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ABSTRACT

The precise point positioning (PPP) methodology allows forlesral positioning
accuracies using a singleNSSreceiver, through carefuhodeling of all error sources
affecting the signals. Adotn of PPP in several applications is however muted due to
the time required for solutiento convergeor re-convergeto their expected accuracy,
which regularly exceeds 30 minutiEs a moving receiverln an attempt at solving the

convergence issues aswded with PPP, three aspects were investigated.

First, signal tracking interruptions are typically associated with intdigeontinuities
in carrierphase measurements, often referred to as a cyck Aligefined method for
detecting and correcity cycle slips was thus developed, in which all error sources
affecting the observations are eitimeodeled or estimated. Application of this technique
allows for instanta@ous cycleslip correction meaning that continuous PPP solutions can

be obtainedwen in the presence ehort losses of lock on satellites

Second, external information on the ionospladi@wvs for reduced convergence times
but consistency must be observed in the functional model. A new techneueed
integer levelling, was twuus developed togenerate ionospheric delay corrections
compatible with PPP based on the decowgledk model Depending on the intestation
distances in the network providing ionospheric correctianstantaneous cHevel

accuracies can be obtainiedPPP



Third, processing of GLONASS signals is more problematichan GPSdue to
frequency division multiple access, leading to iteguencycarrierphase and code
biases. A novel approach for the estimation of such biases was then proposed and
facilitates processing of mixed receiver typkeslso allows for undifferenced GLONASS
ambiguity resolution based on a heterogeneous network of statthesfirst
demonstration of such an approaahdthereforehas the potential to further reduce PPP

convegence times.

This researclalso emphasized potential benefits of inte¢mrelled observations for
improved ionosphere monitoring. The main justifications for adopting this approach are:
a reduction in the determination of slant total electron cor@eors, a simplification in
the GLONASS processing strategy, its applicability in real time, and the generation of
satellite biases required for the use of ionospheric constraints in PPP with ambiguity

resolution.
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CHAPTER 1

INTRODUCTION

This chapter provides necessary background information on the status of the precise
point podtioning (PPP) methodology at the time when this research project was initiated.
From those explanations emerge the motivations supporting the work conducted for this
dissertation.The djectives of the researchthe methodologyutilized and the main

contiibutionsare also presented.

1.1Background

The Global Positioning System (GPS), initiated by the U.S. Department of ®efen
first became operational (initial operational capability) in 19@&rkinson 1994. By
precisely measuring the propagatibme of electromagnetic waves from at least four
satellites, a GPS receiver can effectively determine its location anywhere on (or in the
vicinity of) Earth. Thenitial purposeof GPSwas to serve military operations, allowing
positioning of personnelna equipmat with metrelevel accuraciedlowever, son after
the first satellites were launched,biécame apparent that exploiting the carriers of the
GPS signals, as opposed to the pseudoranmdonse codesn these carriers, could offer a

dramatic incrase in the performance of the systeBEven though carriephase
1



observations are a relative timing measure, they are approximately one hundred times

more precise than code observations.

In satellite navigation, accuracy depends on several error esowaffecting the
satellites, the signal propagation and the receiver. Errors in satellite positions or in the
synchronization of the clocks dmard satellites and at the user end all contribute to
position uncertainties. Similarly, signal delays causethbyatmosphere contaminate the
measurements made by the recei@ed translate into positioning inaccuracidswas
howeverrealizedthat most error sources i@a strong spatial correlation, meanihgt a
pair of closelyspacedreceivers could helgo mitigate the erros contaminating the
observationsBased on this concept and the use of the precise ephdse observations
GPSquickly beame a highaccuracy system capable of achieving even milliretrel

accuracie$Remondi, 1984]

Over thepast decader sq a technique referred to as precise point positioning (PPP)
gainedsignificantground[Zumbergeet al.,1997 Koubaand Héroux2001]]. It is capable
of providing @ntimetrelevel positioning with a single GPS receiver, through careful
modeling of all error sources. Precise satellite positions and satellite clock offsets with
respect to the GPS time scale are computed based on a permanent network of ground
stations.The propagation delays caused by the ionosphere are practically eldanyate
using measurements on two frequencies. The hydrostatic part of the tropospheric delay is,
for the most part, removed using global pressure and temperature nidmkehsn| et al.

2009, while the wet delay is estimated in the PPP filferothereffect b be considered
2



is the nomspherical phaseresponse of tracking antennas, which causes their actual
electrical phase centre to vary as a function of the elevation angle and azimuth of the
received signal. For this purpose, calibration proceddoesantena phasecentre
variationswere defined flader, 1999; Schmitz et al., 2J0Zince GPS signals have a
right-hand circular polarization, a rotation of the transmitting or receiving antenna leads
to a change in the measured ph#éisat must be accounted f¢Wwu et al., 1993].
Deformation of the solid earth caused by tidal forces and ocean loadisgalso be
considered Petit and Luzum, 20J0Relativistic effects, caused by changes in both the
gravitational potential and the satellite velocity, are yet amathe@r source requiring

proper modellingKouba, 2002; Kouba, 2004

Even though PPP can satisfy higbcuracy requirements, thepdication of this
technique isstill limited due to the rather long convergence periods required to atgtain
expectd accuracy Several efforts were mounted to overcome tloigstraint which led
to the recent possibility of fixing carrqghase ambiguities to integers in PPP
[Laurichesseand Mercier,2007 Collins, 2008 Ge et al.,2008 Mervartet al., 2008]
which is an important aspecto reducing the convergence period. Still, ambiguity
resolution in PPP is not a trivial task, andtbefly algorithms are not yet applicable to
this techniqueConvergence ofonventionakinematic PPP solutions to centimelegel
accuracies can often require an hour of continuous signal tradkiag §nd Shen, 20D1
In the eventof completesignal tracking interruptions, such as when a vehicle travels
underneath an overpassers must again wait for several minutes befoi@reegence

is attained.



Severalstudies have aimed at identifying factors that could reduce initialization times.

It was noted that satellite geometry, user environment and dynamics, observation quality
and sampling rate could all affect convergence gsinttea certain level [Héroux et al.,
2004]. Other means of improving convergence of PPP solutions include combining GPS
and GLONASS constellationsRpcken et al., 2031 and ncorporating external
information on theonosphere [Teunissen et al., 2010] fve tropospherdJokinen et al.,

2013. This dissertation focuses on three main aspects related to this problem: 1) the
correction of cycle slips for reducing -cenvergence times; 2) the use of global
ionospheric delay corrections in PPP with ambiguityoliggon; and 3)undifferenced

ambiguity resolution for GPS and GLONASS processing.

1.1.1Cycle-Slip Correction

In the early stages of operation, while the full constellation of satellites was yet to be
in orbit, GPS satellite coverage was a sigodint aspect for obtaining a geometrically
strong solution. This problem was amplified when the receiver lost lock on the carrier, a
phenatnenon commonl y r ef erGP® tbceiters caa sneasuce wery e
precisely the fractional part of the phasehe carrierreceived from a satellite aralso
accumulate the total number of carrier cycleger time However, for a number of

reasons such as obstructions or noise, a receiver can miss counting a certain number of
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cycles, leading to discontinuities ithe integrated phase (i.e., the carpbase
measurement). When this situation occurs, a new parameter must be introduced in the
navigation filter directly influencing the precisioand accuracyf the estimated position

parameters.

To minimize tke impacts of signal discontinuities on positioning solutions, esighe
correction methods were introduced. Since the receiver can measure the fractional part of
the sinusoidal phase signal, the magnitude of the discontinuity will be, by definition, an
integer. The methods developed then consisted of fittingola@r polynomials to the
arcs preceding and following the discontinuity, estimating the offset between
polynomials, and rounding it to the nearest integer v@Beutler et al., 1984. This
approab was well suited for static receivers, since the phase signal typically does not

undergo irregular variations.

For kinematic applications, receiver dynamics can introduce unpredictable
fluctuations in the carrigphase observations time series. Lowder polynomials are thus
not suitable for such situations. Since geometric effects (satellite and receiver
displacements, clock variations, etc.) affect similarly all signal tjgrea given satellite
it is possible to form linear combinations of measnents that eliminate such effects.
Hence, by appropriately combining carfgrase and code observations on both
frequencies transmitted by GPS satellites, the magnitude of cycle slips can be recovered
even in kinematic applicatiofM ader 1986 Blewitt, 1990 Bisnath, 200D The use of

code measurements to eliminate geometric effects implies that polynomials still be fitted
5



to arcs, as to reduce the noise level of this type of observable. Several alternatives, such
as the use of filters or wavelets, weatso developed for this purpo$Bastosand

Landau,1988 Collin and Warnant]1999.

Quality control techniques weadsoused inreattime applications to detect blunders
in the observations, such as phase discontinuities, agpt &lde positioningfilter
accordingly[Teunisserand Salzmannl989 Teunissen199q. Powerful algorithms for
ambiguity resolution (i.e., the process of estimating the initial integer number of cycles
between pairs of satellites and receivers) were then developed, allcentigetrelevel
positioning within secondfHatch 199Q Euler and Landaul1992 Abidin, 1993. This
practice somehow alleviated the need for cygtlle correction, since new ambiguity
parameters could simply be estimated and fixed almost instantaneStis)yfor some
applications, cycleslip correction has proven to be a useful component of quality control.
Since polynomial fitting is not suitable for re@&he applications, a new approach had to
be developed, consisting of explicitly estimating theriation of geometric effects

between epochH&im and Langley, 2002]

PPP because of the long convergence times required to reach its expected accuracy,
has brought back the togiof ambiguity resolution andycle-slip correction to the front
line. Reattime PPP monitoring of stations located in seismically active regions is now an
integral part of tsunarmwarning systemgBlewitt et al.,2009 Song et al., 2012ylelgar
and Bock, 201B which reinforces the need for a solution immune to disconisuit

Cycle slips are likely to occur during such events due to rapid accelerations of the
6



antennascaused by theearthquake.A system capable of bridging such signal
discontinuities is a safety measure for preservingvtileable information provided by

GNSS seismology and is highly desirablgimilar challenges are associated with
navigation in urban canyorsnce obstructions leading to signal tracking interruptions

can significantly degrade positioning accuracieskpsu and Yasuda008].

An initial investigation on instantaneous cyslg correction applied to PPP,
presented by Banville and Langley [2009] (and detailed in Chapter 2), spurred-digllow
work by several researchers. Geng et al. [2010] improved theameergence technique
based o the prediction of undifferenced slant ionospheric delays, reducing the
convergence time from several seconds to a single epoch in most cases. Collins et al.
[2012] later generalized this approach to include the algorithm directly into the PPP
navigation filter. Li [2012] further expanded it bymodedling the ionosphere as a
mathematical function rather than using one ionospheric parameter per satellite. Those
methods, based on the processing of undifferenced observations, gained remarkable
acceptance in thlast yearsStill, predicting phase variations due to the ionosphere can be
challenging in the presence of ionosphelisturbancesand remains an important issue

for the reliability of PPP.



1.12 lonospherc Corrections for PPP

Electromagnetiovaves transmitted by KESS satellitesmust go through the ionized
part of the atmospheré¢he ionosphere, before reaching grafpasgedreceivers. Free
electrons present in this region perturb pinepagation of GISS signals causing a group
delay and ghase advance inversely proportional to the square dreqaency of the
signal. This characteristic &lsoused tomeasure theotal electron content (TEC), which
is thenumber of free electrons in a column of one scfaetercross section extending

from the receiver to the satellite.

Since duafrequency receivers are typically used in PPP, dispersive effects such as the
firstorder ionospheic effects can be eliminated by forming linear combinations of
observations on two frequencié@¥hile this approach effectively mitigates the impact of
the ionosphere on the position solutions, it also prevéms input of additional
information on the state of the ionosphere in the navigation. filtezrefore, the use of
uncombined signal can be greatly beneficial t®PP since constraining of slant
ionospheric delays using external sources is the key to fast convergenc¢Quhjks

2003.

Local or regional augmentation capabilities are the foundation of network RTK, which
benefits from the spatial correlation of error sources to accurately model such errors for

users located within the networljibbena et al., 2001; Fotopoulasd Cannon, 2001;



Landau et al., 200Rizos, 2002 While those corrections were originally provided in
observation space, it was found that stgace corrections could significantly reduce
bandwidth requirements/hile providing a more accurat@moddling of error sources
[Wibbenaand Willgalis 20QL]. This new formulation walatertermed PPHRTK since it
combined the statspace representation of corrections used in PPP with the local
augmentation provided by network RTWUubbena et al., 2005T his sc#able approach

can then allow PPP to be performed on a global scale, while providing rapid convergence

for userdocatedwithin alocal or regional network of stations

Even though the PRRTK concept contained all necessary elements for eliminating
the convergence time of PP took several years for theNSS communityto fully
embrace itThe lack of a detailed description of the underlying technical algorithoss
likely contributed to this delayed acceptanéenbiguity resolution on undiffererc
signals (i.e., for PPP)nly gained momentuna few years after the introduction of the
PPRRTK concept The idea of providing statgpace ionospheric corrections for
instantaneous PPP ambiguity resolution was then expfordter by Teunissen et al.

[2010].

To assure the consistency of PPP solutions, ionospheric corrections must be provided
with a set of compatible satellite equipment delays. For example, slant ionospheric delay
corrections computed by Teunissen et al. [2010] contain differexti biases (DCBS)
matching the definition of satellite clock corrections, thereby preserving the integer

nature of carriephase ambiguities. In Collins et al. ), satellite phase clock
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corrections are biased by integer ambiguities, which invohegsionospheric corrections
should not be contaminated by DCBs but rather by matching inbegsed satellite
equipment delays. This notion was applied to a -pe@eer cooperative positioning
concept in which PPP users located neaglagh otherexchangesuch ionospheric

corrections to achieve instantaneous ambiguity resolu@otiifs et al., 201p

Currently, DCBs are provided along with global ionospheric maps (GIMs) generated
by the International GNSS Service (IGB)fnandezPajareset al., 209, which prevent
the use of such corrections in tliecoupleeclock model of Collins et al. [2010]
Therefore,a procedure for the extraction of the integersed satellite equipment delays
must be defined to ensure the application of consistent ekiem@spheric consaints

for improved PPP solutioconvergence.

1.13 GLONASS Ambiguity Resolution

Another factor influencing the convergence period of PPP solutions is the enhanced
geometry of satellites arising from the combination of multipkelite systems. Several
studies demonstrated that processing of GPS and GLONASS obsereatioeduce the
time required to reacheatimetrelevel accuracies [Rocken et al., 2011; Baal, 2011,

Cai and Gao, 2@]. Using partial constellationgdm the European Galileo system, the

Japanese quasenith satellite system (QZSS) and the Chinese Beidou system further

10



improved this performance [Landau et al., 20X3pmbining several systems has also
been associated with faster and more religdetial) ambiguity resolution in differential

mode Wang and Feng, 2013].

While those benefits could be translated to PPP solutions as umelifferenced
ambiguity resolution for GLONASS hallenging due tthe frequency division multiple
access (FDMA) temology currently used by this syste@arrierphase and code inter
frequency biases propagate into the estimated ambiguity parameters, and are a nuisance
to ambiguity validation procedures. As a consequence, only ambigsolutionfor
satellites usinghe code division multiple access (CDMA) technology is possible at this
stage in PPP. However, with a constellation of 24 GLONASS satellites, one can easily
foresee that ambiguity resolution capabilities for this system could be greatly beneficial

in redudng the convergence period of PPP solutions.

1.2 Objectives, Methodology, and Contributions

Based on the information provided in the previous section, it becomes clear that
several aspects can be investigated with the aim of mitigating the impaognei
discontinuities on PPP solutionand reducingthe time required for the initial
convergence of the position solutio®opularcycleslip correctionmethods lack some
essential characteristics regarding +t@ake requirements andigorous handling of

ionospheric effectsFor PPP based on the decoupbéatk model, external ionospheric

11



corrections cannot be directly applied without a proper means of estimating consistent
satellite equipment delays. Furthermore, undifferenced ambiguity resolution for

GLONASS is still affected by impropenodeling of inter-frequency biases.

With the goal of reducing the @eonvergence period of PPP solutiofi® bbjective
of this researchre
A develop a methaglogy for instantaneousycle-slip correctionbase on a single
GNSS receivenyith special considerations fanospheriaisturbances
A developa methodology for the application of external ionospheric constraints for
PPP solutions based on the decowgledk model,

A investigate the feasibility of undéfenced ambiguity resolution for GLONASS.

The following subsections describe the methodology used to realize those objectives and

summarize the contributions of this dissertation to those topics.

1.2.1 CycleSlip Correction

The methodologypresentedn this dissertatiorfor the correction of cycle slips
based on the initial work of Kim and Langle300]]. As opposed to popular cyesdip
correction methodsrocessing data on a sateHiig-satellite basis, their approach
incorporated all availablgtriple-differenced) observations (carrdphase, code and
Doppler measurements) into a leaguiares adjustment to estimate the unknown receiver

displacement as well as cyedép parameters. The integration of all measurements into a
12



single adjustmentrpcess with an appropriate weighting scheme is the optimal way of

estimating cycleslip parametersand allows for singkepoch(i.e., instantaneousjycle-

slip correction The work presented herein extends this approach for processing of data

from a singe GNSS receiver, by estimating a receiver clock offset parameter and

ionospheric delaparameters.

This novel cycleslip detection/correction approabhsthe following characteristics:

A

A

it processedata from a singl&NSSreceiver;

it usesboth carier-phase and codmeasurementbased ora rigorous weighting
scheme;

it explicitly estimates all unknown states (receiver displacement, receiver clock
varnation, slant ionospheric delayariation and cycle slipsin a leastsquares
adjustment;

it benefits from carrierphase observations not affected by cycle slips to
accurately model the geometric states of the filt@hich constitutes an
improvemenbver noisyfi g e o nfert e@@ybinations

it exploits the correlation between parameters to rigoroushnaldfie integer
searchspace of cyclelip parameters;

it is capable of handling ionosphedelayvariatiors of up to seeral decimetres
between epochs;

it offers a means of validating the selected integer candidestesd on the
strength of the solutionnd the distance between the float and integer esigbe

parameters
13



A it is applicable in real time, angpically solves for cgle slips within a single
epoch;
A it is applicable to any GNSS and has a general form allowing processing ef multi

frequency signa.

Incorporating cycleslip correction into a PPP engine therefore allows precise
continuous positioning solutions to be obtained even after complete signal tracking

interruptions.

1.2.2lonospheric Corrections for PPP

A popularapproach fo removing the arcdependency othe geometryfree carrief
phase observationsised in ionospheric monitoringonsists of fitting precise but
ambiguous phase observations to noisy dgdeudorangepbservations. This process,
often referred to as levellingcan however introduce significant errors due to code
multipath and intraday variations of DCBs. In this dissertation, the arc dependency is
removed using integer carriphase ambiguities obtained from PPP solutions. This novel
approach was termed intglevelling. The main benefits of using integevelled

observationgor ionosphere monitoring are:

14



A a levelling process relying solely on carfrase observations, alleviating any
dependency on the datum provided by code observations, which was shiogvn t
impacted by intraday variations of the DCBS;

A the elimination of levelling erra when carrierphaseambiguties are fixed to
correct integer values;

A an improvement in the consistency of slant TEC vailu@snetwork;

A a reduction in the RMS of fit wime estimating model coefficients in the
generation of TEC maps;

A the presence of satellite biasgasthe geometrfree observablesompatible with
the PPP model based on the decougledk model, thereby allowing ionospheric

constraints to be applied in PRIRh ambiguity resolution

A direct consequenceof ionospheric monitoring based on intedgevelled
observations is the possibility of applying external ionospheric constraints in the PPP

solution, leading to a significant reduction in convergemed.

1.2.3 GLONASS Ambiguity Resolution

To achieve undifferenced ambiguity resolution for GLONASS, it is imperative to
carefully model inteffrequency biases for both carAghase and code observations. To

improve receiver compatibility in diffential mode, calibration of intdrequency phase
15



biases was proposed by Wanninger [2012]. In this approach, a respeacdmiic
correction term needs to be applied to each cgphase observation in order to remove

the linear dependency of carrghasebiases with respect to the frequency channel
number. The success of this approach depends largely on the quality of the metadata
associated with each station since iiteguency phase biasesan be impacted by a
change in receiver firmware versidfor operators of a global network based on publicly

available data, obtaining valid metadata cartainlybecome a tedious process.

With the purpose of alleviating the dependency on metadata, a new approach for the
estimation of intefrequency phase l8as was developed. This method:

A does not require any external information on ifitequency phase biases;

A relies only on carriephase observationseducing the impacts of possible
misalignments between phase and code obseryables

A removes the singularityf the GLONASSIeastsquares solution by defining a set
of appropriate minimum constraints;

A is independentf receiver firmware;

A allows for instantaneous ambiguity resolution for mixed receiver tyqes is

therefore suited for redime applications

To achieve undifferenced GLONASS ambiguity resolution, ifeguency code
biases also need to be accounted for since they serve in estimating (or eliminating)

ionospheric effects. Similar to carrier phases, #eguency code biases typically have a
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receiverspecificlinear dependencyn the frequency channel number. However, several
factors can impact those biases, such as receiver firmware version and antenna type,
which complicatesnodeling of such biases. To overcome this obstacle, this disserta
proposes to:
A define clusters o$tations with similar equipment to assure the compatibility of
inter-frequency code biases;
A explicitly estimate the linear dependency of iftequency code biases in a least
squares adjustment;
A absorb any residual eféts in the satellite clock (or bias) corrections, such that
carrierphase ambiguities estimated by the user naturally converge to integer

values.

Although not explicitly demonstrated in this dissertation, it is expected that the
possibility of perfeming undifferenced ambiguity fixing on both GPS and GLONASS

will positively impact the convergence time of PPP solutions.

1.3 Dissertation Outline

This thesisfollows a papebased approagimeaning that each chapter is a published
paper. Chapte? defines the basis of the cydbp correction method described in this

dissertation It revisits thetime-differencedgeometric approach introduced Kym and
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Langley[2001], and proposes modificatioar singlereceiver processing his chapter
was pilished as:

Banville, S, andR.B . L a n gl dnstanfaleBus Oygigip cdirrection for reatime
PPP applications NAVIGATION: Journal of The Institute of Navigatj&fol. 57, No. 4,

Winter 20102011, pp. 32834.

Applications of this methodlustrate that singlepoch recovery of complete satellite
tracking interruptions can be achieved in different applications, such as geodynamics and
car navigation. Still,the paper emphasizes that some factors could degrade the
performance of this techniq, such as high ionosphegctivity, which is dealt with in

the following chapter

Chapter 3provides a rigorous means of detecting cycle slips even in the presence of
an active ionosphere, as welliasightsfor correcting cycle slips such cicumstances
It was published as:
Banville, S.,andR. B. Langley(2013). AiMitigating the impact of ionospheric cycle slips
i n GNSS o bsama aft GeodesyVob 87, No. 2, pp. 1793. doi:

10.1007/s0019012-06041.

Chapter 4 describes thieindamental principles underlying the integer levelling

procedure for improved ionospheric monitoriitgvas originally published as:
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Banville, S., W. Zhang, and RB . Langley (2013). AMoni tor.
integerl evel | ed GPS GrREWosidi\fole24,eNo.t 3s Macch 2013, pp. 43

49.

This paper is basash two conference proceedings:
Banville, S, and R.B. Langley (2011). iDefining the basis of an ntegerlevelling
procedure for estimating slant ttal electron ontentp Proceedingsof the 24th
International Technical Meeting dhe Satellite Division ofhe Institute of Navigation
(ION GNSS 2011 Portland, @e., 19-23 September, pp. 2542551
and
Banville, S, W. Zhang, R. GhoddousiFard, and R.B. Langley (2012). flonospheric
monit o r i n g ntegeylevellgd oldsérvations) Proceedings of the 25th International
Technical Meeting othe Satellite Division offhe Institute of Navigation (ION GNSS

2012) Nashville, Bnn, 17-21 September, pp. 2692701.

Chapter 5 illustratesat the satellite biases contained in intdgeelled observations
can be transmitted to PPP users to ensure ionospheric correctaospatible with the
PPP model. Theesults were first published as:

Banville, S., P. Collins, W. Zhang, and R. Landey (2013).fGlobal and Regional
lonospheric Corrections for Faster PPP Converged@VIGATION: Journal of The

Institute of NavigationVol. 61, No. 2, Summer 2014, pp. 1124.
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Chapter 6 contains the theoretical aspects for the estimation of GEGN#Ater
frequency carriephase biases. Application of those concepts is also shown to allow
instantaneous ambiguity resolution for short bassliiThis work was published as:
Banville, S., P. Collins, andr. Lahaye(2013).7i GL ONASS ambi gwity re
mi xed receiver types GFS SolotionsVoleld,tNe.r3npp.l cal i

275282. doi: 10.1007/s1029013-03197.

Chapter 7 extends the principles of the previous chapter to accommodate caede inter
frequency biases. It is demonstrathdt undifferenced widelane ambiguities can be fixed
to integes by estimating sets of receivdependent satellite widelane biases. This work
originates from:
Banville, S, P. Collins, and F. Lahaye (2013).Concepts for undi ffere
ambiguity e s o | uPRraceeding® of the6Gth International Technical Meeting dlfie
Satellite Division ofThe Institute of Navigation (ION GN$X013), Nashville, enn,

16-20 Septemberpp. 11861197.

Chapter8 summarizes the findings presented in this diasen and suggests further

paths to explore

Appendix | contains derivations expiang the propagation alatum parameters in the

decoupleeclock model

20



Note that changes to the notation of each paper were madesuce uniformity within

this dissertation.
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CHAPTER 2

IMPROVING REAL -TIME KINEMATIC PPP WITH
INSTANTANEOUS CYCLE -SLIP CORRECTION

This chapter introduces the concept of cysllp correction bask on the time
differenced model. Application of this method to PPP allows for GPS ts@naintain a
continuous navigation solution after a momentary signal tracking interruplioe.
method developed assumes that the ionosphere can be accurately predicted over the

duration of the interruption, but thissue will be analyzed in detanl the next chapter.

The following was originally published as:
Banville, S. and RB . Langl ey (2010 )-slipcdérfeation foareatineen e o u s
PPP appl NAWISATIONNIsurnal of The Institute of Navigatjorol. 57, No. 4,

Winter 201Q pp. 325 334.

Modifications to the original manuscript were made diolyproper identification of

sections, figures and tables, as welt@assurehe uniformity of symbol and equation

notationthroughout this dissertation.
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Abstract

Realtime precise point positioning (PPP) is limited to only a few applications using a
moving receiver, because the quality of the solution is vulnerable to interruptions in
signal tracking. A loss of lock on all GPS signals simultaneously even implies #nat us
may have to wait for several minutes before again obtainintgeet precision. To avoid
such a scenario, this paper proposes a method to instantaneously mitigate the impacts of
signal interruptions and the resulting cycle slips. The approach is lobasedtime
differenced solution that allows for estimating the size of cycle slips in adgaates
adjustment. Once cycle slips are corrected, the PPP filter can be modified accordingly so
as to prevent the occurrence of discontinuities in the positotime series. The
usefulness of the approach is demonstrated in selected applications such as geodynamics

and car navigation.

