code for the analysis and plotting of resyBeepersad 2012; Aggrey
2015) This overview sectionhighlights the various development stages of the GNSS PPP
software, detailed objedriented architecture a n d t he aut hor 6s cont

development

Figurel.3ill ustrates the software architecture of York GNSS PPP software. It consists
of five main segments: data inpatror correction, sequential leasjuares module, parameter

outputand realtime modules. The user is required to specify presmg parameters and input

14



files. All provided data are read and stored in internally defined structures before data
handling checks are performed. Thesedaadling checks constitute the data-precessing
module and involve making sure that all neeegsatellite data are availabbknd thatbad

data are rejected. The correction module depends ofragpgéired data supplied in the form

of an observation file, precise satellite orbits and clocks, ANTEX file and ocean loading
coefficients. The corrected observation dapassethrough the squential filtering module
where position estimates as well as other parametersbdéaged. The output parameter
segment is intended for the purpose of evaluation and result analysis.

The author contributed significantly to the developmanthe YorkU PPP engine.
Figure 1.4 highlightsthe collaborative and unique contributions magle¢hl® author to the
architectural development of the softwalidhese contributionsavecentred on improving the
position performance of the software while taking advantage ofadl@imultifrequency
signals.A later objective was to focus more lmw-caost chipsets in smartphones andrent

available massnarketlow-cost receivers.
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The York GNSS PPP software currently supports -postessing and rediime
streaming of GPS, GLONASS, GalileBeiDou and QZSS dat@he fundamental unit

of the software is a function, which contains program code to execute a specific task
depending on usatefined inputs. Aclassof functions constitute groupof functions

aimed towards a particular task. A cluster of classes of iimgctconstitute a
namespace. These namespaces are then managed through designed solution projects
with the purpose of muHthreading which enhances memory management and real

time simulations. Structuring the software enhances scalability, modularizatibn

processing speed of the software.

1.4 Problem statement

There is currently a demand for better positional accuracy with respect-to low
cost hardware in various GNS$er markets. Prominent examples include the
automotive market and cellular technologyplgations which currently require
decimetrelevel of accuracy obetter using massnarket hardware componenigo
address these needs, various components have been developed as part of this study to
satisfy both geodetigrade applications and lewost hardware. Various error
modelling and improvement in solution quality developed as part of this study are
intended to improve the accuracy standards with the integration of PPP processing into

low-cost equipment.
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Problem 1: Dualfrequency PPP still remainsnpractical for many redime
applications due tarelatively longinitial convergence period. The introduction of a
fully operational third frequency promised faster convergence and almost
instantaneous integer resolution of ambiguities. However, theceation of triple
frequency PPP has, so far, not been met with reliable quick fixing of float gaineise

ambiguities. Thé&eyresearch question intended to be answered include:

1 What are thehallenges and methods available for quickly attaining accurate
position initialization for float PPRolutions?
1 How much dortple-frequency measuremeanielp n the first few minutes of

PPP convergence before the resolution of ambigtities

Problem 2: Another objective of this study is to analyze the performance of PPP
convergence and initialization while stochastically constraining the atmosphere. One
specific objective of this study is to review the performance of-dard triple
frequencyPPP solutions using uncombined measurements. The research question to
be answered is whether there is any significant benefit in constraining the atmosphere,
specifically the ionospheric parameter, in dwaald triplefrequency PPP processing?

The goal othis study is to answer the question concerning the level of significance of
any improvement noticed with atmospheric parameter estimation versus using a priori
atmospheric knowledge. Some of the related questions intended to be answered

include:
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1 Is there any equivalence or differences between combined and uncombined
PPP approaches for duaand triplefrequency measurement processing?

1 Howcomparable imtmospheric constrained uncombined mGNSS PPP to
RTK performance

1 Interms of solutiomccuracy and convergence, currently hdase is PPP to

RTK performance?

Problem 3: It has now become a standard approach to use the strength of the raw
measurements through the uncombined PPP processing approach without the need for
ionospheriefree linea combinations. One key benefit with this approach is gaining
access to estimated slant ionospheric delays, which can be used as a priori information
for constraining position solution@ggrey and Bisnath 2017aAs a followup to
problem 2 it is well known hat using a priori ionospheric information reduces PPP
solution initial convergence period, whether such information is obtained from
individual stations or from a global or regional netwd@Banville et al. 2014)
However, there are key concerns about how effective these global or regional
ionospheric products ar€hethird objective of this research contributisrio provide

a detailed assessment of the available spheric products and how they affect PPP
solution convergence and initialization. Some key questions which are intended to be

addressed include:
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1 Is there any equivalence or differences between combined and uncombined
PPP approaches for duaand triplefrequency measurement processing?

1 Is atmospheric constrained, uncombined, m@INSS PPP nearly comparable
to the RTK approach? In terms of solution accuracy and convergence,

currently how far away are we from RTK performance?

Though there has beangreat @alof research into ionospheric modelling and its
effect on navigation, there has not been detailed analysisfining the impact on
multi-GNSS PPP in light of modernized and current signals or processing modes. This
researclpresents min depthof analysis whilepresenting answers to these important

guestions.

Problem 4: As the accuracy dloat PPPwithoutambiguityresolution or atmospheric

a priori informationis independent of baseline lengths, improving its convergence and
performance is @cessary if it is to be considered as a good alternatitleete TK
technique Atmospheric constraining in PPP with the aim of improving the solution

accuracy and qualityeeds to be addressed

There is a level of progression which can be noticed fromagjeeof dual
frequency mMuliGNSS processing through the usage of tdpdquency
measurements to the application of atmospheric constraitisudinal correlation

between atmospheric products and PPP accurachevdddressed he performance
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of atmosyhericconstrainedPPRAR solutions will also be investigate8pecifically,

the following key questions are to be answered:

1 What is the magnitude of improvements observed from the usage of traditional
dualfrequency measurements to trypffequency PPP mcessing with
atmospheric constraints?

1 What are the inherent challenges when constraining PPP solutions with
atmospheric corrections either functionally or stochastically?

1 What is the significance of PP&R in multtGNSS PPP atmospheric
constrained solution?

1 Finally, what are the key challenges left in obtaining Aeatantaneous PPP

convergence akin to RTK data processing?

Problem 5 With the recent access taw GNSS meaurements on Android
smartphonalevicesit is necessary to investigatee role PPP can play in enhancing

solution accuracyAll tested devices had the capability of tracking either three or four

GNSS constellationsTwo of the tested devices hd a duakfrequency tracking

capability The key research questions to be answered are:

1 What is the typicgbositioningperformance when using the raw measurements
from smartphones in mUGNSS PPP processing either in static or kinematic

scenarios?
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1 Given the limitation that the hardware components of the smartphones present,
what integrity measures can be implementedrnioance the usage of the raw
measurements?

1 Whatis the best performance that can be achieved with-@NBS PPP given

normal usage of the smartphones by the user?

Problem 6: The recent market releases of stat¢he-art low-cost receivers capable
of tracking multtGNSS signals offers a glimpse into the potential level of
improvement in the user solution accuradgwever, there arkey research questions

that need to be addressed

1 What is the performance of current kmest receiver sensors?

1 Given the quality of observations of relative lowst sensors in contrast to
geodetic grade receivers, what adaptive measurement weighting can be used
to enhance the solution performance?

1 Through multGNSS PPP processing, what performance metrics can the end

user adopt as a guide when it comes to-tmst receiver applications?

1.5 Novelty, contributions and significance of thidissertation

This research focuses on developing algorithms and Isyémtethe combinednd
uncombinedbservables o6NSS PPP satellite navigation constellations using-dual

and triplefrequency, undifferenced code and carrier phase observations and assessing
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the performancel his workcontributes to the knowledgharedoy other researchers,
either in the academic or industrialds of the GNSS community. Thes®@rksfrom
other researches will be contextually addressed in the subsequent chdjiers
following goals are intended to be achieved:

1. Assessment of the perfoamce of PPP from combiniramd uncombininglata
from multiple constellations with regards to the positional accuracy for both
static and realime applications.

2. Implementation of PPP models and algorithms in software development.

3. Estimation or modéng of GNSS equipment biases.

4. Reduction of convergence period.

5. Applying geodetic grade corrections to lmwest hardware through PPP

processing.

In summary, the rationale for the research includes:

1 Better PPP performance due to redundant measurements, improveeltiye
and more signals.

1 Improvement in thesstimationof float carrierphase ambiguitiefor easier
resolution tantegerambiguities

1 Better solution quality and enhancing PPP performance through the estimation

and usage of ionospheric amdpospheric corrections.
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1 Integration of PPP processing with lewst hardware to achieve decimetre

level accuracy.

1.6 Dissertation outline

Chapter2 draws attention to the challenges and methods available for quickly
attaining accurate position initializatidor float PPP solutions, while analyzing the
intricacies of issues that have to be dealt with in doing so. This chapter concentrates
on the first few minutes of PPP convergence in-darad triplefrequency scenarios to
analyze and contribute to improvents of the float solution before the resolution of

ambiguities.

Chapter 3analyzsthe performance d?PPconvergence and initialization while
stochastically constraining the atmosphere. One specific objective oh#pgetiis to
review the performanaaf dual and triplefrequency PPP solutions using uncombined
measurements. The research question to be answered is whether there is any
significant benefit in constraining the atmosphere, specifically the ionospheric

parameter, in duabnd triplefrequeny PPP processing?

Chapter4 provides insight into the conceptual analyses of atmospheric GNSS
PPP constraintwith ambiguity resolutionDuat and triplefrequency scenarios were
investigatedFor both dualand triplefrequency PPP processing, the sigaihce of

GIM and tropospheric products in processing is not obvious in the quality of the
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solution after a few hours. However, constraining the atmosphere improves PPP
initialization and solution convergence in the first few minutes of processing. The
gereral research question to be answered in this chapter is whether there is any
significant benefit in constraining the atmosphere in nitduency PPP? A key
related question ifRegarding time and position accuracy, how close are we to RTK

performance ithe age of multiGNSS PPFPAR?

Chapter Sevaluates the feasibility of achieving improved positioning accuracy
with raw GNSS measurements from recently released smartphones. Using PPP as the
processing mode, positioning accuracy and performance of setentdyl available
devices are analyzed. These devices include the Xiaomi Mi8, Google Pixel 3, Huawei
Mate 20 and Samsung Galaxy S9. All tested devices had the capability of tracking
either three or four GNSS constellations, and the first and third trackewaencies.

To enable smartphone data processuagious customizations had to be mableth

conceptually and in software design.

Chapter 6investigates the performance of recestateof-the-art receiver
chipsets usingnulti-GNSS PPP in assessing the solution and measurement gfiality
these sensor¥he receivers examined in this chapter includePiksi Multi Module,
Unicorecomm Nebulas Il and-blox F9 sensorsStatic and kiematic scenarios were
considered with detailed measurement, soluiocuracy and residual analyses made

with reference to geodetgradereceivers.
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Finally, Chaptei7 summarizes all the findings and provides recommendations for

research in the near future
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CHAPTER2 ANALYSI S OFGNBJATI
TRI PEREQUENCRECI SE POI NT
POSI TI ONNNGI ALI ZATI1 ON

With an increase in the number of satellite systems, redundant measurements,
andimproved satellite orbit and clock products, thi#¢ial convergencegeriod of
duakrequencyGNSS Precise Point PositioningRB borders on tens of minutes
to achieve an accuracy of a few centimetréswever,duatrequency PPP sitill
remains impractical for many refine applicationsdue to this relatively long
convergence p&rd. The introduction of a fully operational third frequency
promised faster convergence and almost instantaneous integer resolution of
ambiguities. However, the expectation of trifilequency PPP haso farnot been
met with reliable quick fixing of @at carrierphaseambiguitiesdue to limited
number of satelliteWang and Rothacher 2013Jhe objectiveof this workis to
draw attention tothe challenges and methods availafide quickly attaining
accurate position initializatioior float PPPsolutiors, while analyzing théntricate
issues that have to be dealt with in doing so. Thapterconcentrates on the first
few minutes of PPP coewvgence in duabknd triplefrequency scenarios to analyze
and contribute to improvements of the float solution before the resolution of

ambiguities.
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2.1 Introduction to uncombinedtriple -frequency PPP

Improvinginitial convergence period has been one ofntlest challenging and
popularareas of research in PPP. Witle increasing number of satellites and the
addition of more frequencies, opetential solutions to makeuse of triplefrequency
measurements. However, over at®ur period, themprovement offered by triple
frequency PPP is only marginal compared to the-tteguency approach. For time
sensitive applications, the minimal improvement offered may be insignificterms
of accuracy, but the third frequency does add reliabititthe solution(Henkel and
Gunther 2010; Elsobeiey 2014} is therefore imperative to address, analyse and
improve PPP convergence period in the first few minutes thigtavailable muit
GNSS frequency measuremenss. further approach to improve convergence is
through constraining the ionosphere in PPP data processing. lonosuimeti@ined
PPP has been shown to improve solution accuracy and convergence by 30% through
the use of urtombined GNSS observables and uncalibrated phase delay products

(e.g.,Li et al. 2013b) This approach will baddresseth Chaptes 3 and4.

There arecurrently 35 BeiDou, 12 GPS Block IIF an@1 Galileo satellites
transmitting a third frequency, but not all of them are continuously visibleapable
of being tracked by receiver statiofisaurichesse and Blot 201&Rather, there are
currently, oraveragel5 visible satellites transmitting a third frequeegrthe Asia

Pacific region Triple-frequency PPP with GPS, Galileo and BeiDou offeagous
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flavours of measurements that strengtR&solution quality andhitial convergence
period Plans are undeay for the launch of GLONASE?2 satellites irk019that will
transmit an L3 signal and bridtjee compatibilitygap with other GNSSsy switching
from Frequency Division Multiple Access (FDMA) to CeBévision Multiple Access
(CDMA) (Urlichich et al. 201L To achieve the goal dasterinitial PPP solution
convergence, current research has been focosedhe application of external
atmospheridnformation (Collins et al. 2012; Banville et al. 2014; Laurichesse and
Blot 2016) and the use of the extra widelane provided by third frequency
measurementfGeng and Bock 2013; Li et al. 2013a; Tang et al. 2014; Eisgb
2014; Laurichesse and Blot 2016; Gayatri et al. 20H6)vever, little emphasis has
been placed on how differeabservableand constellation weighting schemes affect

the initialization of triplefrequency PPP float solutions.

Conventionally, iongsherefree linear combinatiors used to eliminate the first
order ionospheric effech PPP processinfZumberge et al. 1997; Bisnath and Gao

2009) Assuming two measurements, pseudorarnige and carrieiphase 0 , at

frequenciesQand™Q respectivelythe ionospherree combinatiorfd ) is given by:

0 | 0 1 O 21

where
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Q 2.2

Consdering triplefrequency GNSSneasurementsd  with the third frequency
represented a$), ionospherdree linear combinations can be expressed matrix

format as shown below:

)] | f Tm 0
0 0 | m ) & 24
)] T | 1 L

Assuming the GNSS measurements are uncorreedhave the same a priori
standard deviatigrthe varianceovariance matrix of thencombined measurements

(60 ) can be written as:

Applying the law of error preagation, th@ariancecovariance matrix of theombined

ionospherdree linearcombination involving threfrequenciesan be represented as:
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Expanding on equationd.1 and 1.2, the observation model equatiomsan be

augmentectonsicering pseudorangé and carrieiphase from satelliteda to

station¢ .
5 ~Q 5 Gl \ g
U] ” — U wuO wlo 1To wO O
«? 2.7
-0
TQ 13} w5y it \ \ T N, T IV
. " 0 U WLO wlo 1To w'Yu O Yu O 28
_U -
0
Where
” Geometric distance betwestation and satellite.
32 First order ionospheric delay.
0
0 ®OO Wet component of the tropospheric defdyere> 0 ‘Os
the tropospheric zenith delay represents thi
elevationdependent mapping function.
o Speed of light.
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ToNno Station and satellitelock biases, respectively.

0 ho Pseudorange delay®r frequency™Q for station and

satellite, respectively.

