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Abstract

Precise Point Positioning (PPB)a stanealonehigh precision positioning technigeenploying

carrier phase meamments and external augmentation or aiding prodBétBreduces labor and
equipment costsn contrast toRealTime Kinematic RTK) which relies on baseatations
However, PPP suffers from a long convergence time of 15 to 60 minutes to reach the aentimete
level. Thislong initialization time restrics the applications of PPH 0 address this problenwve

make use of accurate and precise ionospheric correclibissdissertation endeavors to improve

the ionospheric observables, Differential Code BiaseBE)Cand Mapping Fution (MF). We

then leverage thede reduce the convergence time.

To obtain more accurate ionospheric corrections, we retrieve ionospheric observables using PPP.
The ionospheric observables from the more commonly used carrier phag@estinmode method

are adversely affected lgvelingerrors. PPP offers a preferable way to reducéetredingerrors

and preserve the consistency of ionospheric correcti@meficial forshorteninghe convergence

time of PPP. We demonstrate that tlb@aspheric observables retrieved from three PPP models,
Traditional lonospher&ree, University of Calgary (UofC), and Uncombined (UPPP), all agree

terms ofDCBs. The differencesf ionospheric observablese at centimetdevel.

With the improved iongpheric observables using PPP, the stabdity internal accuracgf
satellite and receiver DCBgealsoenhancedThe Root Mean Square (RMS) of the satellite DCB
estimats is improvedfrom 0.1nanosecorsito 0.07 nanoseconds, atite day-to-day stability is

enhanced by 0.22ancseconds

Another factor affecting ionospheric corrections is the MF wischostly basean the fixed
height SingleLayer Model (SLM).To reduce the effects ¢iie inhomogeneity of the ionosphere



an lonospheric "ryingHeight (MH) is proposed and examinedesults show the mapping errors

are reduced by about 15% when the integaayingheight is exploited.

By applying the improved ionospheric corrections into UPPP, we achieve an accuracy of 0.4
meters for global constraints &a®.2 meters for theegionalconstraints at the first epochhe
convergence time for tr@mulatedkinematicmodeis reducedrom 41 to 7.5 minutem theeast

at one decimeterfrom 14.5 to 4.0 minutes in the norh one decimeter, and from 11.0 to 6.5

minutes in the vertical at two decimeters at a 68% confidence level.
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Chapter One: Introduction

Precise Point Positioning (PPP) istandalonehigh precision positioningechniqueemploying

carrier phase measurementsl axternal augmentation or aiding products. PR#ffierent from

another high precision techniqguRegalTime Kinematic (RTK) which relies on nearby base
receivers.Thereduced labor and equipment costs have made PPP attractive to upeesifer
positioning but PPP require&5to 60 minutes before the accuracy can reach the centimeter level.
Suchalonginitialization or convergence time will substantially restrict how PPP can be applied.

As we will demonstratethe ionosphere presentscatical probem but also holds enormous
promise for faster PPP. We will investigate how to obtain accurate ionospheric information using
carrier phase and how this information can then be augmented as a path to reduce the convergence

time or, to put it another wagichieve faster PPP.

Chapter One compes six sections. In sectidnl we review how PPP hadbeendeveloped. In
section1.2 we examinewhat has been done tetrieve accurateionospheric correctionsia

ionosphericmodelingfor convergence time reductiom section1.3 we identify and evaluate
significant limitations ad gaps in previous research ionospheric modelingnd augmentation
In sectionl.4 we describe the major objectives of the dissertation as wélleanajor research
activities followedby a summary of dissertation contributions. Finally, in sectidGrwe outline

the dissertation.

1.1 Precise Point Pogioning

The Global Navigation Satellite Syste@NSS is the most coseffective technology for outdoor

positioning and navigation. According &d=uropean GNSS Agency (GSA) market reptrere



are nearly six billion GNSS devices in use, #rglglobalcore GNSS market iapproximately US
$1.2 billion yearly. This is expected tancreaseby 8.3% until 2019after which the growth is

expected to decline #h6%by 2023(GSA 2017.

Theperfamances opositioning and navigatioarenormally characterizébased on the following
four areasaccuracy, availability, continuity, and reliabilitfhe accuracy makdsgh precision
positioning different from the standard positioning/e first look at the standardpositioning
techniquedvasedn codeor pseudorangmeasurementd he Standard Point Service (SPS) offers
an accuracyf severaimetersusing a stan@lone receiver. Differential GNS®GNSS)provides
betteraccuracyof one meteby forming dfferences between rovstatiors andbasereceivergo
eliminate spatially correlated measurement eriidieeffectiveness of DGNS&oweverdepends
on the baseline length between the rover and base st&imtscreasing théaseline length will
enlargeresiduas due taatmospheri@rrors In this case, aparse network is establishedwather
increase thbaselinaistancevia modelingthe atmospherierrors.Theerror correctionsan reach
tothelargeregiorslike a state or a country. The cortieasareusuallyaugmented or broadcasted
as aiding produstin the format of the Radio Technical Commission for Maritime Services
(RTCM) usinga variety ofways such as satellis, internet, radios, and phon&se technology
that harnesseageostationar satellites (GEQs) to broadcast error corrections is known as Satellite
Based Augmentation Systems (SBAB@causeltese techniqueare basedncodemeasurements

theiraccuracys still confinedto the meteror submeterlevel.

The meterlevel accuracyis a great achievement of GNSS and can satisfymost of usage.
However, the meter or subeter level of accuracy is not good enough for some special

applications, like autonomous stuff tha¢ed decimeter or centimeter level of accurady
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achieve preise positioning at the centimeter lewarrierphase observations havedi® exploited
But ambiguitiesn the carrier phase observatioreed tde resolvedAmbiguity Resolution (AR)

a complicated process needed to resolve the whole cyclesen wsing carrier phase to achieve
precise positioningSimilar to implementingDGNSS using code measuremenferming the
doubledifference of thecarrier plaseobservationss known as RTKThe baseline lengttestricts
theaccuracy oRTK and AR. The baselelength isusuallylimited to 30kilometers(Leica 2008.
As a consequenctheNetwork RTK(NRTK) methodwasdevelopedn the late 1990s timcrease
the baselinedistance. Employing NRTK, organizations, like academic institutiongtivate
companiesandgovernments collect data from permanent statiand thedata are processed in a
central server and transnaittto usersasrequestéd But this two-way unique communication link
increass the cosand limits the service within a regioAlthoughNRTK effectively extends the
baselinedistance to about 100l&meters atmospheri@rrorsbecome a challenger AR when
the distance is greater tha@0 kilometergRichert and ESheimy 200% RTK still relies heavily

on basestations angbrovides coverage at the regional level.

PPP has been developed to avoid this need for base stations to achieve high precision positioning.
Different from SPS which relies oncode measurement®PP resorts tothe carrier phase
observationsto achieve centimetdevel accuracy. And unlike RTK requiring twoway
communication link PPPusesa single receivegetting access to the correction service via GEOs

or internetin one way This efficient way toobtan the corrections paves the way for the high

columnmassmarketapplicatiors of high precision positioning.

Héroux and Kouba (199%Jere the first to propose making use of precise orbit and clock products

for point positioning. They determined these products using undifferenced network solutions.

3



Because of the Selective Availability poliey that time precise satellite clocks wethe most
challenging factarZumberge et al. (199proved the capability to efficiently process hundreds of
stations using PPP. Latétouba and Héroux (2001akplained the details aihplementingdual
frequency ionospherigee PPP models and the error corrections needed to ad@atigeter
level accuracy without creating differenceSao and Shen (200yoposed thdJniversity of
Calgary (UofC) PPP modeland the paper wasearly researb on exploiting the integer
characteristics of ambiguities in carrier phase measurentatsand Chen (2004emonstrated

the realtime PPP using theehicleand airborne kinematic positioning.

PPP has become a w&hown technique from the late twentiatbntury and has drawn much
attention in the GNSS communitynfortunatey,t he | ong i nitiali zati on
vulnerability, and thishas restrictedhe range of PPRpplications Many applications like
autonomous drivingcommercialaviation unmaned drones and precise farmingequire fast
convergence in precise gitioning.Reducing the convergence peritliereforejs essentiaf PPP

is to beutilized in many more applications.

1.2 lonospheric augmentationand modeling

Constraining precisexternal ionospheric correctioasceleratethe convergence time of PPP, but
the challenge is how to obtain more accurate ionospheric inform@tionmeviewin this section
of previous research and advances in ionospheric augmentatiomaeding examines how
ionosphericconstraints Differential Code BiasesDCBs), and Mapping Functions(MFs) can

addr ess Pmwvé&gescdirheo Thig mativateand provides a fowation for this study



1.2.11onosphericconstraints for faser PPP

Whereaghe Traditional lonospher&ree (IF) and the Uof@PP modetliminakesthe firstorder
ionospheic delays the Uncombined PPP (UPPP)odel estimats the firstorder ionospheric
delays.UPPPachievessolutionscomparablgo the TraditionalF and UofCmodek (Dach et al.
2015 Liu 2001 Odijk 2002 Zhang et al. 2012 Nevertheless, because of the role of the
ionosphere, we focus on the UPPP maaleén adding ionospheric constrain®®hen external
ionospheric information is available, it can be applied to provide a tight constraisteducs

the correlation between the position parameterstiamtnospheic parametersAs a result, the

convergence timeanbe accelerated

Banville et al. (2014applied Global lonospheric Mag&IMs) anda regionahetworkextending

150 klometersto the DecoupledClock Modelfor shorteiing the convergence time. For the float
solutions,at a threshold of one decimeter horizontal accuracy, they accelerated the convergence
time fromthetypical 30to 20 mirutes for the global scenar@mdto five minutesfor theregional

It was possible to reduce further tbhenvergence timdy fixing ambiguities, from 8.5 to 4.5

minutesfor the global and to instantaneous for the regional.

Juan et al. (20123ppled the precise ionospheric informationthe centimeter levelandthey
efficiently enhancedhe AR whenfixing theWide-Lane VL) ambiguities.RoviraGarcia et al.
(2015a)developed awvorldwide ionospheric model to support fast PRBffering ionospheric
information within one Total Eleain Content (TEC) Unit (TECU) of accuradhey improved
the convergence tintey 40to 90%for the horizontal component and by 2@®@%%for the vertical

direction.



Li et al. (2011) Shi (2012) andLou et al. (2016jmodekdthe spatial and temporal characteristics
of the ionosphere using a of the ionospheric constraint redtleconvergence and +e
convergence timeusing float solutions polynomial function.Li et al. (2011) claimed an
instantaneou$®PP AR was possible witha regionalnetwork of about 60 kilometers They
enhanced the redéime PPP ARby 25%, from 20 to 15 minutegsingGIMS andconsistent orbit
and clock products Shi et al. (2012gandLou et al. (2016)ntroduced a stochastic qaress, in
addition to the functional model, &mbsorb the random part of the ionospheric residuals. They

claimedthatthe efficiency

In another papet,i et al. (2015b¥ocused on stochastic modeling when applying the ionospheric
corrections.Working with an appropriate stochastic nehdthey achieved fixed solutiorst a
successate of 93.3% after 5 mirtesand 80.6% aftetO minute of observation accumulation for

two regional networks of 40 and 70dmeters

The ionospheric informaticalsoacceleratethe reconvergencéime. Geng et al. (2010ddcused
on fixing theWL ambiguitieswith the assistance of predicted ionospheric delays. Ta@yrted
that betweer93.3and 95.0% of the WL and NarrowLane (NL) ambiguitiecanbe repairedn

five epochswith a gap up to 180esonds

Tu et al. (2013)and Zhang et al. (2013arguedthat receiver DCBsubstantiallyaffect the
convergence time in the ionospheanstrained PPP moddihey limited theirinvestigationto
illuminating how receiver DCB influence different frequenciesBut how thereceiver DCB
influencescode and carrier phase observatibag not been addressed enou¥e will explain

this furtherin Chapter Seven



1.2.2lonospheric monitoringand ionospheric obseables

GNSS ispowerful for monitoring the ionosphereAn increasing number of permanent receivers
makes it costeffective to monitor the ionosphere continuously and glob@lymjathy et al.
20050. lonospheric products are valuable to users who nedd-d@te ionosperic corrections

for precise positioningnd faster PPRynd to scientists who need accurate ionospheric models to

characterize the ionosphdfeeltens and Scha&B98 Xiang et al. 201p

Extracting ionospheric observables isiportant GNSSderived ionospheric observables,
hereafteraredefined as the sum of ti@nospheric effectand hardware biases froratsllites and

receives. The mostcommonway to obtain the ionospheric observabiethe geometnfree
combination using the carrier phase smoothed code method. The carrier phase smoothed code
methodreduce the code noise level and avsidirect resolviig ambiguities. Unfortunately, this
method introduceteveling errors due to the smoothing processr threereasons: (1) the nen

zero mean of multipath effects on static recei®ay 2000; (2) satellie and receiver antenna
phaseand high orderionosphericeffects (Breitsch 201). and (3) shorterm fluctuatios in

receiver code and phase biaggsang et al. 201, 7Zhang et al. 2016 For the leveling errors

Ciraolo et al. (2007)eported that thearrier phasesmoothed codmethodhas noticeableleveling

errors in the range of 114 5.3 TECU, a significant magnitudleat we cannagnore

The PPP model ia preferable wayo the carrier phase smoothed code methodddudng the
leveling errors Zhang et al. (2012proposed the UPPP model for estimating ionospheric
observables, and they founHdat it effectively reducedeveling errors. Moreover, to obtain
ionospheric observableBanville et al. (2012aimed to mitigatdeveling errorsin the smoothed

code methodby using anintegerleveledmethod based on tli@ecoupledClock Model. Recently,

7



RoviraGarcia et al. (2015aalculated the ionospheric observables using the fiXedmbiguity
and float IF ambiguityMoreover,Zhang (2016summarized thenethods using the smoothed
code method, UPPP, and araged methods for retrieving ionospheric observaldlbang et al.
(2018)recently proposed a modified carrtercode levelingnethod that allows receiv®XCBsto

change freely to reduce leveling errors.

1.2.3Differential Code Biases

The ionospheric information obtained from B&ISSinterferes withDCBs Estimating DCBs is
critical for GNSS applicationtke codebased ionosphere s#ng (Montenbruck et al. 2014
Sarddn and Zarraoa 199 precise positionin@Kouba 2009aLe and Tiberius 20Q7and precise

time transfe(Levine 2008 Ray and Senior 2005

Significantresearcthas focused odetermining and analyzingCBs.Sardon and Zarraoa (1997)
examined the stability of the satellite DCiBsngleveledpseudorangever a period of 19 months
and hey showed that the standatelviation of the satellite DCBs is about Orf&hosecond$sao
et al. (2001)separated theeceiverbiases between P1 and @fto constant andime-variant
signak, and they calculated the lsas atan accuracyof 0.1 nanosecondsLeandro (2009)
detemined the intrefrequency biases of Ra1 and PZC2 biags using®?PR and the accuracy is
about 0.3 nanoseconds (nineentimetery for a single station anéour centimetersacrossa

network.