2.1Introduction

Over the past decade, precise point positioning (PPP) has proved to be a powerful
processing strategyitsl use has spread significantly into application areas such as
hydrography, precision agriculture, atmospheric science, geodynamics, surveying in
remote regions, and in processing of data from large networks. On the other hand, the

success of this techniguin kinematic mode is still muted due to the rather long
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convergence periods required to obtain a centirlett® of precision. Several efforts
were mounted to overcome this limitation, which led to the recent possibility of fixing
carrierphase ambiguis to integers in PPR.aurichesse and Mercier, ZQ0Collins,
2008; Ge et al., 2008; Mervart et al., 2D08hich is one key to reducing the convergence

period.

Ambiguity resolution in PPP is still not a trivial task. Several error sources néed to
carefully modeled in order to maintain their influence below an acceptable threshold.
Hence, orthefly ambiguity resolution is not currently achievable, at least not with a
high level of confidence. Furthermore, a moving receiver increases the fisks o
experiencing losses of lock on satellites. In such instances, a new ambiguity resolution
attempt needs to be performed. Since most ambiguity resolution approaches in PPP
require averaging of the widelane ambiguities, this process is not achievable
instartaneously and can lead to a temporary decrease in the overall performance of the
system. A method for reducing this-iretialization period has been proposed based on
the prediction of satellitdependent ionospheric delay§&dng, 2009 While this
techngue allows for a significant reduction in thea@nvergence time, a mean latency of

approximately 25 seconds is still required fofirtng ambiguities.

Current PPP software implementations typically reset ambiguitymedsas when
cycle slips araletected. This approach does not exploit the integer nature of cycle slips
and can result in a degraded performance of PPP processing. Even cycle slips on a single

satellite can weaken the geometry and may lead toneghgible impacts on the
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computed pasions. Although several cyclslip correction methods have been developed
over the years, not all of them can be applied to the problem at hand. Polynomial fitting
of carrierphase observations [Beutler et al.,, 198t of linear combinations of
observatns [Blewitt, 1990; Bisnath, 20D0s certainly a widespread approach, which
has, however, limited applications in rémhe processing. Another method usually
providing satisfactory cyclslip correction capabilities is the one introducedMigder
[1984. In this approach, integer cye#ip candidates oniLand L, are chosen as to
minimize the temporal variation of the geomefirge linear combination of carrigghase
measurements over two consecutive epochs. Still, certain pairings of ambiguities on L
and L, provide similar values for the geomefrge combination, and discriminating the
correct candidates requires prior knowledge of the sizéeotycle slips to = 3 cycles
[Bastos and Landau, 19B8This condition is not trivial in real time due to seiand

multipathrcontaminated code observations.

An applicable approach is the one developedkby and Langley[2001], which
estimates the size of cycle slips using a tohfeerenced solution. In this paper, we first
review the principles underlyinthis technique, and then propose some modifications to
account for the fact that the original method was designed for relative positioning rather
than for a single receiver. The usefulness of this new implementation is then
demonstrated through differeréxamples covering selected applications. Finally,

potential shortcomings of the approach are briefly exposed and discussed.
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2.2 Time-Differenced Functional Model

Time-differenced positioning utilizes variations in GPS measurements over a certain
time interval to estimate the change in receiver position and receiver clock offset during
this period Plimer et al., 1995; Michaud and Santerre, 3004 order to obtain an
accurate estimate for those quantities, the variation of additional error sowrsealso

be accounted for, which leads to the following functional model:

1 17 Q™YY 1Y ‘170 _10 - (2.1)
70 17 Ty 1Y ‘10 - (2.2
where
i identifies fequencydependant terms
] identifies a given satellite
1 is the variation in carrigphase measurement, obtained by differenc
successive measurements (m)
10 is the variation in pseudorange measurement, obtained by differe
successive measunents (m)
1" is the variation in instantaneous range between the phase center
satellite and receiver antennas, including variations in earth tides,
loading and relativistic effects (m)
1 Q%Y is the variationin the receiver clock offsetr()
1 Qo is the variation in the satellite clock offsat)(
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1Y is the variation in tropospheric delay (m)
is a constant =Q | "Q, where'Qis the frequency of the;lcarrier
1 O is the variation in ionospheric delay L; (m)

is the wavelength of the carrier (m)

10 is the variation of the carrigghase ambiguity (i.e., the size of the cy
slip) (cycles
- R are the measurement noise variations, including multipath (m)

The range variatior} () contains the receiver displaceméntd wh ¢ ), which is
either estimated in the adjustment process, or fixed to zero if the receiver is known to be
static. The receiver clock offset variation is also unknown and must also be inaluded i
the timedifferenced filter. (More details on this topic are provided in a subsequent
section.)The variation in satellite clocks and satellite positions can be computed with

data retrievedrom a reference network [Bertiger et al., 1997; Weber et@05]2

The atmospheric delay vations can be approximated as:

7 Y70 Y 170 100 (23)
wherg] U is the change in the tropospheric delay mapping function between sequential
epochs, andY is the tropospheric zenith delay obtained from a model, or from the PPP
adjustment. Bnilarly,1 0 is the change in ionospheric delay mapping function between

epochs, anis the vertical ionospheric delay obtained from a model (e.g., the predicted

Klobucharstyle coefficients [Hugentobler et al., 2Q0&r global ionospheti maps
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provided by the Center for Orbit Determination in Europe (CO&ehfer, 1999. Note

that if no cycle slips are detected on a satellite, the ionosfifeer&ombination can be

used to eliminate the ionospheric delay variation instead of usingrectton from a
model. For both the tropospheric and ionospheric delay corrections, it is assumed that the
value of the delay at the zenith does not fluctuate significantly between sequential

epochs, which is usually a reasonable assumption for shortrtiereals.
The variation in the ambiguity paretr ( ) is zero for continuous carrighase

measurements, while it is an integer number when cycle slips occur. When a cycle slip is

detected, its siz& (0 is estimated in the adjustment process.

2.3 Time-Differenced Adjustment Process

The functional model described previously can beesged in a linearized form as:

T¢ =7 e |

‘]I (]i:’](].NH sﬁ-NH

o (24)
Fe e ATIO
where
K is the vector oflifferences between the tirtifferenced observations ar
their computedrfodeled) values
1 e is the vector of unknown geometric peueers such as receiver positic
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and receiver clock offset variations

1= is them-dimensioned vector of cycldip parametes
'm is the vector of umodéled errors associated with each observation
= F1|| are the design matrices associated with the unknown geor

paraneters and cycleslip paranetrs, respectively

For example, let us suppose thataagiven epoch, cycle slips were detected on 2
satellites (hereby identified with superscripts 1 and 3) out of thegellites observed. In

this case, the prevusly defined vectors would be:

T« 1B 1B 10 10 8 1B 1B 10 10 (25)
1 JTw 70 1 1 Q"Y(moving receiver) (2.6a)
1 e 1 Q7{tatic receiver) (2.6b)
7= 10 106 106 19 (2.7)
with
1B 1B 7179 7Y 10 (2.8)
10 10 1" 1@ 1Y ‘10. (2.9)

In equation2.8 and2.9, the initial values for the receivelock offset and ambiguity

variations were chosen equal to zero since they are linear terms. The quantign be
first computed using a predicted receiver displacement of zero, but iterations could be

required due to the ndimearity of theobservables in the receiver coordinate peatrs.
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As a first step, the system can be solved by disregarding the integer constraint on
cycleslip paraneers. The float values for the estimated cysle paranmeers (=) and

their covariance matri(<|'f . ) could be obtained directly as:

- (210)
I O (2.11)

where
AT SN 212

It is recommended that a cyedp paraneer be added for a given carriphase
measurement solely when a cycle slip has been detected. This has been illustrated in
equation2.7, where cycleslip paraneters were introduced only for the satellites labeled
as 1 and 3. Introducing extraatg-slip paraneters reduces the geometric strength of the
solution and increases the computational burden. For this purposeslyaietection
methods such as the one describe®leyvitt [199( or Bisnath[200( can be used prior
to computing a timalifferenced solution. In the event that no cycle slips are detected, the

time-differenced solution does not need to be computed.
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2.4Cycle-Slip Correction Procedure

After cycle slips are detected and rgalue estimates of their magnitude areilade
from the timedifferenced adjustment process, the next step consists of determining the
most probable integer values associated with those estimates. In theory, fixing the cycle
slip candidates = to integers could be performed using any ambiguity resolution mhetho
developed for this purpose [Kim and Langley, 2000n the other hand, since
instantaneous cyclglip correction is expected, the method chosen must allow quick

determination of tl correct set of integers.

When carrieiphase measurements on at least 4 satellites are free of cycle slips, fixing
cycleslip parametes to integers is, most of the time, a trivial task. Indeed, the precision
of the estimategparametes is often wihin a fraction of a cycle due to the inherent
precision of carriephase observations. In this case, the L-8gstares Ambiguity
Decorrelatim Adjustment (LAMBDA) method [Teunissen, 1994 a quick and efficient
way of solving the integer leastjuares mblem. A critical scenario happens when cycle
slips have been detected on all carphase measurements at a given epoch. The
ambiguity search space is then defined by the noisy pseudorange measurements and
directly applying the LAMBDA method was found into provide a satisfactory cyele
slip correction success rate. This result can be explained by the fact that the hyper
ellipsoid defining the ambiguity search space is often not centeredheeaxpected set

of integers [Teunissen, 20P1
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To overcane this limitation, we adopted a different approach, inspired by the work of
Colombo et al[1999. First, the widelane (WL) cycle slips are fixed with the aid of the
LAMBDA met hod. Since the wavelength of thi
cmconpared to &l1lPcargen itfisdess sénbitve td a bias in the initial
solution. Referring back to the example introduced in the previous section, the input

matrices needefdr the LAMBDA method would be:

.1.0 1
10 p p m nuTO ]
10 nmwp pho g M (213)
go U
.o k.. 2.14)

ar

When the widelane cyclglip parametes can be fixed to integers, the next step
consists of using the mie-differenced, geometrfree (GF) ambiguities with the
introduction of the previously fixed widelane cycle slips ( ) to determine the size of

the cycle slips on {-

. o~ 10 )
10 O] ot = (2.15)

with

10 _170 _10 . (2.16)

The timedifferenced, geometrfree combination is affected mainly by the variation

in ionospheric delay between the two epochs, but this variation is often reduced to a
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negligible quantity if the data gap is short enough orah@iori ionospheric model is
accurate enough. By first introducing the fixed widelane cycle slips, the resulting L
cycleslip parametes have a wavelength of 5.4 cm. The contribution ahodeled

errors should not exceed one quarter of a wavelength, or approximately 1.4 cm, in order
to reliably fix the L cycle slips to integers. As will be shown Bection 2.6 this
condition is satisfied in most cases for a short time interval. However, residual
ionospheric errors and multipath, especially in -elevationangle satellites, can

sometimes exceed this tight threshold.

Since the quality of the solution in kinematic positioning depends largely on the
relative geometry of the satellites and theeiver, uncorrected cycle slips will inevitably
degrade the precision of the estimated paters. Thus, to obtain the most precise
solution, it is possible to perform an extra step when only a subset of cyclg sligs (
has been corrected using equati®di5. Since estimated cyeBdip parametes are
strongly correlated with each other, one could make use eft iboot strappi ngo

[Blewitt, 1989 to increase the precision of the remaining unfixed cylghs § = 4):

Tog T Fepeglregr=e 1eg (217)
Fop ey Fopalb ol og oy (2.18)

where the swmatrices are derived from:

| |
=+

IF - 8 (2.19)
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Another attempt at fixing the components ofq\#j to integers caithen be performed.
The whole process is summarized Rigure 2.1 and the corresponding equations are

given between brackets.

? START

Time-Differenced Solution
[Equations 2.1 to 2.12]

WL Fixing (LAMBDA)
[Equations 2.13 and 2.14]

Success Failure
GF Filter
[Equations 2.15and 2.16]
END

All / None Else

Fixed |

Bootstrapping
[Equations2.17to0 2.19]

END
L END

Figure2.1: Summary of the cycislip correction progss.
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2.5PPP Solution Update

The size of the cycle slips on both &and L, having been determined, the effect of the
phase discontinuities in the positioning domain can be eliminated by modifying the
predicted valuespj of the ionospheréree (IF ambiguity pareeters in the PPP filter at

the current epoch)(

5 6 M _16 Q _16 FTQ Q (2.20)

where "N is the fequency of the carrier. By doing sthe covariance matrix of the
predicted ambiguities remains unchanged, which provides continuous coordinate time
series. Validation of the chosen integer cyslip candidates can be done in the PPP filter

by peforming a data snooping test [Baarda, 1P6® the event where the cyestip
correction procedure is unsuccessful, the ambiguity states are reset in the filter. In this
case, cyclsslip correction could be attempted again at subsequent epochs, and the time

differenced observations introduced in equatibhsand2.2 would become:

9 (2.21)

~

10

C
C

(2.22)

whereo refers to the epoch prior to the tyalip, andk is the number of epochs since
0. The update of the PPP filter when cyslg correction is delayed becomes more

complex and we have not yet implemented this procedure.

35



2.6 Processing Results

In order to demonstrate the applioat of our approach, this section presents results
obtained in three different contexts: a nooving receiver, a receiver subject to an
earthquake, and a earounted receiver. In each example, a kinematic PPP solution was
computed in which the coordinategre considered to have a stochastic component that
is modeled as white noise. When discontinuities were detected in cauni@se
measurements, the algorithm described in this paper was used to correct cycle slips. In an
attempt at simulating redéiime performance, the redime satellite clock corrections
estimated by the German Space Operations Center of the German Aerospace Center
(DLR), based on the predicted ulrapid orbit products provided by the International
GNSS Service (IGS), were usea ithe first and second tests [Hauschild and
Montenbruck, 2008 Since DLR was not yet providing precise réale clocks at the
time of the third test, the final IGS products were used. The tropospheric delay was
obtained using pressure values and mappingtifumacoefficients from the foresa
Vienna Mapping Function 1 [Boehm et al., 200€mputed followingKkouba [200§],
and a residual tropospheric zenith delay was estimated. The vertical TEC values for the
time-differenced solution were computed using tHeldicharstyle coefficients provided
by CODE. All other error sources that must be considered fordighracy PPP (earth
tides, ocean loading, etc.) were also accounted for. The PPP engine, developed by the
first author, uses a conventional Kalman filtestimation procedure. Although the
implementation of the software was not designed to be computationally optimal,

processing of the PPP solution combined with the whole sjiglecorrection procedure
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(i.e., computation of the timdifferenced solution ah fixing cycleslip parametes to
integers) can usually be achieved in less than 0.2 seconds per epoch on a laptop PC (with
a 1.73 GHz processor and 2 GB of RAM) when cycle slips are present on all-carrier
phase measurements (wecsse scenario). We thdpelieve that it is a reasonable

expectation that the whole process could actually be carried out in real time.

2.6.1Test #1. Nornrmoving Receiver

The purpose of the first test is to demonstrate the benefits of using a geometric
approach for correatg multiple consecutive cycle slips on a given satellite. Data from 13
March 2010 collected at station UNB3 (located in Fredericton, New Brunswick, Canada)
at a 36second sampling interval was used. The receiver is a Trimble NetR5. This data
was selected drause cycle slips repeatedly occurred on PRN 21 over a period of
approximately 40 minutes, as shown on the top pané€igfre 2.2. This satellite was
observed at a | ow el evation angWasaffededcr eas
by noise and multipath. The numerous discontinuities observed in the -péwaissr
measurements do not allow this satellite to fully contribute to the positioning solution,

unless cycle slips are corrected.
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Figure2.2: Variation of the geometrfree carriesphase combination of satellite PRN 21,

with and without cycleslip correction, for station UNB3 on 13 March 2010.

The cycleslip correction procedure introduced in this paper wasexgppbd remove the
discontinuities in the measurements, and the reconstructed gedraetsygnal has been
included in the bottom panel &igure2.2. Additionally, Table2.1 shows the RMS error
in the Iditude, longitude, and height components with respect to the estimated
coordinates obtained from a daily PPP solution in static mode. The RMS errors are based
on solely 40 minutes of data, from 04:20 to 05:00 GPST, and exclude the convergence
period (from00:00 to 04:20 GPST). Apparent from the results, the solution is slightly

improved when the cycle slips on PRN 21 are fixed to integers as opposed to resetting the
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ambiguity states in the filter, due to the increased geometric strength of the solution. The
benefits of the approach would obviously become more palpable when a larger number of

satellites are concurrently affected by cycle slips, as the next examples will demonstrate.

Table2.1: RMS errors for PPBolutions with and whout cycleslip correction for

PRN 21.
Solution Latitude (m) | Longitude (m) | Height (m) 3D (m)
No correction 0.053 0.014 0.018 0.057
Cycle slips corrected 0.051 0.011 0.016 0.055

2.6.2Test #2: Chile Earthquake

On 27 Februar 2010 at 06:34:29 GPST, a magnitude 8.8 earthquake occurred
approximately 100 km northeast of Concepcién, Chile. IGS station CONZ, located in the
aforementioned city, was able to record GPS observations using a Leica GRX1200 GG
Pro receiver throughout thevent, providing valuable information on the seismic
displacements including the response to surface waves. Even though thiengeal
Il nternet data stream was interrupted, t he
internal memory and could be retrezl’a few days after the event. Two discontinuities

were detected in the GPS data time series: the receiver failed to maintain phase lock on 5

39



satellites between 06:34:50 and 06:34:54 GPST, dropping the number of continuously
tracked GPS satellites in thigerval below four, and subsequently it lost lock on all GPS

satellites between 06:35:39 and 06:35:42 GPST.

Those GPS signal interruptions would normally lead to-mit@lization period for
the PPP solution, which would prevent scientists fropiating the full potential of GPS
observations. While aftehefact smoothing can help in mitigating this effect,
instantaneous cyclglip correction is an appealing alternative that could potentially be
applied in real time. This scenario was simulabedle by computing a forwaiohly
solution (no smoothing), using the orbit and clock products available in real time, as
mentioned previouslyFigure 2.3 shows the estimated displacements, as determined
using 1 Hz data, with respeto its IGS reference position. Processing started with data
from 05:00 GPST, but the usual PPP convergence is not shown here. Fullipycle
correction has been achieved for all discontinuities stated previously, which allowed
continuous monitoring of he event. The estimated magnitude of thes&smic
displacement, on the order of 3 metres, is in agreement widr preliminary studies

[Kouba, 2010; Brooks and Holland, 2910
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Figure2.3: Co-seismic dsplacements at IGS station CONZ on 27 February 2010.

As another means of validation, cydip correction was performed using polynomial
fitting with all the data available before the first gap (i.e., prior to 06:34:50 GPST) and
after the second gafp.e., following 06:35:42 GPST). The observations between those
two gaps were not used since the time interval is not long enough to reliably fit
polynomials. Table 2.2 shows that the sum of the cycle slips corrected after each
discontinuity using the method introduced in this paper agrees with the outcome of the

polynomialtfitting correction for the total time interval.
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Table2.2: Comparison of the cydclslip correction outcome (iaycles) for the

instantaneous timdifferenced approach and polynomial fitting

Instantaneous TimBifferenced Approach Polynomial Fitting
PRN | 6:34:50- 6:34:54 GPST| 6:35:39- 6:35:42 GPST| 6:34:50- 6:35:42 GPST

10 10 10 10 10 10

4 -10 -8 1 -3 -9 -11
11 - - -23 -39 -23 -39
13 - - -38 -56 -38 -56
17 - - -12 1 -12 -1
20 -82 -82 -1 -2 -83 -84
23 -60 -69 -1 -2 -61 -71
31 -22 -30 1 -1 -21 -31

32 -117 -159 -2 -2 -119 -161

2.6.3Test #3: Car Navigation

The last data set examined in this paper is an excerpt from a car trajectory test that
occurred on 10 April 2008. GPS data were collected using a NovAtel QEK&¢eiver
on the streets of Fredericton, New Brunswick, Canatihe section of interest is
displayed inFigure2.4. It was selected since the vehicle traveled beneath two overpasses,

which temporarily blocked GPS signals, leading to cycle slips on all cahase
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measurements. Some epoakere also discarded after the signal outages because the
total number of GPS satellites tracked was below five, while an additional epoch was
missing from the RINEX observation file about halfway between the two overpasses. The
total duration of the cardjectory is around 30 minutes, which was not sufficient for a

complete convergence of the PPP solution. Our focus will then be on the relative

displacements between epochs.

Figure2.4: Car trajectory in Federicton, New Brunswick, Canada. The receiver lost lock

twice on all satellites due to overpasses. (Imagery courtesy of Google.)
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In such a scenario, it is quite a complex task to come up with a reference trajectory
with at least decimetrievel presision to validate the PPP solution. Processing the data
using commercial RTK software with data from a nearby reference station (UNB3)
located approximately a kilometre away could not provide reliable ambifypsty
solutions for the 17 seconds of datdvieen the two overpasses. For this reason, we only
present the estimated height profile obtained from PPP solutions with and without cycle
slip correction (se€igure2.5). Note that the two time series do not agree perfectly eve
prior to the gaps since their convergence is still affected by previous cycle slips. Since the
road on which the vehicle was travelling is known to be relatively flat, we should not be
expecting any sudden jumps in the ellipsoidal height time seriesnifixg both
solutions then lets us suppose that cytie correction indeed improved the estimated

trajectory.

2.7 Further Discussions

It should be obvious from the previous examples that instantaneousstgcle
correction has potential benefits several applications. Nonetheless, some factors are
known to significantly reduce the performance of the proposed approach, namely receiver

antenna phase wingp and strong ionospheric activity.
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Figure2.5: Ellipsoidal height variation of the car estimated from PPP solutions with and

without cycleslip correction. The vehicle was known to travel on a relatively flat road.

Since GPS signals have a rigt#gnd circular polarization, a rotation of the
transmitting or receiving antenna leads to a change in the measursal qailed the
wind-up effect [Wu et al., 1993 Modeling of the satellite component of the wing
effect is a welknown procedure that should be accountedifiothe PPP functional
model [Kouba and Héroux, 20 but the user component of this effect is often ignored
due to the absence of information on the orientation of the antenna. Generally, this effect
has little impact on the position estimates since it is mainly absorbed bedbeer

clock paranetr in the PPP filter [Banville and Tang, 2Q168iowever, when all carrier
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phase measurements are contaminated by cycle slips in thditiexenced solution, the
receiver clock variation is solely determined by code measurementsh(\ahe not
affected by the windip effect), and cyclslip paranetrs absorb the windp effect.
Depending on the degree of rotation between epochs, tmsodeled error can
compromise considerably the cydip correction success rate [Banville and glary,

2009. One means of reducing this effect would be to compute betsadefiite cycle

slip differences, which would cancel most of the error. However, we found that using this
approach leads to a reduced overall performance of the-glyzleorrectimn procedure

when the antenna is not rotating, due to the increase in noise and the combination of other
error sources. Using external information from inertial sensors or a digital magnetic

compass would be a viable approach.

The second important liing factor is ionospheric activity. Using a predictive model
to remove the ionospheric delay variation between epochs is certainly a very coarse
approximation during ionospheric storms. An-diepth study of this problematic
phenomenon, along with an atipt at developing an ionosphdree cycleslip

correction method, is presentedBagnville et al[2010.
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2.8 Summary, Conclusions, and Future Work

Since it is currently a complex task to fix carfrase ambiguities on the fly in PPP,

a mean®f effectively accounting for cycle slips is crucial. Failure to do so may seriously
degrade the quality of the solution when cycle slips contaminate several-phaser
measurements simultaneously. In this paper, we presented a method for corret#ing cyc
slips instantaneously: i.e., within a single epoch. It is based on the concept of a time
differenced solution in which the size of cycle slips is estimated as a part of -a least
squares adjustment. Cycle slips, being integers by definition, means trstaegpegonsists

of finding the mosfprobable set of integers corresponding to the-vahled estimates
obtained in the adjustment. This task is achieved by forming linear combinations of the
estimated quantities to reduce the impact of geometric errods improve the

performance of the cyclglip correction process.

The benefits of the method and its potential applicability in real time were
demonstrated with three examples. It was shown that instantaneousligyderrection
can improve the stdlity and continuity of the position time series. On the other hand,
there are always some risks associated with automatedsiyrksrrection in kinematic
mode, regardless of the approach used. The main limiting factors are receiver antenna
phase wineup and ionospheric effects. While the wing@ effect could easily be
modeled using external information, steep electron density gradients within the

ionosphere are currently a serious limitation. Still, the instantaneoussiycErrection
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procedure intvduced in this paper could prove useful in several situations and is surely

an interesting tool for improving the quality of PPP solutions.
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CHAPTER 3

MITIGATING THE IMPACTS OF IONOSPHERIC CYCLE SLIPS
ON GNSS OBSERVATIONS

Chapter2 demonstrated thdenefits of using a geometric approach to cytie
correctionand icentified the ionosphere as an error source requiring further investigation
for improving the reliability of the approacfihe purpose of this chapter is thies
provide a rigorous methodology for detecting and correcting cycle slips in the presence of

strang ionosphed delay fluctuations.

The following was originally published as:
Banville, S.,and R.B. Langley(28.. @A Mi ti gating the i mpacts
on GNSS o0 b sleurnal aot GendesyVoh 87, No. 2, pp. 17493. doi:

10.1007/s00196D12-06041.

Modifications to the original manuscript were made only for proper identification of

sections, figures and tables, as well as to assure the uniformity of symbol and equation

notation throughout this dissertation.

53



Abstract

Processing of data from global navigation satellite systems (GNSS), such as GPS,
GLONASS and Galileo, can be considerably impeded by disturbances in the ionosphere.
Cycleslip detection and correction thus becomes a crucial component of robust software.
Still, dealing with ionospheric cycle slips is not trivial due to scintillation effects in both
the phase and amplitude of the signals. In this contribution, a geebaesteg approach
with rigorous handling of the ionosphere is presented. A detailed anafythe cycle
slip correction process is also tackled by examining its dependence on phase and code
noise, nordispersive effects and, of course, the ionosphere. The importance of stochastic
modeling in validating the integer cyclip candidates is ephasized and illustrated
through simulations. By examining the relationship between ionospheric bias and
ionospheric constraint, it is shown that there is a limit in the magnitude of ionospheric
delay variation that can be handled by the cgtile correcion process. Those concepts
are applied to GNSS data collected by stations in northern Canada, and show that
enhanced cyclslip detection can lead to decimeetevel improvements in the accuracy
of kinematic PPP solutions with a -3@cond sampling interlzaCycle-slip correction
associated with ionospheric delay variations exceeding 50 cm is also demonstrated,

although there are risks with such a procedure and these are pointed out.
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3.1 Introduction

Global navigation satellite systems (GNSS) sigtrakcking can be substantially
affected by irregularities in the ionosphere. Varying electron densities along the path
from a satellite to a receiver can cause GNSS signals to undergo rapid phase and
amplitude fluctuations, possibly leading to a loss aklon those signals and a delay
before the signals are reacquired. This event causes the receiver to lose count of the
carrierphase measurement, a condition known as cycle slipping. This situation can
significantly affect the performance of GN®&sed aplrations such as navigation and
ionosphere monitoring. For instance, strong ionospheric activity could considerably
reduce the availability of ionospheric corrections for satdiiiieed augmentation
systems (SBAS])Skoneand Knudsen, 2000;dnjathyet al, 2003, a crucial component
for secure air navigation. With the upcoming next solar cycle maximum expected for
2013[Jensenand Mitchell,2017]], the time has come to take a critical look at cglile
detection/correction methods and to determine how ttepe with high ionospheric

activity.

