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Abstract

There are positioning techniques available such as Ree Kinematic (RTK) which allowser
to obtain few crdevel positioning butrequireinfrastructure cost.e., setting upocal or regional
networls of base stations to provide corrects. Precise Point Positioning (PPB$ing dual

frequency receivers a populastandalongechnique to procesSNSS datdy applying precise
satellite orbit and clock correction along with other corrections to produce cm 4evdm

positioning.

At the time of writing, almost all loncost and ultrdow-cost (few $10s) GNSS units are single
frequency chips. Singlefrequency PP poses challenges iprins of effectively mitigating
ionospheric delaynd the multipath, as theig® no second frequency to rewsothe ionospheric
delay.The quality of measurements also deteriorates drastically from geagtetie to ultrdow-
cost hardwareGiven these challenges, this study attempimfwove theperformance of single
frequency PPP using geodegirade hardware, andto capture thepotential positioning

performance ofhis newgeneration of lowcost and ultrdow-costGNSSchips.

Raw measurement analysiad posffit residuals show thatneasurementsom cellphones are
more prone to multipath compared smgnals from geodetigrade and lowcost receivers.
Horizontal accuracy o few-centimetress demonstrated with geodetitade hardware. Wheas

accuracy of fendecimetress observed from lovzost and ultrdow-cost GNSS hardware. With
multi-constellaibn processingimprovemens in accuracy and reductienn convergence time
over initial 60 minutes periodrealso demonstrated with threldferent set of GNSS hardware

Horizontal and vertical rmsf 37 cm and 51 cm, respectively, is achieved usiggllphone.
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Chapter 1 Introduction

Advancement in electronic chip manufacturing re@lutionizedthe Global Navigation Satellite
Systemsindustry. The quality of the new generation of lasest (few $100s) GNSS chips has
improved drastically over a few years. Since 2016, pseudorange and-ghasermeasurements
are available from devices running the Android N of higher operating system on mobiier. Ne
applications in autonomous navigation, sports, gaming, personal navigetkenuse of lowcost

or ultralow-cost GNSShardware These newevolvingapplicationsare innontraditional GNSS

markets anddemanda precisesolution atan affordablecost.

Development of new GNSSand user technologgver the years has brought new features and
possibilities to the consumer market. Witle launch of new GNSS constellatipdensely spread
spectra over 1146616 MHz and miniaturization of GNSS chipsbaveplayed a vital role in
revolutionizing the technologthat is GNSS. With Precise Point Positioning (PPiP)s now
possible to obtaicentimere-level accuracy using single geodetiegrade receive(Bisnath and
Gao 2009)With the development of new features awdrevolvingapplicatiors such as gaming
autonomus navigatigetc, there is a demand from the consumer market to provideduglracy

(few cmdm level)positioning solution at a lower cost.

To obtain hgh-accuracy positioning solutioinom low-cost (few $100sand ultralow-cost (few
$10s)GNSS receivers, calls foareful accounting omeasurement errors in particular ionospheric
refractionand multipathsignals This researchvill focus on usinglow-cost and ultrdow-cost
GNSS receivers witbnly L1 and C/Acode measurementBPP using lovcost GNSS receivers

requires different mathematical models from that tgpical duatfrequency which involves



assigning different weights in the singtequencyestimationprocess. Furthetthe stochastic
weighting scheme in thestimationprocesschangesfrom geodeticto ultralow-cost GNSS
hardwarepurely because dfiequality of raw measurements degrades as one movegéodetic
receivers to ultrdow-cost GNSS receivers. In addition, biasesthe lowcost hardware
measurementare larger, thus affecting the a@mrgence behavis and accuracy of the single
frequency PPP solution. Therefore, the objestieé this research am® (1) investigate and
compare the positioning solution frogeodetiegrade GNS$ardwarewith those frorrultra-low-
costand lowcostGNSShardware, an@?) improvethe capability and performance of PPP using
low-cost andultra-low-cost hardwareby efficiently mitigating theionospheric refraction and

assigning optimal welgs in theestimationprocess.

1.1 Motivation for research

Overthe lastfew years, theositioninglandscapen the automotive agricultural,fleet tracking

and gamingndustriesis changing veryapidly. All major automotive manufacturease working
towards autonomous vehiclesand ug sensor such as GNSS chipsUs, LIDARs, etc. in
complexdecisionmaking required fosafenavigation.A high accuracy and robust positioning
solution is required for complex tasksich as lane detection and changing. Positioning techniques
such as Real Time Kinematic (RTK), can yde afew cm-level accuracybut requirea dense
network of stations to transmit correctiosich infrastructuref GNSS stations casmillions of

dollars.

PPP is anothaalternatepositioning technique which does not relyamother station to mitigat
theatmospheri@rrors.Overthelast couple of decades, difedquencyPPPhas been extensively
researched and studied in academia, government agencies and in GNSS industry. Numerous PPP
postioning enginehavebeendeveloped over the yeademonstrating few crevel accuracies

2



in both static and kinematic mo@¢ouba and Héroux 20QBisnath and Gao 2008andau et aJ.