Li et al. (2012)proposeda methodusing as many as seven globatligtributed receiverso
calculatesatellite DCBs. Thegfound that thealculated satellite DCBs haveeiableaccuracy of
approximately0.1 nanosecondscomparable to results from othkternational GNSS Service
(IGS) ionosphere analysis centeY§ang et al. (2015andLi et al. (2016agextended this method
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to multiple systems Montenbruck et al. (2014¢alculatedthe satellite DCBs using a priori
ionospherianformation from the GIMdo avoid the ionospheric modelinghis enabledhem to
calculateDCBs from systemsther thanGPS. Furthermoresanz et al. (2017andZhong et al.
(2016b) analyzed longerm satellite DCBvariations and jumps. They showdldhat satellite
replacement caused these ldegn variationsIn addition Coster et al. (2013ndZhang and

Teunissen (206) investigated temperatuependent variations in the receiver biases.

Much researclon estimating DCBshoweverhas beerbasedon the geometrfree combination
of smoothed code measuremeiitise leveling errors from the smoothed code measureméesits af
estimating DCBs. When more accuraeospheric observables are available, DCB estimation can

beimprovedcorrespondingly

1.2.4lonospheric Mapping Functions

As mentioned,lte GNSSderivedionospheric observablese coupledvith satellite and receiver
DCBs. TheseDCBs adversely affedhe GNSSderivedionospheric observablgs obtain the
absolute ionosphere TEC ahdve tobe separatedf we are to calculate eadrccurately. The
technique used to separate the DCBs and G8ESed ionospheric effectss ionospheric

modeling(Li et al. 2012 Sard6n and Zarraoa 1997

For thisionospheric modelingn MF is required It conversthe lineof-sight Slant TEC (STEC)
into the Vertical TEC (VTEC), and vice versa. The ratio of STEC to VTEC gheBIF. This
ratio is based on thassumption of the SingleLayer Model (SLM)whereall the electronsare
condensednto an infintesimal thickness layer at a sindéer height. ThéVlF depends on the
elevation andn theionospheric effectivéeight of the SLM We address only the latter in this

dissertation.



In investigating the roléhattheionospheric effectivéaeight of theSLM plays inthe MF, Lanyi
andRoth (1988)proposed that this heighefixed between 350 and 400i&meters atan average
altitude of maximum elémn densityHernandezPajares eal. (2005)establishedheionospheric
effectiveheightbetween 350 and 650 kilometers by deriving the height from GPS data distributed
worldwide Brunini et al (2011)investigated how the singlayer heighsetbetween 300 and 550
kilometersaffecs VTEC and DCB estimates. They concluded taatiniqueheight aes not
achieve zero conversion errors and that solar agtitilne of year, and latitude affectede
conversionerrors Wang et al. (2016)demonstrated that every00-kilometer increase in

ionospheric effectivlaeightresults ina difference of about 1 BECU in VTEC.

To estimate théonospheric effectivéaeight of the SLM Birch etal. (2002)proposed an inverse
method that useeverheadobservations to calculate the inclination rates of iheukaneous
vertical and slant observations. However, the method cannot reach a consistent ddfgheatt
times, locatiors, and levels of solar activityNava et al. (2007ninimized mapping errors to
determine the height using the Coinciding Pierce Point (CPP) metiich defines two
lonospheric Rerce Points (IPP) within 0.2 latitude. They found that tamiddle latitudesthe
mapping errorsverefive TECU duringquiet geomagnetiperiods and as high as 60 TE@QUring
disturbed periods. Thegisorecommendedetting theeffective heightat 400 klometersfor the
guiet and 500 ilometersfor the disturbedAnd to make theicalculationsZhao and Zhou (@218)
minimized the satellite DCBsthat are compared to products fronthe Center for Orbit
Determination in Europe (CODE). They fourtdat the derived height ha@n N-shaped

relationshipto latitude
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Theionospheric effectivleight isregularlyfixed to make ionospheric modeling convenieRor
example, 350 lometersis applied to the Wide Area Augmentation System (WA&Sanchet

al. 2003, and 450 Kometersis applied tathe GIMs (HernandezPajares et al. 2009However,

what stands in the way of working with a fixed effective ionospheric heighei¢act thathe
ionosphere is not homogeneous. The effective height varies as a function of location, time, and
levels of solar activity. For this reasan,Chapter Sixwe harness an lonospheric Varying Height

(IVH) MF instead of a fixed height to redaithe mapping errors.

Some literature had investigatesinglVH to model the ionospherkeitinger et al. (19983pplied

a latitudedependent mean height to capture the latitude gradient. They found that moving 50
kilometershigher than the height of the peak density yielded a reasonable ¢igbdred to their
simulated dataMushini et al. (2009usedan IVH derived fromionosonde data&Komjathy and
Langley (1996)applied thelnternational Reference lonosphere (IRd)show how the integral
height changeup to 150 Kometersbetween day andight. They found a differencef up toone

TECU between the fixed height of 400dmetersand thelVH. And they estimated combined

satellite and receiver DCBs instead of sepagdtiem

1.3 Limitations of previous work

Based onwhat researchers have doner#irieve moreaccurateionospheric correctionsia

ionospheric modeling and to reduce the convergence time ofviRPidentify four problemsor

gaps

(1) PPP offers a preferable wapmpared tothe smoothed code method to obtain ionospheric
observables in reducing levelimgrors. Butthe problem has ndieen adequately addressed

whether the bias terms in the ionospheric observables from the three PPP models and the
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smoothed method areonsistent. We also ask how accurdite different ionospheric
observables are

(2) Most research on estimating DCBs has bieasedon the geometrjree combination of the
smoothed code measurements, but these measurements cause leveling errors. OncedPPP is us
to reduce the leveling errors, based on the work in (1),rhoehthe estimation of the satellite
and receiver DCBsan bemprovel needs tde investigated further

(3) Using a fixed ionospheric effective height is problematic for ionospheric MFs bedause t
ionosphere is inhomogeneous. An IVH MF is preferable. We ask howthergeapping errors
are and howthe IVH affects ionospheric modeling and DCB estimation.

(4) Although much habeen donen ionospheric constraints, only a small minority of studies have
looked at how receiver DCBs impact the code and carrier phase measurements at different
frequencies. Wéhink how receiver DCBs affect the ionospheric constrained UPPP model still

needs serious attention

1.4 Objective, research activitiesand contributions

Our major objective is to speed up PPP. By using ionospheric information, we address the problem

of longinitialization time. To achieve this, we identify four research activities of the dissertation:

(1) To derive ionospheric observables using the three P&d2Is1 Weanalyzehow these PRP
derived ionospheric observables are different from those derived frosmntbethedcode
method. And we investigate just hoaccurate and precis€PRderived ionospheric
observables cane,so that they cahe exploited for ehievingfor faster PPP

(2) To improve the accuracy afatellite and receiver DCBs. The DCBg coupledwith the

GNSSderived ionospheric observables, and these DCBs are usually estimated in the
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ionospheric modeling. With improved ionospheric observablasgu8PP we can achieve
enhanced satellite and receiver DCBs.

(3) To reduce mapping errors by usiang IVH MFinstead of a fixed height MF. Because mapping
errors severely affect ionospheric modeling and ionospheric corrections, we investigate how
largethe maping errors impact ionospheric modeling as compared with the commonly used
fixed height.

(4) To accelerate the convergence time of PPP by exploiting ionospheric augmentation and
applying ionospheric information. We investigate global ionospheric VTEC andnedgio
STEC by modeling receiv@®CBs. One practical result is thagerscanmove freely between

the regional and global networks without too much loss of accuracy.

In short, his dissertatiorfocuseson the following three aredse speed up the PPP converge
time: (a) retrieving precise ionospheric observables based on carrier phase observédi)ons
modeling theionosphee using IVH with temporal and spatial variatioms separate the clean
ionosphere from DCBsand(c) applying this ionospheric augmentatandmodelingthe receiver

DCBs To be noted, thdissertation only focuses on GPS.

The major contributionsof the dissertation, which correspond to the four research activities, are

summarized here

(1) The ionospheric observables using theee PPP modelandcarrier phase smoothed code
methodare derived;
(2) The consistencgf the ionospheric observablasdDCBs extracted frorthethree PPP models

andtheaccuracyof the ionospheric observablessdemonstrated
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(3) Improvement othe DCBestimation using thelPPP model by reducing the leveling errisrs
achieved

(4) ThelVH MF toreduce the effectsf the inhomogensusionospherés proposednd examined;
and

(5) Faster PPP when applying the ionospheric SBE@VTEC constrained UPPP by modeling

receiverDCBs s achieved from field tests and analysis

1.5 Dissertation outline

The flowchart belovof the dissertatiom Figurel-1 maps the threkey enginesEachis marked
in blue. For the first stagewe extract theaccurateonospheric observables from PPRor the
second, we model the ionospheric observablesmapibvethe DCB determinatiorn the network
ends For the thirdwe apply the ionospherinformationandDCBsto accelerate PPP convergence

time in theuserends
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Thedissertatiorcontains eight chapters. The overall outline is as falow

engi

ChapterTwo examineghe fundamentalanceptsemployedin the dissertation. We start withe

GNSS measurements necessary for keeping all equations and notatimositeétfed. Because

nes

correcting errors in PPP is the prerequisite for high precision positioning, details on related error

source and corresponding mitigation strategies are explained to show how we correct the errors.
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We also explairthe TraditionallF, UofC, and UPPP modelShe other six methods for faster PPP

are described to fill in the whole picture.

Chapter Three offers an overview of the ionospheric characteristits better understand
ionosphericnodeling.The chapterounds outwith a discussion ofonosphericmodeling MFs,

the related ionospheric models in the dissertation, and how we can evaluate their performance

Chaper Fourinvestigates whethethe bias terms from different ionospheric observables are
consistent. Because PPP is increasirigiyng employedo precisely determine mmspheric
observables, we focum analyzing the ionospheric observables based othtbePPP models

and compare them with the commonly used carrier phase smoothed code. method

ChapterFive, which with Chapters Six is about network enaddresses criticalissueof how
much thdevelingerrors affecsatellite and receivéCB estimationAnd we improve the satellite

and receiver DCBs using UPPP.

Chapter Sixevaluate mapping errors and quanég how the IVH impactsonospheric modeling
and DCB estimation. Because a uniform height for the day and night does notrekd&t yath

thevarying heightsis applied.

ChapterSeveraddressesserends. Here wapply the external ionospheric information to achieve
faster PPP by modeling receiver DCB&e external ionospheric informatiactsas a constraint
on the UPPP modelThis constraintreduces the correlation between position parameters and

ionospheric parametets shorten the long convergence time.

ChapterEight summarizes the essential findingsd illuminates pathfr future research based

onourresearch and conclusions.
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Chapter Two: GNSS Observdions, Error Sources, and PPP models

GNSSobservationand error sourceshe threePPP modelsand related equationall of which
arefoundationafor understanding theissertation, are discussed in this chaptesection2.1we
describe GNSS observations and explain the equations and notatiomsnossthe dissertation.
Section2.2 explains13 error sources and the corresponding mitigation strategies. In s2cion
we show how the three PPP models and stochastic models work. We step back ir2sktdion
look at the big picture of faster PPP. We reviewcsimplementarynethods that researchers have

developedo reducethe convergete time of PPP
2.1 GNSS dservations

The two basic GNSS observations are canlg carriephase measuremen@ode measurements,
also known asgeudorangamneasure the time a signal takes to travel fsaislliteto receiver. The
noise of the codean betypically at the decimeter level, and this is continudyng improved
due to GPS modernization and new constellatimisg developedCarrier phase measurements
are significantly more accurate than cods, the millimeter level.But the carrier phase
measwementgenerate a relative distance at the expense of integer andsdilie variancewe

adopt for thecodeandthe carriephase measuremerdrer® m? andr@t 1T an?.

Code and carrier phase measuremémtsluatfrequency receiversanbe expesseds:

0 O Y Q Q Q Q O » O -
0 O ™ Y Q Q Q Q o) » O - -
O ™ Y Q Q Q Q o _f0 o o (1)
v S o ™ Ya Q Q@ Q ro_tdb & @& -
where
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is the code measurement at frequency j (j=1, 2) (m);
is the carrier phase measurement at frequency j (m);
is the distance fromeceiverto satellite (m);

is the light speed,

is the receiver clock (s);

is the satellite clock (s);

is the troposphér delay (m);

is the satellite orbit error (m);

is the relativity effects (m);

is the Sagnac effect (m);

is the sitedisgacement effects (m);

is the ionospheric delay aloadine of sight atthe 0 frequency (m);
is the ambiguity at frequency j (cycle);

is the wavelength at frequency j (m);

is the multipath and measuremenise(m);

is the receiver code biases at frequencys1j 2) (m);

is the satellite code biases at frequencyg 3, 2) (m);

is the receiver phase besat frequency j (F 1, 2) (m);

is the satellitephase biassat frequency j (F 1, 2) (m); and

“98
)
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2.2 Saurcesof error

Various error sources cause GNSS signal distortion and degradation in the code and carrier phase
measurements. As mentioned in Chapter One, a prerequisite for achieving faster and centimeter

level of precise positioning is to mitigate theseors at centimeter level, of which there are four:

1)the satelliteds position  ;and the time of the

2) the atmosphere and most especially the ionosphere affect signal transmission causing
atmospheric delays aradlvancd effects;

3) solid eath tides, ocean loading tides, and polar tides cause site displacements which need to
be compensated for when the user is on the ground; and

4) because all GNSS signals are Right Hand Circularly Polarizelsmtromagnetigvaves, and
because a ntratMads|(CoM)és difere@ &om the transmitted signal, phase

center discrepancies at the satellite and receivéneed tdbe addressed

Unlike RTK which forms differences between rovers badestations to mitigate or reduce these
errors,PPP is atandalone positioning techniqubat does not depend on reference stations. Each
error has tdecorrected for PPRNe take into account four factors: how large are the errors; how
the errors vary; how to mitigate them; and how maoh error residualkeft after making the

correction

We distinguish betweerrequencyindependent and frequendgpendeniGNSS errors in the

following two subsections
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2.2.1Frequencyindependent errors
2.2.1.1Satellite orbit

The position othe satellites and the time of signal transeionare requiredor calculating the

u s epogitisn. They are callettie satellite ephemerjgind it includesrbit and clocknformation

The orbit errorsare dividednto three directions: alortpe-track, acrossthetrack, and radialOf
the three,adial errors are the smallest because the measureaneimshedirecion of the earth.
This is beneficiaprecise positioningbecause user positioning accuracy depends on the projected

orbit errors along the line of sight direction.