A common characteristic of existing cy«dfp detection/correction methods is the
assumption that the ionospheric delay varies smoothly over time. When the ionosphere is
quiet, the change in ionospheric delagtvieen a satellite and a receiver is mainly a
function of the varying elevation angle of that satellite and thus fluctuates slowly indeed.
Based on this knowledge, several techniques were developed to detect (and/or repair)

carrierphase discontinuities s as polynomial fittingBeutleret al.,1984, high-order
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differences of phase observatiorjslofmannWellenhof et al., 1997, or linear
combinations of observationMader 1986 Blewitt, 1990 Gao and Li, 1999 Bisnath

200Q Dai et al.,2009 delLacyet al., 2012]. When the ionosphere is moderately active, a
popular practice consists of tracking the rate of change of the geeineetriinear
combination of carriephase observations. Several variations of this process were
proposed using Kalman filteignBastosand Landaul988 Keeet al.,1997, wavelets
[Collin and Warnant,1995, polynomial regressioride Lacy et al., 200§, linear
functions[Genget al.,201Q Liu, 2011; changand Li, 2012] or quadratic functionfCai

et al.,2013]. Still, rapid icmospheric fluctuations could impinge on the reliability of those
techniques since none of them were conceived with the idea of coping with ionosphere
scintillations. For examplefigure 3.1 shows the ionospheric delay variatiorr #ach
satellite tracked by Natural Resources Canada (NRCan) station IQAL at Igaluit in
northern Canada, on 4 April 2011. Such irregular variations are not uncommon at low
and high latitudes, and predicting the ionospheric delay variation will withoutlat do
impact the performance of cyes#ip detection/correction methods that do not rigorously

model this error source.

It is well known that firstorder ionospheric effects can be eliminated by forming
ionospherdree combinations of observations. @re other hand, those combinations
usually involve noisy code (pseudorange) observations. While it is possible to fit
polynomials to long time series of ionosphémee codebased combinations to estimate
the size of carriephase discontinuities, this appch suffers from two main drawbacks.

First, the occurrence of cycle slips is usually more frequent during ionospheric storms
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[Skone et al., 2007, which can significantly reduce the lengths of the arcs used to
average code noise. Second, the siymr@loise ratio often decreases substantially due to

amplitude scintillation, leading to noisier code measurements.

lonospheric Delay Variation [m]

-6 H 1 i 1 H I i
00:00 02:00 04:00 06:00 08:00

GPS Time
Figure3.1: lonospheric delay variation computed using the geonfegeycombination of
carrierphase observations on 4 April 2011 at station IQAL. Each color represents a

different satellite.

Cycleslip detection could also be performed using quality control theory, in which
residuals from a leastguares (or Kalman filter) adjustment aretddsfor outliers

[Teunissen199(Q. Since processing all observations in an integrated adjustment offers a

57



mathematically stronger solution than satelhtesatellite testing[Teunissen 199%]
improved detection capabilities are expected using this apprd eunissen 19917.
Accounting for the ionosphere in the underlying functional model also allows rigorous
handling of this quantity in the detection procgssJongand Teunisser200d. On the

other hand, it was shown that the data snoopingBestda 196§ used to detect outliers

in the residuals is only rigourous for a single oufli2aselga201]. A common practice

is thus to detect outliers iteratively, removing one measurement at a time from the
adjustmen{Odijk and Verhagen2007. This praess could however be quite tedious if
cycle slips contaminate several carpérase observations simultaneously. Some studies
attempted detecting several simultaneous outliers, but it was found that the measures of
internal and external reliability perfmed worse than when a single outlier was present

[Knightet al., 2010]

A review of existing cycleslip detection/correction methods thus reveals that most
approaches lack proper handling of ionospheric delay variations. For this reason, this
paper poposes a geomettyased approach to this problem, with an emphasis on proper
stochastic modéhg and integer validation. First, the cydigp detection and estimation
process is described, followed by a review of integer{eqsares theory and valida.

Results of the proposed approaches are then presented from real GPS data collected
during high ionospheric activity in northern Canada. Lastly, the methodology described
in this paper is summarized and recommendations regardingstyrleandling inthe

presence of high ionospheric activity are presented.
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3.2 Cycle-Slip Detection and Estimation

As pointed out in the introduction, most existing cyslip detection approaches
assume a smooth variation of the ionospheric delay over time. Wheonthephere is
disturbed, such approaches could then lead to numerous false detectioSec(sme
3.5.1). Opting for quality control theory offers an interesting alternative, but might suffer
from the presence of multiple outliers. As a solution, we @sepa twestep process in
which a prescreening of carrigphase observations is performed on a satddite

satellite basis before including them into an integrated adjustment.

3.2.1GNSS Functional Model

In order to achieve this objective, one shwnderstand the functional model

describing carer-phase and code observables:

" QY D Y O _0 - (3.1)
o QY® Y 0 @ - (3.2)
where
Q identifies frequencylependant terms
0 identifies satellitedependent terms

is thecarrierphase measurement (m)
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oY

Qo

is thecodemeasurement (m)

is the instantaneous range between the phase centers of thte satdl
receiver antennas, including displacements due to earth tides and
loading and relativistic effects (m)

is the receiver clock offsétom GPS timgm)

is thesatellite clock offsefrom GPS timgm)

is the tropospheric delay {m

is a constant Z2Q¥'Q, where™Qis the frequency of the; arrier.

is the ionospheric delayn L; (m)

is the wavelength of th&gnal(m)

is the(norrinteger)carrierphaseambiguity (cycles)

groups instrumentaode delays (m)

contains umodeledquantities such as noise amdiltipath (m)

For the detection and correction of cycle slips, it is often more appropriate to compute

betweerepoch difference§ (| of equations3.1 and 3.2, which eliminateghe effects of

constant (or slowhvarying) parameters:

o 30 0
(33
1Torwre 1Y 10 1 b -
16 00 30 0o
(3.4)

1T 1T @e 1Y ‘10 -

60



whereo refers to an epoch arsbto a time intervalln equatior3.3, the variation of the

ambiguity parametefl ( ) is zero forcontinuous observations, while it is an integer

number when a cycle slip occurs. Code instrumental biases have been omitted from

eqguation3.4 since they are considered constant over a short time interval (typically less

than a minute in our application).e$eral nordispersive components can easily be

moddled using external information such as precise satellite orbit and clock corrections,

as well as a tropospheric model. Misclosures can then be computed as:
1 1 RS N B I 4 (3.5
10 10 1" 1@ 1Y (3.6)
where subscripttdenotes computed quantitie$. can initially be obtained assuming no

receiver disgcement in the following equation:

17 T 1@ 10 16 14 Td 3.7
where ] wh & h & is the satellite displacement between epochsjacdh wh & is
the receiver displacement. The remaining unknown quantities in equdt®aad 3.4,
apart from cycleslip parameters, are the displacement of the receiver (if it is moving), the
receiver clock offset variation and the ionospheric delay variation. a&tdguares
adjustment using observations from multiple satellites will allow estimation of those

parameters, as described next.
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3.2.2Defining Initial Con straints

Estimating the receiver displacement (in the case of a moving antenna), the receiver
clock variation and slant ionospheric delay variations can first be achieved by computing
a leastsquares solution based on code observations only. This process allows verification
of the integrity of code observations while providing initial constraimghe unknown
parameters. The system of equations involved can be defined as:

Ol¢ =7e =je 01 « E
(3.9
Ol¢ e 01 « E
whereO JandO O are the expectation and dispersion operators, respectively. In the case
of duakHrequency receivershe vector of code observations can be expressed as:
1K 170 70 8 Juv J0 (3.9
where € is the number of satellites observed. If external information regarding the
ionosphere is availéd, for example by monitoring the rate of change of the geometry
free combination of carrigghase observations, a vector of pseatservations can be

added to the system:

1K 170 8 10 . (3.10
More details regaling the selection of those constraints will be provide8aations

3.3 and 3.4. Parameters have been divided in two groups representingismersive

( e ) and dispersivé (e ) effects:
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1 10 70 17& 1QY  (moving receiver)
(3.11)
1 e 1 QY (static receiver)

1e 10 8 10 . (3.19)

The design matricess and = can easily be obtained by computing the partial
derivatives of the codebservation equations (equatidd) with respect to the estimated
parameters. The solution to the system ofa¢ign 3.8 will be denoted as e 0  with

covariancelf ,

The consistency of this code solution can be assessed by exaiia residuals of
the adjushent, which constitutes a clear advantage over sititd@nel processing.
Testing of the residuals can be accomplished by computing the normalized residuals and

verifying if they exceed a predefined threshi@adarda 1969 :

— - (3.13

wherel is the estimated residual of th measurement, its precision ané- is the
threshold value from the standard normal distribution. The observation with the largest
normalized residual exeding the threshold, if any, is then discarded from the adjustment
and iterations are performed until the test of equai@B is passed for all observations

(or until there is no redundancy). Since blunders in code observations typically occur

rarely, fav iterations should be required at this stage.
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3.2.3Satellite-by-Sateliite Detection

The first step of the detection process consists of examining epinase observations
for large cycle slips (i.e., above coedeise levels). The purpose of gshprocedure is to
reduce the possible computational load and improve the robustness of data snooping in
the case of multiple phase discontinuities. In a similar fashion to that of code
observations, the following system can be defined for carrier phases:

0O « =lle =7e |

(.| n
(3.19
0] « 'f « -

The extra vector of parameters,, contains the cyclslip parameters anﬂ is the
corresponding design matrix. Psereening of carriephase observationsan now be
achieved on a satelldy-satellite basis. Using only data from satellitand removing

the estimated quantities obtained from the code solution leads to:
O] « O)j¢ =7e =70 |-

(3.19

ol k. = = k.

The estimated cyclslip parameters and their covariance matrix can finally be

computed as:

R

L (3.1
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Cycle slips are detected by verifying if the estimated quantjtie¥ &re significantly

different from zero:

1= |IF ] ) (3.17)
where? is the threshold value from the central-shuare distribution and the variance
factor is assumed knowwVells and Krakiwsky,1971]. This satelliteby-satellite testing
will only allow detecting cycle slips that exceed cousse levels, meaning that
discontinuities on the order of2 cycles will most likely remain undetected. Integrating

carrier phases in the adjustment will be required for this purpose, which is described next.

3.24 Integrated Detection

In order to benefit fully from the precision of carrghase observations,
measurements from all satellites should be processed simultaneously. Discarding carrier
phases flagged as containing cycle slips in the satbijiellite detection step, the
leastsquares solution obtained from code observations can be updated as:

3 e I'I'lLlIT ||fo |T|F1(]' Iﬁ.a (3.18

Te Te0 13e (3.19
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where f = = and] 3e is the parameter update to tlaepriori values
provided by the code solution. After computing the residuals, data snooping is performed
again as per equatidl3and the process is repeated untilraihaining cycle slips have

been detected. As demonstrated deyJong and Teunissef200Q, cycle slips with a
magnitude of one cycle can be detected using this approach, as long as phase redundancy
is available. In the event that this condition is notséeti, one has to rely on the
satelliteby-satellite detection results. Note that when a discontinuity is detected for a
satellite, both frequencies are usually flagged as containing cycle slips unless the slant

ionospheric delay was tightly constrained.

3.2.5Estimating Cycle-Slip Parameters

Once cycle slips are detected, the next step consists of estimating the size of the
discontinuities. Obtaining unbiased float estimates can only be achieved through careful
moddling and estimation of all quaties on the righthand side of equatioB.3. The
estimated parameterse , obtained from the integrated detection process, offer the
best solution at hand for this purpose. When a receiver maintains lock on most satellites
between epochs, natispersive effects typically can meodeled with a precision of a
few millimetres (static receiver) or centimet (moving receiver). lonospheric effects
were determined using a combination of code observations and external constraints.

Depending on codroise levels and the predictability of the ionosphere, it is possible that
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cycleslip parameters are still contaminated by this error source. The next sections will
explain the role played by tleepriori constraints set in equati@®8 in the identification

of the proper integer candidates.

If we suppose that nedispersve effects were indeed precisetydeled, there will
be very little correlation between cyedéip parameters of different satellites. A satellite
by-satellite approach could then still be used for the purpose ofshgleorrection:

01 « 0] « =] e =1 e |7 =

(3.20)
ore k., = =F.

An analysis of the estimatedag-slip parameters and their covariance matrix, again
obtained using equatic® 16, can now be performed to identify the mbkely integer

candidates.

3.3 Integer LeastSquares Theory

Once the float estimates for the cyslgp parameters() are obtained, the next step is
to identify the closest integer vector. This section will focus on how this vector should be

defined and validated.
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3.3.1Integer Pull-In Regions

In order to use the full information from the cyslip covariance ntax, |F ., the
distance between the float estimates and an integer vieetpsijould be measured using
a special metric sometimes referred to as the Mahalanobis difkhabalanobis1934,
defined as:

Q 1

¢
n
—_
n
J—
n
?
—_
|
—_
|

(3.21)

This metric takes into account the correlation between the estimated parameters,
potentially leading to a completely different distance than the Euclidean norm would
provide. When considering the Euclidean norm in twoatisions, all grid points located
in a unit square centered on an integer pair are closer to that integer pair than any other
one (sed-igure3.2(a)). This unit square defines a Voronoi ¢&ll, 2004, often referred
to as a pulin region in integer leastquares analysig eunissen199§ since all values

located in this cell would be mapped to the closest integer vector.

When the Mahalanobis distance is involved, the shape of thosén peljions can
differ significantly, and depends on the correlation between parameters. The correlation,
in turn, is a function of geometry and the stochastic model defined by the observation

noise (k. , |F. ) and thea priori ionospheric constraints|, ). It is thus the

covariance matrix|- ., in equatior8.21that allows the stochastic model to contribute in
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defining the Voronoi cellfigure3.2(b)-(d) demonstrate twdimensional pulin regions
associated with differentachastic models (actually, only differs). It can be noticed
that, in subplot (d), the grid points (0,0) and (1,0) have no common cell boundary,

meaning that the integer pair (1,1) is actually closer to the origin than (1,0) in terms of the

Mahalanobis distance.

SN,

Figure3.2: Integer pullin regionsfor different ionospheric constraints: (a) uncorrelated
cycleslip parameters () =0.001 m(c)) =0.010m(d), =0.050m. Vectors
indicating the direction in which ionospheric (purple), geometric (blue), and parameter

specific (red for0 and green fob ) errors propagate are shown.
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The shape of the cells in subplot (d) are much more elongatée direction of the

purple vector, having a slope of #_, and representing the direction in which the

ionospheric delay variation would propagate into the estirhaiesand] 0 . In other

words, with a looser ionosphericriraint (and a welllefined range), the Mahalanobis

di st ance wi | lforgitreo anysfloaneectos Being afféctediby the ionosphere

and still assign it a short distance. This means that our system can accommodate a much
larger ionospheric bias agpposed to processing each frequency independently, as

represented by subplot (a), or by tightly constraining the ionospheric delay (subplots (b)

(d)).

Figure 3.2 also includes other vectors representing the propagatiectidin of a
geometric error (in blue), having a slope of 7_ , as well as parametspecific errors
such as carriegphase noise and multipath (in red faf and in green for 0 ). Since
observations are not error free, the vector aiveged cycleslip parameters might then
be contaminated by all those error sources. Hehogure 3.2 illustrates that the
sensitivity of the cycleslip correction process to the various error sources depends
largely on the iongsheric constraint that was selected. With a looser ionospheric
variance, a larger ionospheric error can be accommodated, but the more sensitive the
cycleslip correction process will become towards geometric and paraspsteific
errors. It is thereforemportant to appropriately select the ionospheric variance when
using the ionospheieeighted model, and additional details regardimg topic will be

provided in ®ction3.4.
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3.3.2Integer Validation

Once the mosdlikely integer vector has beeneidtified (i.e., the float estimates belong
to its pulkin region), the next step is to validate this selection. While this process is
fundamental, a rigorous approach is often omitted in the context ofdyzleorrection
using geometrfree combinationsof observations. Integer cyeddip validation was
suggested biim and Langley 200]], andBanville et al. R01J emphasized the deficits

of popular validation methods when dealing with an active ionosphere.

In the literature, several approachewéhdeen proposed to ensure that the proper
integer vector is selected, but which approach to choose is still an opefMsshagen
2004. A very popular method of discriminating between the two closest integer vectors
(sayl = and] = ) is the ratio tesfulerand Schaffrin1991]. The integer vectdr= is
accepted if the following condition is met:

% & (3.22)
where® is a constant, usualkelected as a fixed value of 1/2 or 1/3. A potential problem
with the ratio test is that it does not consider the scale of the covariance matrix. A
modified ratio test using a variable threshold value has been propoSedibigserand

Verhagen 2009. When the standard deviation of the parameters is large, the threshold

value is decreased to reflect this reality. Even though such an approach will perform
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better than the fixethreshold ratio test, computing the threshold value is not trivial and
requireslook-up tables based on simulations. Another approach would be to define a
success probability based on the integral of the probability density function (PDF),
centered on the estimates, over the-pullegion of an integer vector. Unfortunately, the
integral is quite complex in a muldimensional context due to the shape of the-jpull
regions (refer back té&igure 3.2) [Xu, 2006 Fengand Wang,201]. A multitude of
approximations to the success probability have been propssedas lower bounds and
upper bounds based on the ambiguity dilution of precision (AJD&)nissen1997,
ellipses[Teunissen 1999, bootstrappingTeunissen199%], eigenvalueqdTeunissen

2004, etc. Nevertheless, those approximations ignore thenasd values and only

focus on the precision of the estimates, neglecting the potential presence of biases in the
observations. The success rate in the presence of biases was also analyaanidsen

[200]], where lower and upper bounds were providedifteger leassquares. Still,
instantaneous ambiguity resolution could be compromised depending on the sharpness of

those bounds.

There are thus two important factors to consider when performing integer validation:
1) the mathematical model must b#ong enough for us to have confidence in the
selected integer candidates, and 2) only one integer vector must have a significant
probability of ben g t h esoluiidnr @ne possible means of considering both the PDF
and the estimated values is to Bayes' marginah posterioriprobability of] = being

t h e integeuvector, defined as:
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Qe
—_— 3.23
n g O (329

where the summation is made over all integer vectors,darid the threshold vak,
selected as 0.99 in this research. The PDF of the estimateestpgb@rameters is:

P
SR N

P, .
TAzazgw-h- (3.29)

R

whereQis the dimension gf= . It was shown thatugh a formulation also maximizes the
probability of successful fixinfT eunissen2005. Simulations have further demonstrated
thatp mrepresents an unbiased estimate of the failure[x&@ Meerbergeret al.,

20140.

Even though the summation inwdion 3.23 is made over all integer vectors in,
which is practically impossible to realize, the contribution of some integer vectors
obviously becomes negligibleverhagenand Teunissen2P0§ determined that all
vectors for which

Q («h= .. (3.25)
where ... is the central chsquare distribution (with two degrees of freedom when
dealing with duafrequency receivers), can be omitted from the summation. An efficient
algorithm, such as the one described byJdege and Tikerius [L994, allows rapid

computation of equatioB.23 constraind by equatior8.25.
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3.3.30n Linear Combinations

A very popular approach to ambiguity resolution and cgtife correction is to form
linear combinations of observations or parangetermitigate the presence of some error
sources, such as geometric or ionospheric errors. This is typically done using a
transformation matrixd), such that:

1 dba (3.26)

L AL (3.27)

It can be shown, however, that those transformations will not improve the outcome of

the cycleslip correction, since:

Qioh» 1 T EL T T

IEER ||f£ Lqya | (3.28

Q 1=h-
wheredtis assumed invertible, which is the case by definition &idvintegerpreserving
transformationgTeunissenand Keusberg199§. Since the Mahalanobis distance is not
affected by the reparameterization, the success ratengede equatiord.23) will also
remain identical. So, using linear combinations (sucth@agpopular widelane) will have
no impact on the cyclslip correction process, provided that the stochastic model was

defined properly. Similarly, the Leastuares AMBIguity Decorrelation Adjustment
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(LAMBDA) [Teunissen1993 is only useful in speedingp the search process, but does
not improve ambiguity resolution. An exception to this rule applies when partial fixing is
performed, meaning that only a subset of (reparameterized) parameters are fixed

[Teunisseret al.,1999.

3.4 Stochastic Aalysis

The previous section, in particuligure 3.2, explained that the outcome of the cycle
slip correction process will greatly depend on the stochastic model. For example, it was
shown that a large uncertainty in the ionosphdsdlay variation makes the process more
sensitive to geometric errors and noise or multipath. As mentiorfgettion3.2, several
approaches were developed to approximate the success rate as a function of stochastic
moddling. Studies have also demonsgeh the impact of various types of biases on the
success ratgTeunisseret al.,200Q Teunissen2001]]. In this contribution, we adopt a
slightly different approach measuring the impact of both the stochastic model and the
presence of biases am (see egation 3.23). Since this quantity is used in practice for
integer validation purposes, it is imperative to determine when this value will fall below a

certain threshold.
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3.4.1Methodology

For the purpose of simulations, the following system of egosiis defined:
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where |'- . Is a diagonal matrix reflecting the precision ohpl noise,( ), code noise
(, ), range constraint,( ) anda priori ionospheric constraint, ). The cycleslip

covariance matrix used in the computationsndbr the simulations will then be:

0. =yf.=v . (3.30

Hence, an analysis of the impacts of the component# pf on m can easily be
performed. By assuing thaff = it , a maximal value fom will be obtained. The
subsequent plots then indicate in which conditions reliable -sjiglecorrection (defined

here asn 0.99 will be possible.

Note that the system of equatiBi29is equivalent totte cycleslip estimation process
presented irBection3.2, provided that satellit&€was excluded from both the cebased

(equation3.8) and integrated (equatidh20) solutions. In this case, a range constraint
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can be defined 4s’[T =17 e and its precision should reflect the geometric strength of

the integrated solution.

3.4.2Results

Figure3.3 provides an analysis of tigvalue under different scenarios. In subplot (a),
no a priori constraints werapplied on the range and the ionospheric delay variation.
This approach is equivalent to the geomdteg model. It is interesting to note that if
both the range and the ionosphere are poorly defined, it is practically impossible to
reliably fix cycle sips to integers. In subplot (b), a constraint of 1 cm was applied on the
range, which is a reasonable expectation when the receiver displacement and clock offset
variation are estimated using the thaiéferenced approach discussedsaction3.2. This
model thus represents the ionosph#ioat model since code measurements offer the only
constraint on the ionospheric delay variation. It is no surprisenjldatcreases quickly as
code noise increases. Still, it should be emphasized that phase noise yaso @iacial
role in the cycleslip correction process. As pointed out Figure 3.2(d), the pulin
regions become rather narrow in the propagation direction of paraspetefic errors
such as noise. Subplot (c) shows the héneff adding an ionospheric constraint, and
demonstrates that once the range is well defined, it is possible to tolerate a larger
uncertainty in the ionospheric delay variation. Finally, subplot (d) again stresses the

importance of the range constraintciycle-slip correction.
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,» =0.01m.

A topic that must now be addressed is how to select the ionospheric constraint. When
the ionospheric delay variation between epochs is unknown, is it preferable to opt for the
float mode or still attempt to constrain this quantity? In order to answer this question, the
relationship between ionospheric bias and ionospheric constraint is analyzed for two
stochastic models, as illustrated in the plot&igure 3.4. Some key conclusions can be

made from these plots: first, once'@aches the value of about 67 cm, the estimated
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parameters will inevitably lie in the wrong pufl region, regardless of the constraint
selected. This critical value thus constitutes the maximal ionospheric delay variation that
can be handled usindné ionosphersveighted model of dudlequency carriephase
observations, although a larger delay could be tolerated due to code measurements (see
next paragraph). When processing GNSS data atse@ihd sampling interval during
high ionospheric activityionospheric delay variations exceeding this critical value are
indeed possible, implying that it might be safer to disable eslgdecorrection under such
circumstances. Furthermore, reliable cyslip correction, defined ag) 0.99 can only

be obtained when "©0.3m with,, =5 mm, and when ©0.17 mwhen, =1cm.

Only if one is willing to accept a higher failure rate can an increased ionospheric delay
variation be accommodated. One should also keepind that the values suggested are

maximal values and these could differ in practice due to noise amolddted errors.

Note that when code observations are used, code noise will propagate into the
estimated cyckslip parameters and create an agnt ionospheric delay variation. This
finterferenceé could either be constructive or destructive, meaning that it could reduce or
amplify the real ionospheric effects. For this reason, esigpecorrection associated with
a value of "@reater than 67 cm can be successful, provided that code measurements help
mitigate the ionospheric bias. Similarly, in the ionospHkrat model with noisy code
measurements, code noise could push the estimatedstiyclparameters out of the
correct pulkin region and lead to wrong integer candidate identification as will be

demonstrated later.
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From Figure 3.4, it seems like selecting in the vicinity of 1615 cm is a good
compromise in maximizing the sensitivity to an ionospheric bias. Based on the stochastic
model of Figure 3.4(a), using such aa priori constraint could allow correcting cycle

slips even inhie presence of an ionospheric bias of nearly 30 cm. This can be explained
by the relation between the PDF and the-pullegions. The tighter the constraint on the
ionospheric delay, the more peaked the PDF. Since the success rate is defined as the
integral of the PDF over the puilh region, if a peaked PDF is located close to the border

of a cell, the success probability will still be high enough to reliably map the float
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estimates to an integer vector. As the PDF gets wider due to a loose ionospheric
constraint, it spreads over the boundaries of the-ipuiegion as it gets closer to the
border of a cell, leading to a reduced success rate. It could thus be concluded that it is
preferable to slightly oveconstrain the ionospheric delay variation, agglas the true

delay allows the float estimates to remain within the properipuégion.

3.5 Experimental Results

The concepts presented in this paper have been applied to GPS data collected during
high ionospheric activity. Ten stations in naith Canada were used (Skable 3.1), all
of them located above the 56th parallel, except for station ALGO in Algonquin Park,
Ontario, which was used as a benchmark since it was not as affected by ionospheric
irregularities. All s$ations have accurate weekly coordinates estimated by the
International GNSS Service (IGE)ow et al.,2009 which served as reference positions
in subsequent analyses. Satellite orbits and clock corrections were also obtained from the
IGS for the compution of PPP solution§Griffiths and Ray,2009. Data from 4 to 7
April 2011 were selected due to the presence of nighttime ionospheric scintillation. An
example of the type of ionospheric delay variations observed was already presented in
Figure 3.1. The performance of the proposed cyslip detection approach is first

assessed, followed by an analysis of cygtip correction.
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Table3.1: Canadian stations used to assess the peafurenof the cyclslip

detection/correction approaches.

Station Location Latitude Longitude | Receiver Type
Algonquin Park,
ALGO donquin 457210 | 78041y | AOA Benchmark
Ontario ACT
Baker Lake,
BAKE 64°1904" -96°0008" TPS NetG3
Nunavut
Inuvik,
INVK o 68°1822" | -1333137' | Ashtech UZ12
Northwest Territories
Iqaluit,
IQAL 63r4521" -68°3038" TPS NetG3
Nunavut
Nain,
NAIN 56°32'13" -61°41'19" Ashtech UZ12
Newfoundland and Labrado
Qikigtarjuaq,
QIKI 67°3334" -64°0201" Ashtech Z-12
Nunavut
Resolute Bay,
RESO 749127 -94°5337" Ashtech UZ12
Nunavut
Tuktoyaktuk,
TUKT o 6X2618" | -13205940"' | Ashtech UZ12
Northwest Territories
Whitehorse,
WHIT _ 60°P4501" | -135°1320" TPS NetG3
Yukon Territory
Yellowknife, 3
YELL - 622851" | -1142851 | AOASNR12
Northwest Tertiories ACT
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3.5.1Cycle-Slip Detection

When using data at a 3@cond sampling interval, ionospherielal variations of
nearly 1 mae can be observed. Therefore, using the geonfetgy combination as a
meansof detecting cycle slips could result in an unnecessarily large number of false
detections. This phenomenon can be clearly visualized by examining the performance of
kinematic PPP solutions. The datasets selected for this study were processed by three
autanated online PPP servicgBanville et al., 2009. All PPP engines were using
geometryfree linear combinations of observations for the purpose of -jigaletection.
The RMS errors of the estimated heights, present&ijiumre 3.5, offer a clear picture of
the problem at hand. When the ionosphere is quiet, typical kinematic PPP height RMS
should be around 3 cm for IGS quality di€aubg 2009, which could be confirmed for
station ALGO (except for one PPP engine). On the dihad, significantly larger RMS
errors were obtained for other datasets. Note that the services are labeled as 1, 2 and 3 to

maintain anonymity.