YO 'O AYD O Uncalibrated carriephase delays for frequené@ for

station and satellite, respectively.
0 Integer carriephase ambigty for frequencyQ.

-0 hoe Noise, multipath and unmodelled instrumergalors for
pseudorange and cardphase measuremeritg station
and satellite, respectively.

Considering equatioB.1 for frequenciesQand™Q the ionospheréree pseudorange

and carrieiphaseobservablesan be written as
0 0 ®0LO ®o 1o -0 2.9
. 0 0O Mo 1o & - 2.10

Where! 6 and! 0 being station and satellitenosphereree clock terms, can be

expressedsa
Qo6 Qo | O 1 O Qo O 211

Q6 Qo | O 1 ©O Qo O 212
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Fromequation2.10, thenorrinteger ambiguity termd results from andf and

receiver and satellite hardware delagan be further expanded as:

2.13

Focusing on GPS1/L2 and L1/L5measuremenigiven the L5 thirdrequency the

functional observation models for the three frequencas be writta as:

0y 7 0 OO0 o4 104 -0 4 2.14
° T " i) (,A)G,O (:)T(‘):r T(‘)T (I)T - e T 2.15
0 4 0 OO0 o4 104 Oy -0q 2.16
A " i‘) (I)G,O (:)T(‘);r T(‘)T &)T (I)T
2.17
- e 7

Wherd 0 y represent the satellite clocissociated with the ionosphdree L1/L2
combination The new ternw + represent a lumpeeffect ofreceiver and satellite
inter-frequency biases hroughout tis chapter, © ; will be referred to as the L5

equipment biasThe L5 bias can be decomposetb the following:

Wy OOy T0; 105 10, Oy Oy 2.18
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The use L1/L5 measurementin PPP processing necessitates riggation of L5

equipment biases and ambiguity term@ 5 ).

The first objectiveof this workis to examinethe estimation of L5 equipment
delays withrespect to L1 and L2 measuremestsphaizingtheir characteristics and
the provision ofexplanations for the unique trends obsenvethese quantitiesGPS
Block IIF satellites exhibit L5 equipment delagrigtions over timewhich correlates
to the periodic characteristics observEde L5 equipment delays ammperature and
elevation dependeniyhich are compoundelly the eclipsing of the satellites as the
illumination of the Survaries(Montenbruck et al. 2011)'he L5 bias corrections
provided byCentrenational d'étudespatiales (CNESare appliedo triple-frequency
float solutionsto analysehe impact the correctiorfsave on the user solutioAs a
second objective, the need for realistic weighting of observahietvseensatellite
constellations and how this stochastic modelling affpottioningaccuracyin the
first few minutess investigatedin terms oimeasuremestnd satellite constellatisn
threeweighting schemes are investigated to see the impact they would have en triple

frequency float solutions

2.2 Three constellation triple -frequency measurement analysis

The L1 and L2 dalrequency ionosphetieee linear combination has been the

convention fo GNSS PPP processing for quite a number of y@ammberge et al.
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1997; Héroux et al. 2001; Chamd Gao 2005; Leandro et al. 201Hpwever, there
is a gradual transition being madefrom duat to triplefrequency measurement
processingwhich has ushered irenewed research activity enhance PPP solution
guality. Shown inFigure2.1 is the GNSS frequency spectrum in thédnd for GPS,

GLONASS, Galileo and BeiDou

BeiDou B GPS B Galileo B GLONASS

Figure2.1: GNSS frequency spectrum in théband(SourceEuropean GNSS Agency

2018)

With the deployment of GPS Block IIF satellites, the L5 signal is not only
intended as a thirddquency carrier phase measurembunt,also for safety of life
(SolL) servicgHofmannWellenhof et al. 2007; Jan 201y the same veias shown
in Figure2.1, Galileo and BeiDou currently operate on the E1/E5a/E5b and B1/B2/B3
carriers respectivelyallowing for triplefrequency PPRimongst all three satellite
constellationsSi mi | ar t ®alGPSée 64 5E6 <carrier is al s

applications.The major differences between the GNSSs liesignal design and
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structure. However, to facilitate receiver manufacturing and data processing, the
GNSSs signals are designed to be interoperaikiding that different ionospheric

free combinations can be formékhe issue of interoperability is improved given the
close ranges in the frequency bands shared by the three constellations on their third
frequenciegSchonemann et al. 2011; Fairhurst et al. 200hg RINEX 3 format
(Gurtner and Estey 200@jfersaplethora of carrier frequencies armtle modulations

of different

summarizedn Table2.1. Th e s e

nfl avour so

avour so

GNSS

repr ethat nt

can be obtained from tHeequency bandwidthsf available GNSSs.

GNSS

GPS

Frequency

L1

L2

LS

Codes

20

Number of
Phases

22

sat el

GLONASS

Gl

G2

Galileo

El

ES

E6

19

19

BeiDou

Bl

B2

B3

Table 2.1:

constellation Gurtner and Estey 2007)

37

Frequencies and number of observables for each GNSS satellite

t

he

e

(

d i



Though the increase in the number of measureniemts duatfrequency to
triple-frequency constellations consideredrery good, it presents challenges in how
to combine the differembservabldlavours to obtairthe bessolution qualityfor PPP
data processing. Observable selection inadvertently plays a role in PPP processing
given that somebservabldlavour selectios ae better than otherd.able2.2 shows
the selection strategy employed for RINEX 3 PPP procesgsitigg York PPP engine
andthroughout thizhapterThis selection strategy was put together by the author and

implemented in the 8tk PPP engine as a scientific contribution.

The prioritization of the observables here is based on the GNSS channel or
type of code modulation. Channels with gatnming and antspoofing capabilities
were weighted more than observables from less capable channels. For irk&nce,
C1W observable ipreferred over C1P because of its @pbofing and Aracking
capabilities. As shown iable 2.2, the PPP user is faced with the challenge of
appropriately selecting observables for data processing given the different
combinations that can be made based on preference. It must be nbtiee setection
strategy outlined inrable 2.2 is the internal standard followed in the YorRPP

engine(Seepersad 2012; Aggrey 2015)
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RINEX 3 observables

RINEX2 b otault .
observables : Alternative
choice

P1 CIW | C1PA C1XA C1LA C1S
P2 C2W | C2PA C2XA C2LA C2S
p3* C5X
c1 C1C
C2 c2C
L1 LIW | L1PA L1XA L1LA L1S
L2 LOW | L2PA L2XA L2LA L2S
L5 L5X
P1 C1P
P2 C2P
C1 C1iC

GLONASS & —te
L1 LIP | L1C
L2 2P | L2C
P1 C1X | CICA C1BA C1A
P2 C6X | C6CA C6BA C6A

. o cax 28(%6Iz C8IA C7XA C7QA C7IA C5XA C5Q
celiee L1 L1X | LICA L1BA L1A
L2 L6X_ | L6CA L6BA L6A
L3 Lax 'I&SLQSAI, L8IA L7XA L7QA L7IA L5XA L5Q
P1 C2X | C2QA C2l or C1l
P2 C7X | C7TQA C7I
: p3* C6X | C6QA C6l
DAY L1 L2X ngﬁ\, L2 or L1I

L2 L7X | L7QA L7l
L3 L6X | L6QA L6l

Table2.2: Strategy for observable selection where P3 and L3 denotes precise code
and phase measurement on the third frequency. *Third frequency observables not
included inthe RINEX 2 format.
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The emphasis lies in the possible user choice of observables to process and its potential
impact on the positioning results. The user also has the flexibility of assigning other
choices of observables in case the default choice isvadahble, as shown ifable

2.2. It is well known that different receiver types track different GNSS signals.
According to the receiver type used, there is dependence between the choice of

observables and the receiver whiebuld affect the solution quality obtained.

Figure2.2 shows the horizontal and vertical positioning error components for
station GMSD in Nakatane, Japdetailing the marginal benefit thtte floattriple-
frequencyPPP solutiorhas ovelits duatfrequencycounterpartThe site GMSD was
selected because its results reflect thgical results seen for all other stations
processedwhich will be specifieddter in thischapte). Postprocessedrbits and
clock products obtained from the MuENSS Experiment (MGEX) campaign were
used(Rizos et al. 2013)n the dualfrequencycasethe standartl1/L2, E1/E2, B2/B3
ionospherdree linear combinations were formed for GPS, Galileo and BeiDou
satellites, respectively. lonospheffeee linear combinations were formed for L1/L5,
E1/E5 and B2/B3 signals in the trigieequency case for GPS, Galileo aBdiDou
satellite systems, respective@graphically (se€&igure2.2) and statistically (s&Table
2.3), thethird frequency producesnly a few millimetrs positioning improvement

over a dayIt must be noted that the L1/L2/L5, E1/E2/E5 and B1/B2/B3 biases were
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not accountedor in the results shown for site GMSDmore on these biases later in

the chapter

L 15 -
Dual-frequency Dual-frequency

@ Triple-frequency @ Triple-frequency
10

Position error [cm)]
Difference [cm]
o

-10
0 6 12 18 24 -1 50 é 1'2 '18 2'4
Time [Hours] Time [HOUFS]
(a) Horizontal positioning error (b) Vertical error component

Figure2.2: Site GMSD DOY 83 of 2016 located in Nakatane, Japan, illustrating the
di fferences between the Afloato solutions.

axis limits ae utilized for horizontal and vertical subplots.
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Dual-frequency (in cm) Triple -frequency (in cm)

E | 0.36 0.22

Stddev N | 0.08 0.12
U | 0.15 0.41

E | -1.06 -1.49

N | 0.17 0.38

u -0.49 0.01

NER 1.45 1.52

Rms Error 0.21 0.33
0.59 0.58

Table 2.3: Statistics of dualand triplefrequency float PPP solutions for the site
GMSD in 2016 for DOY 83 located in Nakatane, Japan.

The primary reason why tripfieequency offers so littlpositionimprovement
is due to the fact that additional measurements are introduced with similar geometry
as the duafrequency measurements. The remaining unmodelled effects are time
varying error surces such as multipath and ionosphere, which require a priori
knowledge or averaging through time to reduce their effects (HofWaailenhof et
al., 2007). Another reason is the presence of unmodelled hardware delays introduced
by the addition of a thirrequency(Tegedor and @vstedal 20145hown inFigure
2.3 are thepseudorangeesidualsas a function of elevation angfer duat and triple
frequency PPP float solutions for the site GMSD located in Nakatane from DOY 83,
2016. Though such dependence is expected as seeggune2.3 (a), it was necessary

to draw attentionto the difference that characterizes both the -daad triple
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frequency scenarios. As seen Rigure 2.3 (b), the triple-frequencypseudorange
residuals have more inherent unmodelled errors as compared to tHeeduahcy

case. A few factors could potentially contribute to this phenomenon. Bearing in mind
the use of athird frequency, intefrequency channel biases between the linear
combinations formed could be a contributing fadfdegedor and @vstedal 2014;
Montenbruck et al. 2017)The L1/L5, E1/E5 and B1/B3 linear combinations were
formed for GPS, Galileo and BeiDou float PPP solutioespectively. These inter
system inter-frequency biases coupled with other correlated hardware biases appear

in the postfit residuals as evidenced figure2.3 andFigure2.4.

10

()} 20 40 60 80 100 -10

Elevation [deg] 0 20 40 60 80 100

Elevation [deg]
(a) Dualfrequency (b) Triple-frequency

Figure2.3: Pseudorange po#t residuals elevationlependence for GMSD in 2016
for DOY 83
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Figure2.4: Carrierphase postit residuals elevation dependence for GMSD in 2016
for DOY 83

Though thecarrierphase residuals for the tripleequency solution are biased as well,
the magnitude of the biases are at the millimetre IEMefjledor and @vstedal 20)
which is not noticeable iRigure2.4b. Resolving ambiguities on the third frequencies
become challenging due to the possible absorption of hardware delayschayritie
phase cycle ambiguities.

Over a 24hour period, it has been showmre that the benefit of triple
frequency PPP is very marginal. However, the question of how -frggeency
measurements impact PPP solution initialization is still a valid ooeygiimg further
investigation. Is the impact of tripkeequency in PPP float initialization as marginal

as it is over a 2hour period? To probe further, 20 global mM@INSS stations were
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selected for processing to find probable answers and arrive iaall@gnclusions.

Figure2.5 shows the global distribution of the 20 stations selected for the experiment.

Figure2.5: Map of globally distributed stations

The impact of triplerequency PPP was investigated using the 20 distributed
global stations with mukGNSS capabilities. Results are presented for GPS (G) +
GLONASS (R) + Galileo (E) BeiDou (C) dual and triplefrequency PPP float
solutions. The definition of PPP initializatiorused hereis quite different from
convergence period. There was no restriction placed on the steady state of the solutions
either spatially or temporally. Irspective of the magnitude of the horizontal errors,
the impact of how triplérequency float PPP solutions are affected within a specified

time period, is the prime objective of the experimé&mngure 2.6 shows the result of
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dual and triplefrequency PPP solutions of 20 stations within 5, 10, 15, 20, 25, and

30-minuteinitialization periods.

55
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Figure2.6: Dual and triplefrequency PPP solutions of 20 stations within ar80ute

Horizontal Error [cm)]

v

o

initialization period. Blue bars show the difference between dmal triplefrequency

solutions and labelled as percentages. Error bars represent lusigeniainty.

As shown inFigure 2.6, the obvious question of whether trigflequency
measurements help in initialization is answered: Yes. The associated questin is ho
significant is the improvement of tripfeequency measurements in comparison to
duaklfrequency PPP solutions? In the first 5 minutes, there is an improvement of 23%
in the triplefrequency PPP solutions in comparison to the -thegjluency float

solutiors equating to a 10 cm error reductiddowever, a 27% improvement is seen
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in 10 minutes when compared to thenthute threshold. If a Hinute convergence

is defined for a decimetre threshold, the level of improvement seen fosftaplesncy
measuremest become irrelevant especially for rdahe or high accuracy
applications. However, it must be clarified that the issue of relevance in the level of
improvement in tripldrequency PPP float solutions tend to become subjective
depending on the rigidness defining convergence. In terms of PPP float solution
initialization however, without factoring in a strict definition of convergence, triple

frequency measurements do improve the solution significantly.

2.3 L5 bias estimationand correction analysis

Since tke first launch of the SVN62 with the transmission of the L5 signal on
28" March 2010, the PPP community has been dealing with the bias that exists
between the L1, L2 and L5 frequencies for GPS. According to Montenbruck et al.
(2011), the L5 biases are caused by the effects of temperature fluctuations, which
appear as variations the periodicity of the signal. These observed periodic changes
depend on the elevation of the Sun with res
these periodicities, it was suggested that a lipaas-periodic model function would
be applicablen the modelling of the time variations between the L1, L2 and L5
signals. The validity of the proposed model, tested overranrgh period showed an

rms of 1 cm.
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The significance of the L5 bias has not yet prompted a correction format from
IGS. Howeverwork has already begun in defining a SINEX bias forthatrichesse
and Blot 2016 Laurichesse 2015) The proposed format is an expansion on the
MGEX differential code biases (DCB), which specifically provides the user with the
bias affecting the raw observables on the signals. This approach relieves the user from
taking into account the caotexities of the computations and modelling done at the
IGS Analysis Centers to estimate the biases. The benefit in providing the corrections
comes in fixing the ambiguities in PR, as well as giving the user the flexibility
of forming linear combinatios using the specific observable bias corrections in either

float or fixed solutions.

Currently, CNES offers the bias SINEX corrections as a free service
(Laurichesse and Blot 2016aurichessg2015) These corrections were applied in the
previously presented triptieequency float PPP solutions with the aim of investigating
any improvement itthe initialization of the solution&igure2.7 shows the results for
triple-frequency float PPP solutions of the 20 stations with and without the bias

corrections appéid only for GPS L5 pseudorange and caipiease observables.
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Figure2.7: Triple-frequency PPP solutions of 20 stations within a 5, 10 and 15 minute
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initialization periodsvith and without L5 bias correctiorerror bars represent 1 sigma

uncertainty GPS,GLONASS, Galileo and BeiDou satellites were processed.