2009 Banville, 2014 Aggrey2015 Laurichesse and Blot 2016

Low-cost (few $100s) and ultlaw-cost (few $10s) GNSS chips are predominately used in the
autonomous navigatiofcars and UA8), sports, wrisbands, gaming, personal navigatietc. It

is estimated thaapproximately 99%f the GNSS receivers are singtequency units, and at the
time of writing almost all lowcost and ultrdow-cost (contained in cellphones) GNSS receivers
are singlefrequency chips. PPP with kdnly data from geodetigrade and lowcostreceiverdas

also beennvestigatedy Beran et al(2003) Chen and Ga(2005) Choy(2009) Cai et al(2017)
Singlefrequency PPP facesimerous challenges in terms of deglith ionospheric delay and
multipath. The quality of raw measurements from tllbk&-cost receivers is alsquite poor
compared to the geodetipiality measurementgRiley et al. 2018Gill et al. 2017%. Different
mathematical models are requiiadhe filtering process to consider the quality of measurements,
and to appropriately mitigate the multipatm this research, an attempt is made to compare the
quality of raw meaurements from three different gradef receivers and optimal filtering
techniques are also presenttd data processg from each set of hardward?ositioning

performancdrom all three grades of hardwasaalso compared.

Because of the higaccuracy positioning solution with Ieaost and ultrdow-cost could provide
a multitude of benefits and will also help in emerging applications in the new fléldprimary
motiveof thisstudyis to investigatan alternate, low p@goning infrastructure, and cosffective
positioning technique which could be effectively used with geodgtide, lowcost and ultra

low-cost GNSS hardware.



1.2Research bjectives

At presentas discussed abouhie vastmajority of GNSSreceiversare singlefrequency. Low
cost and ultrdow-cost GNSS chips are finding their way into theomotiveindustry andn to
consumer hanttandheld devices. In 2016, Google announced thapsawdorange anchrrier
phase measaments can be accessed franflew modelsof tablets and cgdhonesoperating
Android N or higher(Banville and Van Diggeler2016) The goal of this research is tdevelop
and refine algorithms for singleequency PPP, whiclre not only suitable forthe geodetic
applications but alsedaptable to producelzest possible PPP solutiosinglow-cost and ultra
low-cost GNSS chips In order to achieve thisim, the following research objectives are

formulated:

Adding a multiconstellationsinglefrequency processincapability to the YORKPPP software.
Implementation of m extendedKalmanfilter along withdifferent process and observation mogels
for different hardware and applications. The software developmelone keeping in mind the

modularityand scalatti ty of the PPP software.

1. Analysis and comparison of the raw observations from geedeitte, lowcost and ultra
low-cost hardware.

2. Assesment of uncombined and combinedinglefrequency PPPsolution from three
different grades of hardware.

3. Comparison ofGPSonly solutiors from a tablet to the combined GP+ GLONASS

solutions.



1.3Thesis aganization

Chapter 1 provides the introduction, researbfectives and motivation to this resear€linapter

2 providesthe background of the study, amerviewof GNSS, along with different positioning
modes with the brief description of thedlevanterror source<Classificationof different grades of
GNSS receiverss also discussed. Chapter 3 explains the process and measurement models for
singlefrequency Precisedint Positioning PPP) It alsodiscusseshe different methods to obtain
a singlefrequency PPP solution. Chapter 4 gives a description of the reseéiwears and then
discusses the qualityontrol algorithms/proceduressed within the PPP software. The chapter
ends with a description of available methods to mitifaeonospheric delay. Chaptee¥amines
the singlefrequency PPP solution from geodetic, fowst and ultrdow-cost hardwarel he focus

is oncomparing vaous solutiors (to be described latetjsingan uncombined filterandthe so-
called GRAPHIC linear combination This chapter concludes with the comparison of GRIS$
solutiors from ultralow-cost har@vare to GPS + GLONASS. Chaptec@ncludeghe findings of

this study and also provides recommendations for the future work.



Chapter 2 Background

The technique of finding position of points tre Earthd surfaceusing distant objectsuch as

Sun, stars, planets has been used for centuries. However, it wastbelgpace age that it became

possible to develop a sophisticated satellite system for high accuracy positioning and navigation,
which notonly provided global coverage, but also could be used anytianel, in altweather
conditions.TheUS Navy Navigation Satellite System, Trapgita s t he wor |-lthged f i r s
positioning system to operate globaydwas based on Doppler shift measurerseht signal

as the satellite transited with a navigational accuracy-&@bm(Langley et al.2017)

TheGlobal Positioning System (GPS) wasroduced in 1978ndhas much superior performance

to Transit. This new system (GPS) was based on using the raagamments and hasitietent

constellation design thathe Transit, offering global4-hour continuouscoverage for military

users and reduced accuracy for civilian users. Since then, it has become the backbone of a whole
body of navigatia and positiaing technologiesDuring the 1980s,the USSRalso launched

Gl obal 6naya Navigatsionnaya Sputnikova Sister

global navigation satellite system.

At the time of writing, the U.S., Russia, the European Union (E.U) amtbhGine operating and

devel oping their individual Gl obal GLONASS, gat i or
Galileo and BeibDu, respectively. India and Japan have their individual Regional Navigation
Satellite S$yNavie ansl Q{SB NeSEdyeAll GNSSs and RNSSs are radio
positioning and timdransfering systemsthat use thaanging measurementTo compute a

position a GNSS receiver and antennaare qu i r ed at whiclh measursteertides e n d,

required for the GNSS signal to propagate from a satellite to the reflediek et al. 2015)

6



Having multiple GNSSs and RNSSs can provide multitude of benefits to inséesms of
improvingaccuracy, robustness, and ability to navigate and position in environments with limited
satellite visibility. This chapter provides aidf description of each GNSS amdch RNSS.
Measurement types and available positioning modes along with the error sources are also
discussedSincethis research was focused on the PPP usinectmst (singlefrequency) GNSS

hardware, the research thaslaready been done in singtequency PPP is also presented.