The same datasets were also processed by PPP software developed by the first author,
which includes the nikods described in this paper, such as the improved -slple
detection and correction algorithms. For this test, no eslgbecorrection was attempted
to emphasize the benefits of the proposed detection procedure. In thslipydietection
process, naassumptions were made regarding the dynamics of the receiver, i.e. the

receiver displacement was explicitly estimated in the -tiifferenced solution. When

using this approach, the RMS errorofthes t i mat ed hei ght (Il abel ed
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in Figure3.5 is clearly smaller than that of the PPP services and is similar to kinematic
PPP results with a quiet ionosphere. It is interesting to note that very few cycle slips were
present in the carrigghase observations, but severalbaguity parameters in PPP

solutions 1, 2 and 3 were needlessly reset due to the ionospheric effects.

o
o

2011 04 04

Height RMS [m]

E

n

>

o

£

D

(O]

T Nl
% 4/ .
o /ré”xﬁ’ /1/?‘%» N

PPP #1 - PPP #2 x PPP #3 = New Approach ©

Figure3.5 : RMS of the estimated station height using the kinematic PPP methodology.

To further llustrate the consequences of this probl&mgure 3.6 presents a 2hour
time series of the estimated ellipsoidal height for station RESO at Resolute Bay,
Nunavut, on 6 April 2011. The stability of the solutions suffers greabiy fthe falsely

detected cycle slips, while the new algorithm presented offers more stable height
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estimates. While kinematic PPP solutions using ss&fnd sampling interval have
limited applications in practice, this test still illustrates clearly thici@acies in the
cycleslip detection processes commonly implemented. Having access to a reliable cycle
slip detection method would greatly reduce the number of ambiguity parameters to be
estimated for processing IGS station data, in the context ofigatdtick estimation or

total electron content (TEC) map generation, for instance.
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Figure3.6: Estimated station height for station RESO on 6 April 2011.
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3.5.2Cycle-Slip Correction

With an unstableonosphere, cyclslip correction with 3&econd epochs should
probably be deactivated due to the inherent risk of fixing the estimated parameters to
wrong integers. Still, to demonstrate that our method is indeed capable of handling

ionospheric delay vations of several decimes, three examples are provided hereafter.

For every scenario, the receiver was known to be static; i.e., no receiver displacement
was estimated in the tirdifferenced solution. The precision of the estimated receiver
clock variation was always in the vicinity of 6 mm. Code and phase noise were monitored
using a PPP solution running in parallel, and an appropriate scaling was used to transform
the standard deviations from undifferenced ionospfree observations to tirme
differenced uncombined observations. Arnpriori constraint on the ionospheric delay
was obtained by computing an RMS value from the betvepexch variation of the
geometryfree combination of carrigghase measurements for the last 5 epochs. All of

this information defined the stochastic component required in the correction process.

First, data from satellite PRN 3 on 4 April 2011 at station IQAL was used, and cycle
slip correction was attempted at every epoch. It was verified using 1 Hz data tlyateno
slips were present during ahéur period, from 00:30 to 04:30 GPSFigure 3.7
illustrates the ionospheric delay variation during eacletbnd interval, as well as thg

value computed using equati8r23. It is interestng to note that the proper integer values
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(0,0) could be recovered at every epoch, even though the ionospheric delay variation
exceeded 50 cm at one epoch. Such results could be achieved thanks to code
measurements with relatively low noise, which redubedionospheric bias affecting the

estimated cyckslip parameters.
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Figure3.7: Cycle-slip correction results for satellite PRN 3 observed at station IQAL on

4 April 2011.

The same procedure was rafe using data from satellite PRN 4 on 6 April 2011 at
station BAKE in Baker Lake, Nunavut. Noisier code measurements were associated with

this satellite, affecting the outcome of the cyslg@ correction process, shown kigure
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3.8. In multiple instancesy) was below the 0.99 threshold value, preventing a reliable
identification of integer candidates. In this case, the ambiguity parameters associated with
this satellite in the PPP solution would have to be reinitialized. Unfortunately, in six
occasions indiated by black squares Fgure 3.8, cycleslips were fixed to the wrong
integer pair {3, -4). An analysis revealed that misspecifications in the stochastic model as
well as codenoiseinterference (refer t&ection3.4) led tothis outcome. Still, for several
epochs, the correct integer values were identified even though significant ionospheric

fluctuations were present.

lonospheric Delay Variation [m]

04+ ,,,,,,,, e : 0.2
06'+'O
21:00 21:30 22:00 22:30 23:00 23:30
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Figure3.8: Cycleslip correction results for satellite RR} observed at station BAKE on
6 April 2011. Black squares identify occurrences of wrong esftitefixing.
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As mentioned previously, very few cycle slips were observed in the datasets processed
in this study. Nonetheless, two occurrences of cydpes dffected satellite PRN 32 at
station NAIN in Newfoundland and Labrador on 6 April 2011 over aniffute period.

The satellite was tracked at a low elevation angle decreasing from approximately 15 to 10
degrees, resulting in noisy code measurements.rdieeof change of the ionospheric
delay variation increased from 0.02 m to 0.08 m pes&tbnd epoch over that interval.

As discussed throughout this paper, explicitly forming linear combinations of
observations and processing the data on a saisjlisatellite basis is a suboptimal
approach for cyckslip correction. To emphasize this statem&rgure 3.9 presentsie

series of the Melbourr@/Ubbena combination (left panel) and secander differences

of the carrietphase gometryfree (GF) combination (right panel) over a 90inute
window. An estimate of the widelane cycle slip was obtained by averaging the fractional
part of the Melbourn&Vibbena combination over each arc (represented by horizontal
blue lines). While the agnitude of the first discontinuity could be computed precisely,
the estimate of the second break cannot be reliably rounded to an integer. When the
widelane cycle slip can be repaired, the effective wavelength of the gedneettinear
combination becoes 5.4 cm. As apparent from the right panelFgjure 3.9, the
estimates at the time of the discontinuities lie very close to the border of thie pull
region (indicated by horizontal blue lines) and prevent proper identificatitre cycle

slip candidates. Using the cyedép correction approach proposed in this paper then
becomes useful in such a context: the range can be accurately defined using-the time

differenced solution, and a constraint pf < 0.1 m allows one to obtain a
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mathematically strong solution, regardless of code noise. In both cases, cycle slips were

corrected within a single epoch and fixed as T ¢ L o ¢hootorp T U catt 1T
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Figure3.9: Widelane combination and geomefrge combination seconarder

differences for satellite PRN 32 observed at station NAIN on 6 April 2011.

In summary, cycleslip correction over a 38econd interval is indeed possible during
high ionospheric activity. However, there are risks associated with this procedure and
cautious monitoring of the results is recommended. The performance of the proposed

approach obviouslymproves for shorter time intervals, but the stochastic model must
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still be carefully selected to avoid an improper selection of integer candidates. Note that
this approach could be applied in real time since it allows correcting cycle slips within a

singleepoch.

3.6 Conclusion

This paper explained how the performance of popular eslipe detection and
correction approaches could be greatly impacted by disturbances in the ionosphere. To
overcome this limitation, alternate detection and correctiongulures were proposed. In
order to detect discontinuities in carr@nase measurements, a geombétrged approach
using timedifferenced observations was suggested. Unknown effects are first estimated
using code observations and allow quick satefiifesatellite screening for cycle slips
exceeding codeaoise levels. Then, all carriphase observations not flagged in the first
step are added to the system for a more reliable outlier identification based on quality
control theory. Results from northerm@adian stations demonstrated that this technique

leads to a significant reduction in the number of false detections.

When cycle slips are detected, their magnitude can also be estimated irsguieass
adjustment. It is, however, crucial that pdispersive effects be accuratetyodeled
which can be achieved using observations from satellites not affected by cycle slips. The

success rate associated with this approach also depends largely on the stochastic model
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used. It is therefore imperative properly account for observation noise, and to salect
priori constraints appropriately. A validation procedure based on Bayes' maaginal
posteriori probability was also adopted which takes into account both the stochastic
model and biases in the eséitad parameters. Occurrences of wrong egbfe fixing

seem to mainly occur when the stochastic model is improperly specified.

When it comes to selecting anpriori constraint for the ionospheric delay variation,
simulations have shown that it iseperable to slightly oveconstrain this parameter, as
long as the constraint allows the estimated parameters to belong to the projer pull
region. With a loose constraint, a maximum ionospheric bias of approximately 67 cm can
be tolerated until the cleslip estimates unavoidably fall within the wrong pull
region. It is therefore recommended to deactivate the -Gjiplecorrection procedure in
automated processes when an active ionosphere is detected and the time interval between
epochs is more thaa few seconds. Even if encouraging results are obtained, the
increased measurement noise associated with an active ionosphere makes correcting

cycle slips an ongoing challenge which requires further investigation.
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CHAPTER 4

MONITORING THE IONOSPHERE USING INTEGER -LEVELLED
GPS MEASUREMENTS

This chapter describes a new method for monitoring the ionosphere using GPS
measurements. It is shown that, using PPP, a very precise measure of the total electron
content betweea satellite and a receiver can be obtaifdds informationcan then be
used for the computation of ionospheric delay corrections to improve convergence of PPP
solutions, as shown in the next chap#ppendix| provides additional backgrourmh

the decopled-clock model

The following was originally published as:
Banvill e, S. , W. Zhang, and R. B. Langl ey
integerl evel ed GPS 6RSaAANYVaE. BdeNo.t3,dMarch 2013pp. 4349,
based on the followingonference papers:
Banville, S, and R. B.Langley (2011). fiDefining the basis of anintegerlevelling
procedure for estimating slant total electron contentdp Proceedings of the 24th
International TechnicaMeeting of he Satellite Division ofThe Institue of Navigation
(ION GNSS 2011 Portland, @e., 19-23 Septenber, pp. 2542551,
and
Banville, S, W. Zhang, R. GhoddousiFard, and R. B.Langley (2012). Alonospheric

monitoring using 6ntegerlevelled observations roceedings of the 25th International
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Technical Meeting othe Satellite Division offhe Institute of Navigation (ION GNSS

2012) Nashville, enn, 17-21 September, pp. 2692701

Modifications to the original manuscript were made only for proper identification of
sections, figures anthbles, as well as to assure the uniformity of symbol and equation
notation throughout this dissertation. References were also inserted in this tlagptbr

on the ION GNSS conference papers mentioned above.

4.1 Introduction

Representation and fecast of the electrooontentwithin the ionosphere is now
routinely accomplished using GPS measuremeltsnjathy et al., 2006 The global
distribution of permanent groudzhsed GPS stations can effectively monitor the
evolution of electron structures thin the ionosphere, serving a multitude of purposes

including satellitebased communication and navigation.

It has been recognized early on that GPS measurements could provide an accurate
estimate of thdotal electron contenfTEC) along a satelléreceiver path Jorgensen,
1978. However, because of their inherent nature, phase observations are biased by an
unknown integer number of cycles and do not provide an absolute value of TEC. Code

measurement§pseudorangesglthough they are not ambigusalso contain frequency
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dependent biaseswvhich again prevent a direct determination of TEC. The main
advantage of code over phase is that the biases are satelliteaeceivedependent,
rather than ardependent. For this reason, the GPS communitialigi adopted, as a
common practicefjitting the accurate TEC variation provided by phase measurements to
the noisy code measurements, therefore removing thdependent biasgdanyi and
Roth, 1988. Several variations of this process were developed the years, such as
phase levelling Vilson and Mannucci, 1993 code smoothingSchaer, 1999 and

weighted carriephase levellingStephens et al., 20]L1

The main challenge at this poiistto separate the code inteequency biases (IF
from the lineof-sight TEC. Since both terms are linearly dependent, a mathematical
representation of the TEC is usually required to obtain an estimate of each quantity
[Lanyi and Roth, 1988 Misspecifications in the model and mapping functions were
found to contribute significantly to errors in the IFB estimation, suggesting that this
process would be better performed during nighttime when few ionospheric gradients are
present{Coco et al., 1991 IFB estimation has been an ongoing research topic for the
pag two decades are still remains an isfueaccurate TEC determinatig€oster and

Komjathy, 2008.

A particular concern with IFB is the common assumptions regarding their stability. It
is often assumed that receiver B-Bre constant during the ase of a day and that
satellite IFB are constant for a monthly perio8tudies have clearly demonstrated that

intracday variations ofeceiverinstrumental biasesxist, which could possibly be related
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to temperature effectfGao et al., 2001 This assumtion was shown to possibly
introduce errors exceeding 5 TEC units (TECU) in the levelling prd¢&gssolo et al.,
2007, wherel TECU corresponds to 0.162 mestof code delay or carrier advanaethe

GPS L frequency (1575.42 MHz).

To overcome tis limitation, one could look into using solely phase measurements in
the TEC estimation process, and explicitly deal with thedapendent ambiguitigsVild
et al., 1989; Leandro et al., 2Q0The main advantage of such strategy is to avoid-code
induced errors, but a larger number of parameters need to be estimated, thereby
weakening the strength of the adjustment. A comparison of the -phhsgarc
dependent) and phatevelled (satellitedependent) models showed that no model
performs consistently beér [Brunini and Azpilicueta, 20Q9 It was found that the
satellitedependent model performs better at Jatudes since the extra ambiguity
parameters in the adependent model can absorb some ionospheric features (e.qg.
gradients). On the other hanghen the mathematical representation of the ionosphere is
realistig the levelling errors arsusceptible to impact more significantly the accuracy of

the approach.

The advent of precise point positioning (PPP) openeddbe to new possibilitiesof
slant TEC (STEC) determination. Indeed, PPP can be used to estimate undifferenced
carrierphase ambiguity parameters @nand0 , which can then be used to remove the
ambiguous characteristics of the carpliase observations. In order to abta

undifferenced ambiguities free from ionospheric effects, previous researchers have either
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used the widelane/ionosphdree (IF) combinations Chen et al., 2004 or the Group

and Phase lonospheric Calibratid@RAPHIC) combinatiors [AbdelSalam, 200pb One

critical problem with such approaches is that code biases propagate into the estimated
ambiguity parameteriBanville et al., 200B Therefore, the resulting TEC estimates are

still biased by unknown quantitieand might suffer from the unstable datprovided by

the IFBs

The recent emergence of ambiguity resolution in R dt al., 2008; Laurichesse et
al., 2009, Collins et al., 201(@resented sophisticated means of handling instrumental
biases to estimate integer ambiguity parameters. Dok technique is the decoupled
clock method which considers different clock parameters for the cphase and code
measurementCpllins et al.,, 201pInt he present contribution,
| e v e Imethod liaged on the decoupletbck model,which uses integer carrigphase

ambiguities obtained through PPP to lee carriesphase observations.

4.2 Standard Levelling Procedure

This section briefly reviews the basic GPS functional model, as well as the
observables usually useéd ionospheric studies. A common levelling procedure is also
presented, since it will serve as a basis for comparing the performance of our new

method
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4.2.1 lonospheric Observables

The standard GPS functional model of dirajuency carriephase ad code

observations can be expressed as:

T 0 6 - (4.1)

oo 6 - (4.2)
O T “0 & & - (4.3)
o " “0 & o - (4.4)

where s the carriephase measurement to satell@en thed link and, similarly,0
is the code measurement on Theterm” [ is thebiased ionosphettee range between
the satellite and receivewhich can be decomposed as:

B QY ™ Y. (4.5)

The instantaneous geometniange between the satellite and receiver antenna phase
centres is’ . The receiverand satelliteclock errors, respectively expressed@sand
0 , areexpressed here in units of metr&he term’Y stands for the tropospheric delay,
while the ionospheric delay dn is represented byD and is scaled by the frequercy
dependentconstant’ , where* "Q¥'Q. The biased carier-phase ambiguities are
symbolized by0 and are scaled by their respective wavelenths The ambiguities

can be explicitly writtn as:
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5

6 0 o O (4.6)

where( is the integer ambiguityp is a receivedependent bias, ard is a satellite

dependent bias. Similarlj and @ are instrumental biases associated with code

measurements. Finally, contains umodeled quantities such as noise and multipath

specific to the observabl&he overbar symbol indicates biased quantities.

In ionospheric studies, the geomeftrge (GF) signal combinations are formed to
eliminate nordispersive terms and thus provide a better handle on the quantity of

interest:

‘ © 0 0 0 (4.7)
(4.8)

where 'O@® and "O® represent the code inteequency biase$or the receiver and
satellite, respectivelyThey are also commonly referred to as differential code biases
(DCBs). Note that the noise terms)(were neglected in these equations for the sake of

simplicity.

4.2.2\Weighted-Levelling Procedure

As pointed out in the introduction, the ionosphelis@rvables of equatios7 and

4.8 do not provide an absolute level of ionospheric delay due to instrumental biases
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contained in the measurements. Assuming that these biases do not vary significantly in
time, the difference between the phase and codenaligms for a particular satellite

pass should be a constant value (provided that no cycle slip occurred in the phase
measurements). The levelling process consists of removing this constant from each
geometryfree phase observatiom a satellitereceiverarc:

B0 0
B0

(4.9)

where the summation is performed for all observations forming the arc. An elevation
angledependent weighf0 ) can also be applied to minimize the noise andtipath
contribution for mesurements made at low elevation anglEse doublebar symbol

indicates levelled observations.

4.3 Integer-L evelling Procedure

The procedure of fitting a carrigpghase arc to code observations might introduce
errors causd by code noise, multipath or intlay code bias variations. Hence,
developing a levelling approach that relies solely on capheise observations is highly
desirable. Such an approach is now possible with the recent developments in PPP,
allowing for ambiguity resolution on undifferenced observations. This procedure has

gained significant momentum in the past few years, with several organizations generating

Ainteger <c¢clockso or fractional of fset corr
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undifferenced ambiguities. Among those organizations are, in alphabetical order, the
Centre Nati onal doEf£tudes Spatiale (CNE
GeoForschungsZentrufGFZ) [Ge et al., 2008], GPS Solutions IrjMervart et al.,

2008], Jet Propulsion Labatory (JPL) [Bertiger et al., 2010], Natural Resources Canada
(NRCan) [Collins et al., 2010], and Trimble Navigation [Leandro et al., 20/th

ongoing research to improve convergence time, it would be no surprise if PPP with
ambiguity resolution wouldecome thale factomethodology for processing data on a
stationby-station basis. The results presented in this paper are based on the products

generated at NRCan, referred to as fAndecoup

The idea behind integer leNing is to introduce integer ambiguity parameters @n L
and L, obtained through PPP processing, into the geonfieteylinear combination of
equation 4.7). The resulting integdevelled observations, in units of metres, can then be

expressed as:
0 0 ‘ 0 W W (4.10

where0 and0 are the ambiguities obtained from the PPP solution which should be,

preferably, integevalues. Since those ambiguities were obtained with respect to a

somewhat arbitrary ambiguity datum, they do not allow instant recovery of an unbiased
slant ionospheric delay [Banville and Langley, 2011]. This fact was highlighted in

equation 4.10), whichindicates that, even though the-alependency was removed from

the geometnfree combination, there are still receivend satellitedependent biases

(@ and® , respectively) remaining in the integewrelled observations. The latter
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are thus very similar in nature to the staneaketlled observations, in the sense that the
biaseso and® replace the welknown IFBs. As a consequence, intedevelled

observations can be used with any existing software used for the generation of TEC
maps. The motivation behind using inte¢mrelled observations is the mitigation of

levelling errors, as expl@ed in the next sections.

4 4 Slant TEC Evaluation

As a first step towards assessing the performance of iAegdled observations,
STEC values are derived on a statipastation basis. The slant ionospheric delays are
then compared for a paif co-located receivers, as well as with global ionospheric maps

(GIMs) produced by thinternational GNSS Servicé3S).

4.4.1 Levelling Error Analysis

Relative levelling errors between two -lorated stations can be obtained by

computing betweestation differences of levelled observations [Ciraolo et al., 2007]:

® 8 o & - (4.11)

108



where subscriptd andB identify the stations involved, andis the levelling errorSince

the distance between stations is sianthin 100 metressay) the ionospheric delays
will cancel, and so will the satellite biases ( ), which are observed at both stations.

The remaining quantities will be the (presumably constant) receiver biases and any
levelling errors. Since there are natelite-dependent quantities in equatiohld), the
differenced observations obtained should be identical for all satellites observed, provided
that there are no levelling errors. Hence, equatibdl) allows comparison of the

performance of various lelling approaches.

This methodology has been applied to a baseline of approximately a couple of metres
in length between stations WTZJ and WTZZ, in Wettzell, Germany. The observations of
both stations from 2 March 2008 were levelled using a stanieasdling approach
[Wilson and Manucci, 1993], as well as the method described in this paper. Relative
levelling errors computed using equatiehnl() are displayed irrigure 4.1, where each
color represents a different satelliteis clear that code noise and multipath does not
necessarily average out over the course of an arc, leading to levelling errors sometimes
exceeding a couple of TECU for the standard levelling approach (see panel (a)). On the
other hand, integdevelled observations agree fairly well between stations, where
levelling errors were mostly eliminated. In one instance, at the beginning of the session,
ambiguity resolution failed at both stations for satellite PRN 18, leading to a relative error
of more or les 1.5 TECU. Still, the advantages associated with integer levelling should
be obvious since the relative error of the standard approach is in the vicisgtyrBCU

for this satellite.
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Figure4.1: Relative levelling errors between stations WTZJ and WTZZ on 2 March

2008. (a) Standarkvelled observations. (b) Integievelled observations.

The magnitude of the levelling errors obtained for the standard approach agrees fairly
well with previous studi [Ciraolo et al., 2007]. In the event that irti@y variations of
the receiver DCBs are observed, even more significant biases were found to contaminate
standareevelled observations [Banville and Langley, 2011]. Since the decoufuek
model used formambiguity resolution explicitly accounts for possible variations of any
equipment delays, the estimated ambiguities are not affected by such effects, leading to

improved levelled observations.
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4.4.2 STEC Comparisons

Once levelled observations areadable, the next step consists of separating STEC
from instrumental delays. As pointed out in the introduction, this task can be
accomplished on a statidoy-station basis using, for example, the siFigiger
ionosphericmodel. Replacing the slant iondsic delays '0O) in equation 4.10) by a

bilinear polynomial expansion of VTEC leads to:

D Q & O3 H3% O &) (412
wherel is theso-calledsinglelayeror thinshellmapping functior(or obliquity factor)
depending on the elevation angf® 6f the satellite. The timelependent coefficients ,

@, and® determine the mathematical representation of the VTEC above the station.
Gradients arenodeledusing3-_, the difference between the longitude of the ionospheric
pierce point and the longitude of the mean sun, &% the difference between the
geomagnetic latitude of the ionospheric pierce point and the geomagnetic latitude of the
station. The dsnation procedure described b§omjathy [1997] is followed in all
subsequent tests. An elevation angle cutoff of 10 degrees was applied and the shell height
used was 450 km. Since it is not possible to obtain absolute values for the satellite and
receiverbiases, the sum of all satellite biases was constrained to a value of zero. As a
consequence, all estimated biases will contain a common (unknown) offset. STEC values,

in TECU, can then be computed as:
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where the hat symbol denotes estimated quantitiespands equal to zero (i.e., it is not

estimated) when biases aretaibed on a statiehy-station basis. The frequenc¥), is
expressed in HZThe numerical constant 40.3, determined from values of fundamental
physical constants, is sufficiently precise for our purposes, but is a rounding of the more

precise value 040.308.

While integerlevelled observations from docated stations show good agreement, an
external TEC source is required to make sure that both stations are not affected by
common errors. For this purposéigure 4.2 compares STEC values computed from
global ionosphere maps (GIM) produced by the IGS and STEC values derived from
station WTZJ using both standardnd integedevelled observations. The IGS claims
rootmeansquareerrors on the order of-2 TECU for vertical TEC [IGS, 2012],
although the ionosphere was quiet on the day selected meaning that errors orethe low
of that range are expected. Errors associated with the mapping function will further
contribute to differences in STEC values. As apparent ffmure4.2, no significant bias
can be identified in integdevelled observations. On the other hand, negative STEC
values (not displayed irFigure 4.2) were obtained during nighttimes when using
standardevelled observations, a clear indication that levelling errors contaminated the

observations.
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Figure4.2: Comparison between STEC values obtained from a global ionospheric map,

and from station WTZJ usingasxdard and integeievelled observations.

4.4.3 STEC Evaluation in the Positioning Domain

Validation of slant ionospheric delays can also be performed in the positioning
domai n. For this purpose, a thattispohei setnob s c oo
coordinates estimated per session) are estimated using (unsmoothedjreipgiacy

code observations with precise orbit and clock corrections from the G@fliths and
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Ray, 2009 and various ionosphere correction sourcBgyure 4.3 illustrates the
convergence of the 3D position error for station WTZZ, using STEC corrections from the
three sources introduced previously, namely: 1) global ionospheric maps from the IGS, 2)
STEC values from station WTZJ derived from starl levelling, and 3) STEC values
from station WTZJ derived from integer levelling. The reference coordinates were
obtained from static processing based on -fhegjuency carriephase and code
observations. The benefits of the intetprelled correctioa are obvious, with the
solution converging to better than 10 cm. Even though the distance between stations is
short, using standatédvelled observations from WTZJ leads to a biased solution as a
result of aredependent levelling errors. Using a TEC mapntf the IGS provides a

decent solution considering that it is a global model, although the solution is again biased.

This stationlevel analysis allowed us to confirm that inte¢grelled observations can
seemingly eliminate levelling errors, proel that carriephase ambiguities are fixed to
proper integer values. Furthermore, it is possible to retrieve unbiased STEC values from
those observations by using common techniques for isolating instrumental delays. The

next step will consist of examinirtge impacts of reducing levelling errors on VTEC.
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Figure4.3: Singlefrequency coddéased positioning results for station WTZZ (in static
mode) using different ionosphere correction sources: GIM, an€CSakies from station

WTZJ using standarchnd integettevelled observations.

45 VTEC Evaluation

When using the singllyer model, vertical TEC values can be derived from the

STEC values of equatiod .0 3) using:
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W 05 g .

Dividing STECby the mapping function will also reduce any bias caused by the
levelling procedure. Hence, measures of VTEC made from a satellite at a low elevation
angle will be less impacted by levelling esoWhen the satellite reaches the zenith, then
any bias in the observation will fully propagate into the computed VTEC values. On the
other hand, the uncertainty of the mapping function is larger aklevation angles,

which should be kept in mind whamalyzing the results.