The way to mitigaterbit errors is to apply orbit productBhere are six types of orbit products.
Table 2-1 showsbroadcast ephemeris and IGS G&#fellite orbitproducts.Orbit products in
navigation information are called broadcaphemeris. Thegre predicte@4 hours aheadbased

on measuringsatellite motion andhe gravity field. Furthermore, precise GPS satellite orbit
products have beenguided by IGS analysis centelisce 1994(IGS Analysis 2018 As Table

2-1 also shows, theiRal orbit and rapidproductshave the highest accura@ around 2.5
centimetersbutthe mapid producthiavemuchshater latency, from less than one to less than two
days. IGS UltreRapid productswhich containthe observedhalf and predictechalf, make it
possible for reatime gplicationsas they areipdaed four times daily. The orbit productsith

the observechalf aretwice asaccurateasthe predicted halbrbit products. The orbit accuracy of

the broadcast ephemeridesst accurateat arouncbne meter.
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Table 2-1 Summary of broadcast ephemeris and GPS satellite orbit produst

Orbit Product type Accuracy Latency Sample Reference
Interval
IGS Fnal ~2.5cm 12-18 days 15 min (IGS
Products
IGS Rapid ~2.5¢cm 17-41 h 15 min 2019
IGS UltraRapid (observed half ~3.0cm  3-9h 15 min

IGS Utra-Rapid (predicted half ~5.0cm  reaktime 15 min
Broadcast ~100.0 cm reattime 2h

RTS ~5cm reaktime 5/60 s (RTS 2017

ThelGSRealTimePilot Project Call ér Participation was released ind0to contribute tglobal
reattime applications. Th®ealTime Service (RTS) which camento servicein 201Q provides
the satellite orbit and clock corrections in hate Space Representation (S&Rinat through
NetworkedTransport of RTCM via Interet Protocol (NTRIPJReattime Service 201)8As seen
in the last line of Table 2-1, the proposedaccuracy isfive centimetersfor RTS products

(Kazmierski et al. 2013

Since the sample interval of satellite orbit products differs from the data sampling rate of raw
measurements, an interpolation method usually must be appligigtosatellite products to
observation levelsFor instance, the precise orbit products @ré5 minuteintervak, whereas
observations from IGS stations are usuatla30 secondlata rateFor theIGS precise GPS orbit
products,Yousif and E{Rabbany (2007¢ompared four interpolation methodsgrange, Newton
Divided Difference,Cubic $line, andTrigonometric Apart from the Cubic Spline, the othéree

differ marginally atone centimeteaccuracy

21



PPPsolutions are a whel system; thereforeonsistent model conventisrior error corrections
and external products are requi&buba and Héroux 200)bFor our research, we appinal

products from CODHo keep consistency
2.2.1.2Satellite clock

The quality ofsatellite onboard oscillatorglirecly affects clock errors.GPS commonly uses
Rubidium or Cesium oscillators, bubalileo uses thenore accuratePassiveHydrogenMaser
Clock. The broadcast clock erspmodeledas quadratic growtlare doutthreenancsecondsthat

is, equal to oneneter.

Like orbit errors the way to mitigate clock errors o apply clock products. Asplayed inTable
2-2, final products have the highest accuraatyabouf75 pgcosecondg2.25 cm) with a delay of
12 to 18 daysRapid producthiave comparable accuracy bvith muchshorter latencyfrom less
than one to less than two dafut the clock sample intervad enlargedrom 30seconds to five
minutes. Fiveminute sample intervas noisier andlegradeshe precisionof clock products. The
IGS Utra-Rapid products make aktime applicationgossible, but the clock sample interial
extendedo 15 mirutes Theobserved haltlock productsare 20 times more accurate than the
predictedhalf productsatthe same sampling rate. The clock accuracy of the prediateproducs
downgradsto a levelto aboutameter For the RTS clock product)e proposediccuracy is 0-1
0.15 rancsecond or three to fiveentimeters(Kazmierski et al. 2008 Compared to the orbit
products, clock products demand high frequent update rateh&mtoick accuracy antlesample

intervalmainly limit the accuracy ofeattime PPP.
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The way to interpolate the products mattersich more than the orbit productdue toclock
variatiors. Hesselbarth and Wanninger (20@Bjowed that shoterm clock stabiliy depends on
clock types used on satellites largersample interval of satellitelocks,say15 mirutes results
in poorerPPP positioning accuracy and l@ngonvergence time/Ne apply the30 second-inal

products from CODE as well for this study.

Table 2-2 Summary of broadcast ephemeris and GPS satellite clock produst

Clock product  Accuracy Latency Sample Reference

type Interval

IGS Fnal ~75ps RMS, ~20 ps STD 12-18days 30s/5min (IGS
Products

IGS Rapid ~75psRMS, ~25ps STD  17-41h 5 min 2019

IGS UltraRapid ~150ps RMS, ~50 ps STL 3-9 h 15 min

(observed half)

IGS Utra-Rapid ~3.0 ns RMS, 1.5s STD reattime 15 min

(predicted half)

Broadcast ~5.0 ns RMS, 2.5 ns STD reattime 2h

RTS ~0.1-0.15 nsSTD reaktime 5/10 s (RTS 2017

2.2.1.3Receiver clock

Most GNSS receiversesort to the quartz crystal oscillatdue toits low cost. Its frequency
difference ranges from about 0.25 to 200 part per millgmmj, where one ppm ig 1t . For the
L1 frequency, 0.25 ppmis equal to a frequency discrepancy at about 400 hertz
(Mg v pmt pu XU p m).Theone secondtability ishigh at the shorterm, andthestability

for a dayis reducedy two to three orders of magnitu@disra and Enge 20)2
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As is well-known, it takes about 70nillisecond (h—hT

p mtms) for a satellitesignalto

reach areceiver.As mentionedpseudorangeneasurements are established by calculating this
transmittingtime. Onemicrosecondcauss an errorin the distancef 300 meters Therefore, the
receiver clock is estimated epoewlisely as a state vector to take into account range errors caused

by receiver clock errorghis is also why a minimum of four satellites is needed to obtain position

solutions.

The receiver cldc error is theoreticallyinboundedbut manufacturersisuallyrestrictthe error
inside a certainrange. This is called thereceiver clock jump phenomenoManufactures
commonly constrain the receiver clock error within a millisec@@do and Zhag 2014. When
thereceiver cloclerroris larger than one millisecond, the receiver clisckdjusedautomatically

to restrain the offset withianemillisecond.
2.2.1.4Troposphec effecs

The troposphere is a nalispersive medium, which means troposphdgtays are the same for
radio signalsat all frequencies Tropospherieffects compris¢he Zenith Wet Delag (ZWD) at
theregion from zero to approximately 11 kilometers, andZith Hydrostatic Delas(ZHD) at
altitudesfrom zero to approximatel5 kilometers The averagmagnitudes otheZHD and ZWD

areabout 2.0metersand 0.2meters, one order less.

TheZHD makes u®0% ofthetropospheric delay§hese can be corrected rather precisely using
tropospheric model§ he Saastamoinen modahployed inour studycompute the tropospheric
delays using the meteorological dataeZHD canbe calculateavith avery highlevelof accuracy

up to 0.2 milli meterswhereprecise pressure dasae available.Unlike the ZHD, lowever,the
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ZWD is hard to model presely because othe uncertaintyaboutwater vapor. As a resulthe
ZWD is usually estimatedlong with other unknown parameters in PPiRe ZHD andZWD are
exhibitedhere(Petit and Luzum 2030

T8t T ¢ CM X

(3 p TWINMAPH TWrnnmnrote P

(2-2)
pPguu
7% M8 QQ(—)(Y— T8t v 0

where

“Y s the temperature in kelvin;

C

is the total pressure

Q is the partial pressure due to water vapor;
%0 is the lditude and

O is the altitude.

The Qobal Ressue / Temperature (GPTis appliedin computingthe pressure and temperature

(Kouba 2009

Whenthe zenith tropospheric correctmior a ground receivesireavailable, the slant delays can
be computedby projecting the vertical direction usiagropospheriéAF. The Zenith Total Delas

(ZTD) aregivenhere:

L 4$0 WO D A0 (2-3)

whered PAT (A  are the MEBfor thewet and dry components.
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And theMFsfor dry and wet are generally written @setitand Luzum 2010

00 —— b . (2-4)

OEQa w

whereQ s the satellite elevation angle in radiandcfohA T dare empirical coefficiesthat are
determined by the hydrostatic and wet compaeithe troposphere. Among the MFs, the Global
Mapping Function (GMF) is a statéd-the-art empirical modethat depend on the statioa s
latitude, longitude, height, and day of y¢Boehm etal. 2006§. We use th&sMF to canpute the

tropospheric MFs iour research
2.2.1.5Relativistic effects

The relativistic effects comprise Special and General Relatiifity effectsare causedty relative
motions and gravity potentia{Zhu and Groten 1988For exampleGNSSsatellites move ahe
speed ofaboutfour kilometers per secorat analtitude of about 20,200ilk metersabovethe
Earthb surface. Sinc&sNSS satellites travel at anuch higher speedthan GNSSusers on the
ground satelliteclocks will, in accordance witlspecial Relativity, tick slowethan theclocks on
theground Due toGeneral Relativity, the clock moves fasé¢ian altitude 0f20,200km with a

smaller gravity potential.

The relativistic effects have tmefactored in Special Redtivity causes the onboard clockmove
sevenmicroseconds slowgemwhereasGeneral Relativitymakes the onboard clock movib
microseconds fastgrer day The clocksonboardgo about 38 microsecondssterthan the same

clocks on the groundrhe atomic cbck frequencyis adjustedo be slowebefore thesatelliteis
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launched This Special Relativitycounteract the General Relativistic effecte make sure the

satellite clock and the clock on the grouiuk at the samé&equencyrate(Pogge 201y

To quantify the magnitude of tteetual relativistic frequency offset from the above conventional
hardware offset due to eccentricity induced veloahd potential variations Ashby (2003)

calculated the effects:

v Y
oY O» (2-5)

whereQ s the relativistic effects, an®"A 1 &"are the position and velocity of the satellite at

thetime of transission This term can be up to meter.
2.2.1.6Sagnac effect

The Earthoés rotati on auridg signaldrasmssion cause thiddgnat h e
effect The useb docation on the Eartlis determinedin an EarthCenter Earth-Fix (ECEF)
reference framedhat is,a rotating frameAs mentioned before, when a signal propagates from a
satelliteto receiver it takesapproximately70 millisecond to reach the groundeceiver The
Earthd sotation will movethe receiver to another locatitwecausehe receive moves with the
Ear t h 0 sThe Sagnad effegsio correctthe coordinates of the transmittiegtellitesto be

in the inertial system at the time of receptibhe magnitude ahe Sagnaceffect is approximately
200nanosecond®\pplying the followving equation can correct theashby 2003:

L
@ o3 (2-6)
w

where
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Q is the Sagnac dkct;

w is the speed of light;

> is the receiver velocity ianEarth-Center Inertial (ECI) reference framand
9 is the vector between receivers and satellitesiBCl referencdrame

To make it simple to computdshby (2003¥ormulated this equation:

¢ O

Q = (2-7)

wherg i s the earthods Jrotx@twgppup Pi@yxOiQwldisthh i s

swept area from the rotation system parallel to the equightaize.

2.2.1.7Phase wineup effects

The rotation of antennas betwedhe time of transmitting andeceiving for carrier phase
measurementsauses lte phase windip effecs (Navipedia 2018Wu et al. 1993 Since, as
mentioned, allGNSS satellites transmé Right Hand Circularly Polarizationelectromagnetic

wave,theobservedarrier phase varietue tothe rotatios of satellite and receiver antennas.

These phase windp effects can be up to decimelevel errorsif not mitigated when computing
satellite orbit and clock productdnd whenreceivers are static, threceiver atenna does not
rotate and remains toward a fixed direction. Batelliteantenna rotateto control their solar

panels toward the sun. This slownotion can still result in avind-up change in carrier phase
measurementé\s an aside,dr kinematicpositioning, the receiver antenna rotati@mabsorbedh

receiver clocksolutions
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The windup effects can be up tmecycle forundifferenced precisgositioning The effects are
critical to integer ambiguity resolutiofikouba and Héroux 200)1bModeling can mitigatehe

phase wind up effectasseen here:

.. 0
% 1 Q@O0 0 MWhig_— (2-8)

where

0O Q QX Q 0Q;

0O Q QQX; Q QxNn

Q is the satellitereceiver unit vector

Q is theunit vectorof satellite body coordinase and
Q is theunit vectorof receiver local coordinase
2.2.1.8Receiversite displacement

When anchored to the ground or a building, the receiver suffers from site displacesredreéady

noted, die displacementsiclude solid earth tides, ocean loading tides, and polar tides.

Gravitational attraction forces from external bodies, mainlySine and Moon, cause coordinate
variations to the receiver on the ground. The sedidh tids containpermanent and periodic tidal
displacemerston the reference point attached to Baethd srust.Thesolid tidal effects fluctuate
up to30 centimetersin the radialdirectionandfive centimetersn the horizontal The solid earth
tide has to be corrected to obtain centiméteel positioning. The International Earth Rotation

and Reference Systems Service (IERS) 2010 model correcteffexds(Petit and Luzum 2030
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Ocean tides on the crust underlying the ocean basin cmadlorvariations and a surface
displacement arountte ocean The magnitude of ocean loading tidesone order smaller than
the solid earth tidesOceanloadingis localizednearthe ocears. For receiverdocated 1000
kilometers or mordrom the oceanscean loading cahe ignoredKouba and Héroux 200)b
Whendata areshorter than 24ours or where the receiver is less than 1000 kilometers from the
ocean, the ocean loading mi& takeninto account to reacbentimeter levepositioning.The

IERS 2010 model also correaisean loadingrrors

Polar tidesare causedy periodic bangs intheEar t h 6 s Bifferemt fromxthe $igh
frequency solid earth tides, tphelartidescomprise a slower cycle. It hasasonal and Chandler
(~430 days)periodic variatios. Polar tide corrections need Earth Rotation Parameters (ERP).
Polar motian influences the heigldtirection in the order of abo@b nill imetersandthehorizontal

direction abousevemmill imeters
2.2.1.9Receiver noise

The receiver itself causesaeiveror measurementoisewhenmeasurementre generateduring
signal processingrhesources of thisoisearethermal noise racking loop jitter, and interference

effects.Receiver noiséescribes the uncertainty of the measurements.

A zerobaseline test can quantifiye receiver noisélhe equations for code and carrier phase are
expressedn (2-9). After forming the double difference,all other errorsare eliminatedexcept
stochastic errors, ambiguities in carrier phaselgeometry range When it is a zero baseline, the
geometry ranges are zero. If ntite geometricange can be removed using #rewn receiver

and satellite coordinates.
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-y WY Yy
(2-9)
-y YR Ny Y

whereny refers to the double differencAs Raquet (1998has shown, the code noise level
increases from 15 to 58 centimetarisen anelevationdecrease from®(0° to 5°. The maximum
STD of the carrie phase measuremerior the L1 and L2 fothe geodetiegradereceiverare0.8
and 1.3 nilimeters The receiver noisis reducedvhen the elevation increasas to 43, at which

point it stabilizes
2.2.1.10Multipath

Multipath signalsa majorfocus ofresearchn recent yearose asignificantthreatto precise
positioning and ionospheric modelingultipath signalsare receivedn ways other than along a
direct line-of-sight path (Misra and Enge 20)2They getreflecied, diffracted or scatteed as
illustratedin Figure2-1. Consequentlymultipath measurements are weaker than direct broadcast
signals.For GNSSsignals al. bands, any smooth surface, suchmgtal, water, glasgr awall,

will interfere. regularsharp edgg uneven foors, foliage,andstreet signgan also cause the

multipath

Figure 2-1 lllustration of multipath
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Multipath influenceghe magnitudes differently farode and carrier phaseeasirementgRay
2000. The code multipath can be calculated using -fiemjuency code and carrier phase

measurementdEstey and Meertens 1998pits 2012

00 0 B —EK &K (2-10)

whereCand Qare theindices of frequencies. This equation eliminates the geometry and the
ionosphere components. The ltipath effects from code and carrier phase, ambiguity, and noise
remain. However, dudtequency measurements cannot quatify the phase multipath. One more

frequency is needed.