2.10verview of GNSS

The currenhavigation system can be gragainto two broad categories:

1 Systems providing globabveragecalled Global Navigation Satellite Syste(GNSS.
1 Syskemsproviding regional coverageeferredas Regional Navigation Satellite Systems

(RNSS).

GNSS signals are electromagnetic wavewveling at the speed of the lightGNSS gynal
frequenciedall in the spectrum betweeabout 1.1and 1.6 GHz (kband). This bandwidth is
selected for these signals since these enable measurements of adequate precissofor allow
reasonablysimple user equipment and efonot suffer from significant attenuationin the
atmosphere undehallengingweather conditionsGNSS providesignals on at least two different

frequencieso compensatéor theionospheic error(Langley et al. 2017)

GNSS constellations typically adopt a Mediugarth Qbit (MEO) configuration, 8 this
configuration ismostsuitable for theeontinuousglobal coveragenclined geosynchronous orbits

(IGSO) and geostationary orbits (GE&@¥alsoemployed especiallyin the regional systems.



An overview of each GNS$% providedin Table 2.1 All GNSSsare described in detaiby

(Hegarty 2017Revnivykh et al. 201 7alcone et al. 201 AndYanget al. 2017)

GNSS GPS GLONASS | Galileo BeiDou IRNSS/NavIC | QZSS

Number of 24(MEO) | 24(MEO) |30(MEO) |27 (MEO), |4 (IGSO),3 |3(IGSO),1

SVs 3(IGS0), 5| (GEO) (GEO)
(GEO)

Constellation | 6 planes 3 planes 3 planes | 3 planes IGSO with IGSO with
56° (Walker) (Walker) | (Walker) 29inclination | 43
inclination | 64.8 56° 55° inclination

inclination | inclination | inclination

Initial Service | Dec 1993 | Sep 1993 | 2017 Dec 2012 | 2016 2018

(planned)

Coverage Global Global Global Global East Asia -30° & S§O

Oceania 30° </ <430
region

Origin USA Russia Europe China India Japan

Frequency L1 1575.42 | L1 1602.00| E1 1575.42 B1 L5 1157.45 L1 1575.42

(MHz) L2 1225.60 | L2 1246.00| E5a 1561.098 | S 2492.028 L2 1227.60
L5 1176.45 | L3 1176.45 B2 1207.14 L5 1176.45

1202.025 | E5b B3 1268.52 E6 1278.75
1207.14
E6 1278.75

Table2.1: GNSS, RNSS and their major characterigti@ngley et al. 2017




2.2 Measurement t/pes

EachGNSS RNSSallows for receivers tbasic types of measurements:

Doppler Thechange in the received frequency caused by the Doppler effect is a measure of the

rangerate or lineof-sight velocity

Pseudorangelt is a binary signal and has the ths&amp when it is transmétl from the satellite.
It is a measure of the differenbetweenthe receiver clock at signal reception and the satellite
clock at signal transmission, scaled by speed to.llghprecision is of the decimettevel with

geodetiegrade hardware.

Carrierphaselt is asinusodalwave at a given frequency and has a period of less thawlich
allows for precise measurememsmeasure of the instantaneous beat phase arattenulated
numberof zeracrossing obtained after mixing with a reference signal of the nominal frequenc
In case of interruptetiacking,the accumulated cycle countasst, andthis phenomeonis known

asa cycle slip.

2.3Measurementprocessing nodes

Deperding on the application analccuracyrequirementsvarious GNSS positioning modes of
differentdegres of complexity,precision and accuracy are available. These range from standard
singlefrequencypseudorangdasedpositioning, used by mostonsumerreceivers including

those in cellphonesigh-integrity methods for safetpf-life applications to sophisticated muilti
frequency carrierphasebased techniques capableaodentimetreto the subcentimetrelevel of
accuracyThis sectiongivesbrief descriptiors of these techniqueBor thesake of simplicityonly

the basic point positioning modé& presentedFor the full treatment opositioning modes



includingall error sourceseadeican refer tpe.g.,Teunissen and Montenbru¢X017) Hofmann

Wellenhof et al(2007) Kaplan and tegarty(2006)

2.3.1Single point positioning
Single point pogioning is the most basic form cfatellitebasedpositioningtechnique.The
navigationsolutionis a leastsquaresestimateof the measurement equations made at a single

epoch For eaclsatdlite the basicobservatiorequation iswritten as
Rec = rirec -’d df dt’e() (2'1)
where R, is the measurefgseudorangebetweenreceiver rec anda satellitei, dt° dt_, are the

satellite andreceiver clock offset from the GPS time; is the speedf light and )., is the

geometric range between a satellisand areceiver.

rio=J(X 2 0 W2 (z+ P 2.2)

X,Y, Zare thereceiver coordinates in the ECEF frame andgy, zare the particular satellite

coordnaes

Since the obseation eaiation isnortlinearin the unknowngto solve the problem efficiently, the

model is to be linearized about the reference s@é+Y° +Z° df’). Once the model is
linearized theleastsquares solution can be estimated iteratively as:
X=% o 23)
d=(H"RH)'H'w (2.9
Where xis the state estimate at the current time agd theapriori estimateH is known as the