Using data from a small regional network allows us to assess the compatibility of the
VTEC quantities between stations. For this purpose, GPS data collected as a part of the
Western Canada Deformation Array (WCDA) netwdikdgert et al., 1995 still from 2
March 2008,was used. The stations of this network, locatedand neaVancouver
Island in Canada, are indicatedrigure4.4. Following the model of equatiod.(2), all
stations were integratadto a single adjustment to estimate receiver and satellite biases
as well as a triplet of timearying coefficients for each station. STEC values were then
computed as per equatiod.13), and VTEC values were finally derived from equation
(4.14). This pocedure was again performed for both standamt integettevelled

observations.
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Figure4.4: Network of stations used in the VTEC evaluation procedures.

To facilitate the comparison of VTEC valugsmsning a whole day and to account for
ionospheric gradients, differences with respect to the IGS GIM were computed. The
results, plotted by elevation angle, are displayedrigure 4.5 for all sevenstations
processed (all saték arcs from the same station are plotted using the same color). The
overall agreement between the global model and the s@giowved VTECs is fairly
good, with a bias of about 1 TECU. Still, the top panel demonstrates that, at high
elevation angles, dcrepancies between VTEC values derived from stardaetied

observations and the ones obtained from the model have a spread of nearly 6 TECU.
117



With integerlevelled observations (see bottom panel), this spread is reduced to
approximately 2 TECU. It is iportant to realize that the dispersion can be explained by
several factors, such as remaining levelling errors, the inexact receiver and satellite bias
estimates, and inaccuracies of the global model. It is nonetheless expected that levelling
errors accoun for the most significant part of this error for standeneklled

observations.

For satellites observed at a lower elevation angle, the spread between arcs is similar
for both methods (except for station UCLU in panel (a) for which the estimattoinst
IFB parameter looks significantly biased). As stated previously, the reason is that
levelling errors are reduced when divided by the mapping function. The latter also
introduces further errors in the comparisons, which explains why a wider spredd sho
typically be associated with leelevationangle satellites. Nevertheless,should be
clear fromFigure 4.5 that integeflevelled observations offer a better consistency than

standardevelled observations.
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Figure4.5: VTEC differences with respect to the IGS GIM, for all satellite arcs as a

function of the elevation angle of the satellite, using (a) staddaelled observations

and (b) integefevelled observations.

4.6 Conclusion

The technique of integer levelling consists of introducing (preferably) integer

ambiguity parameters obtained from PPP into the geoHrretey combination of

observations. This process removes the arc dependency of the signals, andtdiyays i
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levelled observations to be used with any existing TEC estimation software. While
levelling errors of a few TECU exist with current procedures, this type of error can be
eliminatedthrough use ofour procedure, provided that carr@nase ambiguite are

fixed to the proper integer values. As a consequence, STEC values derived from nearby
stations are typically more consistent with each other. Unfortunately, subsequent steps
involved in generating VTEC maps, such as transforming STEC to VTEC and
interpolating VTEC values between stations, attenuate the benefits of using -integer

levelled observations.

There are still ongoing challenges associated with the GIM generation process,
particularly in terms of latency and thrdamensionalmodeling [Krankowski, 201]L
Since ambiguity resolution in PPP can be achieved in real timeifhesse, 2011we
believe that integelevelled observations could benefit neaattime ionosphere
monitoring. Since ambiguity parameters are constant for a satedbte (provided that
there are no cycle slips), integer ambiguity values (i.e., the levelling information) can be
carried over from one map generation process to the next. Therefore, this methodology

could reduce levelling errors associated with short &mcsstance.

Another prospective benefit of integlewvelled observations is the reduction of
levelling errors contaminating data from ldwarthorbit (LEO) satellites, which are of
particular importance for thredimensional TEGnodeling. Due to heir low orbits, LEO
satellites typically track a GPS satellite for a short period of time. As a consequence,

those short arcs do not allow code noise and multipath to average out, potentially leading
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to important levelling errors. On the other hand, uediénced ambiguity fixing for LEO
satellites has been demonstrateaurichesse et al., 20)%nd could be a viable solution

to this problem.

Evidently, more research needs to be conducted to fully assess the benefits of integer
levelled observation Still, we think that the results shown herein are encouraging and

offer potential solutions to current challenges associated with ionosphere monitoring.
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CHAPTER 5

GLOBAL AND REGIONAL IONOSPHERIC CORRECTIONS FOR
FASTER PPP CONVERGENCE

The previous chapter described how ionospheric corrections could be generated based
on fi-levlelgeedrd0 observations. In this chapter,
phase biases obtained from integer levelling are required for including external
ionospheric corrections into a PPP solution based on the decalpté&dmodel.By
using additioal constraints on the ionosphere, instantaneous convergence of PPP
solutions can be obtained under certain circumstaggsendix | provides additional

details on the propagation of datum parameters in the dececlptddmodel.

The following was dginally published as:
Banville, S., P. Collins, W. Zhang, and BR. Langley (2013).fi G| o b a | and rec

ionospheric correcti onMNAVIGATION:fTheslouemal of FHRP c o n

Institute of NavigationVol. 61, No. 2, Summer 2014, pp. 1134

Modifications to the original manuscript were made only for proper identification of

sections, figures and tables, as well as to assure the uniformity of symbol and equation

notation throughout this dissertation.
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Abstract

Rapid convergencef precise point positioning (PPP) solutions to-lewel precision
is a key factor for many applications. One means of accelerating this convergence is to
exploit the benefit of information on the ionosphere. In order to preserve the integer
nature of carer-phase ambiguities in PPP, it is imperative that ionospheric corrections be
provided with a set of compatible satellite phase biases. When using the deabogited
model, global ionospheric maps (GIMs) currently provided by the International GNSS
Service are not directly applicable to PPP with ambiguity resolution. This paper describes
a methodology for incorporating external ionospheric corrections into this model. It is
shown that the use of both GIMs and ambiguity resolution can potentially redace th
convergence time of PPP to-&fh horizontal accuracies fro80 to 4.5 minutes (68"
percentile), while a regional network with intg|ation spacing of 150 km can reach this

threshold instantaneously under favourable ionospheric conditions.

5.1 Introduction

One of the main applications of total electron content (TEC) estimation from a ground
network of GPS receivers is the mitigation of ionospheric effects for siregiaency
codebased users. For instance, satebigsed augmentation system®BAS) generate

ionospheric corrections allowing improved accuracy and integrity for aviation purposes
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[Enge et al., 1996 Global ionospheric maps (GIMs) are also routinely produced by the
International GNSS Service (IGSHi¢rnandezPajares et al., 20P9and were shown to

improve postmission positioning for lovcost receiversgeran, 2008

Estimating TEC using dudfequency GPS receivers typically involves fitting the
precise but ambiguous cardghase observations to code (pseudorange) obsarsatio
[Lanyi and Roth 1988 This process removes the arc dependency of carrier phases,
resulting in smooth TEC time series biased only by theafled receiver and satellite
differential code biases (DCBs). Using a mathematical representation of the ier@sph
separates TEC from equipment delays, and DCB values are usually obtained-as a by
product of TEC estimatiofSchaer, 1999 DCBs are also required to maintain the
consistency of singlrequency positioning solutions, as a consequence of satellite clock

corrections being computed from ionosphigee code observation€ollins et al. 200b

For highprecision applications, the precise point positioning (PPP) methodology
typically relies on duafrequency linear combinations to remove fostler icnospheric
effects Kouba and Héroux, 20Q1With recent advances in PPP, equipment delays can
be properly isolated or estimated to recover the integer property of qarase
ambiguities (Ge et al., 2008; Laurichesse et al., 2009; Collins et al.,]2&i@n though
ambiguity resolution can be achieved in PPP, a convergence time of up to several tens of
minutes is still required for reliable fixing of the ambiguities. This is a consequence of
using ionospherfree combinationswvhich do not allow constraing of slant ionospheric

delays using external information. This additional source of information, implicitly
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present in shoitbaseline differential positioning, is the key to fast ambiguity resolution
[Odijk, 2003. For this purpose, an extended PPP madlelving explicit estimation of
slant ionospheric delay parameters was proposed to allow quicknwergence to
ambiguityfixed solutions following a discontinuity in measuremer@eig et al., 2010;

Collins and Bisnath, 2011

While this approachpermits bridging of discontinuities, it does not directly help in
reducing the initial convergence period. A cold start requires ionospheric information
external to the PPP solution. In addition, the estimated slant ionospheric delays in PPP
contain integebiased receiver and satellite phase offsé@sllins and Bisnath, 2011
and as a consequence, are not directly compatible with TEC inform&tmrertheless,
all PPP users deal with identical satellite offsets, meaningsthat ionospheric delay
canbe provided from nearby PPP users in a pegreer type of networko potentially
allow instantaneous ambiguity resolutig@ollins et al., 201R Another solution consists
of usingthe singlelayer model to benefit from the spatial correlation of theogphere
over astation[Li, 2012. The singlelayer modelallows separation of equipment delays
from ionospheric delays and permits constraining of the vertical TEC (VTEC) using

external sources

lonospheric corrections generated using a regionaévan a global network of
stations could also be beneficial for reducing the convergence time ifCP&ther et
al., 2013. As stated above, those corrections need to be compatible with the PPP

functional model. Current GIMs, based on phas®othed codebservations, can only
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provide DCB information beneficial to singfeequency coddased users. To preserve

the integer nature of ambiguities in PPP, ionospheric corrections must be combined with
satellite phase biases matching the ones contained in tineatesl slant ionospheric
delays at the user end. Computing of the satellite phase biases required to produce
ionospheric corrections compatible with PPP implies that a new set of observables should
be used for the generation of TEC maps. Such observablesintroduced by Banville

andLangleyf 2011] and 4 evmédefli nbsgewvati ons. 0

This paper first reviews the underlying concepts of the decowbbett model (DCM)
for ambiguity resolution in PPP. The extended DCM (EDCM) is then preséoted
illustrate how external TEC information can be introduced in the PPP solution. The
integerlevelling procedure is also described as a means of generating ionospheric
corrections with phase biases compatible with the DCM. After assessing the quality of
global and regional ionospheric corrections, the benefits of using external ionospheric
information for PPP with ambiguity resolution is evaluated using a set of Canadian

continuouslyoperating reference stations.

5.2 The Becougded-Clock M odel (DCM)

The DCM is essentially an extension of the standard PPP model to allow estimation of

ambiguity parameters as formal integer valy€ollins et al., 201D The current
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implementation is based on the ionospHeee (IF) carrietphase and code
measurementsas well as on the MelbourrWibbena (MW) combinatiofMelbourne,

1985; Wibbena, 1985]:
Y QY Qo | _ T _ 0 T _ 0 -

Y QY Q6 - (5.1)

C

e
S
C

wherethe overbar symbol denotes biased quantities, and

j identifies agiven satellite
is acarrierphase measurement (m)

0 is acodemeasurement (m)

” is the instantaneous range between the phase centres of the satel
receiver antennas, including displacements due to earth tides and
loading and relativisc effects (m)

Y is the tropospheric delay (m)

QY is the receiver clock offsefrom GPS timeand associated receiv
equipment delay®r a given observable (m

Q0 is the satellite clock offset from GPS timeand associated satelli
equipment delgs for a given observable (m

| is a constant Q¥ "Q "Q , where'Qis the frequency of the;lcarrier

i isaconstantp |

is the wavelength of the carrier (m)

0 is theintegercarrierphase ambigty (cycleg
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w0 identifies quantities associated with the widelane signal combination

€

is a collection of equipment delays (m)

- contains umodeledquantities such as noise and multipath. (m)

Recovering the integer property of ambiguitygraeters with the DCM involves two
conditions. First, different clock parameters must be estimated for each signal as a means
of isolating equipment delays. The second condition requires the definition of an
ambiguity datum to remove the rank deficiencytbé system. This means that an
ambiguity parameter must be fixadpriori to an integer value for each ionosphérese

phase clock and MelbourfWlibbena bias to be estimated.

As a consequence of imposing those initial constraints on the systeestialated
phaseclock and ambiguity parameters will be biased by the datum ambiguities. With
satellite clock corrections being defined in a similar fashion, the estimated ambiguity
parameters actually contain datum ambiguities from the reference netwtidnstas

well, which are satellite dependent. They can be expressed mathematically as:

0 0 0 O 0 v O
(5.2)
0 0 0 ©O 0 o O
where the | abel ADO identifies datum ambig

and the sapéssarsieglt tfol i denti fy the refere
datum parametens fundamentakince it also impacts the estimated ionospheric delay

parameters in the extended decouskxtk model, described next.
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5.3 The ExtendedDecoupledClock M odel (EDCM)

Since the original DCM is based on ionosphkieee linear combinations of
observations, it prevents direct access to any ionospheric information. To overcome this
limitation, uncombined signals can be used along with an explicit estimaftisfant
ionospheric delays. However, for compatibility with the satellite clock corrections
computed with the DCM, the EDCM presented herein is similar to the one of equation
(5.1), except for the MelbourA®&libbena combinatigrwhich is split into the widlane

(WL) phase and narrowlane (NL) code observat{@wlins and Bisnath, 2011

"Q" ]
ﬁ 6 _ L -
"0

50 -

"Y QY QO
(5.3)
"YQY Qo ®

u@ u@

C

where® is the biased slant ionospheric delay between sat&litad the receiver at

frequency’Q and'®is an optional constraint on this delay. If mathematical correlations
are properhaccounted for, the EDCM can be shown to be equivalent to the processing of

uncombined signals.

As explained in the previous section, the estimated clock and ambiguity parameters in

the DCM are biased by datum ambiguities. Similarly, the estimatexspheric delays
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will be contaminated by receiveand satellitedependent geometfyee (GF) biases

[Collins et al., 201p

d® 01 O &) (54)
with
&) ow _ _ 20 0 O _ 00 6 ©
(5.5)
&) oM QA O A O

whereO® andO W are the receiver and satellite differential phase bias, respectively.

The receiver geometriyee bias ¢ ) contains a contribution from both the datum
ambiguities of the station and thetwork, while satellite geometifyee biasesd ) are

a function of the networko6és datum ambigui't
the satellite clock corrections used. The use of both ionosfieeresatellite clock

correctionsand MelbournaNibbena satellite biases in the functional model of the NL
code observations leads to an integieised narrowlane code clodR (Y ) estimate, but

ensures the compatibility of biases within the model.

Since a single recedr-phaseclock parameter is used for both the ionosptfiere and
widelane phase observables, it is not possible for this parameter to soak up the receiver
biasw when external constraints on the ionosphere are used. There are two means of
coping with this issue: first, a separate receiver clock parameter could be estimated for
the widelane signal; however, this translates into a slightly different functional model and
becomes a nuisance to the scalability of the approach. Second, bsebteddn

ionospheric delays could be estimated. This approach can be used with or without
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external information on the ionosphere and is therefore more suitable to seamless

transitions from or to a regional network.

From equations (5.4) and (5.5), itoshhd be clear that it is not possible to simply
constrain®using external TEC values due to the presence of the unknown gedreetry

biases. Constraining those parameters can only be achieved if compatible satellite
geometryfree phase biases)( ) are transmitted to the user. Fortunately, those biases

can be made available if VTEC maps are computed based on ildegksd
observations, as opposed to phaswothed code observations. Details on this approach

are provided in theollowing section.

5.4 IntegerL evelling

lonospheric maps are subject to several error sources originating mainly from the use
of a thinshell model, sparse spatial sampling, and interpolation. The levelling procedure
(i.e., the process of fittingatrierphase to code observations) can also introduce errors of
up to 5 TEC units (TECU) on slant ionospheric delay measurenj€ntsolo et al.,
2007. Levelling errors are caused mainly by the fact that code noise and multipath does
not necessarily avega out over a satellite pass, but there can also be significant errors

due to intraday variations of receiver DCBs.
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The concept of integer levelling was developed with the goal of mitigating levelling
errors[Banville and Langley, 20J1As opposedo fitting phase to code, the levelling
process is achieved by removing the contribution of capheise ambiguities from the

geometryfree carriefphase observations:

P o= =0 - (56

where the doble-bar symbol represents integewvelled observations, and are

estimated ambiguity values (preferably integers) from a PPP solution. Note that the term

is expanded in the second line of (5.6). Removing the contribution afattier
phase ambiguities in (5.6) does not immediately provide unbiased slant ionospheric
delays. This is a consequence of the ambiguity datum involved in computing the PPP
solution, as explained in the previous sections. Replacing the estimated aediguiti
(5.6) using the definition of equations (5.2) and (5.5) leads to:

P,
f

o & & 8 (5.7)

Hence, integetevelled observations contain receiver and satellite georfrey
biases, functionally similar to DCBs. A benefit of using the observables of (5.7) as
opposed to carrier phases fitted to code observations is that integer levelling virtually

eliminates levelling errors, provided that ambiguity parameters are fixed to correct
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integer values. As a result, slant TEC estimates from nearby stations are nsisgengn

leading to smaller residuals of model[#anville et al., 201p

The receiver® ) and satellite geometiyee biasesd ) are separated from slant

ionospheric delays by using a mathematical representation of the ionosphere such as
[Komjathy, 1997]:

Tia') Q 06 G ©a% O O (58)

where 0 is theso-called singlelayer or thinshell mapping functiondepending on the
elevation angle’® of the satellite. Théme-dependent coefficientd , ®, and®w model

the VTEC abovea stationas a bilinear functianGradients aréaken into consideration

using 3_, the differencebetween the longitude of the ionospheric pierce pointtaad
longitude of the mean sun, ané, the differencebetween the geomagnetic latituoke

the ionospherigierce point and the geomagnetic latitude of the staWdmen several
reference stations are available, one set of coefficients is estimated for each station, and
one geometrfree phase bias per station and satellite is set up indjustment. To
remove the rank deficiency of the system, a #mean condition is imposed for the

satellite biases. Unbiased slant ionospheric delays are then computed as:
0 1 &) &) (5.9

where the hat symbol again denotes estimated quantities.

Equations (5.7) or (5.9) highlight another important characteristic of integelted

observations: they prade ionospheric delays equivalent to the ones derived in equation
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(5.4). Both quantities are contaminated by the same statind receivespecific

geometryfree phase biase€onsequently, if TEC mamse computed based on integer
levelled observationghe estimated geometfiee satellite phase biasasould be made
available to usersn addition to DCBs, which would allow for constraining slant

ionospheric delays in PR#th ambiguity resolution

5.5 Analyzing the Accuracy of Slant lonospheric Grrections

The concepts presented in this paper were tested using GPS data collected on 2 March
2008, during a quiet phase of the approximatehyddr solar cycl¢Jensen and Mitchell,
2017 with a mean Kp index of 2.25. A total of 23 stations locate@anada, shown by
triangles inFigure 5.1, were first used to assess the quality of global ionospheric
corrections from the IGS GIM. For this purpose, intdgeelled observations were
obtained for all stations following equatidf.6). The estimated ambiguity parameters
were obtained from PPP solutions using satellite clock corrections provided by Natural
Resources Canada (NRCan). The latter are based on the deedaplethodel and are
computed using the IGS Rapid orbjGriffiths and Ray, 2049 The integeflevelled
observations were then included in a lesxgiares adjustment to estimate a set of three
time-varying coefficients (see equation (5.8)) per station, as well as satellite and receiver
geometryfree phase biases. Aglevation angle cutoff of 10 degrees was applied and the

thin shell height was set to 450 km. Slant ionospheric delays were computed following
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equation (5.9). Since levelling errors are reduced to a minimum when using the-integer
levelling procedure, iong@heric delays obtained based on this methodology should be

accurate enough to provide a good estimate for the quality of the global model, provided
that no significant errors were introduced when estimating the satellite and receiver

geometryfree biases.

HOLB: oWiliL ]
ELI ‘\\ WSLR™, ' y
) " apuBQ| (HRST4 #LF
! \ 0"‘ RO 7
= \ | { - \ ,
2 1_ .'.‘_ == IRC1'

Figure5.1: Network of stations: green circles are reference stations while blue squares

and red triangles are PPP users.
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Figure 5.2 shows the RMS differences of slant iopberic delays between the GIM
and the statiomlerived delays for all stations. The results are divided into two plots
showing errors for satellites observed at an elevation angle below and above 20 degrees.
Stations are also ordered as a function of laéifdrom the most southern (PWEL) to the
most northern (RESO) station. The estimated RMS errors are fairly consistent for stations
below the 68 parallel (from PWEL to NAIN), and also agree fairly well with the mean
RMS errors provided along with the IGETEC maps in the IONEX formdiSchaer et
al., 1998 shown by black squares iRigure 5.2. For stations at latitudes above 60
degrees, the discrepancies between the global corrections and the reference values
increase significantlymaking the RMS errors reported by the GIM too optimistic. It
should however be noted that those discrepancies do not necessarily originate from the
GIM itself, but could be attributable to errors in our determination of the receiver

geometryfree biase§Themens et al., 2013]

When constraining slant ionospheric delays in the PPP solution, benefits in terms of
precisions are expected if the quality of the external corrections is superior to that of code
noise. According tdrigure 5.2, ionospheric constraints added to the PPP filter would
have a mean standard deviation of 15 cm for satellites observed at high elevation angles,
and about 25 cm for elevation angles below 20 degrees. Those values are indeed lower
than code noiséor most receiver types, suggesting that using information from GIMs

could be beneficial to PPP users.
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Figure5.2: Estimatedand reporteerrors in the GIM STEC over Canada on 2 March
2008 for satellite observed at an elevation angle: a) below 20 degrees and b) above 20

degrees.

It is known that estimating station coordinates with a tropospheric zenith delay
parameter requires slant ionospheric constraints at the mikdinmtel to allow for
instantaneous ambiguity resolutig®dijk, 2003. From the results oFigure 5.2, it is
unlikely that relying on a thin shell representation of the ionosphere will be accurate
enough for this purpose. lonospheric constraints shoel@fibre be provided as lived-

sight corrections from either a regional network of stations or even a single station. The
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guality of ionospheric corrections from a regional network on the east coast of Canada
was therefore assessed as well. Station SHE2 deaignated as a rover, and the three
closest NRCan stations (ESCU, FRDN, and HLFX) were considered as reference
stations. The mean distance between the rover and the reference stations is approximately
150 km, while the closest station (ESCU) is locate@7 km. Slant ionospheric delays at

the rover and their precisions were computed as:

B % e X
® (5.10)
5 £
Q
B % I 26 X0)
- 5 (5.11)
¢3B ol

where'® is the interpolated slant ionospheric delay at the rover for sajelitedQ is

the distance between the user and refaestationQ Slant ionospheric delays between
satellitej and statiork are obtained by removing the receiver geométg bias from
integerlevelled observations. Note that more rigorous interpolation methods such as
Kriging could have been used to aint the slant delays at the rover, but the weighted
mean of equation5(10) was adopted here for simplicity. Intedevelled observations

are also obtained at the rover (R) and the error in the interpolated delay is evaluated as:

-0 ] D oo . (5.12)

This quantity provides an estimate of the receiver geonfietey phase bias.

Removing the mean from all values computed allows assessing the quality of the regional

141



correctons, as presented Figure5.3. This figure demonstrates the significant gain in
accuracy obtained by going from a global to a regional source of ionospheric information.

The RMS error for satellites observed at elevation angiésw 20 degrees is 3.5 cm
while 1t is 1.8 cm for el evacFgueh3saggegtt es ab
that uimodeled errors, originating from either integer levelling with float ambiguities or
instrumental bias ésnation, remain for some satellites causing constant biases of a few
centimetes over a satellite arc. As a consequence, optimistic precisions computed from
(5.11) can be associated with regional I O
Figure5.3 also suggests that shorter ingtation distances would be required to provide

slant ionospheric corrections with rAevel precisions to allow for systematic

instantaneous ambiguity resolution.

5.6 PPP with Global lonospheric @rrections

The quality of the global ionospheric product introduced in the previous section was
evaluated in the positioning domain for 24 Canadian stations represented by triangles and

a square ifrigure5.1. PPP solutionsomputed following the methodologies described in

Table5.1 were used to study the impact of external ionospheric constraints and ambiguity

resolution on the convergence period.
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Figureb.3: Estimated errors in the regional ionospheric corrections in eastern Canada on

2 March 2008 as a function of a) elevation angle, and b) STEC precision.

Table5.1: Description of the PPP solutions

Solution Type STEC constraints Ambiguity Resolution
PPP No No
PPRAR No Yes
PPP + GIM Yes No
PPRAR + GIM Yes Yes
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All solutions inTable5.1 were computed using the functional model of the EDCM,
but solut ons with the | abel 060Gl M6 used externe
Ambiguity resolution waARoOng gl wttitemp,t ewh if lc
solutions kept ambiguities as real numbers in the adjustment process. To keep the results
indepandent of any specific ambiguity validation method, ambiguity resolution was based
on the integer leastquares solutiofifeunissen, 1993pn an epociby-epoch basis; i.e.,
the closest integer vector to the float ambiguiae®ach epoch, based on the moetf
the ambiguity covariance matrix, was selec

solution was maintained in the PPP filter.

The satellite clock corrections used were provided by NRCan based on the decoupled
clock model.The precision othe observationat zenith was set to 3 mm and 30 cm for
uncombined phase and code measurements, respectively, and an ebavgiton
dependent weighting was applied. GPS data at a sampliexyal of 30 seconds was
used to estimate station coordinatedependently at each epoch, often referred to as a

kinematic solution. The tropospheric zenith delay was estimated as a random walk

————

process with process noise of 3 ria/T OTVme correlation of all receiver clock
parameters wasnodeled as white noise. @nstraining of slant ionospheric delay
parameters was done only for one epoch when the satellite is first observed or suffers
from a cycle slip otherwise, ionospheric delay parameters are estimated as a white noise
process to account for possible sciatithn effects The ionospheric constraints are

introduced in the PPP filter as psetmuservations:
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d® 0 Q o ) (5.13)
p 00, (- (5.14)

where "00 is the vertical ionospheric delay, in mest, from the IGS GIM at the
pierce point on the thishell model. The precision of this quantity is derived from the

RMS maps also included in the IONHXrmat data. Geometifyee satellite phase biases
(& ), required for the consistency of ionospheric corrections, were estimated using a

regional network of seven stations represented by circl&ésgure 5.1. The procedure
described in the previous section was used for this purpose. Applying gedreetry
satellite phase biases computed using a regional network to the IGS GIM should be
consistent provided that TEC values from the GIM are not corruptedrbgdeled DCB

effects.

Data from all 24 stations was processed in independent segments of one hour, leading
to a total of 24024 =576 solutions. This process was repeated for every solution type in
Table5.1. The reference coordinates for each station were obtained using a static PPP
solution based on the full 2dour data sets. Our metric for evalngtconvergence time
is based on the horizontal (2D) error reaching an accuracy of better than 10 cm.
Comparison between methodologies is achieved using theaf8 9%' percentiles.

Results are presentedHigure5.4.
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Figure5.4: Hourly horizontal error percentiles for 24 Canadian stations on 2 March 2008:

a) 68" percentile values, and b)®%ercentile values.

Figure 5.4 illustrates the typicaPPP convergence period in which more than 30
minutes of data are required for 68% of the solutions to reach an accuracy of 10 cm
horizontally. Approximately 5% of the solutions still had not attained this threshold after
an hour. Using ambiguity resolutio, as shown-ARy « dleue&sPPPre;
convergence time to about 8.5 minutes (68%), and improves the stability of the solutions.

The benefits of ambiguity resolution are, however, not as notable when looking at the
95" percentile values where soluti® with ambiguity resolution only surpass float

solutions after nearly 20 minutes. Applying ionospheric constraints from a GIM clearly
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improves positioning accuracies at the beginning of the sessions. At the first epoch, the
68" percentilecurve is at themete markf o r the OPPPO6 solutions
measurements. Introducing external information on the ionosphere decreases this value to
35 cm, an improvement d5%. Adding ambiguity resolution capabilities can allow
reaching the 1@m threshold imabout 4.5 minutes, an improvement of nearly 50% over

t he -ABR®Psol ution (68%).