For code the magnitude of multipath errors is typically ®@61.0 meters.For carrierphasethe
magnitudes two orders lowel).5to 1.0 entimeter However,multipath errors can be up tg v 1
meterswhena widecorrelatorspacefor C/A (Coarse/Acquisitiontodeis used andas much as
1& wm for carrier phase ian extreme saeario like an urbancanyon.Signals affected by
multipathalsohave a sidereal day correlatiomhe multipatheffectshave a dayto-day correlation
with a time offset ofhreeminutes 56 seconder static stations due thesatellite orbit repeating

evel sidereal daylLachapelleet al. 2014.

Multipath erros aredifferent from receiver noisand cannot be averaged out. Four ways are

routinelyused to mitigate multipatbrrors

(1) Because thenvironment profoundly affects thoadcast signathe antenndocation needs

to belocated where it will not be impacted bwiltipath;
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(2) Antenna desigieanreducemultipath errors.Selecing a multipathresisant antennasuch as

the Chokering antennaanrejectweakersignals from near dselow the horizon.

(3) Improving the signal pocessing techniquéhat is,narrowing the early and late correlatossl

boostthe ability to resist multipath.

(4) Snce multipatherrorsnormally occur atlower elevatiors where there is weaker than usual
signal strengthwe can use data processingrnodel theerrors Down-weight the measurements
based on elevatioar 670 effectivdy decreasethe contribution from the measurements with

multipath.
2.2.2Frequencydependent errors
2.2.2.1Satellite and receiver antenna phase center offset and variation

Antenna phase centeorrections include two componerids satellites and meivers theantenna

Phase Centerf@et (PCO) andheantennaPhaseCenterVariation (PCV)

The preciseorbit products are witmeferencdo the CoM whereasGNSSsignalsaretransmitted
with reference tdhe satelliteAntenna Reference Poi(ARP). The dfference betweethe CoM
and ARP cause theantenna PCQerrors To achievecertimeterlevel precise positioningthe
satellite antenna PCO must be appliedlign the preciseproducts tahe ARP offset. The phase
center correctiomaremostly in the diretton oftheEarth and Surthat is,in thez- andx-directions
as opposed to thedjirection along the solar pan@ouba and Héroux 2001bThe phase center
is highly variabledependig ondifferent antennas. Typicaltheeffects camesult in goositionirg

erroratthevertical componendf 10 eentimeters(Lachapelle et al. 20)4

33



PCV is oneorder smaller than PCéndrelies onbothelevation and azimuth. IG&8fers anadir
dependent satellite antenna PCVeammia file. IGS was used to corréaerelative GNSS antenna
phasecenter correctionsBut beginningin November 2006, IGS hasvitchedto the absolute
satellite antenna PCV model. Because of the absolute thtisatellite productare suggested

be usedogether withtheirantenna product® preserve consisten¢gchmid et al. 2007

The receiverPCO and PC\Wependon receiver antenna typels.is commonly assumethat
receiver PCV is absorbed by the receiver cl@zkh the satell# and receiver antenna information

from IGS stationss recordedn thestandardi*. AT X 0 (IGS Prodactss20)8
2.2.2.2Differential Code Biases

As se@ in equation2-1), ® fro andA M are the satellite and receiver hardware delays on
P1/P2 code and L1/L2 carrier phagatennas, cables, the freend as well as different filter
loops in the satellites and receivecause liese hardware delas/(Hauschild and Montenbruck

2016 Hegarty efal. 20095.

DCBsreflect the total time delays in the hardwarel differ from frequency to frequency (e.g.,

P1 and PR They also diffedepending on thgype of code measuremesit the same frequency
(e.g.,P1 and CX It is worth noting that P1/C1 bies are essential in PPP and needed correcting

to keep consistent with the clock produ@scause the biases are highly correlated to clock errors,
they are available only i@ relative instead ofibsolutevalue. See Figure 2-2. Across the
dissertation, unless otherwise specified, when we speak of DCBs, we refer to DCBs between P1

and P2Theyare defineasO® ;| & & .
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Figure 2-2 lllustration of DCBs

Satellites and receivers both genefaBs thatcan reach t@everalmeters. The magnitudes of
the GPS satellite DCBs usually range from ab&Qtto+10 rancsecondsn thetime domain,that
is, -3 to+3 meterdan distanceLi et al. 2012 Sardon and Zarraoa 199%ang et al. 2016 Previous
studies show that satellite DCBs are stable. Thetalalay variation is 0.05ancecond(0.15 cm)
Root Mean SquareRMS) (Dach et al. 2016 By contrast, the receiver DCBs can Uge tofive
times larger andignificantlyless stable than satellite DCBsnlike satellite DCB, a variety of
conditions such as different hardwaredtempeatureadversely affecteceiver DCBgZCiraolo et

al. 2007. DCB products are provided by the IGS amlaily basis as a kyroduct ofthe GIMs

Also, satellite DCBs ae directly related to theie of Group Delay 4 ) in the broadcast
ephemeris4 compensatesor the interfrequency biass to keepthem consistentwith the
satellite clock for single frequency user$ie relationship betwedghe4 andthe DCBs can be

diagrammed:
066 p Y O €'QQi Qo (2-11)

OneDCB is equal to the scaled plusan offset{(Gao 2008Ray and Senior 20Q0%Vilson et al.
1999. As just mentionedDCBs areupdatedevery day whereasthe Tep is updated quarterly

based on the factory catdtion value and variatiain DCBs. Onemethod toestimate DCBss
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ionospherianodeling(Sanz et al. 201 Bchaer 1999 The othewayto determine the DCBIs by
a pre-determined ionosphere model such as G(Mentenbruck et al. 20)4Sanz et al. (2017)
said that both methods shouldrovide similar DCB accuracy.Neverthelessusing the pre-

determined GIMs has ¢hadvantage of being abledalculateDCBs for othesatellite systems

As we know, DCBsare estimatedn the ionospheric modeling. Of particular nokengterm
variatiors in satellite DCBs are not affected by ionosphere variatighong et al. 2016cQuite
the contrary, the satellite replacemantthe zeremean constraint are responsible for the fong

term variatios (Sanz et al. 201 Zhong et al. 2016¢c

We give he relationship between tiie combination code biasand single frequency biastmt

will be usedn the Traditional IF PPP model:

(2-12)
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By introducing DCBsthe following relationshifppetweenF combination code biases and single

frequency biasesan be derivedasseen here:
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2.2.2.3lonospheric effects

Theionospherganges from about 60 to more than 1000 kilometers abevetBar t hds sur f

is the dynamic, inhomogeneous, and ionized part of the upper atmosphere, charged by solar
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radiation. Different from the troposphereetionosphere is a dispersive medium, which means the

value of the delay depends on the frequencsigsials.

The ionosphere has delay effeoh the groupandadvanced effects onthe phase. Thenagnitude
of delay and advande almost equal, abouvo to tenmetersin theverticaldirection(Misra and
Enge 2012 The delay and advanedfectsareevenlargerat alower elevation wherprojectedo

the line of sight.
A more detailed description of the ionospheric effectacludedin ChapterThree
2.2.3Error budget

To review all error sourcesTable 2-3 summarizes th typical range magnitude, thgpical
magnitude ofesiduals after mitigation, ariderelated correction models usidthis dissertation
To repeat, lie accuracy of PP&ependsn our ability to correcerrors. Unless all the errors are
appropriately ntigated it will be impossibleto achievecentimeter leveprecisepoint positioning

and obtain precise ionospheric observables
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Table 2-3 Summary of various errors in GNSS measurements

Type of Errorterms Uncompensated Compensated Notes
errors
Satellite orbit ~1.0m ~2.5cm Precise GNSS
Satellite clock ~0.75m ~2.25cm orbit and clock
Receiver clock error | Depends Estimated Estimation
Sagnac effect ~75m ~mm level (Ashby 2003
Troposphere ~2 m for ZHD ~mm level Model correct
~up todm for ZWD | Estimated Estimation
Frequency | solid earth tide ~dm level ~mm level (Petit and
independen| Ocean loading ~cm level ~mm level Luzum2010
Polar tides ~cm level ~mm level
Relativistic effects ~up toameter ~mm level
Phase wineup ~2-4 cm(up toone | ~mm level (Kouba and
half cycle) Héroux 2001b
Multipath ~m for thecode Depends
~cm for the phase
Satellite antenna PCQ ~2 m ~cm level IGS ANTEX
Satellte antenna PCV| ~cm ~mm level (Kouba and
Receiver antenna PC{ Depends Absorbed in Héroux 2001
Receiver antenna PCY ~cm receiverclock
Satellite DCBs ~m level ~0.1ns IGS products
Absorbed in
Frequency Receiver DCBs ~m level receiver_cloc_:k in
IF combination
dependent

Satellite phaseias

~ cm (less than one
cycle)

Absorbed by
float ambiguity

lonosphere

~2-10 m for vertical
delays

~cm for higher | IF linear
order delays combination
2.8 TECU External GIM
products
~cm level Estimation
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2.3 PPPfunction and stochastic models

We exphin threecommonly usedPPP modelsthe Traditional IF PPRhe UofC, andthe UPPR
For the sake ofsimplicity, the errors in thdasic measurements of equatiga-1) aboveare

corrected and will ndbe displayedn the equationbelow.

Deterministicmodels describe the mathematic relationdiepveen the GNS8bservations and
unknown parametersyhereasstochastic models describe the uncertainty and random errors of

theseobservationgnd parameters
2.3.1PPPfunction models
2.3.1.1The Traditional IFPPP model

The IF PPP model is thmost commonly usedt removes the firstorder ionosphéc effects by
taking advantage of the dispersive featarthe ionosphergs weshow below(Kouba and Héroux

2001h Zumberge et al. 1997

C2

" MO W oY)
“ (2-14)

" 0O

Ea -
<

(oxp

where the estimated float ambiguityis 0 MM Q MQ_0 Q Q Q_©0

) ® ® ® ,andtheestimated receiver clogk' Q@@ ‘® 6

Supposing satellites are observed at an epoch, there woelkt observatns in the IF PPP
model. The unknown parametened  QEHOEIYI® . ,  with three coordinates, one

receiver clock, oneenith troposphere delagnd¢ float ambiguities The total number of the
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unknown parameters s ¢. The degree of freedomm¢ v, and this is the same for the other

two PPP models that we describe below.

It is worth bearing in mind thahe satellite clock errsrare(G@® @ ), becauséhe satellite

clock producs are estimatedsingan|F combinatiorfrom the IGS analysis centefihe estimated
ambiguities absorb both code and phase biases. It can bieseaquation(2-14) abovethat the
ambiguities ardloat solutions,andthe amliguity integer chareteristics cannot be exploitexnt

fixed to integerslue tobiases.
2.3.1.2TheUofC model

Gao and Shen (200Ryoposed replacg the IF pseudorange with the avgeaofthe pseudorange
and carrier phase observatipnssulting in a new model known as the UofC modéis UofC
model also eliminates the firstder ionospheridelays because the firsirder ionospheridelays

for code and phase are equal but oppaditegn. The nodelis diagrammedhere:

0 & ™ 0
LAY O Y m_0 ™™

0 ™ 0

O® ™ Y M_0 ™ - -

0 0 (2-15

Q Q Q Q
x . Q. Q . " x
o®d O Y t_o0 t_0 o] o] w w
Q Q Q Q

Similarly, given thate satellitesare observedthe number of observationsas in the UofC
model. The unknown parametered®d  Q&EXAO YW . , M . 4 ,and the number

of unknownss c¢ u.
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The UofC modekan potentiallyrecoverthe integer character of ambiguities by estimating the
ambiguity at each frequency. The method also speeds up the convergentethe decimeter

level, albeitslightly, because the IF pseudoramgeasurementre replaceavith new phaseode

measurementhat contain dower noise level.

2.3.1.3TheUPPP model

If the ionospheric delays are estimated as unknown parar(ietarslro 2009Zhang et al. 2012

the UPPPmodel carbe explicateds:

ot bB & b8 & Y 0 08, 08
:::7 o e ) . i P e
" 0w o 0w YT O — 08 ; (0¢’s)
N - o ‘; (2-16)
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If auser obsernt satellites, the number of observationghir UPPP model is¢, withos v

unknown parametersf & ~ QMEYYD, , W, 4 W g
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The estimated ionospheparameters are highly pertinent to DGBshe UPPP modeMWhen the
satellite clockis correctedusingthe IF combinationclock products, the estimated ionospheric

observablesiere carbe expresseds
© ° o 0® | o 0 | (2-17)

2.3.2Stochastic models
2.3.2.1Stochastic properties tie observations
The code and lm|se measurements are assumed to be indepesmutiteir noise errorare
Gaussian distributianVhen all the error variancese addedthe variance for phase and code
observationsre giveras
., Y& o] OKN , , \ , (2-18)
where
Y is code/carriephase error ratio;
® hw are constat valuesor carrierphase erra;
‘Qx  is theelevation;
» isthe STD ofephemerigrror(m);
» isthe STD ofionosphereorrection errors (m);
» is the STDof troposplere correction errgr(m); and
» is the STDof codebias eror (m).
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The STD for thdinearcombinedmeasurement noise éeterminedusing the error propagation
law. For example, asientioned abovehe variance ofthe IF code combination observati®rs

enlargedto three timesgreaterthan the variance for the raw observations, sipce

— — . X

2.3.2.2Stochastic properties tie parameters

The unknown parametease dividednto threecategoriesconstant, piecavise linearandepoch
wise The constant parametaemainthe sameluring a session. For exampllee coordinates in
static moe, the code and phase differentishses andthe antenna offsetere modeledas a
constantThe dynamic covariance for tisenstanparameterss setto zero. The piecewise linear
parametes representontinually changing variables. For example, the tropospheric delegs
representedising a polynomial function.The epochwise parametersonstantlychange during
every epoch. Receiver clock, kinematic a@inates andstochastic ionospheritelays arethree
suchtypes of parameters. They cdre modeledasthe RandomWalk (RW) or the first-order

GaussMarkov process.

The RW, from the literal meaning is a person walkingpackward andforward with equal

possbility. The dynamic model for RW expresseds

~ ~
g

W O h Uy Ao (2-19

where

() is the unknown parameter;
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0 is the noise;

N is the spectral densitgnd

C

is thecovariance of procesmise

On account of R/ wothe variance of the(RW parameters increases as timpmgresses
(Petovello 2013 If a parameter decayin a function ofexponential autocorrelation, it cdre

modeledasthe GaussMarkov processThe autecorrelation functionY 1 for this parameter is
written as followswith ,, as the temporal STD of the process anas the reciprocal of the time

constant, about® @,X :
Yt o, X (2-20)

Similarly, the dynamic model forthe first-order GaussMarkov processis representedby the

following equationgGao 201%:

wo fTw d,m d,
P (2-21)

6 Q @ o Q r
ag P L

The GaussMarkov processs commonly usedecause it matches a wide range of physical
processsand careffortlessy be describednathematically.