Jacobian matrix consists of partial derivatéthe observationwith respect tadhe unknownsand

w is the misclosurgector.
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édR., dR. dR,

gdx dy  dz

¢dR,, dR, dR,
H:gdx dy dz (2.5)
QR dR, dR,
6dx dY dz

1

rec

2 2

R -1

W= gRrec rec (26)

e e T
€ n
@Rrec- ! ree

If no stochastic information is availablae weight(P ) or covariance matricanbe assumeas

anidertity matrix:

The measuremengptial in the Jacobian matrare also knows the direction cosines:

dR _ X- % X =%
dX J(X- %) €Y %7 (2 2% o
dR _ Y- % Y-y
dY J(X- %) €Y %’ (2 ¥ 7o
dR _ Z- 2, Z -y,

dZ J(X- %) €Y %)° (2 3 /o
(% Yor Z,) arethe approximate receiver coordinatd2ostfit residualsare calculateas follows:

r=w -Hd (2.7)
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2.3.2Differential p ositioning

Differential positioning with GNSS is commonly known as DGNS® positioning technique
where two or moreeceiversare usedThe receiver usuallgt restis known as thdase statioand
is normally set ugat a location wittknowncoordinates. On the other hatlogreceiver for which

positionneeds to bdetermined is dked the rover statiofseeFigure 2.J.

ko 1 satellites
@f::-’ O

o~ I
f ' H‘HHH:J' B ) ,_--’*’Jf
Ay H""‘m\L .-"'f .'III
J,\ ) /
Lj.r"l. |1 "Ill
\ \ !
Y \ .-""l
N\ | VoS
h /- _ 0 u,:"'. /
—_corrections
A 20 - g
reference rover

Figure2.1: Rover and base station setup

Pseudorange correctio(BRC)and range rate corrections (RR&¥ calculated athe reference
station and then transmitted to the rover statypically usingaradio link in realtime. The remote
receiverapplies the corrections to the measupsé@udorangeand then performs basic point

positioningwith the correcteghseudorangedaplan 1996)

RriEC = rirec + -EC +i ,D r-Ie-d (2'8)
where” is the geometric rangd”  represents the biases based on the reciever and the

satellite positione.g, atmopheic delays, orbital errord”” FY”  represents the biases based on
the satellite and theeceiverposition respectivelyPRC for satellite is calculated as below and

then transmitted to the roverceiver

12



PRC = rirec - F?EC :( - I’r.ep if DFSJ (29)

Metrelevel positioning accuracy can be achieved ugsimgDGNSS mode. DGNSS can be
augmented with carrigsghase observations asdbbmetrelevel of accuracy can be achieved. The
interested reader can refer to Hofmafellenhof et al (2007)for the full treatment of carrier

phasebased DGSS.

2.3.3Relative positioning
Relative positioning is sechniquan which baseline vector between two points is determiseel
Figure 22). The aim of relative positioning te determine the location of tlueknown point with

respect to the location of the known poifithe position vectors are,, X, the relation is given

as:
Xg =X, g (2.10
Components of the baseline vecty:
eXg - X,
b =g Y -Ya (2.12)
éZB - ZA

A baseline B

Figure2.2: Relative positioning concefource:(HofmannWellenhof et al. 2007
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Relative positioning can g@erformedwith codeonly ranges ousing both code anchrrierphase
measurementsiowever because ahe higheprecision of the phase measuremetdsiierpha®

measurementsre commonlemployedn relative wsitioning for higher accuracy and precision.
Relative positioning can be further sdlvided intofollowing categories:

1 Singledifferencing
1 Doubledifferencing

1 Triple-differencing

Doubledifferencingis amostcommonly employed mode of relative positionimdnich cancels
out the biases related to ttexeiverand the satelliteCentimetrelevel of horizontal accuracy can

be achieved using double differencing.

2.3.4Precise Point Psitioning (PPP)

Precise Point PositioninPPP)wasfirst introducedin 1997, which makeuse ¢ undifferenced
carrierphaseand pseudorange observatigdamberge et al. 1997)nlike the traditional relative
positioning techniques, PPP does not require simultaneous observations at two stations. PPP, is a
natural exension to the GNSS pseudoraszgsed singlgoint positioning, which repkes the
broadcast satelliteclock andorbit with the precise estimatékouba and Héroux 2001)se of
carrierphase observations, introdsdbe initial phase amguities unknowns, causing a few tens

of minutes of convgencetime for a PPP solution. This initiabnvergence depends on several

factors such as geometry and number of visible satellites, observation quality, envirpatoent

PPP is considered a cesffticient technique which allows for stdentiemetre hdzontal accuracy

with a single GNSS receiver. PPPO6s applicati ol
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as agriculture industry for precision farming, autonomous navigagiaming, and mapping

(Bisnath and Gao 2009 he basic observation equation for PPP are presented in Chapter 3.

2.4Error Sources

PPPis basedn undifferencedobservations, soommon mode errors do not canoat In order
to achieve few crdm level accuracyadditionalcorrectionsnustbe appliedo the pseudorange
and carrieqphase measurementdis sectiorists and briefly describes all the correcsdnatare

appliedin the singlefrequency PPP observation del.