There was a 22% improvement in the first 5 minutes compared to the triple
frequency results without the L5 bias correction applied. However, the level of
improvement is not significant for its impact to be seen over time considering that the
ambiguities a& not being fixedTegedor and @vstedal, 2014)is expected and has
been proven((Laurichesse 2015; Laurichesse and B20tl6) that in a PPFAR
scenario, the level of improvement will be higher than seen in the float solution case.

Figure2.8 shows the level of improvements observed when the 4iiiptpiency

solutions, corrected for L5 biases, were compared to thefiduplency solutions
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15 minute initialization periodsTriple freqency solutions haves bias correctios
applied. Error bars represent 1 sigma uncertai®PS, GLONASS Galileo and
BeiDou satellites were processed.

The first 5 minuteshowed a 40% improvemeintthe PPP initialization of the triple
frequency solutions, in comparison to the euatjuencyOver a period of 30 minutes,
an average of 42 improvement washserved. These improvements are significant
as theyportray how triplefrequencymeasurements, correctx inherent biases, can
contribute to PPP initialization and convergenbee results presented Figure2.7
and Figure 2.8 are noveland significant contributiongn comparison to published

researchwork. Elsobeiey (2014 showed that the usage of triple-frequency
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combinations could improve the PPP convergence by about W6#tg simulated
triple-frequency measurement$egedor and @vsted4P014) further showed the
characteristics dBPS L5 biaseandtheir consistency over dayBhe results presented
in this section augment these publisbeesby showing the performance progression
for dual and triplefrequencyuncombined PPP initializations fonultiple stations

consideringvarious time stampahile mitigatingthe L5 biases

2.4 Effects of different stochastic weighting schemes

It is well known that the reliability of estimated parameters in a least squares
approach depends on realistic functional as well as stochastic modelling. The
mathematical relationship between GNSS measurenagrl estimated parameters is
defined by the functional model; whereas, the covariance matrix sheds light on the
stochastic or statistical properties of the measurements. Hence, it is necessary to define
realistic weighting schemes without neglecting terapand spatial correlations that
might exist between the measurements and their so{#nes -Simkooei et al. 2015;

Luo et al. 2009)With four GNSSs the choice of prioritizing one GNSS over another
could potentially affect the solution qitgl As an experiment, various weights were
applied for each GNSS with priority given to GPS over all the others due to the quality
of measurements and orbit and clock products. Given that GLONASS pseudorange
measurements are noisier than all the othedsthe quality of the orbit and clock

products tend to be worse than GPS, less weight is given to these GLONASS
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observablegHadas and Bosy 2015} he interesting factor then lies with Galileo and
BeiDou weighting ratios and how they impact triflequency PPP solution
initialization. Both Galileo and BeiDou were weighted less than GPS because they are
relatively new constellations and the quabfytheir clocks and orbit products are not

as accurate as those of GRSg., Tegedor et al. 2014)able 4 provides realistic
weighting schemes for each GNSS based on a much larger arexyperimental
weighting schemesw represents the pseudorange arairierphase weights
allocated for GPS, which are a function of the satellite elevation, as well as orbit and

clock uncertainties.

Weighting scheme GPS GLONASS Galileo BeiDou

Scheme 1 Equal weights
Scheme 2 W gw W W
Scheme 3 W goo g W 9 w

Table 2.4: Realistic weighting schemes applied to GPS, GLONASS, Galileo and

BeiDou triplefrequency PPP float solutions.

The dual and triplefrequency float PPP results presented so far utilized
weighting scheme 2 Gfable2.4. Schemes 1 and 3 were investigated with the purpose
of finding out how those schesa affect PPP initialization. It must be noted that
various permutations could be made to obtain various other schemes but in the scope

of these experimentsnly three were addressédgure2.9 shows the results of using
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schemes 1 and 3 in comparison to scheme 2. The results are somewhat counterintuitive
to the initial assumptions, as one would expect that Scheme 3 may have provided the
most accurate positioning solutiddowever, for the datasets processed, these are the

results obtained.

u Scheme 1 = Scheme 2 (Ideal) m Scheme 2 (Ideal) Scheme 3
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Figure2.9: Results for 3 different weighting schemes comparison of 20 stations. (a)
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Ideal scheme against scheme lidenl scheme against scheme 3. Error bars represent

1 sigma uncertainty.

Investigating further, various weighting schemes between GNSS observable
types for each satellite constellation was tested. Though the choice of applying various
weights to the obseables did not deviate significantly from the GNB&ed weights,
the purpose was to observe the effect that specific observable weighting had on PPP
solutions and initialization. Based on the observable type, realistic proportions of
weights were applieds summarized imable2.5. It must be noted that the flavour of
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observable type was not taken into consideration given the added complexity it would
add to the matrix of appropriate weight assignment. However, ittésided and
recommended that further investigation be done. GLONASS and BeiDou observables
were down weighted because they contribute the most to the equipment bias budget.
As shown inTable 25, @ , @ represent weights applied to carfrases and

pseudoranges, respectively.

Carrier -phase | Pseudorange| Carrier -phase | Pseudorange
P W W W W
ONA W Eo‘o (e Edo
S C
alileo W ® W A\
BeiDo W Edo Edo
C C

Table 2.5: Realistic weighting schemes applied to GPS, GLONASS, Galileo and

BeiDou triplefrequency PPP float solutions based on observable type.

Figure2.10 shows the results of two observable weighting schemes applied to
triple-frequency PPP processing and their effect on PPP initialization. The potential of
un-modeled interfrequency hardware biases showing in the fibsesiduals and
ambiguity parameters runs high especially with GLONASS and BeiDou. The schemes
presented are not meant to be interpreted as the only possible schemes, but rather paint

a picture dhow observable type weighting affects PPP initialization.
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20 stations. Error bars represent 1 sigmeertainty.

As shown inFigure 2.10, scheme 1 only showed marginal improvement over
scheme 2. Dowsweighting the pseudorange and carpbase measurements of
BeiDou had no significant effect on PPP initialization in tAfstejuency processing
mode. The results are obviously indicative that different weighting schemes do affect
PPP float solution initialization, whether GNB&sed or observabtgpe-based. The
actual question here is how optimal a weighting scheme should be tgateéhere are
many possible schemdsor instanceKazmierski et al(2018)investigatedequal and
signal noise weighting schemes with regards to-fteguency measurements from all

available GNSSsThe results presented in this section collaborates the marginal
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improvements noticed iKazmierski et al.(2018) Taking a $ep further, the
contributions provided irthis sectioninvestigated tripldrequency measurements
using satellite elevation weighting.

Though the differences between the schemes are only a magnitude of
centimetres to millimetres, there aigort comingsThe schemes investigated in this
section are all satellite elevatialependent, which dowweights observables at low
elevations. A problem arises in data processing when there is limited number of
observations with low elevation conditions that gets deveighted and possibly

rejected.

2.5 Summary

It is concluded thathe addition of the third frequency does impact PPP float
solution initialization significantlylmprovements 023% and 27% ereobserved for
the first 5 and 1@ninute period, respectively, where the issue of quick convergence is
critical. Though results were shown for float solutions, it is anticipated that by
resolving ambiguities, the level of improvement should significantlyreizse.
Emphasis was placed on the GPS L5 bias in termisowof its application could
potentially aid in PPP float solutioniBhe CNES SINEX bias format was applied and
results show 22% and 18% improvement in the first 5 and 10 minutes, respectively.
Giventhat the ambiguities were not fixed, this level of improvement was expéicted.

was also shown thdty applying different weighting schemehg triplefrequency
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float solutions are impacted in the first few minuté®r constellatiorbased
weighting, downAweighting GLONASS but maintaining equal weights for GPS,
Galileo and BeiDou showedfew centimetrdevel of improvementompared tevhen
Galileo and BeiDou were down weighted. Observable weighting showed GLONASS
pseudorange beirdpwn weightedvith equalweights for Galileo, GPS and BeiDou.
The results were better than further deweighting GLONASS and Beidou

observables.

Future workwill focuson the estimationonstrainingof the ionospheric term
to make use of a priori ionospheric informati@amd itsimpacts on tripl€requency
PPP solution qualityBy constraining atmospheric parameters, it is expected that PPP
solution accuracy and initialization would improve as evidenced in various research
with duakrequency measurements. Other avenues to inepR®P solutions involve
the resolution of float ambiguities either through partial or bothdde and narrow
lane fixing. Further investigation would be conductedn the effect BeiDou
geostationary (GEO) satellites have on P$Rutions in comparison t&eiDou

medium earttorbit (MEO) satellites.
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CHAPTER3 | MPROVIMUG FTGENSEL OAT
PPP CONVERGENGEGHE MOSPHERI C
CONSTRAS NT

The general objective of this study is to analyze the performance of PPP
convergence and initialization while stochastically constraining etffiects of
atmospheac refraction One specific objective of this study is to review the
performance of dualand triple-frequency PPP solutions using uncombined
measurements. The research question to be answered is whether there is any
significant benefit in constraining the atmosphere, specifically the ionospheric
refraction in duat and triplefrequency PPP procgisg?This chapter beginsyb
introducinga brief overview of combined and uncombined PPP proceasih¢he
key benefits of adopting the uncombingbcessingapproach Using dual and
triple-frequency observablesthe efficacy of ionosphericconstraints is

demonstrated

3.1 Introduction

As highlighted in Chapter 2,ooventional GPS and GNSS Precise Point
Positioning (PPP) processing makes use of thefdegiencyionospherdree linear
combination(Zumberge et al. 1997; Héroux et al. 2001; Chen and Gao 2005; Leandro

et al. 2011) However, PPP implementation has changed from the usageabf d
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frequency measurements to a triflequency approacfHofmannWellenhof et al.

2007; Jan 2010; Schénemann et al. 2011; Fairhurst et al..20pfprtunities and
challenges are both presented with modernized GPS, GLONASS, Galileei&wliB
constellations when solution accuracy, reliability and integrity become the focus
(Henkel and Gunther 2010; Elsobeiey 2018pme prominent areas demanding
attention in the quest #nhance PPP performance are convergence and initialization
(Seepersad and Bisnath 2012, 2014a, Agcounting for the challenges of PPP
convergence and initialization are kéy improving solution quality for various
applications.Previous research contributions have improved the soluti@tity in

dual and triplefrequency PPP either through linear combinations or by uncombining
the raw measuremeniBengfei et al. 2011; Zhang et al. 2013; Odijk et al. 2016; Liu

et al. 2017)However, the question of and answer to how close PPP is toTReal
Kinematic (RTK) performance is still blurry. The uncombined PPP approach implies
the estimation of ionospheric delay parameters which can further be strengthened
through a priori ionospherknowledge(Collins et al. 2012; Ge et &012; Banville

et al. 2014; Laurichesse and Blot 201%he extra widelane provided by third
frequency measuremenssexpected tenablefaster initial PPP solution convergence
(Geng and Bock 2013; Li et al. 2013a; Tang et al. 2014; Elsobeiey 2014; Laurichesse
and Blot 2016; Gayatri et al. 2016)owever, there areurrentlyno available sources

of productsfor extrawidelare ambiguity resolution.
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The positioning performance fboth geodetic antbw-cost receivers has been
shown to improve with Global lonospheric Maps (GIMs) which are produced by, e.g.,
the International GNSS Service (IGE&chaer et al. 1998%iven that GIM is based
on phasesmoothed code observations, the DCB infororafprovided in the IONEX
file 1 s onl y-oryesinglgfrequendy retewerscForddeequency
PPP processing, the significance of GIM in processing is not obvious in the quality of
the solution as compared to complete elimination of thesjoimere through linear
combination. Using GIM and localized regional ionospheric corrections, performance
assessments are provided for duald triplefrequency muliGNSS PPP solutions.
Various research contributions have highlightieel benefit of applyig ionospheric
corrections to improveolution accuracyUsing ionosphericcorrections for single
frequency GPS data from a Cantously Operating Reference Stations (CORS)
network Odijk et al.(2011) showedthat PPPRTK integer ambiguity resolution is
feasible using a lowcost receiver. Banville et al. (2013 also showed that the
convergence period of PPP can be reduced with GIM while resolving ambiguities. The
level of improvementri convergence seen in the horizontal components was nearly
50% as compared to resolving ambiguities alone without using ionospheric corrections

from GIM.

The goal of this study is to answer the question concerning the level of

significance of any improvemeé noticed with atmospheric parameter estimation
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versus using a priori atmospheric knowledge. Some of the related questions intended
to be answered include: (1) Is there any equivalence or differences between combined
and uncombined PPP approaches for -dwald triplefrequency measurement
processing? (2) Is atmospheric constrajn@gtcombined multi-GNSS PPP nearly
comparable tothe RTK approach? And (3) In terms of solution accuracy and

convergence, currently how far away are we from RTK performance?

3.2  Overview of combined and uncombined muliGNSS PPP

UncombinedPPP processindpased on raw observatigns gradually becoming the
norm as an alternative to ioffiiee (combined)PPP solutions. The advantagé
provides include flexibility in processing cunteand future GNSS constellatigns
while avoiding noise amplification from linear combinations. The resultant benefit is
the ability to extract the ionospheric delays. Using GPS only in PPP processing, the
use of raw measurements has been shown to hateg petformance in positioning
and atmospheric modelli@hang et al. 2011, 2013\ singlefrequency model was
also proposed bghi et al. (2012to improve the estimation of ionospheric delays in
PPP processing. A general GPS/GLONASS/BeiDou/Galiledehwas presented by
Lou et al. (201p for PPP single and dualfrequency processing using raw
measurements and using GIM as an a priori constraint. Furthermor& RfRodels
which are based on uncombined raw measurements have been analyzegpeith r

to parameter estimation in a netwdfleunissen et al. 2010hZ&ng et al. 2011; Odijk
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et al. 2016) Thus, there is an apparent move towards standardization of the
uncombined PPP approach in mi@iNSS processing. However, it must be pointed
out that there is limited researaygarding this approach and hence gatges further
probing. Shown in equatiahl and3.2 aresimplified uncombined raw measurement

functional model representati®with respect to a satellite and a receivet .

0 ” To To 0 OLO O w w -0 31

. " 1o 16 b ®doO O SO - 3.2
where

0 b Pseudorange and carriphase observationsespectivelyfrom

satellitea to receivek.
” Geometric range between the satellite and receiver antenni
ToNnRo Receiver and satellite clock errorespectivelyin seconds

0 @O0 O Tropospherizenith path delay scaled by mapping function.

O Slant ionospheric delay on GNSS signal
® Speed of light.
0 Carrierphase ambiguity including satellite and receiver pt

instrumental delays and initial fractionalgste bias
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@ ,0 Satellite and receiver instrumental delays due to the transm

and receiving hardware, respectively

-0 h oo Combination of observation noise and multipath effémt

pseudorange and cardphaseobservationsrespectively

Considering a least squares solution, presenting the functional model in an
uncombined representatialiows for scalabilityand is user intuitiveThough the use

of combined measurements mets simplicity in the design of filter§rom the
softwaredevelopmenpoint of view it is beneficiato have options for both modes of
data processing?resented irequations3.3 and 3.4 are the transformation matrices
that can be used to transformeasurements between combined and uncombined

representationsonsideringwo frequenes™Qand™Q

From uncombined to combined:

Ul
3.3

>
I

C
S 3 T2c

Where' is thefrequency dependent coefficiegiven as —.
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From combined to uncombined:

n’“Q Q [l
- n

6 11 Q Iyl
(2 I’I 11 “ . T N 6

| p |:| 11 Q Q Q Q:| 3 4
19 I,I : : "Q “Q |’| °

r U S

' T Q

The above representations can easily be expanded to include as manycfesgagn
neededThe analyses presented for subsequent sections invatledual and triple
frequency measuremenits both combined and uncomleid modes of processing
Hence, there wash¢ needfor the York PPP engine to be expandedinclude
uncanbined triplefrequency parametrization Equation 3.5 presents a simplified

representation of the tripleequency parametrization for uncombineuailti-GNSS

measurements.
- o ‘ Cre, =
NE I,I e p P ) |’|l(f,)§1l; Ol’l
I.r op op p nll=>=r
o p WO g
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By linearizing theobservationgquationgresented compactly in equatid® around
the a priori parameters and observatjanbecomes the matrix formof equationl.3

(seeChapter 1).