2.3.3Comparisonof the threePPP models

The three PPP methods are float solutiariee presence of satellite and receiver hardware delays,

clock errorgand initial phase shst The three®PPP modelsliffer in threeways
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First, the wayeachdeak with ionosphere information variehe Traditional IFand UofC both
eliminate firstorder ionospheric delay$8Vhereas hie former makes use of its dispersive feature
for different frequencies at the same type of measurentieatlatte employs the firsbrder
ionospheic delaysfor code and phagbat areequal but oppositef sign. The UPPP modegbn the
other hand,estimates slant firgtrder ionospheric delays. If no external information and

constraintsaare addegdthe thred®PPmodds producethe same solutions.

Secondtheresiduals are differeribr each modelGiven thatthe a priori varianceof code and

phase measurements greand, , the a priori variancdor the IF combinationof code

observations is ., ., y& X , and thisis three times larger than

the variance othe raw observatian For the UofC model, the griori variance is, -0

and the residuals for each combined observation are diffétentever, the noise levelhich
denoteghe combined measuremenisstill the saméor each frguency observatiomhis means

the internal consistencies agree with each other

Third, the UPPP modeWwhich uses raw measuremeptgserves the original physical model of
each error componenespecially forthe ionosphere and biase3hus, the UPPP modeis
advantageouwhen we dd multifrequency and muksystem observationdind moreimportant
still, the external ionospheric information can be applied to provide a tight constraat
constraintgeduce the correlation between the positand the ioospheric parameterand as a
result, the constraint can accelerate the convergenceBewause of the role of thenosphere,

our dissertationas mentioned in Chapter Omeainly focuses orthe UPPP model
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2.4 Faster PPP

PPP taked5 to 60 mirutesto reah the centimeter levdbr ThreeDimensional(3D) RMS.
Bisnath and Gao (200&tated that approximately 30 ratesis needed to reach one decimeter
usingIGS final 15 minuteorbit andfive minuteclock productsSeepersad and Bisnath (2014)
conducted a weelong statistical study of 300 global statioasd theyappiedthe IGS finalffive
minute orbit and30 secondclock producs to evaluateonvergene performance. Ithe static
mode, they found that 10 minutaserequired for 85% of the data to reach positioning accuracy
at two centimetersBut it takesabout 25 mintesin the simulated kinematic mode to reach that
accuracy at a 75% confidence levelo reach one decimetdrou et al. (2016)¥ound that 47

minutesis neededor GPSonly PPP irthesimulated kinematic mode, at a 68% confidence level.

As Bisnath and Gao (200@pinted outthe high correlation of coordinate parameters and other
unknown parametersausethe convergence time. This correlation is pertinent to the number and
geometry ofusablesatellites receiverenvironmem and dynamics, observation quality, sampling

rate,pesudorangaoise and multipath.

2.4.1PPP Ambiguity Resolution

As mentioned,AR attempts to fix the carrigphase ambiguities as integees a strategy for
recoveing the precise carriephase measuremen{$eunssen and Montenbruck 2017AR
indicates the recovery of carrier phase measurements. PPP AR is chaltestgindy because it
is acomplicated procesbut also because ofractionalCycle Biases (FCBs), also known as
UncalibratedPhaseDelays (UPD). Urike RTK which forms the doubledifference to eliminate
theseFCBs, PPP ARnust addresthe FCBs.Therefore, thé&=CBshold the key to resolwng the

ambiguities in PPPTo solve the UPDthere arewo methodsonedeterming theFCBS the other
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absorbs the EBs using thertegerRecovery @cks (IRCs)(Collins 2008 Laurichesse et al.

2009).

The FCB method predetermines the betwsatellite WLandNL FCBs. At the serverend, the
WL FCBs are estimated usirige MelbourneWiubbena (MW) combination. The NL FCBs are
computed beforehand using the fi lonospheréree (IF) ambiguities and the fixed WL
ambiguities. The FCB products arelative biasesbetween two satellites due to the rank
deficiercy. The WL and NL FCB products from a server are then adopted to fix the rover
ambiguities. With the ambigty fixed solutionsGe et al. (2008jound a 30% improvemenin
agreemenivhencompared to the IGS weekly coordinate soluti@eng et al. (201lihvestigated

a small networkn Europe and found that 10+ minutesr@required to fix 90% of the between
satellite WL FCBsat anelevationgreaterthanp v. And extratens of minutesvere requiredo
achieve the stable NL FCBs. Furthermore, the quality of FCB productsecamprovedurther

by considering other error$o addres®rbit errors Wang (2014)proposed an enhancecthod
that estimateshe NL FCBs Wang concludedthat aconvergence time of 18 mitescan be
achieedto reachfive centimetes RMS in the horizontal componerit a 68% confidence level.
Li et al. (2016b)alidated tlis effectiveness by including the orbit erroespeciallywhen the real

time or poor orbit produs are employed to improve the quality of NL FCBs.

The IRC method separateode and phase clociSollins 2008 Laurichesse et al. 20R9.ike the
FCB method, e WL FCBsare obtained using the raw MW combination observations as well
Butinstead of forming theingledifference between twsatellites to retrieve the betwesatellite
WL FCBs, thelVL FCBs are estimated directly by setting a reference stateserver endVith

the fixed WL ambiguities, thanteger clocks arestimated to absorb tiéL FCBs The Centre
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National D'études [@atiales(CNES offers integer clock product@he PPPWIZARD project

2010. At about tle same timeCollins (2008)proposed the BcoupledClock Model to separate

the phase clocks from the code clocks to enhance phase clock pretigbmhe FCB method
assumes the FCBs to be constatihekeydifference between the FCB and IRC methodsneas

the IRC method absorbs variations in the phase clocks. Overall, these two methods have been

provento be on paatthelevel of millimeter positioning(Geng et al. 201§ Shi and Gao 2014

2.4.2Multi -frequency PPP

Single-frequencyreceiversdominde the mass markedlue to theilow cost(Chen and Gao 2005

Le and Tiberius 2097 Thelargesterrors for singldrequency PPRreionospheric delayslhree

ways are used to mitigate theFirst, the ionospheric delays are corrected using external models,
for example the Klobubtar model and GIMs. Positioning accuracy can only be as good as the
accuracy of the applietbnosphericcorrectionsfrom the external models. Seconthere is the
Group and Phase lonospheric &ibration (GRAPHIC) model.It averages code and phase
measuremas,that is,® O 3 0 , to eliminate the firsbrder ionospheric effects, because the
first-order ionospheric delayge the same ioode and phase but different in signs. BBeRMS

for the GRAPHIC model can achieve arca@cyof about0.5 nmeters Third, theionospheric
delays are estimated as unknownise horizontal and vertical accures, around 0.23and 0.34
meterscan be reacheahenthe temporal, spatial, and stochastic characteristics of the ionosphere

are considereBock et al. 2009Chen and Gao 2005hi et al. 201p

L5 and L2 civil signals are becomingaalable. More than on&equencysignalis effectiveto
remove or estimate the firstderionospheric effectdealing withthe ionospheras critical for

high precision positioning. This dissertation addressesfcegliency data processirig addition
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a thirdfrequency signails comingavailable These three frequenciesfer one more observation
andare helpful to reduce the convergence time by providingxtra WL combination to enable

fast ambiguity resolutiofGeng and Bock 2013. et al. 2014aWang 2014.

The tireecarrier ambiguity resolution is a cogmtional way to resolve ambigigs for triple-
frequency positioning. To be more specific, the extide-lane ambiguitiesire fixedfirst usinga
5.86 metemwavelength based ahe MW combination between L2 and L5. Then the L1AVE
ambiguities are resobd with the help of the fixed L2/L&xtraWL combinationthelL1/L2 MW
combination, and their corresponding IF combination. Accordingitet al. (2014a) a few
minutes were sufficient to acquire reliable fixed solutions based on simulat@nSimilarly,
Wang (2014)achievedinstantaneousAR, comparable to RTKGeng and Bock (2013also
confirmed the efficiencyf fixing ambiguities usingriple frequencies, and they held treafew
minuteswere still requiredinder strong multipath conditions. Diverse frequency sigal®bust
and immune to interference. Whaccidental interferenasith the L2 frequencyccurs usersan

still track theL1 and L5signals

2.4.3Multi-GNSS PPP

Conducting PPP with multiple constellatiorsswhatmulti-GNSS PPRlenoteslt increases the
number of satellitesand more satellitesneanthe geometrys strengthenedror PPP in static
mode, the accuracy aftédre convergence of 60 minutssmarginally mproved But for PPP in

kinematic mode, the enhamteonvergence time is significant.

Cai and Gao (2013) showed30% enhancement in the convergence time when GLONASS
addedWhen GPS anGLONASSare harnessedu (2013) reported thahe raw measuremesit
shorten the convergence titoavithin 10 mirutesata threshold of 10entimetersin the horizontal
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direction. Lou et al. (2016)found that the convergence time toharizontal accuracy of10
centimeterswas reduced from 36.5 to 16.5 mtas,at a 68% confidence levdliu et al. (2016)
implementeda four constellation PPP and achieved tb#owing positioning accuraes for
static/kinematic mode$.2 mm / 2.1 cmNorth), 6.0 mm / 2.2 cmHast) and 9.3 mm / 4.9 cm

(Vertical).

Multi-GNSSPPP is advantageousaaverseenvironmens like an urban canyon because there are
newsignalsand more satellitg®dijk 2014. Newsignals enabléheacquisition of the low signal
to-noise ratio and seitive tracking. More satellitealsoincreasdhe robustness and continuous
positioning inenvironments thareadverse oobstructedFor example, imnurbancanyon multi-
GNSS users can achieve precise positioning evenahitth elevation cut offup to 40 (Li et al.
20153. However, when the sky blockagesesere any improvement is insignificantoecause
observingthree oreight satellites along a line does not makechdifference.However,Multi-
GNSS PPP does ngtiaranteenore accuracyOdijk 2014. Thetwo challenges for mukGNSS
PPP are ARand cycle slip detection. More satellitessult inmore ambiguities and cycle slips.

And alarge ambiguity vectowill slow down theAR.

2.4.4PPP-RTK

PPP and RTK are not mutly exclusive. By improvinghe way tomodel errors and how to
transmit these errorBPRRTK has been advancéalreduce convergence tinaedmeet practical
applications(Geng et al. 20%1Teunissen and Khodabandeh 20WHibbena et al. 2005PPR
RTK canincorporate global ancgegionalservices to achiee faster PPP and ARPRRTK is also
advantageusin communicatingerror correctionsising SSRIn contrastto PPRRTK, network

RTK needsusers sending theapproximate coordinates torrectionservice providersThen the
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correction service providers a@drorsto virtual observations and transmmtObservation State
RepresentatiofOSR) to the subscribersThis twoway communication and unique correction
servicemakeRTK hard to mass market. To overcome the-iway communication, PRRTK
employs SSR anttansmits the corrections visingtheinternetor GEOs.Wiibbena et al. (2005)
first prgposedSSRby implementing PPP in real tim8SR has tleenoteworthyadvantages(1)
SSR represents each error and its variance individizdlh error came modelediccuratelyby
considering different propertieff is also easy to identify the problem which error has a prgblem
(2) low bandwidth is enougfor large areasThe lowupdate rate isiccurate enougfor stable
parameters like orbit and atmospheric correcticarsd the high update rate imeededfor
parameterdike clocksthat dependan accuracy requiremestand(3) errors are independeof
reference stationg.his mean®®PRRTK can achieve seamless and consistent positioning with or

without a networkand with a high level of flexibility and scalability

Regarding the convergence time of PRPK, Li et al. (2011)held that PPARTK canpotentially
offer solutiors similar toRTK, but onlywhenthe orbit, clockandphase and code bias products,
and the precise atmospheric delays providedHowever,Geng et al. (2011thought that 15 to
30 minutesare still needed to obtain reliable ARynd they fixed the WL usinghe MW
combination withno atmospheric constrainZhang et al. (2011)implementedboth dual and
singlefrequencyPPRRTK and significantly improved positioning accuracy frogecimeter to
centimetetevels,at the horizontal componenthang et al. found that a convergence time of five

minutes can be achieveahdthe overall average is 15 minutes.
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2.4.5Integration of Inertial Navigation Systemand PPP

Thelnertial Navigation System (INS) provideslativelyaccurate positioningn a short time with

a data rate exceeding 208rtz.Butits accuracy is confined to lostigrm errors when sensor errors
accumulateThe GNSSoffers absolute positioningral at a lower output data ratgut the GNSS
signals cannot be received ind@mdare influencedy many factors, like tall buildings, tunnels,
andtrees. The integration ohe INS andGNSSbecomesmportantin the realtime applications

for offering cortinuous and reliable positioning solutions, especially in challenging envirosment

like urbancanyors or forestswheresignalinterference an@llockageis frequent.

GNSS signal interruptios causecycle slipsand result in a reonvergence periodlhe re-
convergence happens wharreceiver loses its lock on one more satellitesRe-convergence

frequently occuren adverse environments.

INS is helpful fordetecting and identifyinthe cycle slipss itoffers a shortperiod ofprediction.
Kjarsvik et al. (2010examined loodg- and tightlycoupled integration of PPP withe aid ofa
mediumaccuracy Inertial Measuremie Unit (IMU). They found that the looselycoupled
integration had anarginal effect comparedo the purePPP. By contrast, the tightoupled
integrationmproved the accuracy by 3040%.Du andGao (2012jested tacticaland consumer
grade IMUs to detect and identifgycle slips, and botiMUs achievechigh levels of confidence
performanceRabbou and ERabbany (2015mplemented the tighttgoupled integration of PPP
and Micro-Electro-Mechanical $stems(MEMS). They achieved suimeter level positioning
accuracy during &0-secondoutage and decimetégvel accuracy when the outageas10 to 30

seconds
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2.4.6 Troposphericconstraints for faseér PPP

When the firstorder ionospheric delaysre eliminatedrom the Tradiional IF PPP modekhe
tropospherdecoms the largestsource ofunmodeled errors. Tropospheric delays composed
of hydrostatic and wet delays, withnaagnitudeof aroundtwo meters. The hydrostatic part, the
majority componentmakes u@0% oftropophericdelays It can be modeled and correctied
millimeter accuracyMisra and Enge 20)2However, the wepartis hard to model due to rapid
variations of the water vapor. Therefore, the \patt is usually estimatedWhen a priori
informationfor the wetdelaycomesavailable, it can be applied tmnstraintropospheric delays
from the coordinate parameters to shorten the convergence Tinseespecially redues the

correlation with the height component.