Atmospheric errors

Earth amosphere mainly consists of the troposphere and the ionospghelmth media,
electromagnetic signals are refracted, which needie tworrectedo enableaccurate posioning

and timing applicationéTeunissen and Montenbruck 2017)

Tropospheric delay

The ropospherextends to approximateB0 km into the atmosphere frotime surface of Earth.
The dry component of the tropospheaeiss ~ 90% of the delaywhereas only-10% of the delay
is causedby the weé component of the troposphere.is difficult to completely remove the
tropospheric delaypecause it depends on the atmospheric temperature, pressure, humidity,

receiver altitudeandsatellite elevation angle

The delay caused by the dry and the wet components of the troposphere ysnasdaledat the
zenith angle and then scaled by an appropriate mapping function to any satellite elevation angles.
Thereforgthe total tropospheric delay can be expressed in an equation as the combination of the

delay caused by the dry and the wet compon@&tisy 2009 Shen 2002)

dtrop = Mdryddry M d

wet™ wet

(2.12)
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where:

Q qd ZPD caused by dry component
Q d ZPD caused by wet component
O W D Wet and dry mapping functionsespectively.

Various tropospheric models such as Hopefield and Sasstamoinen and mapping fundtiass su

Niell Mapping Functions (N¥) and Isobaric Mapping FunctiondF) have beexeveloped over

the years. Morén-depthanalysis of the troposphere can be foundAggrey 201% Seepersad

2012 Choy 2009Kouba and Héroux 2001 this researcithewet componenis estimated with

other parameters in PPP processing to reduce the residuals of the wet troposphere delay, as

suggested bitouba and Héroux2001)

lonospheric delay

The ionosphere is the uppermost layer of the atmospltach extends from 5&m to 1000km

from the surface of the Earffihe mainconstituents ar®,0, ,N,N, ,NC. In this regionthedensity

of electrons is high enough to influence the propagation of the electromagnetid Glaee 2009
Teunissen and Kleusberg 1996he density of the electropsimarily dependent osolar activity
t he Eart hoés ma gsthelocation of the aidefifisra amd Engee2006)onophere
ranging error can vary from femetreso twentymetreswithin a daywhich dependsn the time

user location and variations in the ionosph@vells et al. 1999)

The ionosphere is a dispersive medium, whereby the refraction is dependent on the signal
frequency passing through it. The ionosphere delay can be defined as being inversely proportional
to the square of the transmission fregay. Thus, duairequency GB receivers can measure and

remove the ionosgric effect by forming the dudfequencyionospherdree linear ombination
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Single-frequency GNSS usehsveto rely onanexternal ionospheric product or modehtdigate
the ionosphericdelay as there is no second frequentty form the ionospheré&ee linear
combination The accuracy of these ionospheric models is criticathoevng high accuracy PPP

solution(Choy 2009)

Antenna phase centre offset andariation

Receiver Antennalhe receiver electrical phasente is not aligned withthe physicaktente of

the antennaFor any given GNSS antenna, the variation of the plbas&redepends on the
changing direction of the incoming GNSS satellite signals, and it is a function of the antenna phase
pattern, known as phase centaiations (PCV). The receiver antenna phesete offset can

cause positioning erraup to 10 cm in the veical componentand a fewcentimetesin the

horizontalcomponen{Mader 1999)

Satellite Antennalt originates from theeparatiorbetween the GNSS satellitentreof mass and

theelectronic phaseentreof its antennal-orce models used by IGS community for satellite orbit
modeling refer to the satelliteente of mass.Subsequentlythe resulting IGS precise satellite
orbit and clock correction products also refer to the satelitereof mass, and not the antenna

phasecente (Zhu et al. 2003)

Phase vind-up

The relative orientation of the transmission andréoeiverantennas ismportantbecause signals
emittedby GNSS satellites am@rcularpolarized. Phase windp is an effect that arises from the
relative orientation change of aecGsaBenmat el | i
The effect of phase windp ismodeled as an angle between effective dipolegaskiver and

satdlite antennas. Phase wiup correction is only applied to the carr@rase measurements,

which is typically between the range of 06tom (Kouba and Héroux 20Q0Mander 2011)
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Relativistic effects

Tecmologies oftheclocksin GNSS has reached a state where thiegisionof themeasurements
is on the order of nanosecond®unissen and Montenbruck 2017 attainthiskind of accuracy
corrections must be applied to correct for the relativistic effects. Three types of relativistic effects

must be considered:

Sagnac effectit takes into account the rotation of earth during the time of flight of GNSS signal.
The Sagnac effect is a coctmon for adapting the dilationf éime caused to a clock, carrieg a

rotating object on nemertial framegSeepersad 20).2

Periodic clock eror : Since theGNSSorbits are not truly circulathere is alwaysn eccentricity

which causes the orbit to be slightly ellipticBhus,the velocity of GNSSatellitevaries slightly

over one revolution which causes an additional periodic error that varies with the satellite position
in its orbit. This effect cancels out in relative positioning but using PPP, one must take into account
the relativistic correction to éhsatellite clock time as suggested in the GPS Interface Control

DocumentChoy 2009)

Fixed frequency offset &ect: The effectsof the gravitational potentialyelocity of rotation and
the gravitationapotentialof therotatinggeoid must also be considerddhe net effect of the time

dilation and gravitational redshift is that the satellite clapgersto run faster by approximately
38%:,c ompared to the si mi(Tamissenand Rdatertbruck 20EThis t h 6 s ¢
effect is removedby giving a slight offseto the GNSSatdlite clock prior to the launch.