3.3 Combined and uncombined multtGNSS PPP analysis: Dualand Triple -

frequency processing.

As already discussed, the key advantage for uncombining the raw measurements
in PPP is to gain accessthe ionospheric delay. This distinction is important because
it offers an avenue to 4iaitialize the solution in the event of possible data gaps and
cyclesslips andoffers the chance to tighten up the convergence threshold through
ionospheric constraing. With respect to satellite geometry, there is no added
advantage of the uncombined over the combined approach either irodt@hle-
frequency measurement processherause there is no changethe number of

satellites or the satellite geometry

Presented inFigure 3.1 is the horizontal and vertical positioning error
components for station NNOR in Australia detailing the similarity in terms of
positioning accuracy between the uncombined and combined duodl triple
frequency measurement processing. The point of how equivalent the two measurement
processing approaches are, is further reinforcethbile 3.1 with the rms of the site

processing. It can be observed that the difference between the combined and
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uncombined measurement processing for both dal triplefrequency PPP was just

a fewmillimetres.

10 ¢ DualC

® Dual C 8 * Dual UC
: Lot ie
. * Triple UC
8 ® Triple UG 6 L

Position error [cm]
(3]
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o
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Figure3.1: Site NNOR DOY 32 of 2016 located in Australia, illustrating (a) horizontal

and (b) vertical components for (1) Ddet¢quency combined i D u a | Co- (2)
frequency uncombinegdi Du a |  UGpe-freqyeBcy combinetdd Tr i pl e Co;
(4) Triple-frequency uncombinedTr i pl e UCO.

Combined Uncombined

Horizontal 9 9 5 5
3D 10 10 7 7

Table 3.1: Statistics of dualand triplefrequency float PPP solutions for the site
NNOR in 2016 for DOY 32 for both combined and uncombined PPP processing.
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The site NNOR was selected because its results reflect the averagesessulir all

other stations processed. Rpsbcessed orbitand clock products obtained from the
Multi-GNSS Experiment (MGEX) campaign were ugg&izos et al. 2013)In the
duakrequency combined PPP case, the standard L1/L2, E1/E2, B2/B3 ionesphere
free linear combinations were formed for GPS, Galileo and BeiDou satellite systems,
respectively. lonospheifeee linear combinations were formed for L1/L5, E1/E5 and
B2/B3 signals in the tripkrequency case for GPS, Galileo and BeiDou satellite
systems, respectively. As graphically observedrigure 3.1, the combied and
uncombined approaches for both duadd triplefrequency measurements processing

are identical.

The key point to note is how similar the approaches are in terms of the
behaviour of the horizontal andertical components. As shown iRigure 3.1, the
combined and uncombined ddfetquency PPP results align well with the triple
frequency combined at the centimetre level of accuracy. This simpilaréxpected
given that both the combined and uncombined are mathematically meant to produce

similar results without the estimation or elimination of additional biases or errors.

Shown inFigure3.2 and Table 3.2 are the residuals for both duaind triple
frequency PPP float solutions and statistics, respectively, for the site NNOR
processingResults shown here are meant to be a comparison oftmttombined

and uncombined approaches in measurement processing.
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Figure 3.2: Pseudorange and carrghase positit residuals for NNOR in 2016 for

DOY 32. Results are shown for dual combined (figures 2a, b) and dual uncombined

(figures 2c, d).

Combined Uncombined

Carrier -phase

Pseudorange Carrier -phase

Pseudorange
68.8 0.4 22.9 0.2

Table3.2: Pseudorange and carrginase postit residuals(in cm)for NNOR in 2016
for DOY 32. Results are shown for both combined and uncombinedrdgakncy

measurement processing.
As presented iigure3.2, the residual characteristics for di@mbined as well

as implied triplecombined measurement processing approaches are similar due to the
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linear combination of the measurements coupled with the amplification of the noise.
Triple-frequency residuals are nsthown here because they are similar to the-dual
frequency case. Similarly, duahnd tripleuncombined are quite indicative of the
benefit of uncombining the raw measurements. The noise in the uncombined residuals
as shown inFigure 3.2c andFigure 3.2d is reduced as compared to the combined
approabt in Figure 3.2a and b. Thigeductionis because the formation of linear
ionospheric combinations in the combined approach amplifies the noise. However,
this noise amplificationis not observed ithe uncombined approach given there is no
need for linear combinationk summary, fom the pespective of position accuracy,

both combined and uncombined modesexgeivalentbut the uncombined provides

an added advantage of less noisy residual characteristics

3.4 Overview of Global lonosphericM aps

lonospheric delay models are generated from -fiteglency GNSS
observationgnadewith terrestrialnetworks whicharebeneficial for both ionosphere
study and precise GNSS positioning. Using regional or global scales of network
stations, ionosphere delay modalan be generated which are dependent and
correspond to the scope of coverage of the reference netwAri&oballonospheric
Map (GIM)is a typical example and is in the form of spherical harmooétficients
presented inONsphere map Xchange(IONEX) format(Schaer et al. 1998)The

assumption made is that the electronic density of the atmosphereéntatedn an
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infinitesimally thin atmospheric layer at a fixed height, usually around 350 km, in the
global model recovery. With respect to this assumption, the slant ionospheric delays
generated from GNSS observations, are expressed by a combinatitnvefrtical

total electronic content (VTEC) and a mapping function. The estimations of the
coefficients of the spherical harmonic function are used to represent the(STE&er

et al. 1998) The VTEC is mapped to obtain the slant ionospheric delay through a

mapping function.

Daily TEC values arprovidedin the IONEX format ranigg from +87.5 to -
87.5 in latitude witha spatial resolution of 225 Thelongitude grid pointsange from
-180C° to +180° with aresolution of 8. On a daily basis, there is atal of 13 TEC
maps available with a temporal resolution dfcirs(Wienia 2008) Giventhat 1total
electron cotent unit (TECU)corresponds to 0.163 m range effiamra C/A code, the
GIM model has an accuracy ofi28 TECU.Using GIM, ax accuracy of 2 TECU at
grid points can bachieved@vstedal 2002; Chen and Gao 2Q05)

To compute theslant ionospheric delay with respect to a station, various
computations have teedone The subionospheric point must be calculated fgitce
the satellites are observed in the slant directibmust be noted thahé point of
interest for which a TEC value is to be estimated is not the location of the receiver, but

the location of the sulmnospheric point as shown in Figl8&.
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Figure3.3: Singlelayer mode(Wienia 2008)

The lonospheric Pierce point @B) is defined a$e intersection ahe satellite
receiver line of sightand shellat a given local time. The geocentric spherical
coordinates %y _) of the subionospheric point can bealculatedfrom the known

stationcoordinates as:

o) =} Y Y,,O i Q¢ q 3.6
n OETOBRTAIT Y AinO AIrOOENM AlO 3.7
OET—OE%,?ET 38
= = O Ba
Where
Ya Spherical distance at the heigtitthe receiver and IPP
n Receiver latitude
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Receiver logitude

~,

| ha Azimuthand zenithof thereceiver respectively

To obtainthe TECvalue at theuserlocationand time TEC values are interpolated
both in space and timeA 4-point bilinear interpolations recommendedor space

while a linear interpolation between two consecutive TEC maps is also recommended
for time (Schaer et al. 18). The VTEC at the sulbnospheric poin{%e_) and at a

universal time can computed as

0 o o Y o
—"YO 86iF'Y — YO &k ITY 3.9

YO (%h=|"0 Y—Y Y—Y

where’Y o0 Y

TEC values are provided along the ray path (slant TEG)en that VTEC is the
parameter oihterest, an elevation dependent mapping func¢@an is defined, which
describsthe ratio between the slant TEC and the VTEC required.

[ adwe o "™@MOw " YOO 3.10

where"Oa —
3.4.1 Existing GIM products

The Earthés ionospheric activity has bec
mostly GPS, because it offers global coverage, continuity of time, high temporal

resolution and low operational cost for geoscience applica(idinset al. 2006;
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HernandezPajares et al. 2011Public services have been set up for monitoring the
ionospheric total electron content (TEC) by various Analysis Centers (ACs) such as
Centre for Orbit Determination in Europe (CODE), Jet Propulsion Laboratory (JPL),
European Space Agency (ESA), and Rathnic University of Catalonia (UPC).
However, there is no uniformity in approaches in the computation of GIM among the
ACs (Mannucci et al. 298). With GLONASS full operational capability and global
coverage, ionospheric monitoring capability is further enhanced. It is expected that
with Galil eoéatahtitepabadta&DIl ation and
of satellites, many mor@nospheric pierce points will be provided. These future
enhancements promise better spatial coverage using denseGii8IE observations

and improved ionospheric models.

Over the past two decades, VTEC estimates and their associated rms estimates,
have keen provided, originally for meteorological purposes, to the GNSS community
through GIMs. As part of the estimation process, satellite and receiver differential code
biases (DCBs)with their rms values, are provided as-prbguct. An average of 21
GIM products currently exist. These products are either-pastessed, predicted or
combined from otheACs and generated from dueitquency GNSS measurements.
Shown inTable 3.3 are the unique current products available to GNSS users. Of
interest is the varying numbew§receiver stations and GNSSs used in the generation

of the products.
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Agency ;-)rr{deeug': si?es satjlites ENSE m%gg]r?
clpg AlUB 1-day predicted | ~120| ~56 | *GNSS | NONE
c2pg AlUB 2-day predicted | ~120| ~56 | *GNSS | NONE
carg AOE Postprocessed (R, -- -- *MIX COsz
casg AOE Postprocessed (F| -- -- *MIX COsz
codg AIUB Postprocessed (F| ~259 ~56 *GNSS | NONE
corg AlUB Postprocessed (R| ~118 ~55 *GNSS | NONE
elpg @ ESA/ESOC| 1-day predicted -- -- GPS NONE
e2pg @ ESA/ESOC| 1-day predicted -- -- GPS NONE
ehrg | ESA/ESOC| Postprocessed (Rl ~231 ~54 GPS NONE
emrg NRCAN | Postprocessed (R| ~351 ~29 GPS MOD
esag HESA/ESOC| Postprocessed (F| ~300 ~54 GPS NONE
esrg | ESA/ESOC| PostprocessedF) | ~236 ~54 GPS NONE
igrg IGS POS‘?&%C)essed ~296 0 “MIX COSz
igsg IGS POS‘?CV:OFC)GSSGO' ~328| ~32 | *MIX | COSZ
iplg JPL Postprocessed (F| ~170 ~31 GPS NONE
jprg JPL Postprocessed (R| ~170 ~31 GPS NONE
u2pg UPC Predicted -- -- GPS NONE
uhrg UPC Postprocessed (R| ~259 ~31 *MIX COsz
upcg UPC Postprocessed (F| ~272 ~31 GPS NONE
uprg UPC Postprocessed (R| ~272 ~31 GPS NONE
uqgrg UPC Postprocessed (R| ~255 ~31 GPS COsz
whug WHU Postprocessed (F| ~314 ~31 GPS MSLM

*MIX / *GNSS = GPS and GLONASS satellites
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R = rapid, F =final, CR = combined rapid, CF = combined final

Table3.3: Different existing GIM products available to the PPP user from different
ACs (Aggrey 2018)

3.4.2 Methods ofGIM constraint application

Though not a novel concept, it is well known that constraining an estimable
parameter to a known value in least squares or Kalman filter might aid in the
optimization of the estimated sdilon. Applying atmospheric constraints functionally
implies fixing the atmospheric parameters in the functional pseudorange and carrier
phase models. Equatiohill and 3.12 illustrate the welknown models with the

parameters to be constrained:

0 " 1o 1o O ®dO O -0 3.11
” o) (I)
. To To UL wuO O EU
3.12
where
0 b Pseudorange and carriphase observations from satellite) to

receiver (), respectively.

Geometric range between the satellite and receiver antenn;
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ToNnRo Receiver and satellite clock errorespectively.

0 @UL O Tropospheric zenith path delay scaled by mapping function

O, Constrained ionospheric delay on the GNSS signal propagi

0 Carrierphase arniguity including satellite and receiver pha

instrumental delays and initial fractional phase bias

-0 h oo Combination of observation noise, satellite and rece
instrumental delays due to the transmitting and recei

hardware, multipath and unmodelled effects, respectively.

By constraining atmospheric parameters in the functional models, the partial
derivatives of these parameters, represented by the design matrix, must be deleted.
Though this action eliminates theatkto estimate the constrained parameters by using
atmospheric products, there is the potential of residual bias in the solution due to time

correlated errors.

An easier option presents itself through stochastic constraints. Using the
ionospheric delay ésnates, as well as their uncertainties provided in the atmospheric
products, the covariance matrix can be adjusted to constrain the atmospheric
parameters. It is key to note that there is no need to constrain every epoch given the

potential of propagatingme correlated errors. By constraining only the first epoch
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and Afreeingo up the process noise to
atmospheric parameters, the constraint initially applied should have a beneficial effect
in the first few epochsimproving the solution accuracy in PPP processing. In a

sequential leastquares implementation, updating and propagating the covariance

information, Ck, in the first epoch requires the inclusion of appropriate process noise,

CED[, assuming a time interval Bf. This process can be represented by:

vw 0w O- 313

0@ representing a prioviariancecovariance matrix, is given by:

s} |
11 " Iyl
11 Y
[ I8 I I ” - |-,|
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11 E 1
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0- , defined as the process noise covariance matrix, is also given by:
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It is imperative to note that the choice of process noise value, as well as
atmosphericonstraint uncertainty, affects the effectiveness of the filtered solution in
the first epochs of processing. To avoid the case ofawmastraining, the uncertainties
of the GIM delays should be inflated to accommodate any inherent errors in the
generatio of these ionospheric delays. Concurrently, and in the same vein, it is
necessary to choose an appropriate process noise which does not dilute the impact of
the uncertainties used as constraints. In other words, a large process noise could lead
to underconstraining, while a small process noise value potentially-owestrains

depending on the GIM delay uncertainty.

3.5 Impact of GIM constraints in multi-GNSS PPP

To investigate the impact of GIM in mulBNSS PPP processing in both dual
and triplefrequencyuncombined approach, 70 global mu&NSS stations were
selected for processing to find probable answers and arrive at logical conclusions.

Figure3.4 shows the global distribution of the 70 stations selected for the experiment.
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Figure3.4: Map of globally distributed stations

Figure 3.5 to Figure 3.8 show the first hour o24-hourly horizontal errors for
the 70 stations for 4 different pressing modes. The solutions presented are based on
GPS + GLONASS + Galileo + BeiDou (GRECJhe GIM product usedor
constraining wadGSG (seeTable 3.3) due to its availability for all thelays of
processing consideret@ihe scenarios processed include (a) Dual GREC PPP (b) Dual
GIM constrained GREC PPP (c) Triple GREC PPP and (d) Triple €livstrained
GREC PPP. Also shown are the"g8ercentiles for all the processing scenarios. A
tight convergence is defined as solutions reaching a horizontal error of 10 cm under
12 minutes, as represented by the black dashed Thes8" percentiles erefore
represent theercentage of solutiorikat havelO cm horizontal ear or lower given
the tight convergence threshold definddnust be noted that only samgelution
time series are presentedrigure3.5 to Figure3.8 asblack linesand does not depict

all of the 70 stations processed
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Figure 3.6 and Figure 3.8 demonstrate how the solutions are affected by the
influence of ionospheric constraint application in float solutions. It must be noted that
the application of ionospheric constraints using GIM generally helps in the first few
epochs by reducing the positial errors. The idea is to fast track convergence and
quicker initialization by informinghe filter with better slant ionospheric informatjon
asexplained in the previous sectiddowever, even with the use of GIM as a priori
ionospheric information, thfiltered positional estimates the first few epochs are
greatly dependent on the pseudorange measurements, which potentially minimizes the
efficacy of GIMdue to thanetre level noise on the pseudorandes float solution
case, the solution is fughimprovedthrough using mukiGNSS measurements in the

processing, which helpgduceconvergence.