The benefits of applying ionospheric constraints are, however, attenuated after a few
minutes of observations. Since TEC errors from GIMs are strongly correlatedhover s
time intervals, there is no gain in incorporating TEC information at every epoch. Hence,
slant ionospheric delays explicitly or implicitly estimated in the standard PPP model
quickly reach the same level of precision as the external constraints wéragiag code
noise over a few epochs. As expected, instantaneous ambiguity resolution is not likely to
be achieved with a global ionospheric map, but a reduction in convergence time is
possible under favourable ionospheric conditions. Also note thagndicant accuracy

degradation was observed on this day for Hajitude stations.

Since the ARbased solutions are computed using integer -kEgstres without
validating the selected integer ambiguity candidates, they indicate the time required fo
the closest integer vector from the fl oat
ot her wor ARO tslod ud6PPRsSs suggest that attemg
period of half an hour is likely to fail about 5% of the time, which configadier

findings [Zhang and Li2013]. Adding ionospheric corrections from GIM does not seem
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to provide significant benefits in this regard. While geometry plays an important role in
the convergence period, the exactness of the stochastic model, thatvisyell the
covariance matrix of the ambiguities describes their distance to the closest integer vector,
seems a crucial component of quick and reliable ambiguity resolution and requires further

investigation.

5.7 RegionallonosphericCorrections for PPP with Ambiguity

Resolution

The assessment of regional ionospheric corrections is demonstrated using a network
located on the east coast of Canada (Sgare 5.1). Hourly PPP solutions for station
SHE2 werecomputed using the same methodology as described in the previous section.
In addition to the four scenarios enumeratedTable 5.1, two solutions using slant
ionospheric corrections interpolated from the threerastareference stations (ESCU,

FRDN and HLFX) were computed. TheyRar e

a l

REG6 to emphasize the dependency on a reg

corrections. As stated previously, the mean distance between thaidePRind the
reference stations is approximately 150 km, while the closest station (ESCU) is located at
97 km. The ionospheric pseudbservations introduced in the PPP filter and their

variances were computed as per equations (5.10) and (5.11). Gebteetsatellite
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biases were obtained using the network of 23 stations represented by triarkjtpgen

5.1.

Figure5.5 shows, for each scenario, the horizontal errors for the 2dyhsniutions,
as well as the @8percentile values. The plots on the Jefind side demonstrate the
influence of various ionospheric models on the float solutions. As pointed out in the
previous section, ionospheric constraints mainly reduce the positiors for the first
epochs. However, even when precise ionospheric delays are available from external
sources, position estimates are still greatly dependent on code measurements. The impact
of ambiguity resolution is shown on the righand side. The splike changes in
horizontal error originate from the outcome of the integer deqsares solution, where
different integer vectors are selected for consecutive epochs. It is apparent that consistent
convergence to cHevel accuracies requires ambigurgsolution for short observation
sessions. Furthermore, tightly constrained ionospheric delays reduce the size of the
ambiguity search space, which allows for quicker ambiguity resolution. This result can be
seen fromAR hie RBP®® s ol urizontal rmscyracieg hbelowel0 h o
centimetes were achieved instantaneously for 21 hours out of 24. THepé&entile
values suggest that horizontal accuracies around 2.4 cm can be obtained from a single

epoch of data.
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Figure5.5: Hourly horizontal error based on 24 hourly solutions for station SHE2 on 2

March 2008. The dashed curves show tHB&&centiles.

5.8 Conclusion

This paper described how using phbéssed satellite clock corrections in PRe&lds
integerbiased clock, ambiguity and ionospheric parameters. Due to this characteristic, a
set of consistent satellite phase biases must be provided along with external TEC
corrections for their inclusion in the PPP model. Such biases can be olfairegdacing

phasesmoothed code observations by intelgaelled observations in the generation of
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TEC maps. The integer levelling procedure can be achieved explicitly by introducing
integer ambiguity parameters obtained from a PPP solution into theetggdrae
carrierphase observables, or implicitly by using the slant ionospheric delay parameters

estimated in the PPP filter.

While the benefits of applying external TEC constraints from a global source depends
significantly on the ionospheric awity, it was demonstrated that such corrections can
improve position accuracies by ové0% at the beginning of a session when the
ionosphere is quiet. Due to the tiroerrelated nature of TEC errors, this benefit is,
however, quickly mitigated as the neisn code observations is averaged out and reaches
the same level of precision as the external constraints. With ambiguity resolution
capabilities, a GIM can speed apnvergence time of PPP solutionstite 10-cm level
horizontaly to 4.5 minutes (68 percentile). This level of accuracy was obtained in 8.5
minutes without using ionospheric corrections from the global Miapseresuls area
substantial improvement over the standard PPP solution which takes nearly 30 minutes to
converge to this level ofcauracy. $ing ionospheric corrections from a regional network
with inter-station distances of approximately 150 km can allow convergence to-ttra 10
threshold instantaneously under favourable ionospheric conditions and good satellite
geometry. These relésl were validated by comparing the estimated positions to known
coordinates; a rigorous validation procedure is still required to exclude incotfigetly
ambiguities. With a disturbed ionosphere, constraining the ionospheric effect using
external sourceshould not negatively impact PPP solutions, provided that the precision

of those constraints reflect their deficiencies.
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Since the extended decoupleldck model can be used regardless of the availability
of external ionospheric constraints, itoalls for a scalable PPP solution to be obtained.
Rapid initialization can be achieved when the user is located in the vicinity of a local or
regional network, although such a network is not essential for maintainidgvein
accuracies. In the event thaeus are located in a remote area, solutions can still benefit

from global ionospheric corrections to gain a few minutes on their convergence times.
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CHAPTER 6

GLONASS AMBIGUITY RESOLUTION OF MIXED RECEIVER
TYPES WITHOUT EXTERNAL CALIBRATION

This chapter describes a methodology for handling -fimeguency carriephase
biases occurring when mixing receivetypes in the processing of GLONASS
observations. It constitutes the groundwork for undifferenced ambiguity resolution for

GLONASS.

The following was originally published as:
Banville, S.,P. Collins, andF. Lahaye(2013). iGLONASS ambiguity resolution of
mi xed receiver types GRFPS SolotionsVolel?,tNe.r3nm.l cal i

275282. doi: 10.1007/s1029013-03197.

Modifications to the original manuscript were made diolyproper identification of

sections, figures and tables, as well as to assure the uniformity of symbol and equation

notation throughout this dissertation.
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Abstract

GLONASS processing from mixed receiver types is typically subject nooddled
inter-frequency phase biases which prevent capierse ambiguity parameters from
converging to integers. Receiveéependent values have been proposed to mitigate the
contribution of these biases, but are still subject to a number of issues, such asdirmw
updates. Recent studies have demonstrated that the origin efréofeency biases is a
misalignment between phase and code observations, and could be calibrated to first order
by manufacturers. In this contribution, a calibratfime method for GLOMNSS
ambiguity resolution is presented in which ambiguities naturally converge to integers. A
mandatory condition is that two GLONASS satellites with adjacent frequency numbers
are observed simultaneously, although this condition can be relaxed once sofitexh
has been obtained. This approach then permits the integration of different receiver types

and firmware versions into seamless processing.

6.1 Introduction

Reliable ambiguity resolution in any Global Navigation Satellite System (GNSS)
requres rigorous modéhg of all error sources affecting cardghase and code

observations. This is especially true for GLONASS due to the frequency division
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multiple access (FDMA) technique used to define the signals. This approach adds a level
of complexty to ambiguity resolution because of resulting iftequency biases [Takac,
2009]. To clarify the problems associated with GLONASS ambiguity resolution, a
simplified functional model for betweerceiver singlaifferenced GNSS observations

can be usedwvhere the baseline and atmospheric effects are assumed known. An explicit
estimation of slant ionospheric delays will be the subject of future work. Under these

assumptions, the carriphase and code observables can be expressed as:

& Y 30Y "Yo _ Y30 Y& (6.
30 Yo 3dY Yo (6.2)
where 3 denotes betweereceiver singlalifferenced quantities, is the carrieiphase
misclosure(m), 0 is the codemisclosure "Qdentifies frequencydependent quantitie®
identifies a satellite}Yidentifies the system (G = GPS, R = GLONAS®&)identifies the
signal modulationQ “¥ the combined clock offsétom GPS timeand equipment delays

(m), _is the wavelength of themrier, and0 is the integer ambiguity in cycles.

Equations (6.1) and (6.2) emphasize the dependency of clock parameters on: the
system, the observable (phase or code), the frequency, and the modulation of the signal
(simplifications to this notatio are used for clarity only). These distinctions are
necessary due to the presence of equipment delays between signals, and decoupling clock
parameters is a rigorous means of handling those biases [Collins et al., 2010]. Explicitly
estimating betweerecever clock parameters on all signals is equivalent to forming

doubledifferenced observationand taking into account the mathematical correlations
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The notation of (6.1) and (6.2) is preferred since it permits the method to be more easily
generalized. FDMAmplies that each signal on any GLONASS satellite is subject to a
unique bias, and properly defined clock parameters are required for rigorous bias

handling.

When n satellites are observed on a single frequency, a total c&rrierphase
observatios are available, while there ar#1 phase parameters to solve for: the
difference in receiver phase clock between stations raathbiguity parameters. To
remove the rank deficiency, a biased clock parameter can be defined according to (6.3).
Dependency m modulation will be dropped from here on for the sake of simplicity.

3QY Y k 3FY Y _ Yad Y (6.3
In (6.3), the newhdefined clock parameter3’Q2 )Y now contains the carrigthase
ambiguity of satellite 1therefore reducing the number of parameters to estimate by one.
The overbar symbol will denote biased quantities. When introducing (6.3) into (6.1), a
system of equations can be defined for all GPS satellites observed as:
¥ O 3QYO (6.49
¥ O 3Q'YO _30 O (6.4b)
with ¢ p and where dependency of the wavelengththe satellite isomitted, but
explicit reference to the GPS (G) system is retained, and

30 30 30 . (6.5
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As a consequence of defining an ambiginigsed receiver clock parameter, double
differenced ambiguities between stations and with respect to satellite 1 are obtained.
Since the frequency number is the same for all GPS satellitesystem of equations

now hash unknowns and is solvable using a lesgtiares adjustment.

Applying the same concept to GLONASS is not as straightforward due to FDMA.
Using the same variable change defined by (6.3), the system of GLONASS (R) equations
becomes:

& Y 3QYY (6.69
> 'Y QY'Y _306 'Y _30 'Y (6.6b)
where the wavelength of satelliteis identified using the correspondingpsuscript.
Since inteffrequency anlag hardware phase biases are known to be at thmslitneter
level [Sleewaegen et al., 2012], a common clock parameter can be used for all
GLONASS satellites in the same frequency band. As apparent from (6.6), the different
wavelengths between satelitprevent obtaining directly doubtifferenced ambiguities.
A common, and equivalent, reformulation of (6.6) consists of the following:
> Y QY'Y (6.79
& Y 3QYY _ _ 3 Y _30 Y (6.7b)
where doublalifferenced ambiguities are now estimated, and the reference ambiguity is

multiplied by the difference in wavelengths between satellites. Because the reference

ambiguity remains an explicit parameter, the system defined by (6.7) is still singular.
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Using this model, several approaches have
deficiency [Wang et al., 2001]. A popular method consists of computing an approximate
value for the reference ambiguity using code observations [Mader et al., 1995], such that:

> 'Y 30 Y
30 8 (6.9

Due to the uncertainty in determining the reference ambiguity using code
observations, a pseudtservation reflecting the precision of the ambiguity computed
using (6.8) can be added tbe system. The ambiguity covariance matrix will then
properly reflect the uncertainty in this quantity: the ambiguities for which the difference

in wavelengths_ is the largest will have a larger variance. Using this information,

a seqgential rounding of ambiguities, starting with the most precise ones, can be
performed [Habrich et al., 1999]. Once an ambiguity parameter can be fixed to an integer,

it is then possible to explicitly estimate the error in the reference ambiguity.

Even when the contribution of the reference ambiguity is removed from (6.7) using
low-noise code measurements, GLONASS ambiguities do not always converge naturally
to integers. This led to the hypothesis that phase biases were also present iplaseer
observations, and that those biases had a linear response to frequency [Pratt éf.al., 199
Furthermore, the biases seemed to be recédependent and, for the most part, constant
in time [Wanninger and Wallstabreitag, 2007]. Calibration procedures wehen

carried out to estimate the magnitude of the biases and the values obtained could be used
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to correct carriephase observations to recover the integer nature of the ambiguities

[Wanninger, 2012; AShaery et al., 2@l.

It has recently been disvered that the linear phase biases observed are in fact not
true analog hardware biases [Sleewaegen et al., 2012]. Equation (6.8) assumes that phase
and code observations are synchronized, which is not always the case. When a significant
synchronizationoffset occurs between the two observables, the reference ambiguity
computed using (6.8) could be in error by several cycles, even Hndise code
observations are available. An error in #ngriori value of the reference ambiguity is
then multiplied bythe difference in wavelengths (6.7), which creates an apparent linear
frequency response and becomes a nuisance to the ambiguity resolution process. As
explained in Sleewaegen et al. [2012], the offset between code and phase observations

can be accuratelgalibrated by the receiver manufacturers and is constant in time.

While such a correction goes a long way toward solving the problems associated with
ambiguity resolution for GLONASS, it is still subject to compatibility issues. It is
relatively simpe for the observations of two receivers forming a single baseline to be
corrected using the manufacturersd calibra
from a network of mixed receiver types using publicly available GNSS data, valid
metadata regding receiver types and firmware versions must be available for all stations
to ensure that intdrequency biases are properly accounted for. In the worst case,
inaccurate information could compromise the validity of the products generated using

this netvork. Therefore, to minimize the risks of applying improper ufitequency bias
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corrections, we propose an alternative means of dealing with the reference ambiguity
parameter which does not require any calibration. The next sections will explain the
undetying theoretical concepts, followed by a demonstration that GLONASS

ambiguities naturally converge to integers with the new method.

6.2 Defining Minimum Constraints

This section proposes an alternate formulation for dealing with the reference
ambguity in GLONASS ambiguity resolution. As stated previously, the system of (6.7)
has a rank deficiency of one, since defining thg@amameterization of (6.3) did not
resolve the singularity problem. For the system to be solvable in astpastes
adjustnent without introducing ang priori information, an additional constraint needs to
be defined. The selection of this constraint is critical since it must preserve the integer

nature of the GLONASS ambiguities.

Following the same reasoning as in tefinition of 6.3), the idea is now to merge
the doubledifferenced ambiguity of satellite 2 with the reference ambiguity parameter to
obtain:

s Y 3QYY _ _ 30 8 (6.9
From 6.7) and 6.9), the valudor the estimated reference ambiguity can be determined
as being:
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30 kab Y =38 (6.10

The definition of 6.3) and 6.9) involves the presence of two reference satellites.

Since no doulgtdifferenced ambiguity parameter is estimated for those two satellites,

they allow estimating both the biased receiver clock and the biased reference ambiguity

parameters. Estimating a biased receiver clock and reference ambiguity will obviously

lead to limsed estimates for all ambiguity parameters because of the linear dependencies

between those quantities. Obtaining biased ambiguity parameters is not a problem,

provided their integer property is maintained. Isolating the tshm Y from (6.10) and

introducing it in 6.7) for satelliten leads to:

> Y 3QYY _30 Y a) =—— 8 (6.11)

By using the elation:

T 0
:—: :— T 0 (6.12
where'Qis the frequency channel numbeguation 6.11) simplifies to:
> Y 3QYY _  _ 30 _ 30 (6.13
where
30 30 Y :Q :Q 30 Y (6.19
Q Q

164



Equation 6.14) is the core of the method presented herein. It indicates that the
estimated doubldifferenced ambigities will be biased by a multiple of the integer
doubledifferenced ambiguities between satellites 1 and 2. Since the frequency number
values K) are integers, this multiplication factor will only be an integer when the
frequency numbers of the two redace satellites differ by one. In other words, selecting
two GLONASS reference satellites with adjacent frequency numbers allows for

ambiguity parameters to be estimated formally as integer values.

Summarizing, the system of equations for this nepr@gch reads:

2 Y 3QYY (6.15a)
Y 3QYY _ _ 30 (6.15b)
> Y 3Q°YY _ _ 30 _3d (6.150

with ¢  ¢. This method is independent of the code observations, and is thus free from
potential biases existing between carpbase and code observables. As a consequence,
no calibration is required for the estimated ambiguities to naturally converge to integer
values. Such an approach greatly simplifies the integration of receiver types and firmware
versions since it is completely independent from any biases specific tofahpse

entities.
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6.3 Datum Transformation

The specification of decoupled clock parameters implies the needifoe-seference
for the carrieqphase clock estimates, one that would otherwise be provided by the code
clocks. The most obvious cloa for such a reference is one of the arbitrary, but constant
valued ambiguitie$Collins et al, 201J. This concept has been extended in the previous
section to two ambiguities to accommodate the apparent frequency response of fixing the
first ambiguitywhen dealing with GLONASS observations. Hence, it is useful to refer to
the initially fixed ambiguities as the datum ambiguities. Provided the minimum number

of datum ambiguitiess fixed, a solution can be computed.

When a change of reference sétiedl is necessary, and no other ambiguities have been
explicitly fixed, a rigorous datum transformation is required to maintain the formal
integer nature of the remaining ambiguity parameters. Writing the systelbj (n
matrix form:

mE = (6.1
where mis the vector of observations; is the design matrix, and is the vector of
parameters,permits a change in datum using the following transformdtimafarend

and Schaffrin, 1976]

(6.17)
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where the subscript denotes datum identification. The datum definitions are fully
contained within the design matrices, and the transformation presente@.1if) (
constitutes a simple recombtien of parameters. Matrixr  can be shown to be a
similarity transformation in th&Basismethod[ Teunissen1985. The covariance matrix

should also be propagated as:

e T o r 8 (6.18

Since the estiated parameters are biased by ambiguity values, a change in datum
could result in discrete jumps in the clock and ambiguity parameters. This, however, is
not a concern since it will not affect the position solution, provided that the
transformation is hareld poperly. In fact, if coordinatestimates were included in the
vector of parameters, the transformation definedoldy7§ would yield the identity matrix
for this group of parameters, meaning that their values would remain unaltered. Once two
nontdatum GLONASS carriephase ambiguities are fixed to integers, regardless of their
frequency number, datum continuity is preserved without any explicit datum

transformation.

6.4 Estimation of GLONASS Inter-frequency CodeBiases

For a reliable estimatioof integer carriephase ambiguities, it is imperative that the
underlying codébased solution be unbiased. For this reason -freguency code biases
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(IFCB) of GLONASS satellites need to be properly accounted|Fethauer 1997;
Yamada et al.201Q. While deweighting of GLONASS code observations in a
combined GPS+GLONASS solution might be a feasible appridaahand Gap2013], it

will not benefit a GLONASSnNly solution. Performing aa priori calibration of IFCB
using a linear model was propodeyl Al-Shaery et al[2013], although previous studies
have demonstrated that IFCB could have almaar response to the frequency number
and as well as a codgpe dependenciKozlov et al, 200Q. Such characteristics are
certainly a nuisance for caldiion purpose$Reussner and Wanning&011]. Another
approach consists of estimating one bias parameter per frequency rnbefoaigne and
Baire, 2011). Even though it is a more rigorous approach, it significantly increases the

total number of unknowns.

In our approach, the GLONASS cadmck model is augmented to account for a

possible linear response to frequency:
QY'Y Y'Y Q30 8 (6.19

Equation 6.19) effectively takes into account a tirdependent common offset for all
GLONASS satellites on a given signal, in addition to a possible freqitapsndent
linear trend typically modeled as slowlyvarying parameters. Such an approach is self
calibrating and could potentially deal with inieequency bias fluctuations related to
temperature, firmware updates, etc. While the frequency response of some receiver types
might not be perfectlynoddled using a linear fit, estimating the slope of the IFCB will at
least remove firsbrder effects. If needed, equatiof.19) can easily be expanded to

include a quadratic term to handle Aorear frequency responses.
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6.5 Proof of Concept

As a proof of concept, the method presented was applied to a number of zero and short
baselines with mixed receiver types. The use of short baselines was chosen to remove or
greatly reduce atmospheric effects from the problem, focusinpasirsg the recovered
integer nature of GLONASS ambiguities with the proposed niadelThree receivers
located on the University of New Brunswick (UNB) campus in Fredericton, Canada,
share the same antenna and thus form a-lzaseline. Natural Resourcé3a nad a 0 s
(NRCan) FRDN station is situated 2.3 km away and allows for-$lasetline evaluation.
Table6.1 summarizes the equipment used at each station, as extracted from the RINEX
file header. Data from January 1, 2012, was eahly selected and a sampling interval of

30 seconds was used.

As a first test, a GPS+GLONASS sindlequency (SF) solution on;lis computed
for stations UNB3 and UNBN. The purpose of adding GPS data to the solution is purely
geometric. Since Land G, observables are used for both systems, a total of 4 clock
parameters are estimated to properly isolate equipment delays, as emphasized by (6.1)
and (6.2). Following (6.19), GLONASS int&requency code biases are modelled as a
linear function with repect to the frequency number. Additionally, epouatependent

baselne components and float carrfa@nase ambiguities are estimated in a lsgsiares
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filter. A summary of the parameters involved, omitting caiplease ambiguities, is

presentedinthetou mn | abel |l ed dJae&R+GLO (SF) 6 in

Table6.1: Stations and equipment used following the International GNSS Service (IGS)

nomenclature.

Station Receiver Antema

UNBJ TPS LEGACY JPSREGANT_DD _E NONE
UNB3 TRIMBLE NETR5 JPSREGANT_DD_E NONE
UNBN NOV OEMV3 JPSREGANT_DD_E NONE
FRDN TPS NETG3 TPSCR.G3 NONE

Figure 6.1 illustrates the estimated cardphase ambiguities foevery GLONASS
satellite. The value for each arc is shifted by an integer constant so that the values
displayed match the frequency numbkr ¢f the satellite. A different color is used for
satellites sharing the same frequency number. It is clear frisnpltit that all estimated
ambiguity parameters naturally converge to integer values. Previous studies indicated that
a 3 cm bias per frequency number existed between Trimble and NovAtel receivers
[Wanninger, 2012], and it is emphasized thatanariori cdibration values were applied
in this study. Some small discontinuities can at times be observed in the times series of

Figure 6.1 and are associated with datum changes. Those jumps would not occur if
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ambiguities were explicitlyixed to integers in the filter as opposed to keeping float

values.

Table6.2: Number of parameters involved in shbeseline processing of GPS and
GLONASS (GLO) singldrequency (SF) or dudtequency (DFpbservations. Approach

#1 is using external calibration values, while approach #2 isrtipoged calibratioffree

method
Solutions
GPS + GLO GLOonly | GPS +GLO
Parameters
(SF) GPS only (DF) (DF)
(DF)

#2 #1 #2 #1 #2
Baseline components 3 3 3 3 3 3
Receiver phase clocks 2 2 2 2 4 4
Reference ambiguities 1 0 0 2 0 2
Receiver code clocks 2 2 2 2 4 4
IFCB 1 0 2 2 2 2
Total 9 7 9 11 13 15
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Figure6.1: Estimated GLONASS carriggthase ambiguity paragters for the UNBN
(NovAtel OEMV3) and UNB3 (Trimble NetR5) baseline. The value for each arc was
shifted by an integer constant so that the values displayed match the frequency number

(K) of the satellite.

To further confirm the validity of our appach,Figure6.2 andFigure 6.3 present the
estimated basee components and the carrighhase residuals of all GLONASS
satellites, respectively. Since both receivers share the same antenna, the égsetitesl
length is zero. This configuration also greatly mitigates multipath errors, resulting in
carrierphase residuals representing phase noise. Thenman characteristic of the

residuals, along with an accurate determination of the baseline comipoemphasizes
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that no bias or unodeled quantity contaminates the observations. Hitequency code
biases appear clearly in code residuals when not properly accounted for in the functional
model (seeFigure 6.4a). Using theihear representation 06.19) allows for unbiased

code residuals and thus for a more coherent solution to be obtained, as illustrated in

Figure6.4b.
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Figure6.2: Estimated basgle components for GPS+GLO (SF) UNBMB3 solution

Equation (6.3) indicates that the estimated receiver ptlask parameter is biased by
the choice of a reference ambiguity which is different for each signal type. Hence, the
estimated receiverppae cl ock does not represent t he

integerbiased relative equipment delay. Due to this characteristic, it is subject to
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discontinuities when a datum change occurs. This fact is highlightédune 6.5 where

the offset between the GPS and GLONASS receiver phase clocks is displayed. Every
time a datum change occurs, the value for the system offset is affected. A similar
phenomenon also affects the GLONASS reference ambiguity. These parametemgariatio
are only artifacts of the datum definition and do not affect the estimated baseline
components. Also displayed Figure 6.5 is the difference between the estimated code
clocks (for'Q min (6.19)), which represents thetérsystem bias. Even though this
guantity is often modelled as a random walk process [Cai and Gao, 2008], code clocks
for each system are estimated as a white noise process to model all possible clock effects,

including arbitrary clock jumps.
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Figure6.3: GLONASS carrietphase residuals for baseline UNBNNB3 (GPS+GLO

(SF) solution)
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Figure6.4: GLONASS code residuals for baseline UNBNIB3 without interfrequency
code bias (IFCB) estimation (parg@| and using the linear representation®19) (panel

b) (GPS+GLO (SF) solution)

A Javad Legacy receiver, used for International GNSS Service (IGS) station UNBJ, is
also connected to the same antenna.efo-baseline was again formed with station
UNBN and the same methodology was applied for data processing. Regardless of the
receiver types involved, selecting two GLONASS satellites with adjacent frequency
numbers as reference satellites allows recovettigginteger nature of the estimated
GLONASS carrietphase ambiguities. This fact is again confirmed by examiRiggre

6.6 which shows the initial convergence of the GLONASS ambiguities to integer values.
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At the beginning of theession, ambiguities for satellites R11 and R12, with frequency
numbers 0 andl respectively, were selected as reference satellites. This constraint was
sufficient for all other ambiguities to converge to integer values as well. Shortly after
01:30 GPSTsatellite R11 was tracked at an elevation angle below 10 degrees, triggering
a datum change. At this point, satellites R12 and R13, with frequency nuwhlazerd-2,
became the reference satellites. As apparent fFogure 6.6, the requirement of
simultaneously tracking GLONASS satellites with adjacent frequency numbers does not
impose any limitation in this cas€igure 6.1 also demonstrates that this condition is
almost always satisfied with good satellicoverage. Still, when satellite tracking is
obstructed, it is possible that formal integatued ambiguity estimation will be
temporarily impractical, but it is emphasized that the requirement to fix the ambiguities

of two satellites with adjacektvalues is an initial condition only.

To evaluate the performance of instantaneous ambiguity resolution without external
calibration, short baselines were defined between stations FRDN and all three UNB
receivers. Duafrequency signals were processadd three solutions were computed: 1)

a GPSonly solution, 2) a GLONAS®nNIy solution, and 3) a GPS+GLONASS solution.