Shi et al. (2014)described thedelively of tropospheric correctianby means ofoneway
communication from server wser They achievedaftera 20-minuteconvergencgea positioning
accuracy of 9.2 entimetershorizontally ad 10.1 entimetersvertically, in contrast to 13.2
centimeterand 18.3 entimetersvithout tropospheric augmentatiddliveira et al. (2016jurther
extendedhis methodo a secongbrder fitting model byaddingGLONASSto GPSsolutions. But

the accuracy wasnly marginally improved2% (East), 5% North),and13% {ertical).
2.5Summary

PPPhas become an important precise positioning techrofjoeany commercial products, such
asRTX and OmniStar from TrimbleGeo++, ublox, Qianxunweizhi,TerraSar from Novatel,
Veripos, StarFix in Fugro, Staréifrom NavConas part oflohn Deere. ThEPPapplications and

users will increase over times PPP is continually improvedhis is due to three strengths that

53



PPP has: PPstmplifies datgrocessingit holdsthe promise of centimetefevel accuracyandit

does not requireeference statian
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Chapter Three: lonospheric Characteristics and Modeling

lonospheric modeling is the way to separate the ionospheric TEC franasiespecause satellite

and receiver DCBs corpti the GNSS ionospheric observablés.betterunderstand ionospheric
modeling therelevant characteristics of th@nosphee are reviewedn section3.1 Section3.2

gives therelated informatiorof ionosphericmodelingincluding strategiesMFs, the commonly

used ionospheric models, and the ways to evaluate the performance of different ionospheric

models

3.1lonospherecharacteristics

The ionosphereanges from about 60 to 1000 kilometers aboveBler t hds sur f ace.
dynamic and ionized part of the upper atmosphere, contaigimficant numbers of free electrons
and ions Ultra-violet and wavelength photonsom cosmic and solar radiatiorcause the

ionization

The ionospheres stratifiedinto four layersp, E, F1,andF2 (Bohm and Schuh 20)3Figure 3-1
profiles electrondensityduring day and night at solar maximum asaolarminimum, measured
against altitudeThetwo solid lines areat solar maximunfor the day and nighgndthe twodasled

lines areatthe solarminimum.
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Figure 3-1 Electron concentrations duringday and night at solar maximum and solar
minimum. The solid lines map the valueof solar maximum yearsand the dashed linesof

the solar minimum years (https://rexuscats.wikispaces.com/Scienge

TheD layeris closest to the earth. It rangesm 60to 90 klometers andas thin electrons. The
normalelectron density is arouri TA | . At night, the ions and electroeembine andau®
the D layer to vanisilhis produce distinct variatios in the electron densitglose to sunrise and

sunset

TheE layerranges from 90 td40kilometers above the Earth and haypzical electron desity
ofp mMA I . This layerbecomeshin at night but does notanish. ltdepends on solar actiigt
andis less affected bynagneticdisturbancse. Therefore, he Chapman model can adequately

explain thevertical electron densityf the E layer
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Next comes th&1 layerwhichranges from 40 to 20 kilometers Thetypical electron densitin
this layerisp A [ . The layer existgluring thedaybut disappears aight, asthe solar zenith
angle controls the layelts electron density ithe summeris larger tharwinter. This region can

be reasonably explained by the Chapman model

The F2 layerstretchesrom 200 to 1000 Kometers This stratumhas themaximum electron
density, aroungp 1 p TMA | atan altitude of 3000 400 klometers This F2 layer has the

most variations and anomalies. We explain the anomalies bekbe subsectio.1.2.1.

3.1.1Variations of the ionosphere

The ionospherés characterizethy largescale changes and sudden fluctuations that depend on
solar activitiesWe describe the temporal and spatial variations during quiet and disturbed solar

geomagnetic conditioria this subsection

3.1.1.1Regular variations in the ionosphere

Cyclesof solar activiy directly affect the ionospher One such cyclehé 11year cycleisrelated

to the solar cycleTheWolf sunspot numbeand thel0.7 centimetesolar radio flux are two ways
to characterize solar activit) sunspot is a darker amolerregion on the surface or photosphere
of the Qun.LiketheE a r tmhagaetic fieldsunspots are th® u nnéagnetic field but thousand$
timesstrongel(Sunspots and the Solar Max 218 sunspot can lastom several hours to several
months. The numbeaf sunspas is computedwith the number of group sunspatefioted byQ

andanumberof individual sunspas (denoted by ):

Y opin i (3-1)
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Figure 3-2 covers three solar cycles apdedictiors based on sunspot numbeAt the time of
writing, wearein cycle 24. The sunspot numbers in the maxn year are less than the previous

two yearsAnd the sunspot numbers are decreasing in these three cycles.

Cycle 24 Sunspot Number (V2.0) Prediction (2016/10)
7 ——T

““““ T T

Hathaway NASA/ARC

Figure 3-2 Solar cycle prediction from NASA (Solar Cycle Prediction 201Y.

The 10.7 centimetesolar radio flux {O g) measures the total emission of 10.7 centimeter
wavelengths. Measurements of the wavelengths are at 10.7 centimeters because the wavelengths
are sensitive to conditions in the upper atmosphere. As we can se&ifjora3-3, the™O g

mirrors well the sunspot numbers.
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Figure 3-3 The monthly average radio emission ah wavelengthof 10.7 cm. Thevertical

scale units are in solar flux units v ¢ 0 5 » ) (Tapping 2013.

The durnal anomaly denotesthat the electron density peak at 14:00 local time. Since the ion
production rates are closely related to the intensity of solar activé\electron densitgught to

peak when thew is overhead at noon local time. However, the number of electrons peaks at 14:00
local time because the recombination process caasess of electrons. When the ions and
electrons at noon are at maximum, the recombination is also Tinghefore, themaximum
numberof electrons occurs at 14:00cal time whenproduction and recombination process

balances are considered.

Theseason anomaly means themberof electronsat noonis higherin winterthan summeWhat
causes this season anomaly is similah&diurnal anomalthatthe recombination rate is higher
in summer than winteiChe [O] is in proportion to the Photoionization raad 0 Jand [0 ] are
proportional to the recombination ra@uonsanto 1999 However,[0 becomes less active in
cold(Jakobsen 2020which results in lower recombination rate in winfnisoccurrences more

noticeableatthe middlethanthelow and high latitudes.
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The euatorialanomalyis also calledthe Appletonor Geomagnetic anomalyt happens when

ions and electrons move from the magnetic equatabéait p v northor south of the magnetic

equator Assuming theneutral windgoesperpendicular téhe magnetic field, this wind pushes

the ionswestand electronsast; that ign opposite directios This movementreatesheeastward
electric field®@. Consequently, theastward electric fiel@®and the magnetic field®produce an

upward@ @& movementThe velodiy is diagramed i§3-2) here:

b — (3-2)

This dynamic resultsin a plasma fountaifiSkone 200y, it causes a doubleumped structure

around the equator

Geographic variationglescribehow ionospheric electronare distributedgeographically The
geomagnetic field is essenti@r forming the ionospher¢Komjathy 1997. Based on different
latitudes and the geomagnetic fieldetionospheric regionsrea divided intoequatoria] mid-

latitude, and aurordbolar)regiors, as seein Figure3-4.
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Figure 3-4 Geomagnetic and ionospheric regiondMemarzadeh 2009.
The euatorialregionextends ta; 1tnorth and soutlof the geomagnetieequator(Memarzadeh
2009. This region typicallyhasthe lagest electron density, andeidsilysuffers from ionospheric

scintillation. The equatorial anomaly is1e of the mostommonanomalies.

The mid-latituderegiors,the most stable and least disturbstdetcifrom theedge of the equatorial
togeomagneti@ 1tnorth and soutiMost GNSS instruments are in the Northern Hemisphere mid

latitude region. Hence, the Northern Hemisphere-latitLide region is easy to model.

The airoralregiors coverfrom ¢ 1tto the pols. The magnetic field line in the auebmregion is
almost verticabnd thisresuls in more charged particles descendingh®E layer. Theaurorais
a visiblemanifestatiorof this. This region can bsuldivided into the auroral zone from @ v to

X UL, and polaiice cap.
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3.1.1.2Disturbancsin the ionosphere

Geomagnetic stormare disturbancein the geomagnetic fieldA geomagnetically quiet day
signifies that the geomagnetic field changes slowly and gradually. By contrast, disturbed days
signify sudderand rapid variations in the geagnetidield. TheSun emis or ejectsarge,charged
particles, known as theolar wind.When thee particles explode on the surface of B, the

E a r tgbotagnetic fiels are severelyaffected. Tlese explosiors account for geomagnetic

storms andurora

lonospheric stormm areionosphericdisturbance that appear following geomagnetic storrasd
canbe characterizely three phaseBuonsanto 19991n theinitial or positive phasgheelectron
densityis enhancednd reaches ifgeak orighest pointwhencompared to the pretormnormal
statusandlastsseverahours. In thenegative phaséehe previous peak electron density decrsase

and it can last a few daysn therecoveryphasethe ionosphere electron dengiggurnsto normal

Two indices the Kp and Dst indicae geomagnetic activityExtracted from 13 magnetic
observationstheKp index averagethe planetaryhorizontal intensity of th magnetic fieldThe
planetary Kp indexanges from zero to nine corresponding to minor and extreme stdfigare

3-5 shows the Kpndex November26 to 29 2017 from the National Oceanic and Atmospheric
Administration (NOAA). The green bars indicate minor geomagnetic disturbatieegellow and

red major disturbances. The figure shows that a geomagnetic or ionospheric storm possibly

occurred on May 28, 2017.
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Figure 3-5Kp index from NOAA (Planetary K-index 201§.

The other indexthe Dst, reflects disturbances in the geomagritid near theequator Dst is

negative under thgeomagnetiadisturbance. The smaller thalue is, the more severe the

geomagnetic disturbancEigure 3-6 below presents the Dst indégkom the World Data Center

(WDC) for geomagnetism iMay 2017.The data show that a geomagnetic disturbance occurred

May 28.This aligns with the Kp index.
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Figure 3-6 WDC for geomagneism, Kyoto (World Data Center for Geomagnetism 201).
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3.1.2lonospheric propagation of GNSS signals
3.1.2.1Refrection effectsof the ionosphere

The velocity ofradiosignal propagation iavacuumis constantatthespeed of lighttd ¢ p T
meter/secondbut whenthesignal enters the atmosphere, it refracts causing velocity change. The
refractive index of a mediung ] is the ratioof thespeed d light to the speedd§ and the speedhi

theionospherianedium () (Misra and Enge 21R):

(=g oS!

(3-3)

When the refractive indeis consideredlongwith the propagation patlthe atmospheric delay

due to refractiortan be mapped:
" gaQa” ¢ pQa (3-4)

where

Y is the transmitter

Y is the receiver;

Qa is the differential length elemerand

” is the distance between recewand transmittex

To calculate ionospheric delayhe AppletonHartreeequationgivesthe phase refractive ied ¢

of the ionosphereas seen hel@etit and Luzum 2010

64



& & . (3-5)
P o & Tp & ©

where®d —hd — ¢ y— —Ii "Qg—is the angle betweendimagnetic field?and
the propagation path; ¢* " the circular frequency to frequen&ywhich apply to plasma

1 , plasma frequenc¥2 gyro] , gyro frequencyQas well;and —1 —

In addition the electron plasma and gyro frequenaies
jo3 wd "0aQ; p& U O (3-6)

Due tothe GNSS signal frequencie® "Qand™Q "Q, the equ#ion in (3-5) abovecan be

expanded intohe Taylor seriesasshown here ir§3-7):

¢ op S0 Zaw So Sod p AT O (3-9)

where®d ® ® — 8

3.1.2.2Total Electron Conterandionosphericdelayor advance

Oncethe phase refractivindex¢ of the ionospherdnas beerapproximagd and the physical
constants substited (see abovgs-5)), the refractioreffectsfor carrierphase and code calmen

be convertedio the geometricdelay or advance Integrating thetraveling speed along the
propagation patigenerates this delay advance. W derive the range propagation difference for

carrierphase and codgere(Petit and Luzum 2010

65



Q
e el o @9
-u-ﬂh 0 C 0 o 0
where
0 isthe range propagation difference €arrierphaseat afrequency’Q
(o is therange propagation difference fitve code atafrequency’Q
i TR Qn
Y ppcup T, 6 wEl
Y O pp&c0 Q" pdx WP, 06 p wE QN
0 is the magnetic intensity déihe IPP located at the intersectiobetweerthe ray path going

from satellite to refrence reeiverandthe thin shell (in Teslagnd

— is the angle between tlikrection ofsignal ray popagation anthe magnetic fieldP at the

IPP.

Equation(3-9) above showthatthe ionospheric erro@renegativefor carrierphaseand positive

for pseudorangerhis means the phasggnalsadvance whereaghe groupsignals aredelayed.

The term— is calledthe first-order ionospheric delay. Similarly, therms— and— are the

second and thirdorder delas or highrorder ionospheric delayPetrie et al. 200)1

The firstorder ionospheric delagr advance is inversely proportional to the squafehe

frequencyandis directly proportional tahe TEC. The magnitude of the firgirder ionosphere
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effects is at meters and can be up to tens of meters duringdlmyhactivity. The slant delays can
be larger than 100 meters,especiallywhen a satellitas acquiredat a low satelliteobserving
elevaton during signal propagation. The fustder ionosphere delay is about 99.9% of the
ionosphere effects. The secemat higherorder ionosphéc delays are 1000 times smaller than
the firstorder erros, at millimeter tocentimeter levelsThe higherordereffecs are often ignored

during conventional data processihge to marginal effects

Based on the ionospheric delé8/9) above TEC is essential for calculating ionospheric errors.

This parameteis the cumulave number of electrons along the propagation path avitblumnof
pa :
4 %# UQa (3-10)

TECis representeth a unit ofp 1t el/m?. OneTECU corresponds to th@.16 metedelay for L1
and0.27 meterfor L2. Asthe ionosphere is governed by the Sol&C variatiols depend on the

solar activity TECalsohas a solacycle,together withseasonal, diurnaand location features.

3.1.2.3Scintillation

lonospheric irregulaiiges or turbulence cawe scintillation,a rapid and randorfluctuaion of
GNSSsignals It results in shorterm fading When scintillation is evee, loss of signal lock
occurs, especiallwhen the signal intensity is lower than the tracking thresholdddition L2

and L5 ggnals are more vulnerable to scintillation thansignals(Kintner et al. 200).

Scintillation comes in twoforms, amplitudeand phase.The"Y index s used to characterize
amplitude scintillation.We get the'Y index by dividing the STD of signal intensity 1 by its
average for a given of period, usually in®&@ond intervals:
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nY g = (3_ 1 1)

whered Qs the expectation algorithiflY ranges fronzeroto one The valuefrom zero t00.3

represents weak scintillatipfrom 0.3 t00.6 medium, and frord.6to 1.0 strong.

Phasescintillationis quantified bythe, index This index isthe STD of the received phase over

agivenperiod.When he value of, islarger tharv , strongscintillationoccurs

Scintillation relies on the geomagnetic latitudeecausethe geomagnetic field affects the
ionasphere.Scintillation typically occursafter sunsetit low and high latitude Doherty et al.
(2003)showedhat when amplitude scintillation occlaghe equatorialegion phase scintillation
may or may not happenBut whenphase scintillatiothappensamplitude scintillations always

presentFor theauroraregion phase scintillatiors more frequent than the amplitude scintillation.