=—PPP solution
—68th percentile

Eo7f\\
=07}

e e R —

0 12 24 36 48 60
Time [Minutes]

Figure 3.5: Horizontal positional error (hourly) based on 24 hourly solutions for 70
stations for Dual GRC processing mode.
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;!,‘l —PPP solution
0.9 ,‘,‘1‘;‘,‘\ : ——68th percentile

Eo07 |

Time [Minutes]

Figure 3.6: Horizontal positional error (hourly) based on 24 hourly solutions for 70
stations for Dual + GIM GREC processing mode.

—PPP solution
—68th percentile

Time [Minutes]

Figure 3.7: Horizontal positional error (hourly) based on 24 hourly solutions for 70
stations for Triple GREC processing mode.
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Figure 3.8: Horizontal positional error (hourlased on 24 hourly solutions for 70
stations for Triple + GIM GREC processing mode.

The 68" percentiles for dual and triple GIM constrained GREC PPP showed
guicker convergence under 10 cm horizontal error in 12 minutes as compared to dual
and triplefrequency unconstrained PPPhe kinksobserved irthe first few minutes
of the time series ifFigure3.7 andFigure3.8 corresponded tpoor satellite geometry
and reduced number of processed satellitesto residual rejectioable3.4 shows
the convergence times for duahd triplefrequency PPP processing with and without
the application of GIM for the #8percentiles of the solutions. Convergence was
greatly reduced b9 and 14 minutes for duand triplefrequency PPP solutions with
GIM application, respectivelyTo put these results into perspectiv&hang et al.
(2013) investigated ionosphericonstrainig with the application oGS GIM and

reducedPPP convergence froi6 to 11 minutesconsidering dualrequencydata
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processingAs shown inTable3.4, the dualfrequency muliGNSSPPP analysis with
GIM ionospheric constraints showewl ismprovement in convergence time from 15 to
6 minutes.The triplefrequency PPP convergence shoveesignificant reduction of

convergenceéo 4 minutes.

Convergence timeminutes)

Dual-frequency | Triple -frequency

Without GIM 15 18
With GIM 6 4

Table3.4: Convergence times for duand triplefrequency PPP processing with and

without GIM applications for 68percentile of the solutions.

Figure 3.9, Figure3.10 andFigure 3.11 show the results for duaind triple
frequency float PPP solutions of the 70 statiovith and without the application of
GIM ionospheric delay constraining in an uncombined measurement processing mode.
GIM was used in providing a priori ionospheric delays to aith@improvementof
convergenceResults shown ithefigures are for thaorizontal component3.o show
the effect of the constraint, three initialization periods were analgsetD and 15
minutes. The criteria for the thresholds were chosen to reflect the convergence of the

horizontal components to under 10 cm.
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M Dual B Dual + GIM B Improvement (Dual - Dual and GIM)
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Figure3.9: Dualfrequency PPP solutions of 70 stations within a 5, 10 anditGte
initialization periods with and without GIM constraints. Results for horizontal

components are shown.

ETriple  ®mTriple + GIM  ®Improvement (Triple - Triple and GIM)
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Figure 3.10: Triple-frequency PPP solutions of 70 stations within a 5, 10 anrd 15
minute initialization periods with and without GIM constraints. Results for horizontal

components are shown.
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Figure3.11: Dual and triplefrequency PPP solutions of 70 stations within a 5, 10 and
15-minute initialization periods with and without GIM constraints. Results for

horizontal components are shown.

The results are indicative of the impact GIM has on ionospkenstrained PPP
solutions. As shown iRigure3.9 andFigure3.10, there was an average improvement
of 27% and 22% when considering initialization periods of 5 minutes. It must be noted
that the inherent biases especially for GPS L5B&i®ou MEO and LEO satellites
were not accounted here in order to assess the raw strength of impact of GIM on the
solution quality. Considering the poorer quality of BeiDou orbit and clock products,
using BeiDou measurements in an uncombined approach rdmesignificantly
improve the solution quality. THeey significances the resultant improvement GIM
offers to the PPP initialization as evidencedFigure 3.11. A significant 51%

improvement is observed for the first 5 minutes for tripbguency PPP with GIM
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constraints as compared to dfi@quency PPP. 53% and 52&tprovementvere also

observed for the first 10 and 15 minutes, respectively.

3.6 Summay

This chaptepresented a unique perspective and analystdse improvement of
PPP convergence and initializatioWarious research contributionboked at
improving position accuracy of singfeequency PPP solutions with GIMNovel
contributions have been made in this chapter by improving dodltriplefrequency
multi-GNSS PPP with ionospheric corrections used as constraints. The riegdity
the use otriple-frequency measurements from GPS, Galileo and Bedalin the
analyses of the saits. By constraininghe ionosphere with GIM, duélequency and
triple-frequency PPP solutioconvergenceémprovedsignificantly by 60% and 78%
when a 10 cm horizontal threshold veamsideredOther key research questiomsre

addresed, and these are summarized below:

1. Is there any equivalence or differences between combined and uncombined

PPP approaches for duabnd triple-frequency measurement processing?

Results shown in this chapter for combirew uncombined duaand triple
frequency PPPosition accuracyresultswere equivalent with each othet the
millimetre level. This similaritywas expected given that both the combined and

uncombinedveremathematically meant to produce similar resultse key benefit of
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the uncombinedpproach over the combined was observed in the residual analysis.
Given there was no need for linear combination of measurements in the uncombined
mode the noise amplifidéon was significantly reducegthich was noticeable in the

residuals.

2. Is atmospheric constrained, uncombined, mMu@ENSS PPP nearly
comparable to the RTK approacHhfl terms of solution accuracy and convergence,

currently how far away are we from RTK perforance?

An optimistic answer would definitely be yes. However, this response would
ignore the significant level of improvement that would be needed to improve PPP
solution quality to RTKlike performance. From the issues of slower convergence of
PPP to thenitigation of equipment delays, PPP is limited and for that to change would

require significant enhancement to PPP algorithms.

The quest to obtain RTKke performance with PPP has beengming for years.
Though both techniques give high accuracy sohstidR TK takes the lead in terms of
solution stability and convergence making it widely used for many high accuracy
applications. PPP is currently on a catghmission and it is obvious that the technique
is gradually making headway. Though RTK achievestaintaneous convergence
through the quick resolution of ambiguities, PPP is continuously breaking ground in
achieving similar results. Are we there y&tte aaswer is obviously in the negative.

However, it must be pointed out by uncombining the raw meamnts, either in dual

87



or triple-frequency measurement processing, access is gained to parameters that aid in
re-convergence and further assist in getting better solution quality. PPP still has some
limitations that are dependent on the quality of the yetslbeing used and error
mitigation strategies. Will current centimetre level accuracy solutions from PPP get
better? The answer depends on enhancing parameterizations and careful accounting of
all potential biases in the solutions. We may not be thdrdoyewe are bridging the

gap a few millimetres at a time.

It is concluded that by uncombining and constraining the ionosphere with GIM as
a priori information, more than 50% improvement was observed for the first 5, 10 and
15-minute period for triplérequency PPP in comparison to dfi@quency PPP. This
level of improvement is significant for application in which quick convergence is
critical. Though results were shown for float solutions, it is expected that by resolving
ambiguities, the level of imprement should significantly increase. For future work,
it is intended to mitigate time correlated errors to further improve 1GNNS PPP
convergence and initializationThe next chapter further investigates ionospheric
constrainingwhile resolvingfloat ambiguities. Further investigatioris the next
chapterassessethe reliability of ionospheric products considering a sparse network

of stations.
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CHAPTER4LATI TUDI NAL CORRELATI

AND COVERGANALIEYSI S OF
ATMOSPHERI C P RMADIUL TPSP P

GNSS positioning performance has been shown to improve with the ingestion of
data from Global lonospheric Maps (GIMs) and tropospheric zenith path delays, which
are produced by, e.g., the International GNSS Ser¢GS). For both duaand triple
frequency PPP processing, the significance of GIM and tropospheric products in
processing is not obvious in the quality of the solution after a few hours. However,
constraining the atmosphere improves PPP initializatrahsolution convergence in
the first few minutes of processinghese constraints anttheir impact on PPP
solutions have been discussed in the previous chajderever, there are other key
research questions that must be addressgech include: (1) Whais the impact of
different GIM productsn multi-GNSS processing? Do all GIM products behand
enhance the solutions at the same rate? B3) how much dotroposphereand
ionosphereconstraintamprove PPP solutiof?s(3) Is there @y regionalcorrelation
with respect to GIM productdyetween the application of the products &P
solution accuracy?4) How dense or sparse must a network of stationsvben
considering regional ionospheric corrections in rGINSS PPP?AIl of these

guestions havaot been explored in relation to PRRNncehe contributions provided
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in this chapter provide noveltin the attemptof addressing these key research

guestions.

4.1 Introduction

Traditionally, the effects of ionospherand tropopheic refraction are
mitigated in the GNSS PPP measurement processing technique usingrdriple-
frequency linear combinations and systematic modelling, respectXeigberge et
al. 1997; Kouba and Héroux 2001; Urquhart 2009; Henkel and Gulinther 2010; Li et al.
2016) The purpose of such mitigation hinges on improving PPP convergence and
initialization which has been a&hallenging area of GNSS research. Recent
developments and contributions highlight the changing definition of conventional PPP
from the use of dualto triplefrequency measurements. Additional frequencies
coupled with expanding satellite constellatioasdimproved reliability and integrity
of multi-GNSS PPP solutiondHofmannWellenhof et al. 2007; Elsobeiey and- El
Rabbany 2009; Wang and Rothacher 2013; Aggrey and Bisnath 201ls), the
progression towards the improvement of mANSSPPP solution quality and initial
convergence is only natural given that measurement strength and satellite geometry

are continually being enhanced.

It is well known that by accessing the slant ionospheric information, PPP

convergence and initialization cha significantly improve@Odijk 2002, 2003; Cueto
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et al. 2007; Rovir&sarcia et al. 2014)I'he usage of raw observations in uncombined
PPP processing is gradually becoming the standard approach as an alternative to
ionospherdree PPP solutions. One key advantage involves the flexibility in
processingthe observations from all existing GNSS constellations while avoiding
noise amplification due to linear combinatiof@@eng 2010; Teunissen et al. 2010;
Zhang et al. 2011; Tu et al. 201The consequential benefit is the ability to extract

the slant ionospheric delays which can be used to quickhjtiglize the solution. In

the context of thishapterthe raw observations from available GNSSs were processed
without employing linear combinations to eliminate the first order ionospheric delay,
but rather estimated it. Having access to the slant ionospheric terms enabled various
analyses to be made inrmaparison to the a priori ionospheric delays obtained through
atmospheric products. For more and detailed information on how to decompose the
linear ionospheric combination to its uncombined format in order to estimate the slant
ionospheric term, the readisrreferred to these research contributions that discusses

it at length:(Geng 2010; Collins et al. 2012; Li 2012; Sespdr2018)

Using a priori estimates from atmospheric products, either from regional or
global network of stations, has shown that it is possible to obtaidesral accuracy
within a few minutes, rather than the typical 20 to 30 minutes of PPP convergence
time (Collins and Bisnath 2011; Collins et al. 2012; Yao et al. 2013; Banville 2014;

Lou et al. 2016; Liu et al. 201L7¥inglefrequency ambiguity resolution (AR) has been
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a prominent topic demanding innovative solutiotige to the relatively long
convergence time perigdlervart et al. 2008t aurichesse et al. 2009; Teunissen et

al. 2010; Bertiger et al. 2010)olating and resolving ambiguities to integers can be
hastened by using a priori atmospheric constraints, which consequentially leads to
better accuracy and stability in the pasitiestimate§Geng 2010; Collins and Bisnath

2011; Collins et al. 2012)

The purpose othis study isto use atmospheric constraints with ambiguity
resolution and mukGNSSPPP processing to reduce convergence pddsiag RTK
performanceas thegoal, the idea is to compare the improved solutionRTe&
accuracy and convergence tim&s is well-known, typical RTK performance is
correlated and limited to baselines of less than approximately 20 km. Longer baseline
lengths preventertain measurement errors from being effectivetancelled By
mathematically differencing GNSS measurements from multiple receivers, the key
objective of relative positioning is to reduce or eliminate eeffects When
considering typical RTK positioning performee, the potential delocalization of the
ionosphere and troposphere introduces systematic errors which prevents baselines
from being extended beyond 20 km if reliable user solutions are to be ol{fEihéas
et al. 2011) The scope of thishapteitherefore addresses atspheric constraining in

PPP with the aim of improving the solution accuracy and quality.
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4.2 Zenith path delay products

Using groundbasedGNSS information, tropospheric products are generated
from IGS ACs. Horizontal gradient components anghiBute interval estimates of
zenith path delay (ZPD) are included in the products. Using over 350 IGS GNSS
stations, ZPD estimates are generated aadenavailable daily per sitBrecipitdle
watervapaur extracted from estimated ZPDs are included in the produtttsurface
pressure and temperature measurements made at GNSS site locations. Given that the
tropospheric products are generated using @&l satellite orbits and Earth
Orientation Parameters (EOP) products, they are therefore available approximately
three weeks after the day of observation. Different methodologies are employed in the
generation of the IGS combined tropospheric solutioithvpotentially impacts the
accuracy of the products. The production and dissemination of these products since
inception has been the focus of 3 A@amely Jet Propulsion Laboratory (JPL),
German Research Centre for Geosciences (GFZ) and United Stase©Ragrvatory
(USNO)(Gendt 1998; Schuler 2001; Byun and £aver 2010; Hackman et al. 2015;

Lu et al. 2017; Xu et al. 2018)

Similarly, the ZPDs with standard deviations provided in tropospheric products,
can be used in constraining the atmosphere in f@GNtSS PPP solutions. The reason
for the addition of a ZPD constraint, considering a sequentialdgastres adjustment,

is to either improve PPP convergence in the first few minutes or to avoid matrix
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inversion singularities, given poor satellite geometry. A fixed ZPD constraint of 20 cm
was used for analyses in the results presented for the GN&S PPP processing in

this chager. Given that the ZPD products are made available daily by GNSS site, the
choice of a fixed constraint stems from the fact that products were not available for
majority of the stations analyzed. Hence, the constraint was empirically chosen based

on the onsistency of the estimates obtained from the few products made available.

4.3 lonospheric delay estimation: Slant and GIM delays

A combination of the VTEC and a mapping function express the slant

ionospheric delays generated in GIM. The differences betwekha@tl estimated

slant ionospheric delays for particular satellites are depictéidume4.1. As observed

in Figure4.1 (a) to (d), different satellites show metewel variations between GIM

and slant delays in PPP processing, especially within the first few minutes. These
observed variations are not only due to different ionospheric estimatai$ferential

code biasgas well asunmodelled biaseplay a major roldSchaer 1999; @vstedal
2002; Teunissen and Khodabandeh 2015; Nadarajah 2018) These differences

were observed to be consistent for all available GNSSs.
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Figure4.1. Magnitude of L1 GIM and estimated slant ionospheric delays for sample

satellites with metrdevel variations shown against satellite elevations. Delays are

shown for DOY 253, 2018 for GMSD station, located in Japan. Bordered shaded
colours represent thencertainties.

In comparing the GIM and estimated slant delays, a key question presents
itself: Considering PPP float and fixed solutions, how precise must the GIM be in order
to notice significant improvement in atmospheric constrained solutions?
Unfortunately, attempting an answer represents a meander rather than a straight

trajectory. Aside from being mulfaceted, the answer is reliant on the method and
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models used in the GIM generation (prodwitse), how the GIM is used in PPP
processing (applicatiewise), and quality of other GNSS products and observations
(quality check). However, there is a level of consistency in the general trend of
convergence for both slant and GIM delays. Toedering colours represent the
uncertainties of GIM and slant delays, depicting the accuracy otlélsys. As
expected, given the convergence of the uncertainties of GIM delays, PPP solutions
tend to become more optimistic. In the first few minutes, typicalBiMiis beneficial

in PPP ionospheric constraining while the noisy pseudorange measurements are the

limiting factor in accurately estimating slant ionospheric delays.