Solid Earth tide

The Asolido Earth is far from rigid and is pli

that generate the ocean tides. Tides are caused by the gravitational attraction mordl tem
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variations of the Sun and Moon orbital motion. While the ocean tides are stiofiggyncedby
the coastal outlines, the solid Earth tides can be computed apaiteatelyfrom simple Earth
models(Leick et al. 2015)The effect of tidal variation is larger in the verticamponenand can

reach as much as 30 cm and 5 cnhariadial and theorthdirections(Kouba andHéroux 2001)

Ocean bading

The ocean loading is the deformation of the sea floor and adjacent land responding to the
redistribution of seawater which takes place during the ama(\Witchayangkoon 2000Dcean

tides can be measured at the beaomfrising and falling with respect to the benchmark. Ocean
loading is more localized compared to the solid Earth tides for stations that are located far

from the ocean (>1000 km) withe point positioning at 5 cm level, or static positioning over 24

hour periods, the ocean loading can be safely ign@edba 2009) However, this effect needs

to be considered fatationghat are located along the coastline with an observation length shorter
than 24 hours. Otherwise, this error will be maghnto thetropospheriZPD and station clock
solution. The magnitude of the surface displacement caused by the ocean tide loading can reach

up to5 cm in the height and 2 cm in the horizom@amponen{Kouba and Héroux 2001)

Polar tides

Polar tides are caed bythemotionoft he Ear t hés spitmEaxit 80wi thuse.
polar motion. This correction needs to be subtracted from the position solution in order to be
consistent with the ITRFame andachievecentimetreevel of precision. The displacement due

to polar tide can reactp to 25 mm in the p componentand about 7 mm in the horizontal

componentgKouba 2009)

19



Differential code biases

L1-L2 (P1-P2) DCBs The difference between L1 and L2 frequencies which are consistent with
the P1 and PPseudorangeneasurementdience the term PR2. In general, the satellitedBs
are nearly constant tme, but differfrom satellite to satellite. The magnitude of the bias can reach
up to12 ns. If left unaccounted, this may have detrimental effects on the estififtsdlutions

(Aggrey 201% Choy 2009)

The IGS ACs use ionospher&ree (IF) formulation to produce the satellite clock correction
products In unr-combined duafrequency PPP and in singleequency PPRusers musapply the
satellite LtL2 DCBs when applying IG8ype clock correctionsThis correction can be applied
to the rangeby first correcting for IGS satellite clocks in order to be compatible with the single

frequency observatior{&ouba 2009)

P1-C1 DCBs The P1C1 DCBs are the differences betweble codeobservationsAlmost all
low-cost and ultrdow-cost GNSS receiveido not output PIneasurementand are only limited

to the C/Acode measurementSince, the IGS orbit and clock products are generated using IF
formulation, and to avoid introdudj biases into the CA8ode observations, R21 DCBs are
required.The magnitude of the PQ1 biases is quite constant, i.e., in the order of 2 ns (60 cm),
but they are unique for each satellite and receiver. The values of-théltdsesare estimated by

the IGS ACs as part of their precise satellibrrection estimation process. These biases can be

obtained from the IGS ionospheric mgBeepersad 2012)

Multipath

Multipath is the error caused by the reflected signals entering the front end of the receiver and
masking the reallirect signalcorrelation peakParkinson and Spilker 1996) is mainly caused

by the reflected GNSS signals from the mbaildings, metaposts, treesground etc. These
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effects tend to be moneronounced in lowcost and ultrdow-cost GNSSreceives near large
reflecting surfacesyherethe error could grow up to few metres for G8de observations and

up to few cm for the carrigghase measuremerfGeorgiadou and Kleusberg 1988)

Multipath is effectively mitigated byeodetiegrade antennas through the rejectafinLHCP
signalsor reducing the contribution from few types of reflections,, signal bounced from the
ground below the antenna. However, because of the cost constraints and absence of such
techniques in the lowost and ultrdow-cost GNSS antennasbservations coming from leend
receivers tend to suffer more from multipath effezly, inability of low-end hardware to
distinguish betweeRHCP and LHCP signa(®ao 2013)The nost effective way to mitigate the
multipath effect is to place the GNSS antenna away from the reflecting oMettpath can also

be mitigated at the receiver end by making GNSS reciever discriminator design less senstive to

multipath, for example, by a narrower ealdye correlator spacing.

It is also known that low elevation observations are generally more susceptible to multipath effects
and the atmospheric refraction than those at high elevation angles, thus affectiradithefphe
solution, particularly the vertical componegfothacher et al. 199650, elevation dependent

weighting is applied in this study to mitigate the multipath effect as well as the atmospheric errors.

New GNSS signals such as the GPS L5 and Galileo E5a, E5b and E5 are less vulnerable to code

phase mulitpath compared to GPSQ@/A-code(Kaplan and Hegarty 2006)

Receiver roise

Receiver noise becomes apparent in the-dost and ultrdow-cost GNSS receivers. Receiver
noise is considered as white noise and has zero mean over timec&hernoise isprimarily

due to thehigh-frequencythermal noise along with the effects of dynamic stresses on the tracking
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loop. The noise level is a function of the caerelationmethod, receivedynamics,andsignal
strength which varies with the satellite elevation arjgiéaybeck 1982 Misra and Enge 2006
Wang 2006)Low-endreceiver noise levelis generally in the range of few decimettesnetres

level; whereaghe noise on the carrigshase is ofhe order of fewcentimetreso decimetres level.