3.1.2.4Positioning under disturbed conditions

Under disturbed solar geomagnetic conditions, Ghi§&ak fluctuaketriggeling problemgZhang
et al. 2014. First, severe enough signaili€tuatons carresult in loss ofignallock to one or more
satellites The losseslecrease the observability of satelliggslincreasehedilution of positionor

resultin poorpositioning and sometimes eviilure of positioning

Second poorreceiverperformanceduring disturbed ionosphergonditionsresults in unreliable
observationgSkone 200} Least §uares or KalmanFiltering are the two estimation methods for
positioning.Both estimation methods assume the @gatGaussian distribution. IBnderswill
deteriorate the estimation solution&n effective way to detect and isolate blunders under

disturbed ionosph& condition becomesssential
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Third, the disturbed ionosphere will lead to frequent cycle slips. Detecting cycldstpmes
challengng because of large ionospheric gradi€hts 2011). The geometryfree combination is

the current way to detect cycle slips. A smaller threshold can result in false detections that generate
unnecessary reinitializations, resulting in worse positioning solutions. By cordrdatger
thresholdcan miss a cycle slip. Missing a cycle slip takdsng time to find errorsThese three
challenges that thdisturbed ionospherposeneedto be addressefbr accurate and reliable

positioning accuracy.

3.2lonospheric modeling

lonospherianodeling separates pure ionospheric information from D@Bsubsectior3.2.1we
describeassumptions in ionospheric modeling.sitbsection3.2.2we review fivetypes ofMFs
and their differencedn subsection3.2.3we explain the mathematical functie to model the
ionosphere. In wsection3.2.4 we show four ionospheric models. Irulssection3.2.5 we

summarie the approaches to evaluate the ionospheric models.

3.2.1lonospheric modeling assumptions

lonospheric modeling haseen studiegince the late twentieth centuflyanyi and Roth 1988
Mannucci et al. 1998 The commonway to model the ionosphere assumes the ionospiere
condensednto an infinitesimal layerTable 3-1 below summarizes furaimentals, assumptions,

and strategiesf ionospheric modeling.
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Table 3-1 Specifications and strategiesor ionospheric modeling

Strategies lonospheric modeling

lonospheric Model Mathematical models
Elevaion cutoff 20°

_ Geographic frame for one statiamgeomagnetiérame for the
Coordinate frame ob
globe

Height Fixed height of 450 kror varying height

Satellite and receive Satellite DCBs are the same for all the receivéesp-mean

DCB separation reference of all available satellites

1 The ionospheric electron contesitcondenseth an infinitesimal
thickness layer
9 An MF projects the STEC to the VTEC

1 The bias is assumed to be constant dutieglay.

Assumptions

An MF is required to project the STEto VTEC This will be explained isubsectior3.2.2 The
projected VTEC is then modeled using equationsubsection3.2.3 This modeling process

separatethe ionosphere from the biasedlie onospheriobservales, as seen here:

i 0 P 08B 068 -
e S (3-12
000 ®'YOb,hors 0606 066
wher
00 —— is theMF;
Oe is the zenith angle @helPP (rad);
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0 Y&+ .sRos 5 is the vertical TEC;

VTEC is modeledasa General Triangle Series Functig8 TSH of latitude and
local time;
* o5 AT Bop arethelatitudeand lorgitude of the IPP;

06 BAT @6  are the satellite and receiver DCRsd
0 — T ® pTI.

The IPP locatiowanbe calculated

s N 0~ 2 oz oA

, AOAOE, AT¥h ATQ OEJ AT ®d
(3-13)

where

* o §Nd_on nare the latitude and hgitude of IPP;

«. AT A  are thdatitude and longitude of the receiver location;

0a is the azimuth anglend

(9]

3.2.20verview of existing Mapping Functions

The STEC is the integration of electron density along the propagatibnvphaén wediscretiz
the lineof-sight STEC between a receiver aadellite(HernandezPajares et al. 20}, lwe express

STECas
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34 %# 0 Qi 0 i U—m -li 0] w

1Q wéi a (3-19)
I1

where

i andi represent the satellite and receiver,

0 is theionosphericelectron density;

Qi is the element of linef-sight distance;

€ is the number of discretized laygers

Q is one of the discretized layers

1 i1AT1AQ arethe slant and véical height element ahe'Q layer,

a is the zenith distance at IPPthE™Q layer;
1 @ is the vertical electron contentibfe'Q layer;and
0 is theMF of the"Q layer.

With ¢ p, the ionospheric eleains are condenseiito a single spherical shell with an
infinitesimal thicknessFigure 3-7 maps he scheme of thonosphericSLM. In the figure, the

varying line around the fixed height denotes the varying pne.
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Figure 3-7 Scheme of the ionosphéc SLM.

The MFcan bederivedbelow ag(3-16) based on the SLM assumption, whea give thdaw of

sines between the zenith angleatthe IPP andd at areceiverstationin equation (3-15).

[ Q¢ a | Q¢ a

'Y Y 0 (3-15)
00 - — pWp OEd prfr p ——OEd pT p ——AT Oa (3-16)
where

Y is the radius of the eth (abaut 6371 km);

O is the effective height of th&LM,;

00 0 is the intersection of theropagation path and the layer;
a is the angle distance at the IPP;

z is the zenith distnce astationalongthelines ofsight;and

‘Oa isthe eleation at a receiver station.
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The MF haseen extensively investigat@d ionospheic modeling We now turn to summarize

the most importan¥iFs andtheir workingassumptions.

Fixed height ME This is the simplest and most commonly used. Equat®h7) showsthe
broadcast model used in G¥gobuchar 198Y. Later,Schaer (1999nodified the SLM MF to
approximate the extended slab model from the Jet Propulsion Laboratory (JPL) by scaling the

zenith angle, as shown {8-18):

00 . 31
P C 0 (3-17)

p g OET d (549
wherel is a coefficient of the zenith angle, whi&thaer (1999jecommends establishing at
0.9782 with a height of 506.7 kilometers.

MF that assumes the ionosphere has a spherical shell viitmeageneouthicknessCosteret al.
(1992)first studied the extended slab mod&ith et al. (2008)lescribed how the spherical shell
model expresses the homogeneous distribution of electrons. We give the MF for the spherical shell
model with ahicknessn (3-19), where we cageethat it has more terms than t8eM MF. Smith

et al. (2008held that, regardless of the thickness, the MF can be overestimated up to 15% when
thezenithangle of IPP is smaller than 7.0

p Al @ p_ x pAl @ OAl @

v O AT® U AT @ > AT @ Q a8 (3-19)

whereQis the height of assumed thickneasdi is the shell radius.
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GNSS data derived MBirch et al. (2002proposed to obtain the effective height using GNSS

data by ckulating the inclination rate between the zenithal and slant observations. They
concluded that 600 to 1200 kilometers was preferable. Clynch et al. (1989) recommended a
polynomial MF from leassquare, also known as thef&rtor MF (Schaer 1999 to fit the TEC

ratios. They assumed a homogeneous distribution, as eqa#i) shows.Jin etal. (2010)

claimed that the plasmasphere contributes the main cause of mapping errors. They suggested an
empirical height equal to the height thie maximumdensity of the F2 layer (HmF2), plus 450

kilometers for theyear2006.

SUR <IN ¢ T ¢ TR ¢S YR ¢ W ¢ W ¢ NN V) (3-20)
wherew —N®O pdic e 1 @ o od o1 & P T p UL

MF based on empirical models such as the IRl model, the Chapman profile, and 3D fieaels
empirical models calculate the average height of electron density or the integral height along the

line of sight(Conker and EArini 2002, Zhong et al. 2016aThe Chapman profiles given in

equation(3-21). With"Q at 350 km and the scale heigli©of 100 km, the integral height is 473

kilometers:
6 0zQ° h o« % (3-21)
where
0 is the electron density;
Q is the height;
ho is the reference height of maximum ion production when the Sun is overhead; and

YE s the scale height.
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Based on a 3D modefmith et al. (2008)ntroduced a modified M to minimize the mapping

errors:

- & p
GEa  p fnpmm (3-22)

wherer), whichdepend®n elevation and effective heiglig,the percent error

Varying height MFSolar activity, as thenan driver of the ionosphere, hascycle For example,
the electron contents at noon &mgerthan at midnight. Conversely, the height at noon is lower
than at night. As mentioned in Chapter Gtemjathy and Langley (1996howed that thentegral
height changes up to 150 kilometers between day and night using the IRI 90. Siivilestyni

et al. (2009)nvestigatedhe IVH from ionosonde. And Leitinger et al. (1998) proposed a latitude

dependent variable mean height to considetfatieide gradient.

We displayfive MFs inFigure3-8. Thebox on thdeft showsthe MFsagainsklevation.The MFs
range from 10 to 3.5 and decreass afunction of the elevation and height. That is to stne
lower the fixed height and elevation, tlaegerthe MF.To visualize how MFs differ from each
other the box on the right shovise relative deviationf MFswhen450 klometersis selecteds

the referenceThe Q-factor (i.e., the GNSS data derived M&hd USTEC MFs have aminute
system bias dhe9(° elevation due to the function fittinflhe Klobuchar and @actorMFsreveal

a fluctuationin elevationand are slightly smaller than the MF of 450 .kkiFs of SLM-350,
modifiedSLM, and USTEC arelargerthan the reference of 450 km. The mapping differences

betweerthe heighs of 350 and 450 kilometeaseup to 10%at an elevatiormask of 10.
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Figure 3-8 MFs againstelevation (left), the relative deviation when SLM-450is selectedas

the reference(right).

3.2.3Mathematicalmodels of VTEC
VTEC for thelocal level or region can be represented usihgTaylor series expansiomsseen
at (3-23) below (Schaer 1999 The coefficients arestimateceverytwo hoursand sometimes as

frequently as every fiveninutes

®YOH 0 . . (3-23)

where

T AT A are the maximum orders of theolynomial function in latitude and
longitude;

O is theunknown coefficient of the polynomial function;

e AT A are the latitude of th®?P andthe center latitudeand

_ AT A are the longitude of the IPP atitk center longitude
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VTEC can also be expanded using the trigoetrit series functioior a day,asseen in(3-24)

below(Georgiadiou 1994Yuan and Ou 2004

®YOOH DOQ ke Q OAT@pQ & OEIQpPQ (3-24)
where
®»Q pBpu are he unknown coefficients of tHeTSF;

o Y'Y _Jpvu is the local hour of IPP;

Y'Y is the universe timeand

Q

For the VTECon a global scale, it is usually expressed usimggphericalharmonic functiorfor

a period timeof two hours or moréSchaer 1999

w YOO 0 i & 6 Al®I Y OEdi (3-25
where
0 is the normalizedassociated Legendre function of degnesnd ordem;
6 hY are the unknown coefficients of tepherical harmonitunction;
€ is themaximumdegreeof spherical harmoniexpansionand
i _ “ Y'Y _ Y'Y “, which is the suifixed longitude otheIPP.
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3.2.41onospheric models

The ionosphere is dispersive. Ddisquency signals can eliminate iopbsric effects by forming
IF combinations. Howevefpr singlefrequency receiveit is thelargestsource of errors. This

subsection introduces four commonly used ionospheric models for correcting ionospheric errors.

3.2.4.1The broadcast ionospheric model

The lroadcast ionospheric model is designed to compensate ionospheric corrections fer single
frequency userdt is broadcasted in navigation messagdse Klobuchar model, usefbr GPS
approximates the empiric8rent model (Klobuchar 198Y. It assumes that the fixed height of
SLM is at350 kilometersThe navigation messagentains @ht coefficientdor determiningthe
ionospheric correctionsThe correction patterfor daytime isa simplecosine format, and the
nighttime corrections are a constant valuefige nancseconds (2.5 m). The Klobuchamodel

cancorrectapproximatelyo0% of theionosphericerrors

The NeQuick broadcastmodel is designedfor Galilea It is a 3D model and this is why it
outperforns the Klobuchamodel Unlike the eight coefficients in the Klobuchar model, all that
is needed in the NeQuick modeldssingle input to compute éhonospheric correicns. This
single key parameteis the effective ionization level, Azt can be calculatedising three
coeflicients from the broadcastessage It achieves approximate§0% of the RMS ionospheric

corrections

3.2.4.2ThelnternationaReferencelonosphere model

The IRl model assimilates data from ionosondagoherentscatter radars, Alouette topside
sounders, and instruments satellites and rockets. As an analytbol, the IRl model providethe

medianor average value dhe heightof maximumelectrondensity at the F2 layer (HmF2he
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electron density, and other parametdepending on the location, time, and d#é&.works as a
reference ionospherimodel to validate the ionospheric parameters #natretrievedoy other
geodetic ¢chniques. As a background model, IRI also improves the ionospheric models when few

or no measurements from geodetic methods are available.

3.2.4.3Global lonospheric Maps

GIMs are produced continuously based on GNSS déternandezajares et al. 2009As
mentionedsinglefrequency users who need-tgpdate ionospheric corrections or stists who
want tocharacterizehe ionosphere are theogential usersliGS provides GIMs in théormat of
IONospheric Exchange (IONEXT.he spatialresolutionwasu Jn longitude and;® Jn latitude
every two hours before 201&8ndonehour after (Jean and Dach 20L5The accuracy of GIMs

ranges from twod eight TECUsthat is 0.32 to 1.28 meteres

3.2.4.4The onospherigrid model inthe SatelliteBasedAugmented Systems

SBASs are designed to improve the accuracy, integrity, and availability requirements of the critical
safety of navigation. SBASs make this gibte by transmitting more precise clock, ephemeris,
and integrity informatiorvia GEGs. SBASs usually operate wwide andregional ares. Several
countries own their SBAS The United Stateshasthe WAAS, the European Uniohasthe
European GeostationaryNavigation Overlay Service(EGNOS) Japan hasMTSAT
(Multifunctional Transport Satellit¢Satellite Augmentation SystefISAS), and India ha&PS

Aided GEO AugmentedNavigation (GAGAN) The ionospheric grid modein the SBASs

achieves abo85% of the iorospheric correctiongRoviraGarcia et al. 2015b
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3.2.5Accuracy &aluation oftheionospheric models

Three wgs are used to evaluate the ionospheric modaksfirst, external tooldike the altimeters
Topex/Poseidorcan validateionospheric modelgHernandezPajares et al. 20).7Data from
external toolffer uncorrelated and independeasourcesHowever the altimeter approach has
three disadvantaged) The orbit heighof the altimeter satellites is@nd 1300 kometers about
1000 klometerslower thanthe GNSS satellitesAnd the plasmasphere differerscdue to the
altitude can be up to 10 TECRoviraGarcia et al. 2015b (2) The VTEC from the altimeter
satellitesis also corrupted by biases, upfiee TECU, (3) The data from altimetsiare available
only overocears whereashte GNSSdataare mainy restrictedto land. Ths discrepancy maleat

difficult to evaluate ionospheric model esdrom bothocears and land.