Shown inFigure4.2 andFigure4.3 areplots of GIM and estimated slant delays
with their respective uncertainties. Timagnitudeof the GIM delays and uncertainties
range up to 8 m +1 m. This performance is in contrast to the estimated slant delays

which ranged up to 10 m-@.3 m.
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Figure 4.2. GIM delays and their sigmag&ach colour miker point represents a
particular satelliteDelays are shown for DOY 253, 2018 for GMSD station, located

in Japan.
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Figure 4.3. Estimated slant delays and their sigmas. Each colour marker point
represents a particular satelliteelays are shown for DOY 253, 2018 for GMSD
station, located in Japan.

97



The pivotal message from these analyses is that the critical minutes during PPP
initialization show GIM with realistic ionospheric delays but decimkvel
uncertainties in contrast to the centimdéeel uncertainties for estimated slant
delays. The typical slant ionospheric delay is more precise but less accurate, whereas
GIM is more accurate but less precise in the first few minutes. This pheoomlaits
the need for an adaptive approach when using either GIM or ZPD product in
constraining. The realism of the estimates and uncertainties is key in constraining.
Unrealistic estimates and uncertainties could result in either over or under
constraifmng. The observed product / measurement / processing sensitivity prompts
urgency for further investigation to achieve an adaptive approach, which will be fully
dependent on the GNSS measurements and parameters of the station, rather than just

the atmosphér delays and uncertainties.

4.4 Impact of different ionospheric map and tropospheric products ormulti -

GNSSPPP solutions

To investigate the impact of atmospheric parameter constraints in botlkwidial
triple-frequency muliGNSS PPP;-70 globally distributel MGEX GNSS receiver
stations were arbitrarily selected for PPP procesgtgure 4.4 shows the global

distribution of stations.
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Figure4.4: Map of global distribution of mMukGNSS stations.

Observations from these stations ranged fio@Y 32 to 38 in 2016To
prevent equipment hardware delays impacting the results, the stations weral selecte
based on homogeneity of receiver and antenna tjljpéde 4.1 shows the number of

stations that were grouped between Trimble and Javad receiventandatypes.

Receiver type Antenna type Firmware version(s) # stations
TRIMBLE TRM 59800 4.61,5.01, 5.1, 5.14, 44
NETR9 5.15,5.2,5.22,5.3
JAVAD JAV_RINGANT_G3T 3.6.7 18
TRE_G3TH
DELTA

Table 4.1: Number of muliGNSS stations grouped between Trimble and Javad

receiver and antenna types
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Horizontal Error [m]

The locations of these stations are showrFigure 4.4 with red and blue dots,
representing Trimble and Javad receiver stations, respectiiglyre 4.5 shows 1

hour GIM constained and unconstrained solutions for ALGO station located in
Algonquin Park, Canada for DOY 28, 2017. Four flavours of IONEX products were
used to assess the performance of GIM constrained solutions in relation to the choice
of postprocessed or predictguioducts. The focus was limited to the first initial hour
because the benefit of GIM constraining is most noticeable within the first few
minutesFigure4.5 (a) shows the results when a ppsbcessed product is used. It was
observed that there was a 28% improvement in the PPP initialization and convergence
as compared to the usage of either predicted products. -Téwred12day predicted
IONEX producs showed an improvement of 8% and 9%, respectively, as compared

to the combined product which improved the solution by 30%.
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Figure4.5: 1-hour GIM constrained and unconstrained solutions for ALGO station
located in Algonquin Park, Canada for DOY 28, 2015.

It must be noted that it is not the aim of this study to advocate one product over
another, but rather to point out the effect of choice in the selection of an IONEX
product in PPP processing. As showfigure4.5, PPP initializaton and convergence
are impacted depending on the selection of eithergrosessed or predicted IONEX

product.

Shown inFigure4.6 are the results analyses made on how different existing
IONEX products affect the performance of ionospheric constraining in-GNES
PPP solutions. Using 3 days of-Bdur observations from MGEX mu@GNSS
stations mapped out iRigure 4.4, PPP solutions were obtained for both dwadd
triple-frequency PPP processing modes. Only qpostessed products were used for

the sake of uniformity. The idea was to show Wketafter 24 hours of processing,
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PPP convergence was impacted by the kind of product used. A second objective,
where ionospheric constraining plays a major role, was to investigate PPP convergence
by horizontal error in the first 10 minutes using theetéght IONEX products. As
observed irFigure4.6(a) and (b), over 24 hours, there are millimdenee| variations
between the productsn the dual and triplefrequency positioning results
respectivelyA similar trend was observed in the first 10 minutes of PPP convergence,
as portrayed ifrigure4.6(c) and (d). However, in the Aflinute scenario, centimetre

level differences could be observed though some of the products still had millimetre
range differences. These differences were evident in both the aldl triple
frequency PPResults as well. It must be clarified that the purpose of these analyses
was not to assess the products in terms of processing modes but highlight the influence

a choice of product could have on the initial solution convergence.
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Figure4.6: Results of analyses for 2our andl0-minute convergence for different

existing IONEX products. using 3 days of-Bdur observations from MGEX muiti
GNSS stations.

It is necessary to point out that the IONEX product for a particular day represents
a snapshot of the ionospheric activity occurring within that time frame. Hence, the
results presented are not conclusive for all other days as each day can potentially show
different results than those presented for D& 34 of 2016 Datasets from 2016
were used in most of the analyses presented irchi@pterbecause of difficulty in
obtaining consistent datasets and products from archiving sodrdesy intended
point is to show that depending on the product used to constrain PPP solutions,
especially in the first few minutes, there is the possibility of centiriewed

differences that could be seen. As depictethible3.3, products with higher numbers
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of network stations and GNSSs used were observed to better constrain the PPP

solutions.

4.5 Latitudinal correlation with ionospheric modelling

To investigate whethehere is a correlation between high ionospheric activity
and GNSS measurements and how this impacts PPP positioning performance, GNSS
stations were strategically selected based on different latitbdpse4.7 shows the
distribution of the selected MGEX stations for DOY 32 to 38 of 2016, categorized
according to upper, middle and lower latitudes. As stated previously, the receiver
antenna combinationf dhe stations was kept homogeneous to reduce the effect of
equipment delays. Red and blue represents Trimble and Javad receivers, respectively.
It is well known that higkorder ionospheric effect is noticeably at its maximum during
the middays of localime.Liu et al. (2018 investigated the secoratder effect of the
ionospheic on static PPP solutions. Results frams statistics showed that the
ionospheric effect on satellite orbits ranged from 11 mm to 24 mm in all tracks. It was
observed that different latitudes and station distribution affect the higher order
ionospherialelay. Hence, it was concluded that different latitudes played a role in the

differences observed in the estimated highreler ionospheric delays.
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Figure4.7: Distribution of selected MGEX GNSS stations for DOY 32 to 38, 2016
based on upper, middle and lower latitudes. Red and blue represents Trimble and Javad

receivers, respectively.

One major goal of this study is to analyze the effect that low and high
ionospheric activities have on positional accuracy in PPP based on different latitudes.

To do so, it was necessary to choose days where typical ionospheric activities were
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observed whout the influence of adverse solar phenoméigure 4.8 shows the
ionospheric activity for DOY 33, 2016 for hours 6, 12, 18 and 22. The ionospheric
characteristics observed were typical for all the other days of that week. Regions
around the geomagnetic equator showed expected high ionospheric activityaridual
triple-frequency modes were employed in the mGINSS PPP processing for
completeness. Ehresults presented in this section are not meant to indicate that one
mode of processing is better than the another. Using GIM and assaomstathps
found in IONEX products, the muGNSS PPP solutions were constrained. Being
reliant on the variationsbserved in the ionosphere in a day, it was expected that using
GIM would reflect the varying ionospheric activities in the PPP solutions in terms of
convergence time. By processing groups of mBNISS stations at different latitudes
with varying ionosphec phenomena, the results would be indicative of the influence

that changes in ionosphere has on PPP ionospheric constrained solutions.
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Figure4.8: lonospheric activity for DOY 33, 2016 for hours 6, 12, 18 and 22. Red line

represents the geomagndfguator. Bar scale are in units of TECU.

Shown inFigure 4.9, Figure 4.10 and Figure 4.11 are the dualand triple
frequency PPP GIM constrained solutions in the first hour of convergence for upper,
mid and lower latitudinal regions, respectively. It was interesting to obsenvaftina
20 minutes, the differences between the solutions for all the three regions was minimal,
indicating that irrespective of the latitude, optimal performance with GIM was
obtained before the first 20 minutes. Constraining further after the 20 rmmaukehad
limited effect, especially for the upper and rAatitude regions. This characteristic is
understandable given that that ionospheric constraint is usually critical and effective
only in the first few minutes of PPP convergence and initializatientiver dual or

triple-frequency PPP processing modes.

The key differences were observed within the first 15 minutes. Taking into

consideration a Hnhinute convergence period, 40%, 50% and 18% of stations reached
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a 20 cm horizontal threshold in the uppmid and lower latitudes, respectively, for
duakrequency processing. In the trifiequency case, 46%f the stationseached

the horizontal threshold in the upper latitudinal region. However, mid and lower
latitudes saw an improvement with 48% and 36%the stations reaching the
threshold, respectively. Similarly, major differences in terms of improvements and
percentages of stations reaching the 20 cm horizontal threshold, varied depending on
the processing mode. Though the same GIM product was nsszhstraining the
solutions, different convergences were observed when the solutions were
ionospherically constrained. It becomes obvious that the slant VTEC from GIM and
its correspondingmsvalues affect PPP convergence since they are not uniform with

regards to latitudinal changes.

However, there are major limitations to be considered in this analysis.
Environmental conditions of the stations used can potentially affect the outcome. The
location, stability, multipath profile and even receiver firmwaleanges are all
limiting factors which were not taken into account but can potentially affect the results.
Satellite geometry and visibility is another factor that potentially impacts convergence
in this analysis. Given that the stations are in differatituldes, there is the possibility
of rejecting some satellites or processing less satellites due to bad geometry. However,
with these limiting factors in mind, it is necessary to take note of the role that

ionospheric latitudinal changes affect PPP cairs&d solutions.
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4.6 Proximity analysis of slant ionospheric delays from nearby stations

The use of global ionospheric corrections from a global network of stations
does help in improving thsolution quality in PPP as discussed before. There is a
dependency on network density for better interpolation between ionospheric pierce
points. This dependency is a concern, which affects the PPP user when constraining
the solutions. The denser the netlof stations, typically the better the ionospheric
TEC estimates obtained. It is expected that by using the slant ionospheric estimates
from nearby stations, the solution convergence should be better than using a station

far away. However, how close doa reference station have to be or how dense does
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a network need to be fds slant ionospheric estimates to be helpful in achieving PPP
AR-like performance in mukGNSS PPP processing? To attempt answetfing
guestion a group of selected stationsreaised, as shown fable4.2, with varying
baseline distances upt@00km. Also shown inFigure4.12is the distribution of the
stations. The stations were selected based on their proximity from the reference station

ALBH, located in Victoria, Canada.

GNSS Station  Reference / Rover | Distance fram reference station (km)

ALBH Reference 0
P435 Rover 37
P439 Rover 56
P401 Rover 94

PCOL Rover 152
P417 Rover 202

Table4.2: Network of GNSS stations with varying baseline lengths.
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Figure4.12: Distribution of selected MGEX GNSS stations for DOY 32, 2016 used in
the proximity analysis.

Estimated slant ionospheric corrections from rover stations were used as
constraints in the first epoch of itGNSS duafrequency PPP processing. Using a
horizontal error threshold of 10 cm, convergence times were observed for each rover
ionospheric constraint used even as the baseline length widened. As deptigedan
4.13, the convergence of the reference station improved with slant delays from nearby

stations, shown by the steady blue line. From 37 km to 202 km, the convergence times

steadily rose frm 11 minutes to 16 minutes, respectively.
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with increasing baseline lengthensideringlO cm horizontal threshald

The uncertainties, represented by the error bars, also showed a steady increase
which corresponded with the length of the baseline between ALBH station and the
rover stations. It was interesting to observe that stations had to be less than 100 km
apart for a onvergence time of 12 minutes or less to be realized when using nearby

stations to constrain the PPP solutions.

4.7 Dual- and triple-frequency multi-GNSS PPP atmospheric constraining

with ambiguity resolution

This section presents analyses on the impact aisheric constraints in multi

GNSS PPP processing. The purpose is to outline the progression of improvement in
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the usage of atmospheric constraints. While the aim is to improve the solution quality
and accuracy, further insight is also provided on hoverdfit processing modes are
impacted by atmospheric constraining. It must be noted thappostssed products

are used for the analyses presented in this section. Thesprpostsed products
include the orbits and clocks as well as GIM. Reak analyss were not considered

in thissectiongiven the unavailability of realme GIM delays and ZPD estimates.

4.7.1 Datasets used and data processing details

To investigate the impact of atmospheric parameter constraints in both dual
and triplefrequency muliGNSS PPP, 40 globally distributed MGEX GNSS receiver
stations were arbitrarily selected for PPP processtigure 4.14 shows the global

distribution ofstations.

Figure4.14: Map of global distribution of selected muBNSS stations.
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Observations from these stations were processed from DOY 253 to 259 in
2018. The stations were arbitrarily selectesed on homogeneity of receiver and
antenna types to limit the effects of equipment hardware delays impacting the results.
Javad and Trimble receivantenna combinations were consider@down inTable
4.3 are the processing parameters and settings used in the generatesults
discussed in subsequent sections. GBM precise orbits and clocks from
GeoForschungsZentrufGFZ) were used because of theaidability of orbits and

clocks for all available GNSS constellations.

Processing parameters YorkU GNSS PPP engine settings

Processing technique Uncombined mode using raw strength of
observations

Antenna corrections IGS ANTEX

Satellite orbits andclocks GBM (GF2)

Elevation mask Minimal 10°

GNSS system GPS, GLONASS, Galileo and BeiDou

Observation processing mode Dualfrequency, Triplerequency, GPS ambiguity
resolution, static processing

Data format RINEX 2.x or 3.x

lonospheric mitigation Slant ionospheric delays: estimated
GIM delays: used to constrain only the first epoct

Troposphere modelling Hydrostatic delay: Davis (GPT)
Wet delay: estimated

Table4.3: Processing strategy and parameters used in YorkU GNSS PPP engine for
data analysis

115



4.7.2 Dual-frequency analysis

Shown inFigure 4.15 and Figure 4.16 are the histogram and time series of
dual frequencyGPS(G) + GLONAS®R) + Galileo(E) + BeiDou(C) (GRECPPP
atmospherieconstrained, static horizontal solutions in the first hour of convergence,
respectively. Defining convergence period as the time the solutions take to reach a
horizontal error of 20 cm, the histogram slsoavlevel of consistency benefiting PPP
solutions when they are atmospherically constrained. Percentages of stations reaching
the defined convergence threshold are shown. Three different scenarios were analyzed
which included (1) unconstrained GREC PPPusohs, (2) lonospheric (GIM)
constrained and (3) GIM + tropospheric constrained GREC PPP solutions. It is
interesting to observe that after 20 minutes, the differences between the solutions for
GIM constrained and GIM + ZPD constrained solutions are nahimdicating that
optimal performance with GIM and ZPD constraints was obtained before the first 20
minutes. Constraining further after the 20 minotark had very limited effect on

improving positioning performance.

116



120
I Unconstrained [l lonospheric constrained lonospheric + tropospheric constrained

100

Percentage (%)
[o)] co
o (=)

T T

IS
=)
T

20 -

0 5 10 15 20 25 30 35 40 45 50 55 >60
Convergence time (minutes)

Figure 4.15. Histogram showing percentage of 40 stations converging based on 24
hourly solutions in dualrequency GREC processing mode. Results shown have a 20

cm horizontal error threshold.

This characteristic isinderstandable given that atmospheric constraints are usually
critical and effective only in the first few minutes of PPP convergence and
initialization.