2.5 Current state of sngle-frequency PPPresearch

Initially, all the singlefrequency PPP processim@s basean just using the code observations.
nvsteal (2002) has examined a number of empirical ionospheric models and identified the
usefulness of GlobdbnosphericdMaps (GIMs) in singlefrequency point positioningsIMs are
routinely estimated as an additional product by the IGS Analysis Centers (ACs), whigimgon
the informationaboutionospheric refractionHe observed that by using higjuality, single
frequency measurementsrizontal accuracy of better than 1 m and vertical accuracy of approx.

1 m can be achieved.

Gaoet al.(2005)investigated the redime singlefrequency PPP usingndifferencedcode and
phase observations. In their research, they estimatespheric gradient parametérsnethod
suggested by Chen and Gao (20@%)sitioning accuracygf decimetre tsubmetrewas reported
Beran et al(2005) has also investigateuigh-accuracy point positioning with singfeequency
receivers. Their tecnhigue to process observatwas based on using pesudorange and-time
differenced carriephase measurements in a sequential-egsares filter. lonospheric error was
mitigated sing ionopsheric delay grid maps and the pseudorange mulitpath was handelled by
appropraite stochastic modelling. Horizontal accuracy@é@metre, and-8ecimetre in vertical
component were acheieved with geodgtiade hardwarelhe aithors also procesd data from
low-cost (< $100) GPS receiver, and horizontal accuracy of few decirdetrel accuracy was
reported.
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Tiberius et & (2006) studied error sources in singi@quency PPP andeviewed various
approaches to mitigate the errof®. process observationte authors compared results fraamn
phaseadjusted pseudorange algorithm developed(Tgunissen 1991)and phaseonnected
algorithm discussed ifBisnath et al. 2002)Final IGS orbit and clock productsere used to
mitigate the satellite orbit and clock erroamdfinal CODE GIMs were used to remove the bulk
of ionospheric delayThe aithors repord that vith phaseadjusted algorithnaccuracy of 0.5 m
in horizontal and 1 m in verticabuldbe achievedn static mode, and approximately 2 dm in the
horizontal accuracy arieldm for verticalcouldbe achieved with high dynamics using a geodetic

grade GNSS receiver and antenna.

Simsky (2006) developed a new algorithealled DynamicAmbiguities RealTime Standalone
Single Frequency (DART-SF) (Simsky 2006) This algorithm was based time jointprocessing
C/A-code and carrigphase observations in a Kalman filter. The central idea of his approach is to
use the iondree carriesphase observable, in which ionospheric delay is accounted for. The
ambiguities are not assumeahstant and were allowdo changérom epoch to epoch. Horizontal

accuracy of 1 m ahvertical accuracy of 1.5 m weobserved.

Choy (2009) performed singldrequency PPP with different graxlef hardwarej.e., geodetie
grade, mediuntost and lowcost hardwareHer approach was based on using gpasise (ione
free) observable as carrphase observationAuthor reported that accuracy of 6.0.9 mcould
be achievedn the postprocessing moderanBreeet al.(2012)reported that witlieaktime orbit
and clocks products along with predicted global ionospheric maps (GIM), positioning accuracies

of under 1 m can bachieved with mediursost hardwargfew $1003. However, with the
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geodetiegrade equipment, theccuracie®f 0.30m. in horizontal ad 0.65 m in vertical can be

achieved in the kinematmode.

Pesyna et al2014)reported that cm level accuracy is possible to obtain withptelhe grade
receiver and antenna in the canjdrase relative positioning. Researchesgealso reported that
poor antennauppression and irregular gain pattern in the cellphone antenna cale¢htime
correlated errorKirkko-Jaakkoleet al (2015)demonstrated that in Re@lme-Kinematic mode
(RTK) position accuracy of 0.5 m can be achieved with a commercith@ghelf (COTS) low

cost GNSS receiver($100).

Singlefrequency PPP witlbPS, GLONASS, Galileo, BeiDou (quadnstellationand GIM data
were investigated by Cai et @017) Measurements from all four constellations were processed
simultaneouslyModel developed by authors issal applicable to process observations from
single, dual or triple constellations. Queaohstellation PPResults showedn improvement in the
convergence time by 56%, 47%, 41% in the east, north acdmponentsompared to GR8nly

singlefrequency PPP.

Pan et al.(2017) also investigated the performance of FQamstellation integrated single
frequency PPP (FCSIFPP) with GPS, GLONASS, BeiDou and Galileo measurements. In this
study, authors processed measurements simultaneously from all four constellations. Code and
carier-phase linear combination (GRAPHI@asused to mitigate the ionospheric delRgsults
indicatel a significant improvement imositioning accuracy witRCSFPPPcompared to the GRS

only singlefrequency PPH-ew-centimetrdevel of horizontal accuracy was achieved with FSCF
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PPP.de Bakker et al2017)reported that using lowost GNSS hardware accuracies of (8
horizontal and 0.8%9n in vertical canbe achievedn reattime mode with multconstellation
GNSS. Researchers also reported that reoltistellation SHFPPP outperforms GP&ly SFPPP

in case of reduced sky visibility.