The parameters involved for each solution are describddlate 6.2. Two approaches

were used d handle the GLONASS reference ambiguities and cgphiese inter
frequency biases. The first approach computes reference ambiguities using code
observations and uses calibration values suggested by Wanninger [2012] to mitigate the
impacts of misalignedozle and phase observations. The second approach is based on the

theoretical developments presented here; i.e. no calibration values are used and the
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integer nature of the GLONASS ambiguities is retrieved by selecting two reference
satellites with adjacerftequency numbers. At every epoch, ambiguity parameters were
reset and full ambiguity resolution was attempted. Ambiguity resolution was considered
successful if the selected integer candidates match the final ambiguity estimates of a daily
batch solutionand the ratio test is above 2 [Landau and Euler, 1992]. The ambiguity

resolution success rates are presentda@bie6.3.

Estimated GLONASS-GPS Clock Offsets [m]

00:00 04:00 08:00 12:00 16:00 20:00 00:00
GPS Time
Code Clock = Phase Clock =

Figure6.5: Estimated GLONASSGPS receier clock offsets for baseline UNBNNB3

(GPS+GLO (SF) solution)
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Figure6.6: GLONASS ambiguity convergence for the UNBN (NovAtel OEMV3) and
UNBJ (Javad Legacy) baseline. The value for each arc wasdshiften integer constant

so that the values displayed match the frequency nurkpef the satellite

Table 6.3 suggests that the performance of instantaneous ambiguity resolution
depends largely on the underlying code 8otu The weaker geometry associated with a
GLONASSonly solution, combined with the extra parameters required for proper bias
handling, translates into a lower probability of sirgfeoch ambiguity resolution. Those
results are confirmed by looking at tagerage precision of the estimated ambiguities,
expressed using the ambiguity dilution of precision (ADOP) factor [Teunissen and Odijk,
1997]. The (mean) value per processing strategy is providdabie 6.3. Estimating

referene ambiguity parameters (case #2) leads to ambiguities that are less precisely
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defined as opposed to fixing those quantities usingriori calibration values. Hence,
while opting for a calibratioffree approach reduces the dependency on external
information, it also leads to a performance loss with regard to instantaneous ambiguity
resolution. However, this problem is mitigated to a great extent when integrating GPS
and GLONASS since the enhanced geometry of the joint solution allows for a better

determinabn of the ambiguities.

Table6.3: Instantaneous ambiguity resolution success rate in pandnnhean ADOP
for three mixeereceiver baselines based on diratjuency (DF) processing of GPS
and/or GLONASS dat Approach #1 is using external calibration values, while approach

#2 is the proposed calibratidree method

GLO only (DF) GPS + GLO (DF)
Baseline GPS only (DF)
#1 #2 #1 #2
UNBJ-FRDN 99.4 95.6 76.1 99.3 98.6
UNB3-FRDN 994 96.0 70.6 99.7 99.0
UNBN-FRDN 99.0 94.8 70.9 99.7 99.0
Mean ADOP [cycles] 0.08 0.12 0.20 0.05 0.07
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6.6 Conclusion

GLONASS ambiguity resolution with mixed receiver types is more complicated than
its GPS counterpart due to the FDMA signals and theatignment of codeind phase
observables. While calibration can be done to solve this problem, we demonstrated that
carrierphase ambiguities can beoddled as formal integer parameters and therefore
naturally converge to integer values. This is achieved by defining af satnimum
constraints to solve for the systemés r antk
dependent GLONASS carrier phases, selecting two reference satellites with adjacent
frequency numbers for datum ambiguity definition is the key to presethisgnteger
nature of the ambiguities. Using this model permits processing of baselines with mixed
receiver types showing unbiased estimates of baseline components andpbaser

residuals, demonstrating the validity of our approach.

Explicitly edimating GLONASS reference ambiguity parameters does weaken the
solution compared to using external calibration values. However, removing the
dependency on external information for GLONASS ambiguity resolution is of critical
importance when processing atwerk of publicly available stations, especially in real
time. This approach will be further developed and generalized to handle ionospheric
effects for longer baselines, and the processing of undifferenced GLONASS observations

for precise point positionmn
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CHAPTER 7

CONCEPTS FOR UNDIFFERENCED GLONASS AMBIGUITY
RESOLUTION

This chapter applies the concepts developed in the previous chapter to demonstrate the
feasibility of undifferenced GLONASS ambiigy resolution. The possibility of fixing
ambiguities for both GPS and GLONASS is yet another aspect for faster convergence of

PPP solutions.

The following was originally published as:
Banville, S, P. Collins, and F. Lahaye (2013).C o n c e p tiffererfcanl IGLONASSE
ambi gui ty Proeesdingswt the@n Intérnational Technical Meeting ohe
Satellite Division ofThe Institute of Navigation (ION GN$2013), Nashville, enn,

16-20 Septemberpp. 11861197.

Modifications to the origial manuscript were made only for proper identification of
sections, figures and tables, as well as to assure the uniformity of symbol and equation
notation throughout this dissertatichn additional reference to Mervart [1995] was also
added, andrigures11 to 16 of the original manuscript were also combined to form

Figure7.11.
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Abstract

To achieve undifferenced GLONASS ambiguity resolution, it is imperative to
adequately model both intérequency carriephase and coddéiases. This paper
demonstrates that the apparent linear frequency response associated with carrier phases
can be rigorouslynodédled by selecting two reference satellites with adjacent frequency
channels. This condition allows explicit estimation of frequency response, while
preserving the integer properties of all ambiguity parameters. Applying this concept to
the MelbournéNibbena (MW) combination also removes the linear dependency of the
narrowlane intefrequency code biases (IFCBs) to the freqyerchannel number.
Unfortunately, this method alone is not sufficient for recovering the integer properties of
GLONASS widelane ambiguities, and satellite MW biases are estimated based on
clusters of stations with similar equipment. To accommodate statidmsinique IFCB
characteristics, ambiguity resolution in the presence of biases is discussed. Application of
these concepts shows that GLONASS ambiguity resolution for mixed receiver types is

feasible based on the MW combination.

7.1 Introduction

Precise point positioning (PPP) allows singdeeiver accurate positioning through the

use of precise satellite orbit and clock products. Recently, fixing of GPS qanese
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ambiguities in PPP has become possible through proper handling of satelliecaiver
equipment delays, leading to reduced convergence time and improved stability of the
position estimates [Ge et al.,, 2008; Laurichesse et al., 2009; Collins et al., 2010].
Combining GPS and GLONASS has been shown to be beneficial as a resateaséd
redundancy and enhanced geometry [Cai and Gao, 2013], however GLONASS ambiguity
resolution is problematic because of the nature of frequency division multiple access

(FDMA).

Even in differential mode, processing of GLONASS data from mixegivectypes is
impacted by receiver design. It was demonstrated by Sleewaegen et al. [2012] that a
misalignment between code and phase observables results in appareinequiEmncy
carrierphase biases, which need to be properly handled in order tarpeafabiguity
resolution. For this purpose, recehdg@pendent intefrequency phase corrections were
proposed by Wanninger [2012]. Residual effects, caused by antenna type or receiver
firmware for instance, can then be estimated as a part of the navifijgiorv"when noa
priori values are available, a sequential ambiguity fixing procedure can be used to
estimate the intefrequency phase biases but requires longer observation sessions

[Habrich et al., 1999].

GLONASS code measurements are also #dfbdy inteffrequency code biases
(IFCBs) which should be taken into consideration even for improved processing of short
baselines [Kozlov et al., 2000]. Calibration values of such biases for several receiver

types was proposed by Ahaery et al. [2013]although variations due to firmware
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version and antenna have been observed by Chuang et al. [2013]. When it comes to
processing of long baselines, code observations play a crucial role by providing
information on the ionosphere. Hence, the presencenofleled IFCBs typically limits
GLONASS ambiguity resolution for baseline lengths over which the ionosphere cancels

out or can be predicted using external information.

The ambiguity resolution challenges associated with PPP are fundamentally the same
as for longbaseline differential positioning. Undifferenced GLONASS ambiguity
resolution could be performed provided that a precise representation of the ionosphere is
available [Reussner and Wanninger, 2011]. However, for PPP with ambiguity resolution
to be applicable globally, it is necessary to investigate the possibility of mitigating the
impacts of IFCBs. For this purpose, this paper first explains how lineasfiatgrency
biases can be estimated on the fly. To account for residual IFCB effectguasnbi
resolution in the presence of biases is also discussed. An analysis is then conducted to
identify how various pieces of equipment affect IFCBs and to determine the consistency

of such biases for stations with similar hardware.

7.2 Estimating Inter-Frequency Biases

When dealing with mixed receiver types, it is common practice to appayiori

corrections to account for intérequency phase biases [Wanninger, 2012]. Since those
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biases really originate from timing considerations between cgohi@se and code
observables, an approach that relies solely on phase measurements was proposed by
Banville et al. [2013]. This section first reviews the theoretical developments underlying

this method, and then applies those concepts to the Melb@iibbera combination.

7.2.1Generic Case

A simplified functional model for carrigghase and code observables can be defined as:

@ qdgy _90 (7.1)
0 ™ WY Q_6 (7.2)
where
is the carriepphase measurement (m)
0 is the code measurement (m)
Q identifies signaldependent quantities
0 identifies satellitedependent quantities
Q0o is the combined satellite clock offset and equipment détays

QY Is the combined receiver clock offset and equipment delays (m)
is the wavelength of the carrier on thdihk (m)
0 is the integer carrigphase ambiguity (cycles)

Q is the frequency channel number
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0 contains instrumentdliases(cycles).

Equations 7.1) and 7.2) assume, without loss of generality, that the user and satellite
positions as well as the atmospheric delays are known. It is important to note that
different clock parameters were defined for each observable on eguakrfoy, which is
the key to properly isolate equipment delays [Collins et al., 2010]. At this point, satellite
clock offsets are included on the left side of the equations since, for PPP users, they are
considered as known quantities. Additional considenatfor estimating satellite clock
offsets will be provided in a subsequent section. {fresfuency code biases ar®deled

as a linear function of the frequency channel number to removefist effects.

Forming a system of equations usimgatellites will lead to a rankleficient system
for carrier phases because each phase measurement is biased by an unknown integer
number of cycles. To remove this singularity, it is possible to fix, i.e. not estimate, the
ambiguity of one satellite. As a mgequence, the estimated receiver clock will be biased
by this reference ambiguity, | abeled with
Q'Y QY _0 (7.3)
where the overbar symbol denotes biased quantities. Isol@dtihgfrom equation {7.3)

and introducing it into equatio7 1) leads to the following system of equations:

[0 QY (74a)
®» QY _ _ 0 _0 (7 4b)
where¢ p and0 0 0 . Since every GLONASS satellite in view transmits

signals at a slightly different frequency, the reference ambiguity still appears as an
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unknown quantity in equatiorv 4b) and causes another singularity. To overconne t
problem, it is possible to fix the ambiguity of another satellite for the purpose of

estimating a biased reference ambiguity paramétey, (eading to:

@ Q'Y (75a)
@ QY _ _ 0§ (7.5b)
@ QY _ _ 6 _0 (75¢)

where¢  ¢. In equation7.5), the newly defined terms can be expressed as:

(7.6)

"'Q "'Q v 8 (7 7)

The system of equatien(7.5) now containsn carrierphase observations and
unknowns (the receiver clock offset, referemmnbiguity parameter and { 2) ambiguity
parameters) and is thus of full rank. Equati@) indicates that selecting two reference
satellites with adjacent frequency channel numberssQe. Qs p, allows estimating
GLONASS ambiguities as foral integer values with full wavelength. A practical
demonstration of this concept was presented by Banville et al. [2013], where estimated
ambiguity parameters between mixed receiver types naturally converge to integers

without applying anya priori corrections for interfrequency phase biases.
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7.2.2 MelbourneWiubbenaCombination

Ambiguity resolution in PPP often relies on the MelbotWiébbena (MW)

combination [Melbourne, 1985; Wibbena, 1985]:

&) &) 0 Q_ 06 (7.8)

where clock offsets are replaced by biasés {Vhile equation 7.8) has a similar
structure as equatiof.(), the presence of the narrowlane (NELCBs must be properly
accounted for to preserve the integer characteristics of the widelane (WL) ambiguity
parameters. The procedure outlined previously can be applied by first defining:

&) ) _ 0 Q_ 6 8 (7.9)

Isolating & in equation 7.9) and introducing it in equatior’.8) leads to the

following system of equations:

€
€

(7.10a)

€
g
C
C

(7.10b)

~ ~

Q_ Q_ 0o
where¢  p. In order to obtain a form similar to the one of equatith)( we define:

. . . Q_ Q_
0 0 ——FF—0 = — 0 8 (7.12)

By using the relatioiQ -"Q, and after some algebraic manipulations, then ter

brackets in the previous equation simplifies to:
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2. Do 2 B0, (712)
Q "Q 3'Q"

where’Q 1602 MHz andQ 1246 MHz are the nominal frequencies loé iy and L,

carriers, while3™Q 0.5625 MHz is the frequency spacing betweeljacent frequency

channels othe L; carrier. Hence, the quantity of equatiahlQ) is independent of the

satellites involved in its computation. Isolatidlg from equation 7.11) and substituting

it back into equation7(10) gives:

&) &) (7.13a)
) &) _ _ 0 (7.13b)
o ® _ _ 0 _ 0 1 (7.13c)

where()  takes the form of equatiof.f), and:

1 _ _ a Q_ Q_
. Q Q
_ _ Dl = =
= = (7.14)
_ _ O i
pite]

With 1 taking a value of zer, the system of equatior.{3) for the Melbourne
Wibbena combinatiotakes the same form as the generic case of equation This
implies that explicit estimation of the reference ambiguity parameter absorbs narrowlane

IFCBs, provided that they ardiaear function of the frequency channel number.
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7.3 Ambiguity Resolution in the Presence of Biases

The integer leastquares approach to ambiguity resolution consists of finding the
vector of integer values that minimizes the distance to thedtoatguity estimates in the
metric of the ambiguity covariance matrix [Teunissen, 1993]. This approach was shown
to be optimal [Teunissen, 1989 but this statement only holds provided that the
ambiguity covariance matrix is properly defined. Hence, tadopmance of ambiguity
resolution can be greatly affected by the presence ofodeled biases [Teunissen,

2001].

If the hypothesis made in equatioh?) regarding the linear dependency of the IFCBs
to the frequency channel number does not holdorsdorder IFCB effects will likely
propagate into the estimated ambiguity parameters. As a consequence, the ambiguity
covariance matrix could become too optimistic which might negatively impact the

outcome of ambiguity resolution based on integer leagirsg.

The quasionospherdree (QIF) approach to ambiguity resolution offers a practical
solution to this issueMervart, 1995,Dach et al., 2007, pp. 17I80]. This method fixes
ambiguities on a satelldey-satellite basis, by searching for inéegcandidates

minimizing the following objective function:
m &0 0 W 0 0 @ (7.15)
wherel is the float ambiguity estimat8, is an integer candidate, and
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o 1 o_ 1 (7.16a)
(7.16b)

with the frequencydependent’Q) scalars:

0
I p | 8 (7.17)

Since the coefficienté& and® originate from the ionosphefeese combination, the
objective function cancels ionospheric errors. However, the QIF approach is not entirely
independent from this error source because the latter plays ia tbke definition of the
search space fas and( . To take into account a possible ionospheric bias in the
estimated ambiguities, a fixed number of candidates are tested, without considering the
actual ambiguity covariance matrix:

0 v OT ODA 30 (7.18a)

6 ~ OT ODA 30 (7.18b)
whereO 1 O D Benotes the rounding operator, a8l is the size of the search space
for each ambiguity parameter. A pair of candidates is ala€ it is the only one for
whichm @, with @ selected as 1 cm in this study. Due to this tight threshold and the

risks of m to be contaminated by natispersive effects, the QIF approach is typically

used in static mode with sessiengths of a few hours.

Table 7.1 shows the value of the objective functiop as a function of selected

ambiguity candidates, assuming that the float ambiguities are errorless. It suggests that
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the largerthe uncertainty in the widelane ambiguity, the harder it becomes to discriminate

certain pairings of ambiguities. Ideally, to retain an effective wavelength of 18(m,

in equation 7.18b) would need to be set to zero, meaning that rounditigeoividelane

float ambiguity should readily provide the correct integer candidate. The last column of
Table7.1 indicates to which accuracy nalispersive effects must lmeodeledin order to

avoid incorrect fixig of thed ambiguity when the wrong widelane candidate is being

tested.

Table7.1: Variations in the QIF objective function as a function of selected ambiguity

candidates, assuming that float ambiguities areles®

6 0 6 0 m (for'Q
[cycled [cycled [m]

0 0 0.000

1 0 0.105

3 -1 0.053

4 -1 0.053

7 -2 0.000

8 -2 0.105

A generalization of the QIF approach was proposed by Kim and Laf2@€y] to
incorporate ambiguities from all satellites into a single search process and therefore
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benefit from the geometric strength of the solution. While instantaneous ambiguity
resolution can potentially be achieved, validation of the selected integar\must be
performed and constitutes another challenge by itself. For this reason, we used the

original QIF approach in the tests presented hereafter.

7.4 Application of Concepts

The concepts presented in the previous sections were appliethoot daseline of 8.6
km between stations BADH and KLOP, located in Germany. Station BADH is equipped
with a Leica GRX1200GGPRO receiver, while station KLOP operates a Trimble NetR5
receiver. Using data from 1 March 2013 and keeping coordinates fixe@itdktiown
values, the betweestation receiver clock offset was estimated using narrowlane code
observations. Since it is a short baseline, most error sources such as atmospheric effects
and orbit errors are expected to be eliminated by bebsegion obervation
differencing. The IFCBs were then obtained by computing the mean of the estimated

residuals for each frequency channel. The results are displakegline7.1.
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Figure7.1: Narrowlane IFCBs between stations BADH and KLOP on 1 March 2013, and

residuals from a linear fit in units of widelane cycles.

Figure 7.1 shows that the narrowlane IFCBs between stations have aleasi
dependency witlespect to the frequency channel number. However, removing a linear
fit from the IFCBs still leaves significant seceadder effects, with a magnitude of up to
half a widelane cycle. It is then expected that using the model of equati®) for
processig of the MW combination will not allow ambiguities to naturally converge to
integer values. An additional mechanism, such as the QIF approach, is then necessary for

proper identification of the widelane integers.
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GLONASS observations from the BADKLOP baseline were then processed
following a methodology typically used for lofiaseline differential positioning or PPP.
Betweenstation singledifferenced ionosphetigee carriesphase and code observations,
as well as the MW combination, are integraiatb a leassquares adjustment to

estimate:

A aset of daily baseline components;

A abetweenstationtropospheric zenith delayodeledas a random walk process;

A epochindependent receiver clock offsets for each signal;

A a reference ambiguity parametér | for each of the ionosphefeee and MW
signals, constant over the day;

A 0 and( carrierphase ambiguities, constant over a satellite pass.

Two satellites with adjacent frequency channel numbers are selected amaefer
satellites, following the model of equationss) and 7.13). Ambiguity resolution is
performed based on the QIF approach, as described in the previous section. Since the
BADH-KLOP baseline is short, Atrueo values
identified by processing of uncombined signals, and will serve as a benchmark for
evaluating the performance of ambiguity resolution based on the concepts proposed in

this paper.

Figure 7.2 shows the initial convergence dfet estimated widelane ambiguities. The

ambiguities for satellites R15 and R16, with frequency channel number 0OZland
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respectively, were initially fixed to define the datum. Since the QIF approach fixes
ambiguities on a satelldiey-satellite basis, ncedispersive effects are required to be
modeled precisely. For this reason, ambiguity resolution was not attempted for at least
45 minutes to allow the float solution to converge. As expected, the estimated widelane
ambiguities do not converge to integers doeseconebrder narrowlane IFCB effects.
Nonetheless, by performing a simultaneous ambiguity search on thand 0
ambiguities, the correct integer values could be identified for all satellites. This was even
the case for satellite RO9 for wh the widelane estimate was close to the-bwdte

mark prior to being fixed. Processing of the full data set led to no wrong fixes, and the

ambiguities of only two arcs longer than one hour could not be resolved.

Betweenstation single differenog eliminated the contribution of MW satellite biases
and ionospherfree satellite clocks. To extend the concepts to a practical PPP
implementation, MW satellite biases must be explicitly estimated.Ffgsire 7.1
illustrates, IF®@s differ among receiver types and do not necessarily have a perfectly
linear dependency on the frequency channel number. As a consequence, it is not expected
that a set of consistent MW satellite biases can be obtained by mixing receiver types. An
analyss of the characteristics of IFCBs is then required to assess the compatibility of

receiver types for estimation of these biases.
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Figure7.2: Convergence of the widelane ambiguities for baseline BAROP.

7.5 Characteristics of IFCBs

Accessing undifferenced narrowlane IFCBs is a complex task due to the ionosphere.

As a workaround, one can examine the ionospfree2IFCBs which are simply another

linear combination of the IFCBs om Rnd B. Hence,if ionospherefree IFCBs are

consistent for a receiver type, it is expected that the narrowlane IFCBs will also share

similar characteristics.
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lonospherdree IFCBs were obtained froitihe residuals of GPS+GLONASS PPP
solutions, computed using Natufdle s our ces Canadadés online Pl
al., 2008]. Since GLONASS code measurements are -agighted with respect to those
of GPS in this software, any bias in the GLONASS ionospfreee code observables
should propagate into the estimatedideals. For all receiver types, the @d B
observables were processed to provide a consistent analysis across all receiver makes.
While the results obtained with this approach are dependent upon the satellite clock
corrections used, all stations lochi® the same geographical region should be affected
similarly. To account for this issue, we use data from a total of 145 stations belonging to

the EUREF network [Bruyninx, 2004], collected on 1 March 2013 Fspare7.3).

Figure 7.4-Figure 7.9 show the daily average of the ionosphfge® code residuals
(assumed to be equal to IFCBs) as a function of the frequency channel number for each
of the six receiver types involveid this study.Figure 7.4 demonstrates that the 32
Trimble receivers offer a quakinear dependency of the IFCBs on the frequency channel
number. However, two receivers have clearly distinct patterns: 1) station GRAS was
equippe@ with an Ashtech antenna (ASH701945E_M) while all other Trimble receivers
are connected to Trimble antennas; 2) station OSJE was the only Trimble receiver

running firmware version 3.50, as opposed to a release of version 4.
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Figure7.3: Network of stations used for the analysis of IFCBs.

Similar consistency can likewise be observe#Bigure7.5, displaying the IFCBs for a
group of 68 Leica receivers. The use of an Ashtecanawat (ASH701945E_M) at station
SULD, as opposed to Leica antennas for the majority of stations, is associated with an
entirely different slope. Even among stations equipped with Leica antennas of type
LEIAR25, the presence or absence of a dome cause$icaghivariations of IFCBs, as

shown in green ifrigure7.5.

202



12 T T T T T T T T T T T T T T

lonosphere-free IFCBs [m]

Frequency Number

ASH701945E_M NONE (GRAS) .
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Figure7.4: lonospherdree IFCBs (G/P,) for 32 Trimble receivers on 1 March 2013.

Stations with outstanding charagstics are represented in colors.

Figure 7.6 shows the IFCBs for 6 NovAtel OEMV3 receivers, all connected to
identical NovAtel antennas (NOV702GG) without domes. As a consequence, the
agreement between stations is fairlypgdpexcept for station EVPA which had a data gap
of 14 hours on this day, leading to shorter satellite passes for some satellites. Similar
conclusions can be drawn from the 4 Septentrio receifgsre 7.7), although slightly

different characteristics can be observed for the POLARX3 and POLARX4 models.
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Figure7.5: lonospherdree IFCBs (G/P,) for 68 Leica receivers on 1 March 2013.
Stations with outstanding characteristics apFesented in color3.he asterisk in the

legend is a wildcard that can be expanded into any set of characters.

Figure7.8 demonstrates that IFCBs can be significantly different among receivers of a
same manufacturer. The $4t16 Javad receivers contains a mix of Javad Legacy and the
newer Delta series, which do not seem to have comparable IFCBs. In addition, a total of
11 different antenna types are being used at those 16 stations, which can contribute to the
discrepanciesStations KIRO and VISO were both equipped with the same hardware
(Javad EGGDT receivers running firmware 2.6.1 and AOAD/M_T antennas with the

OSOD dome), but display clearly different patterns of IFCBs. Other stations operate with
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the EGGDT receiver (VILDor the same antenna model (SPTO) but do not show such
important fluctuations with frequency. Processing only the Legacy model (7 stations)
using the less noisy;@bservable as opposed te I€sults in a better consistency, similar

to the receiver typegreviously analyzed (results not shown here). The sample of Javad

Delta receivers available was not large enough to draw significant conclusions at this

point.
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Figure7.6: lonospherdree IFCBs (G/P,) for 6 NovAtel receivers on 1 March 2013.

station with outstanding characteristics is represented in colors.
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Figure7.7: lonospherdree IFCBs (G/P,) for 4 Septentrio receivers on 1 March 20A3.

stations vith outstanding characteristics is represented in colors.

Similar results are obtained for the Topcon receivers, as shogune 7.9. While
different models seem to exhibit dissimilar IFCB characteristics, Topcon receilger
tend to be connected to a wide variety of antennas. As a result, there is little compatibility
between the IFCBs of stations equipped with Topcon receivers, and no apparent linear
trend can be observed. Differences exceeding 1@esmeten exist bateen IFCBs at the

edge frequencies.
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Figure7.8: lonospherdree IFCBs (G/P,) for 16 Javad receivers on 1 March 2013.

Stations with outstanding characteristics are represented in colors.

Isolating oitly the Topcon NetG3 model (5 stations from EUREF plus an additional 8
stations from Canada) reveals an improvement in consistency, especially when
processing the jRobservable (seBigure7.10). However, it can be seen that th€Bs of
this observable have a clear Aorear response to frequency. Furthermore, individual
stations such as BAKE have unique IFCB characteristics that cannot be associated with

the receiver and antenna used.
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Figure7.9: lonospherdree IFCBs (G/P,) for 19 Topcon receivers on 1 March 2013.

The results presented in this section confirm the findings of Chuang et al. [2013]
claiming that IFCBs are affected by receiver type and firmware version, asasvell
antenna type. Our analysis also allowed gaining some insights on the strategy to be used
for the estimation of MW satellite biases. Estimating meaningful satellite biases requires
a set of compatible stations, which can only be obtained by isolatirsgtsuof stations

with equipment sharing similar characteristics.
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Figure7.10: lonospherdree IFCBs (R/P,) for 13 Topcon NetG3 receivers on 1 March

2013.A station with outstanding characteristics is es@nted in colors.

7.6 MelbourneWibbena Satellite Biases

To verify that stations with similar hardware are indeed compatible for ambiguity
resolution using the MW combination, six clusters based on receiver and antenna types
were defined, as shown Table7.2. The group of Topcon receivers was added only to

demonstrate that, at this point, not all receiver types are suitable for satellite bias
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estimation based on tHdW combination. The last column dfable 7.2 indicates the

number of stations frorigure?7.3 included in each cluster.

A prototype network solution for the estimation of the MW satellite biases is
performed under the assumption that satellite andvwexcbkiases are constant for a day.
This methodology was implemented as a prelude to a full deceuajaekl solution in
which no assumption is made regarding the stability of the biases [Collins et al., 2010]. In
a first step, the MWeombination is procesdeseparately for each receivgatellite pair
(in units of cycles). All arcs longer than one hour during théa@4r period are aligned
by estimating an integer offset between each arc. A combined resaiedite bias is
then obtained by averaging aligmed MW observations for this receiveatellite pair.
Based on the functional model of equatid@rilB), the second step consists of including
all averaged receivesatellite biases into a single leasfuares adjustment to estimate,

independently for ez cluster defined imable7.2:

A one MW station biasdf ) and reference ambiguity parametér () per
station;
A one widelane ambiguity)( ) per satellite for each station, and:;

A one MW satellithias (0 ) per satellite (which is now considered unknown).
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Table7.2: Cluster definitions for MW satellite bias estimation.