The prominent differences were observed within the first 15 minutes. The
atmospheric constrained solutions saw an average of 6% improvement over the
unconstrained, in terms of percentages of stations converging under 20 cm of
horizontal error. However, th@istograms do not tell the whole story. By observing
the convergence time series, the significance of the constrained solutions becomes

even much more obvious. By defining a stricter convergence of 10 minutes under a
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horizontal positional error of 10 crihe 99 percentileof the atmospheric constrained
solutions reached convergence in 6 minutes, as showkigare 4.16. The
effectiveness of applyingtmospheric constraints is clearly seen in the first few

epochs. The quickest initialization was observed for ionospheric and tropospheric

constrained solution.
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Figure4.16. 95" percentile ime series shwing horizontal positional error (hourly)
based on 24 hourly solutions for 40 stations for drejuency GREC processing
mode. Blue dotted line represents the 10 cm convergence threshold.

4.7.3 Triple-frequency analysis

As shown in the dudtequency scenarigjmilar characteristics were observed

for the triplefrequencyatmospheric constrained GREC PPP solutions. A look at the
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histogram, as shown iRigure 4.17, sawan average of 7% improvement over the
unconstrained, in terms of percentages of stations converging under 20 cm of

horizontal error.

120
I Unconstrained [l lonospheric constrained lonospheric + tropospheric constrained

100 -

co
=
T

Percentage (%)
3
T

0 5 10 15 20 25 30 35 40 45 50 55 >60
Convergence time (minutes)

Figure4.17. Histogram showing percentage of 40 stations converging based on 24
hourly solutions in triplefrequency GREC processing mo&esults shown have a 20

cm horizontal error threshold.
However, a significant level of improvement was observed bgsingating
the convergence of the time series of the atmospheric constrained solutions as depicted

in Figure4.18. Considering the 95percentile andonvergence defined as 10 minutes
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for solutions to fall under 10 cm of horizontal positional error, the atmospheric (iono

+ tropo) constrained solutions achieved convergence in 2 minutes.
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Figure4.18. 95" percentile time series showing horizontal positional error (hourly)
based on 24 hourly solutions for 40 stations for trfpgguency GREC processing
mode.Blue dotted line represents the 10 cm convergence threshold.

This level of improvement is significant and relevant as it reveals not only the
benefits of having more frequencies, but how the coupling of these extra frequencies
with atmospheric constraining can enhance the solution quality of-@GNES PPP
solutions In comparison to the dufilequency constrained scenario, the trple

frequency constrained solutions had a 67% improvement in terms of solution

convergence.
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4.7.4 Dual-frequency analysis with GRAR

The third scenario investigated involved resolving the aoitieg for GPS
satellites while applying atmospheric constraints in a-theguency GREC PPP
processing. Only GPS ambiguities were resolved for this analysis but future work
would include GECAR. Similar to the other previous scenarios, the histogram, as
shown inFigure4.19, saw an average of 6% improvement over the unconstrained, in
terms of percentages of stations converging under 20 cm of hotieorda More

insight was provided in the times series as showxguare4.20.
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Figure4.19. Histogram showing percentage of 40 stations converging based on 24
hourly solutions in dualrequency GREC with GRBR processing modeResults
shown have a 20 cm horizontal error threshold.
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Figure 4.20. 95" percentile time series showing horizontal positional error (hourly)
based on 24 hourly solutions for 40 stations for dregjuency GREC with GRBR

processing moddlue dotted line represents the 10 cm convergenestiblid.

With convergence defined as 10 minutes for solutions to fall under 10 cm of
horizontal positional error, and considering the 95th percentile, the atmospheric
constrained solutions with GP&R achieved convergence in less than 2 minutes. The
steadness of the converged solutions was consistent thantmggeency atmospheric

constrained solutions.

In summary, it is imperative to bring into context all ggnificant levels of
improvement throughout all the various scenarios addressed ah#gesr. Shown in
Table 4.4 are the significant improvements in convergence time observed with

contributions from the research work in tlueapter The typical convergence in
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minutes is compared tbe research contuitions through the results presented in this
chapter With RTK-like performance being the target, it is expedient to address how
close PPP is to RTK performance. Considering a typical RTK convergence of a few
centimetres in a few minutes, the atmosphesitstrained multiGNSS PPP solutions
presented is closely comparable to RTK performance, though we are not there just yet.

The significance of this enhanced performance informs the possibility of using PPP in

much more timesensitive applications.

Processimg modes Convergence Convergence in minutes
in minutes (Achieved)
(Typical)
Dual-frequency PPP 20 15 (Aggrey and Bisnath 2017b, a
Triple -frequency PPP 20 18 (Aggrey and Bisnath 2017b)
Dual-frequency ~ 6 (Laurichesse and Blot 2016)
atmospheric

constrained PPP

Triple -frequency ~ 2 (Laurichesse and Blot 2016)
atmospheric
constrained PPP

Dual-frequency PPR 15 11 (Seepersad et al. 2017)
AR
Dual-frequency ~ <2
atmospheric

constrained PPRAR
Table 4.4. Improvements in convergence time achieved in comparison to typical

convergence periods (to 10 cm horizontidjined by the mode of PPP processing.
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*By mitigating triplefrequency biases, Laurichesse and Blot (2016) obthimese
tropospheric constrained PPP convergernbg considering 20 cm horizontal error
threshold.

4.8 Summary

It is concluded that the choice of using predicted or-postessed products
impacts the level of improvement in PPP solution initialization and convergence.
Centimetreto-millimetre level of variations were observed to exist among the
different IONEX pralucts when used to constrain daad triplefrequency PPP
solutions. Using a global network of stations in different latitudinal regions through
novel analysis, it was observed that key differences iexistms of convergence time
improvements and penctages of stations reaching a 20 cm horizontal threshold
depending on the processing mode. It was also observed that the slant VTEC from
GIM and its correspondingns values affect PPP convergence since they are not
uniform with regards to latitudinal chges. It was significant to observe the effect that
ionospheric latitudinal changes had on mBRP constrained solutions. Proximity
analysis was also conducted to ascertain how far or close a nearby station had to be
for its slant ionospheric delay to heseful in constraining PPP solutions when
considering a tight convergence threshold of 10 cm horizontal error. For a convergence
time of 12 minutes or less, it was observed that stations had to be less than 100 km

apartin the test data use@he significamce of the analysis anchors the sparsity or
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density of the network of stationssed to generate ionospheric produstsich

potentiallyaffecs the PPP user in terms of solution convergence.

Using GIM and tropospheric zenith delay corrections, a progressf
improvements has been shown. Position accuracy and solution convergence were the
key criteria assessed. By resolving ambiguities while constraining atmospheric
parameters, it was observed that the mMBNISS PPP solutions converged the
decimetrelevel in less than 2 minutes for the horizontal components. Comparing the
atmospheric constrained mu@ENSS PPPAR to the unconstrained solution, a
significant level of improvement was noticed which addressed the importance and
efficacy of the constraintapplied. The atmospheric constrained PPP solutions for
triple-frequency PPP solutions showed more than 60% improvement in the position
accuracy as compared to ddi’guency solutions. Using a strict convergence
threshold of 10 minutes for the PPP solatto be steady under a horizontal error of
10 cm, the significance of atmospheric constraints in RRRvas shown. The realism
of the GIM and estimated slant delays was also investigated which informs on the need
to be cautious of either under or over dasiging the PPP solutionky summary, to
address the original questions posed at the introduction of this contribution, here are

the brief conclusions:
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(1) What is the magnitude of improvements observed from the usage of
traditional dual-frequency measuremds to triplefrequency PPP

processing with atmospheric constraints?

Results presented showed a significant level of improvement of more than 60% from
atmospheric constrained duadb triple-frequency muliGNSS PPP in terms of the

reduction in convergeectime.

(2) What are the inherent challenges when constraining PPP solutions with

atmospheric corrections either functionally or stochastically?

It was shown that caution needs to be taken when using GIM estimates and their
uncertainties to constrain. To adainder or over constraining, there is the need for an

adaptive method in the application of the constraints.

(3) What is the significance of PPAR in multi-GNSS PPP atmospheric

constrained solution?

PPRAR plays a vital role and enables an improved atmasphenstrained solution.
Results presented in thifiapterwith GPSAR showed the best improvement at the

95" percentile.

(4) Finally, what are the key challenges left in obtaining nearstantaneous

PPP convergence akin to RTK data processing?

126



With typical RTK convergence d minutesto reachdecimetre level of accuracthe
resultsummarypresentedn Table4.4 showed how close we are to né@stantaneous
convergencakin to RTK With better and improved atmospheric products, as well as

orbits, clocks and bias estimation, PPP solution accurauisdto get better.

Figure 4.21 illustrates the accuracy progression of PPP in different processing
modes as compared to RTK and the standard posigoservice (SPS)With RTK
defining the core of accuracy at the millimetentimetre level, the combination of
ambiguity resolution and ionospheric constraining draws PPP closer to RTK. PPP has
evolved over the years from the conventional floatdiwg|uency solutions to triple
frequency with AR. It is anticipated that PR®I continue to improve with the
mitigation of measurement and hardware biases. So where are we now as BPP user
It is safe to say that we are in the light green zone getting waontilee greener turf

of RTK performance.
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Dual PPP-IC

Triple PPP

.

— ~—_
_ Triple PPPIC

- -~ ~
/ /’ PPP-AR .

Figure4.21: Accuracy hierarchy from RTK to Standard Positioning Service (SPS).

This diagram is an augmentation from Collins e{2012).
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CHAPTERS MULTGNSS BEPNE X-T
GENERATI ON SMARTPHONE
MEASUREMENTS

This chapterevaluates the feasibility of achieving improved positioning accuracy
with raw GNSS measurements from recently released smartphones. Using PPP as the
processing mode, positioning acacy and performance of selected newly available
devices are analyzed. These devices include the Xiaomi Mi8, Google Pixel 3, Huawei
Mate 20 and Samsung Galaxy S9. All tested devices had the capability of tracking
either three or four GNSS constellationsd @he first and third track two frequencies.

This chapter provides a synopsis the evolubn of navigation on smart devices.
detailed smartphone measuremamilysis isalsoprovided Static and kinematiePP
analyses are investigatasth emphasis othe impact omartphone hardware on the

accuracy of user position

The key research questions to be answeredBré/hat is the typical performance
when using the raw measurements from these smartphones iRGN3% PPP
processing in stat@nd kinem#c scenarios? (2) Given the limitation that the hardware
components of the smartphones present, what PPP processing changes can be
implemented tanake us®f the raw measuremerftem smartphoneés(3) What is the
level of accuracyhat can be achieved Wwimult-GNSS PPP given normstinartphone

usage by the user?
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5.1 Introduction

The proliferation of smartphones over the past few decadesfuledisd
technological innovation in navigation applications. In contrast to decddes
mainframe computers, the performance of current mobile devices with faster processor
chipsets reveal greater and better capabilities. The promise that such advancement
ushersin includes lower cost rates in the development, testing and deployment of
various applications. From a software perspective, mobile device applications enjoy
faster update cycles, while eliminating the need for extra hardware components. There
are currenty over five billion GNSS enabled devices worldwide with over 75% of
such devices being smartphoriesiropean GNSS Supervisory Authority 201Vhe
ue of location information accounts for more than 50% of applications on
smartphones, either through Google Play or Apple s(éf@glan and Hegarty 2017;
Sunkevic 2017)This critical need for position and timing capabilities on smartphones
makes the case to understand, investigate and improve the accuracy standard.
Applications requiring high precision gu as car navigation, personnel monitoring
and bicycle rental services are currently being hosted on smartphones. The desire for
high accuracy locatiebhased services in the mass market only serves as the impetus
to advance further with improving GNSS pgasiing on smartphones as observed in
various research contributiorfPesyna et al. 2014; Kirkkdaakkola et al. 2015;

Banville and Van Diggelen 2016; Yoonadt 2016; Humphreys et al. 2016; Alsubaie

130



et al. 2017) Considering the rising use of smart wearables and phones, GNSS
navigation is bound to expand the possibility of various other applications that
currently may not seem feasible due to the constraingeodetigyrade precision and
accuracy. Hence, the primary goal of thispteris to test the bounds of accuracy
which would address how far mulBNSS positioning with PPP can afford the
smartphone user. The challenges and benefits of processingdNds smartphone
data in both static and kinematic PPP modes in -sggnand obscured urban

environments will be addressed.

The i ntroduct i on -fredquentylGblS®&mnabled schétphoriej r st dua
the Xiaomi M8, has brought some excitement hoth academiaand navigation
researclin general The Xiaomi smartphone is equipped with a Broadcom BCM47755
chipset capable of tracking L1/E1 and L5/E5 signals from GPS, Galileo and BeiDou
(EGSA 2018; Robustelli et al. 2019)ther relases such as the Huawei Mate 20 and
Huawei Mate 20 Pro also have ddfi@quency chipsets which track all available
GNSSs. With this recent public access to raw GNSS observations on smartphone
devices, a new dawn in lewost positioning is on the horizonn&bled by Google
through its Android API, pseudorange and cafplease measurements can be
obtained in reatime from offthe-shelf, massnarket devicegSunkevic 2017)In
difficult environments such as urban canyons, the typical expected performance of

mobile devices is in theange of a few metres to many tens of metres, considering a
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singlefrequency processing scenario. However, the use of-@M8S measurements

from either dual or singlefrequency chipsets coupled with extra error modelling
promises to enhance the soluatiaccuracy (and initial position solution convergence)

to a few decimetres. Thishapteraddresses the advantage of the Android raw
measurements in PPP processing, while providing integrity measures that are needed

to be adhered to for a robust and rekabbsition solution.

5.2 Evolution of navigation on smart devices

A pioneering step into the future of car navigation was realized in 1985 when
Etak Inc introduced the Etak Navigator, as showrrigure5.1. This product release
represented the first generation of smart device navigation. Though it offered basic
features, limited geographical coveragedfew user and route options, it showed the
possibilities and potential of chipset receivers. The automobile industntheas
revolutionized by navigation technologyavoli and Bloch 1990)The dawn of
personal digital assistants (PDAs) and Benefons represented the second and third
generatios of smart navigation devices. In contrast to their -fiesteration
counterparts, these devices offered wireless connections with the acquisition of real
time data but only for a limited geographical coverage aféiken 2010; Sullivan
2012; Edwards 2018) However , fourth generations devi c
offered end users not only global coverage but personalized sengo¢ed options

regulated by cellular service provide
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15t Gen: Etak Navigation system 2" Gen: PDAs 34 Gen: Benefon

4" Gen: Nuvi 200W 5" Gen: smartphone

Figure5.1. Generations of smart navigation devi@eased orViken 2010; Sullivan
2012; Newcomb 2013)

The academic andndustrial progression in enhancing the accuracy of
navigation solutions resulted in the modernization and launching of satellite
constellations as well as refinement and advancement of various navigation
algorithms. Furthermore, the rise wiore capablehipsetsand the transition from
geodetiegrade equipment to lowost changed the tide of navigation. Currenihg
fifth generation of smart devices exist with the potential of attaib&tgersolution
accurag. A good example of such devices is tugrent generation of smartphones,
most of which are equipped with singlequency chipsThere has been various
research contributions showing centimdéeel RTK positioning using single
frequency chips in smartphon@glongredien et al. 2016; Humphreys et al. 2016;
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Odolinski and Teunissen 2017, 201B3king it up a notch, a potential paradigm shift
has occurred with the release of dfraljuency chipsets which promises deciaet
to centimére-level solution accuracy for the end us&igure 5.2 shows and

summarizes the key characteristics of all the generations of smart devices.

1st Generation 2nd Generation 3rd Generation 4th Generation 5th Generation

- A
\ -
B - - * Global navigation services
- * Wireless network
- communications
- - L . ® Real-time data, rise of
2 - I’ GIF’bal navigalion services | | joeation-based services
=2 - - ¢ W]relesls ngnw’ork * Navigation based on general
z - * Advanced functional communications and special user preferences
@ - biliti ® Real-time data, rise of o Exponential use of
e - capabilities social networking :
= - » Wireless network L smartphones coupled with
= - «» Basic functional scati ® Navigation based on reliance on GNSS$ navigation
= - biliti T general and special user
= -7 capabllties * Realtime data preferences
- * Limited geographic E—
g coverage &mffy fities) 1 Na\«lganor} basedon | 4 porable navigation devices
- « Basic functional LT general user's (the use of smartphones)
<) capabilities . Lmted navigation preferences
. . options I
g | |sLmiedgosmptic | (Vo | |3 porblemigation
S | covemge(elected geviees
cities)
* Limited navigation
options
Limited in-car devices
1985 1990 1995 2000 2005 2010 2015 - present
Years

Figure5.2. Characteristics of the generations of smart navigation de(hesgd on
Karimi (2012)).