Secondly, lheionospheric corrections can alsodwaluatedlirectlyusingthe observed STEC from
other dualfrequency GNSS receivel$eltens et al. 20)1 This method, which use&NSS
observations to evaluate ionospheric modslalsoknown asthe seli-consistencynethod(Orus

et al. 200%. Satellite and receiver DCBsontaminate th&NSSbased ionospheric observables
To repeat, ionospherimodeling separates the ionospheric information from the biases. The
modeled VTEC ishe clean and unbiasezhospheric information without any biases. Medile,
differences between two epochs fantinuous ars of phase measuremerntancel the satellite
and receiver biases. The differences between the two epochs arera¢tsztevel accuracy. Tie
differential STEC (dSTEQ is defined as the STEC differess betweerthe observed STEC, based

on carrielphase measuremearatconsecutivearcs, and theomputedSTEC. We show it here:

QY'YOOYD "™YO ¢ i "MO ¢op D & | "0 & (3-26)
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whereb B B "Y'YO 60 ; ¢p ando arethe two different time for a continuous arc.
This seltconsistencymethod can evaluate theT#C, the MF, andheir variatiors with a time

evolution

Positioning isa third way to testthe accuray of the ionospheric correction®dvstedal (2002)
evaluated the broadcast Klobuchar modahodified version of theKlobuchar model, anthe
GIMs. Similarly, Chen and Gao (2005%nplemented several ionospheric mitigation methods for
singlefrequency PPP, and GBperformed better than in othmodelsLi et al. (2014bkuggested

a satellite-basedionosphericmodel using STEC directly for aegional network toreducethe

mapping errors.

3.3Summary

The characteristics of the ionosphéag concrete foundations for ionosphenwdelng. The
chapter review$he temporal and spatial variations of the ionosphere, and the ionospheric effects
on GNSS signals. The chapter rounds out with the related knowledge of ionospheric modeling,
including the assumptions for ionospheric modeling, tlag@pmg functions, thenathematial

modek of theionospheric modeling, arelaluationof ionospheric models
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Chapter Four: Obtaining and Analyzing lonospheric Observables with PPP

As we explained in Chapter One, the ionospheric observables from the carrier phasedmoot
code measurements are affected by leveling errors. PPP offers a preferable way to obtain
ionospheric observables amffectively redue these leveling errors. lonospheric observables
using PPP are more accurate than using the carrier phase smoothadetiood. We address the

di s s er tirst tkeyocengines imdlementing PPP to obtain and reconstruct ionospheric

observables and compare them to the carrier phase smoothed code method.

In section4.1wederive ionospheric obsables usinghe TraditionalF, UofC, and UPPP models
and the carrier phase smoothed code methasction4.2we describe the method for evaluating
the consistency of the differeionospheric observables. laction4.3 we apply this method to
ionospheric observables, and then we analyze the results and the consisteecypnospheric

observables.

4.1 lonospheric observables

Subtracting one frequency observation from the other frequebsgrvain at the same satellite
simultaneouslyforms he geometnfree combination of code and phase measureméhisse
measurementscancel thefrequencyindependent componentand are key foracquiing

ionospheric informatioras diagramed in these two equasion

0

0
0 ® ® W N¢- (4-1)
0 .

S S =

06 6, 00 6 Nc-
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O 0 _0 _0 AR o ® Vig- (4-2)
O 0 6 009, 00 6 Vic-

where

0 is the code geometifyee combination;

is the carriephase geometsfree combination;

06 6 are differential code biases withé 6 y @ @ ;and
00 6 aredifferential phase biases witd I ¢ ®
lonospheric ambiguity is defined &s _ 0 _ 0 . As shown in(4-1) and (4-2), the are

relatedd needs to be resolved to get the absolute ionospheric information from the carrier phase

measurements.

4.1.1lonospkheric observablebased orthe carrier phasesmoothed codenethod

High code noise affects code observations. At the samedaner phase measurements contain
ambiguity The smoothed code measurementsadde tominimize errors in code observations
andthere is themo need to resolve phase ambiguit@mputing smoothed codevolves three

stepg(Dach et al. 2016

1) Find a continuous arc. Anguiity will remain unchanged for a continuous #irat containgo
cycle slips. An ardhasa minimum of 10 data points per asnda new arc will start after a

maximum ofthreeminuteswhere there are nmbservations.

2) Compute the averadeetweerthe carier phase measuremetsd code for this arc to remove

the ionosphec effects:

84



c
C

o)
o)
o
Q
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3) Then take the computed average and correctlteoarrier phasesmoothed code method:

0 a 0 (44
@ Q@ 0o '@pJ i 00 'g)pj i -5 30 QA Q
where
0 signifies the ionospheric observables frdra smoothed code measurements;

O denotes the expectation algorithm;

.O)

6 O s the leveling errors;

Py

arethe effects of multipath and noise for code measurements.

The carrier phase smoothed code method reduces the noise and thgodisectambiguity
resolution This is a strength of th@mootted codemethod.The noise level for the carrier phase
smoothed method depends on the length of time or the time window of the continuous arc

(- 70 "Qd. Nevertheless, the major problem of theriea phase smoothed code method

estimating the ionospheric TEEthe leveling errors.

4.1.2lonospheric observabkebased on carrier phase

Resolving ambiguitiess the way tocalculatecontinuous ionospheric observables ustagrier
phasemeasurementssshownabovein (4-2). We resolvehe ionosphericambiguity¢ first and

thenplacethed backin thegeonetry-free conbinationof thecarrier phaseneasurementS§ince
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using the Traditioal IF and UofC models eliminatde ionospheric delays, we recover the

ionospheric observables based on the estinatduguity parameters.

4.1.2.1lonospheric observablémsed orthe TraditionallF model

Beforecalculatingthe ionospheric ambiguity , the clocks in th&raditionallF modelneed to be
explainel. The satellite clocks are computeased orthe IF combinationobservations, anthey
areconsistent with phase and P1/P2 code {&taiba and Héroux 200)bThis means the clock
contains not only the pure clock but akbe biases. Specificallythe estimated receiver clock
absorbs the receivéf combinatiorof satellitebias as well. Thestimated clocksan be explained

in theTraditional IF modelasshown inequation(2-14) in Chapter Two.

If we represent the ionosphic ambiguityd with both the WL ambiguityé from the MW
combination(Melbourne 1985Wibbena 198bandthe IF combination ambiguitp from the

TraditionallF PPP modeltheno is calculated as:

6 _0 _0 =256 0 (4-5)
where
0 is the WL ambiguity (m);
0 is the IF ambiguity (m)and
_ and_ are the wavelengths die NLandWL (m).

TheWL ambiguity® can be computed from tidW combination
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Q . . o . . o . . . (4-6)
° 9 0®® ® 9 m® ® w® ® 9% ©
since
o} o} o} o}
Q"Q . s (4-7)
9 0 Ow OLDJ 0w | Oce:)J -
then we geb as
0 —/— 0 0 (o)1} i oW J- O® j (0)¢)s) j - (4-8)
where- is the error othe MW combination.
When we gbstitue thisionospheric ambiguity forthe6 _ 0 _ 0 in (4-2), the phase
biases are canceled pahdthe DCBsarenow introduced as
0 = 0 0
g - = (4-9)
O O 0m® J- o® i -
where
0 arethe ionosphericloservabledased orhe Traditional IF model;
0 is the widelane ambiguityof the MW combination;
0 is the estimatetF ambiguity; and

- is the noise level of thé&/L combination.
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4.1.2.2lonospheric observables from the UofC model

The UofC model takes advantage of the ionosphefiectsin the code and phas& hesefirst-
order ionospheridelaysfor code and phas®e equato but opposite the sigiAbdelsalam 2005

Chen 2005Gao 2008 Shen 2002 We formulated thequationsfor the UofC modelof (2-15) in
Chapter Two.
When we correct the equations usthg satellite clock fronthe IF combinationthe reformulated

eguations can be expressed as:

N O® @ AW O Ym®_0 @ @ o O CHn T®
B [4Yo A 8y A Y ™ _ 0 O © O CRO O ™ - -
. . . . Q_0 O O O O ® o
O Od Y = = = c (4'10)
Q "Q
Q_0 O O 0 CRO O

The ionospheric ambiguity;Ban be represented directly withO and_ 0 estimated from the

UofC mode] asshown in(4-11).

Since
_0 _06 _0 0w O CO
IV ) AR ) (4-12)
_0 _0 oW | om | 0® | 0 |
then we ged formulatedas
6 0 6 OB ; Ok ,; O®d; 0V (4-12)

Similarly, when we replacé in (4-2) above with this equatigrthe phase biases are canceled out

In addition,thecode biases are introducedarnheionospheric observables fraime UofC model,

as shown here:
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where
0 arethe ionospheric observables from the UofC model;
0 is the estimate§ ambiguity; and
0 is the estimate§ ambiguity.

4.1.2.3Bias intheionospheric observables from the UPPP model

When we corredhe satellite clock erronssingthe IGS precise clock products that ayenerated
based on IF observation equationg can fomulatethe UPPP modelSeeequation(2-16) in

Chapter Two.

Based on(2-17) from Chapter Two, th@nospheric terniOand the satellite and receiver DCBs

are estimated as unknowf¥hang et al. 2002 The UPPP model differs from the other two PPP
models inhow it treas the ionospheric delays. The UPPP model estimates the ionospheric delays
as unknown parametemspoch by epochfor each satellite. The way to estimate the ionospheric
parameters is also known #se Stochastic lonosphere Parame{StP) According to ecent

studiesthe SIP modelvorks effectivelyfor the PPP models.

Compared to thdraditional IF and UofCmodelsfor getting the {© “O), the ionospheric
observables from the UPPP model obtain@ultiplied by ¢  p), the estimated ionospheric

observables can then be expressed as follows:
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0 I (@) I 0 —— 0& | 0® -
g g P ‘ ‘ (4-14)
O 0 0O® i 0 ® i
where0 are the ionospheric observables from tO®PP model, andare the estimated

ionospheric observables.

Table 4-1 Comparison of the smoothed code method and PPfodelsfor deriving

ionospheric observables

PPPmodels
Smoothed code  Traditional UofC UPPP
method PPP

Satellite clock N/A code clock code clock code clock
Number of observatian N/A 2n+n* 3n 4n
Number of unknows N/A 3+1+1+n+n 3+1+1+2n 3+1+1+3n
Number of freedom N/A n-5 n-5 n-5
Observation variance A TOET A A A A
Biases DCBs DCBs DCBs DCBs

levelingerrors

n* denotes the number of M\@bmbinations for retrieving thé/L ambiguity.

Table 4-1 showsthe ionospheric observables derived from #moothed code methodt&PPP

models The table compardékemin terms of the satellite clock, observation variance, biases, and
the number of observations, unknowns, and freedoms. Theoretically, given the number of satellites
used the degree of freedoshould behe sameandthe DCBsshould beconsistent for the PPP

models The level of noisenakes up the differencasnongthe ionospheric observables from the
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three PPP models. The ionospheric observatiigined fromthe UofC and UPPP models are

more accurate thandkefrom the TraditionallF model.
4.2 Methods of evaluating bias consistency and leveling errors
4.2.1Evaluation of bias consistency

Based on the discussiam section4.1, the ionospheric observablestrievedfrom the three PPP
modelsshouldagree with each other in terms of the biases. This agreement can also extend to the
carrierphase smoothed code method. d@monstratéhe consistengywe create the following

eqguation that expresskew anytwo ionospheric observablean be distinguished
w00 O ¢-hp*di T, (4-15)
where’OandOrepresent any two ionospheric observables using the different methods.

A small value for both the mean value and STD indgatéighdegree ottonsistencypetween
the ionospheric observableggardless othe methodused In the equation abovewe select
ionospheric observables from one method as our refermmdethen calculate the difference
between the reference anther bnospheric observableBurthermore, since the receiver DCBs
are satellite independent, the mean value of the receives D&Bbe obtained and removed. The
remaining differencas shownn equation(4-15) will be close to zero. Aerefore, the mean value
of the difference reflectsonsistency itthe receiver bias. The STD of the difference indicttat

various ionospheric observables gikie consistency of the satellite biases andewelingerrors.
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4.2.2Evaluation oflevelingerrors

Ciraolo et al. (2007proposedh celocated receiermethodo evaluatehelevelingerrors A single

difference between nearby receiveenbe created to remove the ionospheric effects. Equation

(4-16) depicts the ionospheric observables using two nearby sFgeienoted byA andB:

"0 0O o® ; O0& ", Vic-

o (4-16)
'® O 0 o® , O0&" c-

where ‘® and “® are the ionospheric observables from the two receiv@snd ‘O are the
ionospheric delays at L1 and L@, andO @ are the satellite and receiver DCBs; arid the

noise level.

A single difference between the same satellitesetheyields thdollowing:

d d o o0& c (417

Equation (4-17) shows thabnly the receiver DCBs armhe remaining bias terms in the single

difference. If thedifferenceis away from the meawnalue arcrelated leveling errorare present

Plus, a variation in the single difference can indicate fluctuations in the receiver biases. The C1

and P2 measurementpigs for estimating ionospheric observables also merit attention. This

indicatesthe satellitcO0 6y is corrected, but the receivexd 6y still exists.

When the STD is applied to evaluate the leveling errors, the improvement of tHeaS&P

methods over the smoothed code method can be computedhisieguation:

(4-18)
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where thd '©@ is the STD from the PRPased methods, arnldei © is the STD from the

smoothed code method.
4.3 Results and discussion the ionospheric observables

For comparing the biases in the ionospheric observables derived from the three PPP models and
thecarrierphase smoothed code methe@ accessed data on MEY2014 from the IGS network

of 200 globally distributedpermanentstations With the PPP models and tloarrier phase
smoothed code method in hamde computed the ionospheric observables for each station. Then
we generated the statistical restittsanalyze the consistency of the bias tefansally, we chose

short baslines to assess the leveling errors in the smoothed code measurements

For the data processinge usedhe final orbit and clock products, downloaded from CODE, to
preservecompatibility. The phase windp, satellite antenna models, and site displacesneate
correctegdasexplained in Chapter Two, arlde tropospheéc ZWD was estimated. We selected a

cut-off elevation of 10for working with the PPP models.
4.3.1Results on theanospheric observables

Figure 4-1 showsthe ionospheric observables obtained by the TraditidhdUofC, and UPPP
models and the smoothed code method at ADIS, a randomly selected IGS station, on May 13,
2014. The ionospheric observables contain the pure ionospheric information and the aeckiver

satellite DCBs.
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Figure 4-1 Estimated lonospheric observables from ADIS orl3 May 2014 using the

Traditional IF, UofC, UPPP models and the smoothed code method.

In Figure 4-2, we show the ionospheric observables under the conditions of cycle slips and
ionospheric variationThedatawas takerfrom two representative specific satellit®RDS onl6

March 2015 and FLIN on17 March2015. It can be seen that tiemospheric observables from

the TraditionallF, UofC, and UPPP models generally overlap, but the ionospheric observables
from the smoothed code method sometimes are inconsistent over against the three PPP models.
Thecycle slips,marked in green and cléavisible in the leftbox, cause tharcrelated leveling

errors. In the righbox, theionospheric observables derived from theee PPP models and the

carrier phase smoothed codaethod all reflect fluctuations in the ionosphere. We also see
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