Definition
Cluster
Receiver type Antenna type # sta
1 Leica Leica, except LEIAR25*NONE 50
2 Trimble with firmware v. 4 Trimble 30
3 NovAtel NovAtel 6
4 Septentrio POLARX4 All 3
5 Javad Legacy All 7
6 Topcon All 19

For the system to be solvable, a set of minimum constraints must be defined. For each
station two ambiguity parameters for satellites with adjacent frequency channel numbers
are fixed, as suggested by equatiohl3). Additionally, one widelane ambiguity
parameter must be fixed for each MW satellite bias to be estimated. Finally, the receiver
bias and reference ambiguity parameter of one station is held fixed. The integer nature of
the widelane ambiguities is first disregarded and a float solution is obtained. Then, all
ambiguities are fixed to their closest integer value on a sthyestation lasis and an
ambiguityfixed solution is computed for the remaining parameters. Residuals are also
estimated from the ambigu#ixed solution, and results are displayed for each cluster in

Figure7.11.
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Figure7.11: Residuals from ambiguitiixed MW observations foeach cluster defined in

Table7.2.

The histograms frorfrigure7.11 confirm that good consistency can be obtdinden
using a homogeneous network of stations. For all of these clusters, more than 90% of the
estimated residuals are smaller than 0.15 widelane cyclE3 ¢m). Therefore, using the
estimated MW satellite biases should allow any user, with equipment matching one of the
defined clusters, to obtain convergence of widelane ambiguities to integers. As expected,
the histogram for the group of Topcon receivgiigure 7.11f) is much flatter, with only
65% of residuals below 0.15 cycles. This result again suggests that IFCBs vary between

models for Topcon receivers, or that antennas significantly affect IFCBs.
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A potential downside foprocessing stations into independent clusters is that the
estimated MW satellite biases may be associated with different siigusach cluster. A
unified datum can be assured by simultaneous processing of the ionefspbeararrier
phase and MW obseables with proper ambiguity datum definition. This feature has

however not yet been implemented.

It was shown in sectior.4 how the model of equatior?.(3) could absorb the linear
component of the narrowlane IFCBs. Combined with the QIF approaembaguity
resolution, correct widelane integer values can be recovered for a baseline of mixed
receiver types, even though ambiguities did not converge to integers (refer Baglreo
7.2). The baseline formed by stations BARd KLOP was processed again using the
same methodology described previously. The only difference is the application of the
clusterspecific MW satellite biases estimated in this sectiogure 7.12 shows that the
estimated ambigties now converge to integer values, increasing the reliability of the
ambiguity fixing procedure. Note that convergence time is not affected since it is

dependent on the precision of the ambiguities which is the same in both scenarios.

Since thisexample was processed using a methodology similar to PPP, it is expected
that comparable results could be obtained by processing of undifferenced signals,
provided that satellite orbits and ionosph#ree satellite phase clocks can be estimated at

the cetimetre level.
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Figure7.12: Convergence of the widelane ambiguities for baseline BAKP with

the application of MW satellite biases.

7.7 Conclusion

Banville et al. [2013] demonstrated how séleg two GLONASS reference satellites
with adjacent frequency channel numbers allows for estimation of ambiguities as formal
integer values. In this paper, application of this concept to the MW signal was shown to

also absorb the linear dependency of therowlane IFCBs with respect to frequency.
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Therefore, if code observations from different frequencies had only such a dependency,
widelane ambiguities for baselines of mixed receiver types would converge to integer
values. However, an investigation of IF€Bonfirmed that such biases are also affected
by receiver and antenna types and, although the IFCBs of many stationsrmaddied

by a linear fit, nomegligible seconarder effects must be accounted for.

Since stations with similar equipmentvieacomparable IFCBs, six clusters of stations
were formed to estimate MW satellite biases. For all clusters but one, over 90% of the
estimated residuals were below 0.15 widelane cycles, confirming that undifferenced
GLONASS ambiguity resolution can gendyabe achieved using a homogeneous
network of stations. On the other hand, the consistency of IFCBs for some receiver types
is not adequate to estimate meaningful MW satellite biases. This could be due to different
IFCB patterns between receiver modelg] ag the diversity of antenna types connected
to these receivers. While the quamiosphere free (QIF) approach to ambiguity
resolution can allow for correct ambiguities to be identified even in the presence of
biases, not all receiver and/or antenna $ypan currently be accommodated by our
approach. Examining the ionosphéree IFCBs can be an effective means of screening

out such stations.

Demonstration of the concepts presented in this paper was achieved by processing of a
short baseline with imed receiver types. Using a methodology similar to lbageline
differential processing and PPP, convergence of the estimated ambiguities to integer

values was achieved. These preliminary results suggest that an implementation of a full
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network solutionfor the estimation of GLONASS ionosphdree satellite clocks and

MW satellite biases is possible.
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CHAPTER 8

CONCLUSION

This final chapter briefly summarizes the context in which this research was
performed, as well as its main findings and contributions. Finally, recommendations are

made for future research and for users ofnie¢hods presented in this dissertation.

8.1 Summary

Popular positioning methodologies such as RTK or network RTK allow instantaneous
centimetrelevel accuracies but require the nearby presence of base stations. While the
precise point positioning®PP) methodology can rely on a sparse global network to reach
a similar level of performance, a convergence period at least 30 minutes is typically
required. Furthermore, when signal trackisgriterrupted due to obstacles for instance,
users must againait for reconvergence of their positioning solutior&uchscenaris
are highly undesirable for redlme applications, and mitigate the usePPP in several
applications.Recent developments led to the possibility of fixing undifferenced GPS

ambiguitiesto integers, but convergence time is sillthe order of 10 to 20 minutes.

In view of these challenges,he main objectiveof this researchthen became

developng a methodology foreducing the length of this convergence period. Three
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aspects wer analyzed: 1) reonvergence capabilities based on cgtlp correction; 2)
incorporating external information on the ionosphere in the navigation filter; and 3)

fixing undifferenced GLONASS ambiguities.

8.1.1 CycleSlip Correction

Once a PPP sdfion has converged to its expected accuracy, it is still vulnerable to all
phenomea that could disrupt carrigzghase tracking, such as obstacles and ionospheric

scintillation. For this purpose, the concept of cyalip correction was investigated.

8.11.1 GeometryBased CycleSlip Correction

As a first step, the method of Kim and Langley [2001], in which sieglech cycle
slip correction could be accomplished for a pair of GPS receivers, was generalized for the
singlereceiver caselime-differenced carriepphase and code observations were used
a leastsquares adjustmertb estimate the receiver displacement between epochs, the
receiver clock offsetvariation, and the magnitude of the cycle sligsycle-slip
parameters could then be fixed tateger values using popular ambiguity resolution

techniques, and introduced in the PPP solution to praadenuous position solutions.
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Still, instantaneous cyclglip correction was found not to be a trivial task, especially
with noisy code obseations. For this purpose, a scheme for partial eglipefixing was
adopted, using a combination of the widelane and geoffregylinear combinationsf
carrierphase observations/Nhile it is demonstrated in this dissertation that linear
combinations donot improve the success rate of the cyallp fixing process, this
statement is only true when an attempt at fixing all cgtife parameters is made. With
partial fixing (i.e., not fixing all cycleslip parameters to integers), the use of linear
combindions can be a beneficial factor. Practical examples illustratedehefits of our

partial fixing algorithm.

This instantaneous cyeldip correction technique for PPP received special attention
following the magnitude 8.8 earthquake that occuoed®7 February 2010 in Chilét
was demonstrated that a continuous position solution could have been obtained in real
time even if the receivetemporarilylost lock on all satellites simultaneousfyrovided
that communications with the station were nt@imed. This information is essential for

incorporationinto a tsunamwarning systenpBlewitt et al., 2009.

8.1.1.2 lonospheric Cycle Slips

Reliable detection of cycle slips is important from two points of viemst, it must

detect real discomtuities in carrieiphase observations to ensure that the estimated
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parameters are unbiased. Second, it must avoid falsely detecting cyglevisighscould
trigger position discontinuities in PPk the presence of an active ionosphere, it was
found tha the latter condition could be problematic to satisfy using detection methods
based on geometifyee linear combinations. An alternate means of detecting cycle slips,
properly accounting for rapid ionospheric delay variatiopgstimating this quantityiia
leastsquares adjustmentvas thus proposed based on the tdiiferenced model. It
relies on a twestep process: a satelliby-satellite screeningand an integrated
adjustment of all carrigphase observations simultaneously. Application of this aakth

to kinematic PPP solutions demonstrated up to depgd®mtel improvements in three
dimensional position estimatesimply due to a more robust cydbp detection

procedure

According to the author 6s Kk n oiwjcgck glips, no p
in the presence of high ionospheric activity had been perforAreth-depth analysis of
the underlying stochastic model and integer validation procedurals@sonducted to
understand the intricacies of tmeethod. It was demonstratedatithe stochastic model
(i.e., how the observations are weighted) hasteacal influence on the shape ofefpult
in regions. In other words, the closest integer vector depends not only on thslipycle
parameter estimates, but also on the choice okrehBon weights. It was also
demonstrated that the method of choice for integer validation must rely on twaacriteri
the proximity of the float estimateso ean integer vector, and thstrength of the
mathematical model. Therefore, instead of using thels ratio test for validating the

selected integer candidates, anot her met hc
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Simulations demonstrated that slightly ocwenstraining the ionospheric delay variation

parameter could lead to improved cyslg corection capabilities.

Successful cyclslip correction in the presence of decimdéeel ionospheric delay
variations was demonstrated, which constitutes a major improvement over existing
approachesAnother foreseeable application of this technicuthe improved continuity

of slant ionospheric delay estimates from GNSS receivers.

8.1.2 lonospheric Corrections for PPP

One of the key elements for instantaneous convergence of RTK or network RTK
solutions is the ability to cancel or preciseipdel the effects of the ionosphere. With
PPP relying on a global network of stations, applying ionospheric corrections from global
ionospheric maps was investigated to reduce the initial convergence period of PPP

solutions.

8.1.2.1 IntegerLevelled lonospheric Observables

Carrierphase observations from GNSS receivers offeraacuratemeasure of the

variation of the total electron contefitEC) along a satelliteeceiver path. Howevegn
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absolute measure of TEC is typically obtained in combinatith the use of noisy code
observations because of the ambiguous nature of carrier phases. Code measurements can
sometimes be contaminated with important multipath effects and instrumental biases,

leading to calibration errors in the determination obélte TEC.

This dissertation described a new methodologyc al | e d A i,0rint whighe r | ev
code observations are not directly needed to obtain a precise measure of TEC. Instead,
integer ambiguities obtained in a PPP solution are used to ren®eectidependency of
carrierphase observationsintegerlevelled observations still contain receiver and
satellite instrumental biases, similar to the vikelbwn differential code biases, therefore
requiring a mathematical model for retrieving absolute TE@ main benefit of using
integerlevelled observations as opposed to popular levelling techniques is the
elimination of levelling errors introduced while fitting carrier phases to code
observations. This idea had been contemplated by other reseanmewosigly based on
float estimates of the ambiguities, boo insights were offered on the presence of
instrumental biases affecting the observatidmggerlevelled observations, based on an
ambiguity datum, are biased by integer values originating tremminimal constraints

imposed in the network satellite clock solution and on the user side.

Application of the integelevelling procedure to observations of a regional network of
stations on Vancouver Island in Canada led to improved consist#nsiant TEC
estimates among nearby stations. Unfortunately, the benefits of using -leteg)trd

observations can be obscured by other important error sources affecting the computation
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of global iorospheric mapssuch asthe use of a thhshell represeation of the
ionosphere, sparse samplirapd interpolation methods. It is nonetheless expected that
the new observables can improve the RMS of model fit, and perhaps be used for the
investigation of new ionospherimoddling approaches by providing moreregise
measurements of TEC. Since ambiguity resolution in PPP can be achieved in real time,
integerlevelled observations can be used to meettieed or neareattime needs in

terms of TEC estimation. Furthermore, undifferenced ambiguity resolutiomhBHQ
satellites isperformed routinely in some organizatipribereby offering a means of

reducing levelling errors associated waitcultation data.

8.1.2.2 PPP with Global lonospheric Corrections

Global ionospheric maps (GIMs) produced by thertragonal GNSS Service (IGS)
are provided with differential code biases (DCBs). Those biases layg@roduct of the
TEC estimation process, and are atsgured to assure the compatibility of single
frequency observations with satellite clock correctitiased on the ionospheiree

linear combination of (smoothed) code observations.

In PPP with ambiguity resolution based on the decougleck model, satellite phase
clock corrections are based purely on caipiease observations, tdatum being dfined

by fixing certain ambiguity parameters in the adjustment process. As a conseguence,
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those satellite clock corrections contain integer biases that are absorbed in the ambiguity
estimates of PPP users, allowing the integer properties of the amlisigaibe preserved.

It then becomes obvious that using thbsesedambiguity parameters to perform integer
levelling will also lead to biased integleavelled observationgslobal ionospheric maps
based on those observables would then have, apeobyct (integerbiased) differential

phase biasg®PBs)as opposed to DCBs.

Extending the ionosphefieee decouple@lock model to allow explicit estimation of
slant ionospheric delays can allow external information on the ionosphere to be included
in the solution. Depending on the quality of this information, convergence time of PPP
solutions can be reduced significantBtill, ionospheric corrections must be consistent
with the PPP model at the user end. This dissertation demonstrated that consestency
only be achieved by also providing to users DPBs based on iiéxgHied observations
(obtainedbased onthe same satellite phase clock correctiofsiling to provide a
consistent set of biases will destroy the integer nature of the ealnase mbiguities at

the user end.

It was shown that, on a day with a quiet ionosphere, external ionospheric information
from a global ionospheric map could potentially reduce convergence time of PPP
solutions to 5 minutes (68% of the time). With a densgional network, instantaneous
ambiguity resolution can be obtained, leading to a level of performance similar to
network RTK. This methodology (PPP with regional augmentation) is commonly

referred to as PRRTK.
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8.1.3 GLONASS Ambiguity Resolution

The last aspect considered in this dissertation for improving the convergence time of
PPP solutions consed of including GLONASS satellites in PPBolutions with
ambiguity resolutioncapabilities Several researchers have confirmiétt a better
geometry 6 satellites associated with processing of both GPS and GLONASS satellites
leads to improved accuracy and reduced convergence time. However, due to receiver
incompatibilities associated with the frequency division multiple access (FDMA)
technology of GLONAS satellites, ambiguity resolution for GLONASS satellites is
more complex than its GPS counterpart. Therefore, handling of both garase and

code intetfrequency biases was analyzed.

8.1.3.1 InterFrequency Phase Biases

Since all GLONASS satilies in view transmit signals at slightly different
frequencies, forming betweesatellite differences of observations (in cycles) does not
allow cancelling receiver clock errofsquivalently, when expressed in units of metres,
the ambiguity of the refence satellite remains an explicit parameter in the adjustment.
As a result, the leasiguares solution from the navigation filter is singular. This
singularity can be removed by computing the ambiguity of the reference satellite using a
combination of carer-phase and code observations. However, those two observables are
not necessarily synchronized within the receiver, and this synchronization offset is
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different from one receiver manufacturer to another. From this characteristic arose the
notion of inte-frequency phase biaseshich are in fact, only a consequence of timing
considerations between receiver makes. Calibration valuescaemgutedto account for

those biases and to allow for instantaneous ambiguity resolution to be performed with
mixed reeiver types in differential mod@Wanninger, 2012] Nevertheless, those
calibration values are firmware dependent and accurate metadata must be available to

assure coherent solutions.

This dissertation proposed a nealibrationfree approach to déawith the inter
frequency phase biases caused by the synchronization offset between phase and code
observales The idea is to explicitly estimate the ambiguity of the reference satellite in
the leastsquares solution rather than computing it using codasorements. In order for
this approach to work, two reference satellites need to be selected, meaning that no
ambiguity parameters are estimated for those satellites. Based on this methodology,
mixed receiver types can be used for baseline processinguivdhya priori knowledge
of interfrequency biases. While the extra parameter to be estimated leads to a
mathematically weaker model, tests have demonstrated that instantaneous ambiguity

resolution can be reliably obtained in a combined GPS + GLONAS8w0!

This new model for processing GLONASS observations is particularly useful when
operating from a global network of stations, where valid metadgtding receiver type
and firmware versiorcan becomplex to maintain for all stations. Benefase thus

anticipated for the computation of GLONASS satellite clock corrections for PPP.
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8.1.3.2 InterFrequency Code Biases

Ambiguity resolution in PPP typically requires the use of code observations to (either
implicitly or explicitly) estimate nt ionospheric delayd.his approach is problematic
for GLONASS satellites because madeled inter-frequency code biasedFCBS)
propagate into those estimated delaykich, in turn, affect the ambiguity parameters.
Since those IFCBs often exceed thavelength of the carrier, they prevent undifferenced

ambiguity resolution on GLONASS satellites.

It had already been reported that private companies (such as Trimble) were able to
perform ambiguity resolution for GLONASS in PPP due to a networkatiosts based
on homogeneous equipment (i.e., all stations are running Trimble receivers with identical
firmware versions). In such a network, IFCBs can be absorbed by satellite clock
corrections which in turn cancel such biases for users with compatilijenent. In an
attempt to replicate such an approach, a thorough investigdtiB®€Bs was performed
for this dissertation. It was demonstrated that IFCBs not only depend on receiver type and
firmware version, but also on the antenna type connected tedeiwer. Compatibility of
IFCBs for certain types of receivers could be identified, allowing the definition of

clusters of stationfor which undifferenced ambiguity resolution would be achievable
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Based on those findingsatellite widelane biasesere estimatec&nd showed very
good agreemeritetween receivers of the same cluster. The estimated values were applied
to processing of a long baseline (sharing similar challenges as PPP in terms of ambiguity
resolution), and correct ambiguities coulditentified. This work then paves the way to
undifferenced ambiguity resolution for GLONASS based on a network of mixed receiver
types. A combined GPS and GLONASS solution with ambiguity resolution capabilities
for both systems could then be beneficial feducing the convergence time of PPP

solutions.

8.2 Recommendations

This section suggests possible ways to improve the metbedcribedin this
dissertation It againfocuses orthe three mairthemes of this work: cycislip correction,

ionospherenonitoring, and GLONASS ambiguity resolution.

8.2.1 CycleSlip Correction

Cycleslip correction can offer instantaneouscmvergence of PPP solutions after

signal tracking interruptions. However, implementation aspects of thediifeeenced
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model are not straightforward, and integrity measures must be put in place to assure that

positioning solutions are not degraded by wrong integer candidate identification.

8.2.11 Observation Differencing

The cycleslip detection and correction appih proposed herein is mainly based on
time-differenced observations, meaning that an explicit subtraction of the observations
made at two different epochs is performed. While this approach has the benefit of
reducing timecorrelated errors, the logic beki the implementation can become
complex. For exampleyhen signal tracking is lost on a satellite, signals can only be
reacquired several epochs later. This involdles situationthat observations from
previous epochs must be stored in memory for adpfimed period of time. Computing
the timedifferenced solution to detect or correct cycle slips then requires selecting the
appropriate epoaof data to compute the tirdifferenced solution. Tracking on land
L, can also be lost and reacquired at ddfgrepochs, which can further complicate the
epoch selection. When a complete satellite tracking interruption occurs, one must make
sure that the two epochs selected for the ilifferenced solution are adequate. Since not
all satellites are typically racquired at the santene, it might be preferable to wait until
all satellites are tracked again to obtain a better geometry and thus improve the

probability of correctly fixing the cycle slipglowever, especially in redime, it is not
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always obvious t&now if a satellite will even be racquired, and delaying the cybp

correction procedure might not be desirable.

As proposed by other researchers, the eglifecorrection process can be integrated
in the PPP solution [Gengt al., 2010 Collins and Bisnath, 20%1Li, 2014. Processing
of undifferenced observations greatly simplifiese thogistics since no explicit
differencing of the observations is requira¥hen acycle slip is detecteda new
ambiguity parameter can simply be set up in thastsquares adjustmenConstraimg
slant ionospheric delay variations (which must be explicitly estimated in the PPP
solution) allows reducingthe ambiguity search space and can allow for instantameous

fixing of ambiguities

All theoretical eévelopments made in this dissertation would still be applicable if
undifferenced observations were used. Partial esiglefixing based on the widelane
combination, as suggested in Chapterc@uld be applied to constrain the position
solution when the eeiver is moving.The role of thea priori constraint on ionospheric
parametersanalyzed in detaiin Chapter 3would be taking place through the process
noise added on ionospheric parameteifs nondispersive effects are adequately
modedled, a similarlevel of performance for correcting ionospheric cycle slips would

then be expected when processing undifferenced observations.

Even though there would still be cases where the-difierenced model would

outperform the undifferenced approdmrausef the reduction of timeorrelated errors
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| believe thatambiguity fixing in PPP will eventually replace cydkp correction in the
same manner than-the-fly ambiguity resolution dramatically reducéae need for this

procedure in differential mode

8.2.1.2 Integrity

Chapter3 emphasized that incorrect identification of integer cglile candidates can
occur if the stochastic model is not properly defined. This implies that the precision of the
observations used in the adjustment must refleeir true quality and thaa priori
constraints must be realistic. In practice, it is not a trivial task to define all of those
guantities appropriately. Since fixing cycle slips to wrong values can have important
consequences in some applications, sitthus recommended to use a conservative
approach to cyckslip correction.While the method proposed is a great tool in post
mission analysis of data, its use should be parsimonious in automated services. For
example, repairing cycle slips with observaisampled at a 3econd interval is risky
due to the sometimes unpredictable behavior of the ionosphisceassociated with an
active ionosphere are noisier measurements, which could compromise the integrity of the
approach. Being aware of those pidak the first step towards an appropriate use of this

method, although further research on integrity monitoring could be of great benefit.
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8.2.2 lonospheic Corrections for PPP

This research has demonstrated that RP&tessing is tightly linkedwith the
ionosphere. Suggestions for future work include ideas for better monitoring of the

ionosphere and for improved positioning solutions.

8.2.2.1Changes in TEC Estimation Strategy

It was shown that PPP canovide measures of slant TERat ae much more precise
than the ones obtained through current procedures. Due to other error sources in the
generation of TEC maps, the adoption of intdgeelled observations has not yet gained
significant momentum. As mathematical representations ofichesphere, mapping
functions andyroundstation density all improve over the years, | am convinced that more

precise STEC measurements will be called for in the future.

Several implications of integer levelling should be tested to gain better tartkng
of this method. For example, it is well known that station DCBs can experienceaytra
variations that impact particularly neattime applications where DCBs are not always
being estimated. Since integewrelled observations are based onasnbiguity datum
rather than a datum defined by code measurements, it is expectdestability of the
corresponding DPBs should be improved. If this is the case, estimation of DPBs could be
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further improved by imposing a constraint on their stabilitya multiday adjustment.
Another implication of integer levelling referenced in this dissertation is the reduction of
levelling errors for GPS receivers orLEO satellites, which should definitely be

investigated.

Processing of GLONASS observatidios the estimation of TEC parameters typically
involves estimating one receivdependent parameter per frequency channel to account
for inter-frequency code biases. For a network of 100 stations and a nominal constellation
of 24 GLONASSsatellites, thismounts to 915 + 24 = 1509 parameters (the biases for
one receiver were assumed to be fixed). This lamgmberof parameters can absorb
ionospheric features and affect the final TEC estimates. When undifferenced ambiguity
resolution for GLONASS can bachieved routinely, the integer levelling procedure can
also be applied to this system. With intetmrelled observations, the total number of
bias parameterof the above example is only 92 + 24 = 222, a reduction of 85%!
Indeed, once the ambiguityontribution is removed from geometinge carrierphase
observations, it is only necessary to estimate one receiver DPB parameter and a reference

ambiguity parameter per station.
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8.2.2.2Global lonospheric Corrections for PPP

While global ionosheric maps provide valuable information tne general trends of
electron densitiegshe underlying models do not allowodeling of TEC to a level that
could significantly improvehigh-precision positioning applicationgven in regions with
a very densenumber of ground stations, the use ofha-shell representation of the
ionosphere introduces considerable errors when computing STEC for satellites observed
at low elevation angles above the horizon. This convenierguhgptimalmathematical
represention of the ionosphertherefore preventss from usingthe full potential of the
data from thegroundnetwork. To meet the needs &fPPapplications it is imperative
that more precise models be utilizedwhich STEC values from statianin the vicinity
of a PPP user would contribute to significant mitigation of ionospheric errors (i.e., at a
fraction of a TECU) for this userThis anticipated GIM would thus allow fast
convergence of PPP solutions in regions of dense station coverage, while the same GIM
would provide slower convergence capabilities in other regions. This approach differs
from network RTK in that a user is free to move in and out of the network coveneae

without loss of accuracy.

For obtaining both the highest accuracies and compatibility with the decezlptdd

model, it is imperative that integésvelled observations be used for the computation of

this nextgeneration GIM.
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8.2.3 GLONASS Ambiguity Resolution

This dissertation described the theoretical elements required for the computation of
satellite phase clocks for GLONASS based on a network of mixed receivers. However,
several subsequent steps need to be performed before a solution is available td users. O

particular importance arthe stability of IFCBsand the quality of GLONASS orbits.

8.2.3.1 Stability of IFCBs

Chapter 7 presented preliminary results regarding the estimation of GLONASS
satellite widelane biases based on clusters of stations with tblapsquipment. While
it was confirmed that this approach allows for undifferenced GLONASS ambiguity
resolution,this approach has two main drawbacksit 1¢ads to asignificant increase in
the number of parametem the network side, and 2) more inf@tion needs to be
transmitted to usergo overcome thse limitations, an analysi®f the temporal behavior
of satellite widelane biases would need to be perfornié@ results of this analysis

would reveal the frequency at which such biases should ineagsd.
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8.2.3.20rbit Accuracy

For ambiguity resolution to be successful, the error budget should remain below a
guarter of a wavelength, namely 10 cm / 4 = 2.5 cm for the ionosfrieereombination.
While this threshold can be attained for GP®tigh carefulmodeling, GLONASS
orbits aretypically not as accurate as GPS orbitpart from the network geometryhis
is likely a consequence dhe inability to fix doubledifferencedambiguities in long

baseline GLONASS solutions.

The conceptpresented in thidissertatiorregarding GLONASS ambiguity resolution
are applicable to both PR#hd longbaseline differential positioning. Implementing the
methodology presented in Chapters 6 and 7 in orbit estimation software would then allow
GLONASS ambiguity resolutionover long baselines, and would ideally lead to an

improvement irthe quality ofGLONASS orbitsand satellite clocks

8.3 Putting it All Together

(Re)convergence of PPP solutions is greatly dependent on the ionosphere. During
signal tracking interruptions, the ability of predicting slant ionospheric delay variations

will dictate how quickly accurate positions can be retrieved. The same holds true for the
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initial convergence period in which precise external information on thesjpbr@oe can

potentially allow for instantaneous ambiguity resolution.

Once carrieiphase ambiguities are fixed in PPP, this methodology also becomes a
tool for precise monitoring of the ionospheWith anincreasingnumber ofPPP usersa
better samiing of the ionospheréecomes possible, and with proper means of passing

this information back to other users, improvements in PPP convergence will follow.
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