Currently, the chipset manufacturing industrys e potential of redefining
positioning accuracy with regards to lmwest equipment. 2018 saw the emergence of
groundbreaking duafrequency chipsets designed for various applications, with the
intention of improving GNSS solution accuracy. The smartphonarket was

revolutionized in September 2017 with
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frequency chipset. This introductiggniteda motivation to see more similar chipsets

in the market(Murfin 2017) In February 2018, STMioelectronics and ilox
launched their Teseo and F9 receiver chipsets, respectively, capable of tracking L1/L2
or L1/L5 frequencies andre intended to targeéhe automotive industryCozzens

2018; Markowitz 2018) In the same month at the Mobile World Congress in
Barcelona, Qualcomm unveiled their mt@BNSS, multifrequency Sapdragon X24

LTE receiver with Intel also presenting a dfr@quency receiver prototygal Khairy

2018; Leather 2019)

To ascertain the level of accuracy that can be obtained by these recent
smartphone chipsets, Trimble and Novatel investigated and achieveuesgh
positioning accuracy with BCM47755 and Tesco V chipsets, respligctiRidey et al.

2018; Abrahams 2018 hese initial results demonstrated the possibility of attaining
decimetrelevel accuracy with smartphone chipsets. It is expected thaheas
positioning technigues continue to improve and hardware limitations are addressed,
smartphone GNSS solution acaay can be significantly improved. There are obvious
challenges that threaten the possibility of higher accuracy and these incluate but
not limited to lowcost antenna attenuations, duty cycles and receiver power
consumption. However, the recent capgbadded to smartphones to turn off the duty
cycle unearthsoptimism among application developers and -asérs that such

challenges are either being dealt with or will be. It is also worth noting that by turning
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off duty cycling, it consequentially ineases the power consumption of the

smartphone.

5.3 Smartphone raw measurement analysis

Four recently launched smartphones were investigated, némsliaomi Mi8,
Huawei Mate 20, Google Pixel 3 and Samsung S9. The characteristics of these
smartphones are hitighted inTable5.1. All the phones could track at least 3 out of
the 4 GNSSs. And the Xiaomi Mi8 and Huawei Mate 20 had the capability to track

duakrequency L1/L5 signals.

Duty Android

Carrier -phase

Phones GNSS Measurements

Cycle version tracking
Xiaomi Mi8 Off 9 GRECJ| Llandl5 Yes
Huawei Mate 20  Off 9 GREC L1 and L5 Yes
Google Pixel 3 = Off 9 GRE L1 No

Samsung Galaxy

So Off 9 GREC L1 Yes

G: GPS, R: GLONASS, E: Galileo, C: BeiDou, J: QZSS

Table5.1. Test smartphones and the supported raw GNSS measurements.

All the smartphones were assessed against a SwiftNavaRitkdiopcon NET
G3A receives. It is noteworthy to point out the cost differences between the GNSS

chipsets in the phones in comparison to geodpfde receiver typesThese
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smartphone chips costthe 10 US dollar rangehile the Piksend Topcomeceives,
belonging in the relative lowostand geodeticategoies costsa few hundreds$o
thousands of dollars, respectivelWith a geodetigrade antennaresulting in
geodetiegrademeasurement quality, the Pikand Topconreceives were usedto
produce reference position solutionsthroughout the analysedescribedin the
subsequent sections. Unlike the dfrafuency L1/L5 smartphones, the Piksi receive
tracks the L1/L2 legacy signals from all GNSBewever, Topcon NEAG3A tracked

L1/L2 signals for only GPS and GLONASS.

5.3.1 C/No analysisof smartphonemeasurements

In assessing the measurement quality of the smartphones, thetcaniee
density ratio(C/No) of the received satellite signals was observed. It is-kveivn
that one of the determining factors impacting the signal reception quality i C/N
which by definition, represents the power in the received signal compared to the power
spectral derigy of the receiver noisgMisra and Enge 2006four main factors dictate
the received signal power at the point antenna centre of mass: (1) power density of the
incoming GNSS signal; (2) reception area of the antenna; (3) receiver antenna gain
and (4)satdlite elevation(Braasch and Van Dierendonck 1998gure5.3 shows the
consistency of C/blvalues over time for eacdmartphone, as well as the SwiftNav
Piksi receiverAs illustrated inFigure5.3(b)(c)(d)(e), low and irregular CH\Values

from the smartphones over the observation period, potentially due to the cellphone
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grade GNSS receiver chipset and antenna which can impact signal reception. In

contrast, the geodetgrade, lowcost Piksi receiver shows reliable and high €/N

values with a consistent average of 45-dB due to a better antenna, as shown in

Figure5.3(a). The delimiting factor of using either Monolithic Microwaveelgrated

Circuit (MMIC) or monopole antennas in smartphone designs comes at a cost in the

guality of GNSS signal receptiqRiddle 2013)
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(c) Samsung Galaxy S9
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(e) Huawei mate 20

Figure5.3. C/No values for all observed sensors showing their levels of consistency
over time. Sensoiaclude (a) SwiftNav Piksi (b) Xiaomi Mi8 (c) Samsung Galaxy S9
(d) Google Pixel 3 and (e) Huawei Mate R@sults are shown for DOY 65, 2019.

5.3.2 Signal noise and multipath analysis of smartphone measurements

However,C/No analysis only tells part of the story in regard to the signal and
measurement quality of each sensor. Only Xiaomi results, compared to SwiftNav
Piksi, are shown becausewhs representative of the other smartphones analyzed.
Presented inFigure 5.4 and Figure 5.5 are the noise and multipath analyses,
respetively. Multipathis a result ofeflection and diffractiomvhen signals travelling
from a transmitter to a receiver propagate via multiple p@msath and Langley
2001) Thiserror effectis usuallycaused by reflecte@NSSsignals from surrounding
objects and terrains such tages anduildings. The measured distance between the
receiver and satellités increased du¢o the reflected signalsAs a result, the
pseudorange andarrierphase measurement®ntain inherent errors due to the

multipath effect. The magnitude of range error can reach up to 10 to 20 metres for
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pseudorange measurements and up to 5 cm for cph#se measurements

considering geodetigrade equipment

The coloured noise of the pseudoraagd carriefphasemeasuremerdgonsist
of the multipath and noisghich is a resultant afignal reflections around the satellite
and receiver antenntghermal noisan cable connectors, and the instrumental delay
variaionspossibly due to temperatuitactuationswhich can occur at different levels:
cables, receivergintennasplitters amplifiers, etc(Defraigne and Bruyninx 2007)
Per satellite, the pseudorange multipath observaida becomputed from the
measured pseudorange and caipiegase measuremen€onsidering twasignalsL1
and L2ontwo frequencie¥and’Q the pseudorange multipath/noeserepresented

in equatios 5.1 and5.2 :

p 0 51

b —— p b 5.2

where

olo
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Figure5.5in particular shows the difference between the-Coéle and carrier
phase measurements, which represents the combined effseiunforangenultipath

and signal noise.

L1 code minus phase
o

L2 code minus phase
o

-20 -20

16 17 18 19 20 21 22 23 24 i 16 17 18 19 20 21 22 23 24
Time [Hours] Time [Hours]

(a) SwiftNav Piksi LEC1 noise level (b) SwiftNav Piksi L2C2 noise level

40 40
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L5 code minus phase
o
=

-20 ‘ ‘ [
-40 ! ' -40 L L
16 17 18 19 20 21 22 23 24 16 17 18 19 20 21 22 23 24
Time [Hours] Time [Hours]
(c) Xiaomi Mi8 L1-C1 noise level (d) Xiaomi Mi8 L5-C5 noise level

Figure5.4. Signal noise level (in metres) for SwiftNav Piksi receiver and Xiaomi Mi8.

For completeness, multipath observables, representing the effect of multipath
on the received signal, were formed for L1/L2/L5 signal bands as shduguire5.5.
Results are shown for 6 hours of data for DOY 82 of 2019. The mean of the difference
between C/Acode and carrigphase measurements was removéadble 5.2

summarizes the rms of the residuals of the smartphones, as compared the SwiftNav
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Piksi receiver. The magnitude of the multipath and signal noise level from the
SwiftNav receiver was significantly lower in comparison to the smartphdes.
differencing the noise levels of the two sensorJable 5.2 and representing as a
percentage, the multipath effect on the signals for SwiftNav Piksi was approximately
90% less than that of the effect on Xiaomi Mi 8. The signal noise level for Xiaomi Mi

8 told a similar story in comparison to the SwiftNav Piksi receiver. Given the
limitations of the antenna of the smartphones, it was expected that the quality of the
measurements will deteriorate in comparison to a geedgedie receiver and antenna

(Gill et al. 2017; Gill 2018)
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(c) Xiaomi Mi8 Piksi L1 multipath (d) Xiaomi Mi8 Piksi L5 multipath
Figure5.5. Multipath (in m) for SwiftNav Piksi receiver and Xiaomi Mi8.
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Measurement quality analysis (m)  Multipath analysis (m)

Sensors
L2-C2/L5-C5 MP2/MP5
SwiftNav Piksi 2.1 3.5 1.1 1.2
Xiaomi Mi8 17.9 19 16.1 16.5

Table5.2. rmsfor the signal noise and multipath effettserved foXiaomi Mi8 and
SwiftNav Piksi.

5.4 PPP processingtrategy for smartphone measurements

Shown inTable 5.3 are the processing parameters and settings used in the
generation of results discussed in subsequent sections. The YorkU GNSS PPP engine
was employed in processing the observatioeter to Clapter 1) Precise orbits and
clocks fromCent re Nati onal CNES)EMera dsedsbec8uyseadf thea | e s
availability of orbits and clocks for all available GNSS constellations.

Logging realtime data from the smartphones for PPP processing can be a
challenge. It is imperative to note that not all available smartphones have the capability
to log the raw GNSS data. A constantly updated list of available smart devices which
log the raw GNSS measurements can be found at this link:

https://developer.android.com/guide/topics/sensors/ghss prominent drawback is

the duty cycling, which is used to regulate battery consumption on smartphone
devices. Typically withte embedded GNSS chipsets, smartphones track and log

GNSS measurements for about 200 ms before reserving power by shutting down for
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about 800 mgBanville and Van Diggelen 2016This action is critical given the

possibility of cycleslip occurrences which impagiositioning techniques such as

RealTime Kinematic (RTK) and PPP.

Processing parameters YorkU GNSS PPP engine settings

. . Uncombined mode using raw strength of
Processing technique

measurements
Antenna corrections *|GS ANTEX

Satellite orbits and clocks CNT (CNES)
Elevation mask 10°
GNSS system GPS, GLONASS, Galileo and BeiDou

Observation processing mode Single and duaﬁrzcr]gfgscg,ngs]tatic and kinematic
Data format RINEX 3.x
lonospheric mitigation Slantionospheric delays

Hydrostatic delay: Davis (GPT)
Wet delay: estimated
Mapping function: Global Mapping Function (GMI

*Phase centre offsets and variations for GPS L5, Galileo and BeiDou satellites we
corrected due tonavailability of corrections in the current ANTEX release. Smartpt

and SwiftNav Piksi antenna corrections were also not corrected for the same
mentioned reason.

Troposphere modelling

Table5.3. YorkU PPPprocessing parameters for the smartphones.

The interaction with smartphone sensors through application programming
interfaces (APIs) makes it possible for developers to extract information. The quest to
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obtain raw GNSS measurements has beegoomg fa years before the introduction

of Androiddébs Marshmall ow version. Through t|
Electronics Association) formatted position, time and velocity (PVT) receiver data

could beextracted Sunkevic 2017)In 2018 Googlepublicly released their GNSS

Analysis Tools as part of their API in the Android Nougat version, enabling the

processing and analysis of GNSS measurements. This release enabled users to access

the PVT and raw GNSS measurements directly. GNSSloGgeg | e 6s andr oi d
application, interfaces directly with smartphones and logs GNSS data in the NMEA
format(Diggelen and Khider 2018) Si nce Googl eb6s I|Imennch, ot he
developed by various organizations for loggsmgartphone GNSS data in RINEX

formats. These logging applications include &ngnot limited to Geo++ RINEX

logger(Geo++ GmbH 2018)RINEX ON (Nottingham Scientifi Ltd 2018)

GalileoPVT(Crosta and Watterton 2018nd GRitZ logger(Kubo 2018)

Table 5.4 summarizes somef the key detailsof the current RINEX GNSS
android loggers for smartphone GNSS procesdhny.ths research work, Geo++

RINEX Logger and RINEX ON were used.
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Logged data

Logger Organization SR Carrier _
Format Pseudoranges Ephemeris
phases
GNSSLogger Google NMEA Yes Yes Yes
Geo++
RINEX Geo++ GmbH| 2.11 or 3.03 Yes Yes Yes
Logger
Nottingham
RINEX ON Scientific Ltd 3.03 Yes Yes Yes
European CSV/NMEA
GalileoPVT | Space Agency raw Android Yes Yes No
(ESA) measurement
G-RitZ Ritsumelkan | 5 11 and3.03  Yes Yes No
Logger University

Table5.4. Currently existing sample RINEX GNSS loggers for smartphones.

5.5 PPP smartphone processing

In order to perform uncombined, ddaéquency PPP measurement
processing, it was necessary that different sets of standard deviations had to be
employed for each set of hardware. The values showhabie 5.5 are derived
empirically for each set of GNSS receiver hardw@#l et al. 2017) The standard
deviations are used to determine the relative weighting between the pseudorange and

carrierphase measuremisn It is important to note that with tlemartphonesthe
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noise on the pseudorange measurements increases. As shovabléns.5, the
magnitude of the noise on the pderange measurements frahe smartphonets
much higher compared to the othretatively low-cost and geodetigrade receiver
measurements. The higher standard deviation can also be thodghnhsnof de
weighting the noisier pseudorange measurementseirestimation process, as the a

priori standard deviation determines the relative weighting.

Receiver 0 pseudor 0 c a-phasegm)
Smartphones 4 0.4
SwiftNav Piksi 0.4 0.002

Topcon NET-G3A 0.1 0.001

Table5.5. apriori standard deviations of pseudorange and cgphase measurements
used in PPP processing fawiftNav Piksi, Topcon NETG3A geodetiegrade receiver
and the smartphones

In assessing the performance of the smartphones under investigation, the
SwiftNav Piksi and Topcon NEG3A duatfrequency L1/L2 receivers and geodetic
grade antennas were used to determine a reference solution. It was expected that the
antenna type differeces between the phones and the reference receivers would strike
major distinctions in the solution qualities. The smartphone antennas are more

susceptible to multipath effects from reflected signals, as shown in the previous
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section, due to linear polaation. This phenomenon makes smartphone antennas more
sensitive to poor quality GNSS signals, as compared to geapatie antennas
(Pathak et al. 2003; Zhang et al. 2Q18)atic and kinematic user dynamics were
investigated and addressed in the subsequent segtitingdhe dutycycle of the

smartphones turned off

5.5.1 Static duatfrequency PPP smartphone data processing

The static PPP analysis was performed by setiingnuexperiment on the roof
of the Petrie Science and Engineering building at York UniversSigure 5.6 shows
the full setup of the experiment with the smartphone and SwiftNav Piksi receiver and
antenna whild=igure5.7 illustrates the geodetic reference setup using Topcon-NET
G3A receiver with a chokeng antenna. For clarity, it must be pointed out that these
two setups were not done on the same day. The reference setup was however done
around the samtéme as the smartphones. The purpose of using the geodetic setup was
to Aground trutho the point previously

Piksi receiver and antenna.
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Clamped phones

Power source and geodetic receiver Setup

Figure5.6. Setup of smaphones with SwiftNav Piksi receiver and antenna on DOY
82, 2019.

Figureb.7. Setup of Topcon NEG3A receiver with chokeing antenna on DOY 83,
2019.
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