Recently, dew reseachers have attempted to obtain best possible positioning solution using

raw measurements from cellphones and tabBaaville and Van Diggele(2016)demonstrated

that with code and carrigthase measurements, and by cahgfmlodeling of the error sources,
centimetrelevel displacement of cefihone can be achieved. Authors also emphasized that the
solution obtained from the cgthone isprecise but no means acate. Gill et al(2017)hasalso
investicated singlerequency PPP performance with geodgtiade, lowcost (few $100s)and
ultra-low-cost (cellphonefew $10s) GNSS hardwarAuthors purposewith low-cost and ultra
low-cost hardware uncombined measurements provide superior reswltgshe conbined
measurement®ecimetrelevel of horizontal accuracy with geodeticade, and fevdecimetre to
metrelevel accuracy using lowost and cellphone grade GNSS hardware were rep®&ileg.et

al. (2018)analyzed the raw observations and positioninggperance using Nexus 9 tablet with

two different positioning engines. Horizontal accuracy of 1.90 m and 2.63 m was established with
Trimble Code Engine and Trimble RTK Floegspectively.

Most of the singldrequency PPP research was based on L1GIAecode measurements from
geodetiegrade hardware and only a few researchers have investigated PPP vatst@amd ultra
low-cost GNSS hardware. The quality of the GNSS chips has improved drastically over the years,
and there is agedto analyse the ehl positoning performance of these new generation GNSS

chips.There is also a need to compare a full a spectrum of sirggjaency PPP solution that can
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be obtained using different saif GNSS hardware. Almost all singleequency PPP reasearch
prior tothis was based on using GRAPHIC or GIM corrections to mitigate the inosopheric delay.
In this research aattemept wasnade to estimate the ionopsheric delay using GIM as constraint.

PPP solution using GIM, GRAPHIC and estimated slant ionospheric delajsarcompared.

2.6 Classification of GNSS receivers and antennas

Cost and accuracy are the primary driving factors in selecting the GNSS hardware in almost all
applications.Three different grades of GNSS hardwarecomparedFigure 2.3classifies GNSS
hardwareanto (1) geodetiegrade (2) lowcost and (3) ultrdow-cost. AsFigure 2.3suggestprice-

range of geodetigrade GNSS hardware is ~$10,000, Joost is between $10$100s and ultra

low-cost hardware falls in the range of few $1f@s single equipment purchase

Form Factor

$10s $100s $1000s

Price (Dollars)

Figure2.3: Price (and form factor) comparison of the three different grades of GNSS hardware

In this study, a NovAtel FlexPak6;hlox NEO-M8T and Nexus BCM4752 areused as an
instance of geodetigrade, lowcost and ultrdow-cost GNSS receivers, respectivebgd Table

2.2).
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Classification GNSS receiver Antenna
Geodetiegrade NovAtel FlexPak6 Multi-point feeding
Low-Cost u-blox NEO-M8T Patch
Ultra-Low-Cost Nexus9 - Broadcom n/a
BCM4752

Table2.2: Classification of three different grades of GNSS hardware used in the study

Quality and type of the BSS antenna primarily determiriee quality of raw measurements
obtained from a receiver h€ key parameters that define the performance of a GNSS antenna are
listed (Moernaut and Orban 20Q9)

1. Polarization

2. Axial ratio

3. Phasecentrestability

4. Antennagain
A right-hand circular polarized (RHCP) GNS&t@nna isnecessaryas transmitted GNSS signals
have righthand circular polarization. Circular polarization is preferred since a linear polarized
signal undergoes changes in the polarization wtaaelingt hr ough t he Eart hads |
t he Earthds magnet i ¢ aRHCEantdnnas fthdt iediscritnihates betwvebn a nt a
the direct signal from the satellite and multipath signals, as the polarization of reflected multipath

signalsarechanged to lefthand circular polarizatioRao 2013)

Axial ratio defines the polarization efficiency with which the receiver antenna can receive RHCP
signals transmitted by GNSS signal s. Wher eas,
focus transmitted power in the certain directibtisra and Enge 2006%tability and repeatability

of the phaseentein a geodetiggrade antenna with respect to variations in elevation and azimuth

angle of the received signal are importantdexin achieving high accuracy.
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Table 23 compareshethree antennas from which dat@collected, in terms of price ranggin

pattern, polarization and axial ratio. It can be observed from Tad)lth2 geodetigrade antenna

hasthe highestgain of 6.8dB. Whereas ultrdow-cost (cellphone) has the lowest and irregular

gain of 34.3 dB. Antenna gain is proportional to the size of the antenna, which explains the
irregular and low gain values oéll-phoneantenna. The cellphone grade antenna loses between 5

and 15 dB in sensitivity as compared to the suiyreygle antenna. Such a loss ek difficult to

retainalock on GNSS signal§Pesyna et al. 2014Thecellphoneant ennads | i near ¢

also makes it susceptible to multipath eff¢&anville and Van Diggelen 2016)

As explained above, geodeticade and lowcost antennas are RHCP, which is @timum

pol arization for the reception of GNSS signal
antenna with nearlpmnidirectionalpattern can receive both LHCP and RHCP signals, which

makes the obtained measurements prone to multipath. On the other hand, such an antenna increases

the satellite availability, since its radiation pattern can uniformly cover the entire azimu¢h pla

down to low elevation anglekpwever, with degradezhrrierto-noise( C/N,) values(Rao 2013)

CIN,is the ratio of the carrier power and the noise power per unit bandwidth, which is used to

determine the signal strength of tracked satellites.

Hardware Price ($) | Gain (dB) | Polarization | Axial ratio
Geodetic grade few 1000s 6.8 RHCP 1dB
Low-cost (patch few 100s 4.3 RHCP 3dB

antenna)

Ultra -low-cost few 10s 3-4.3 Linear 10+ dB

Table2.3: Specifications of geodetigrade, lowcost and ultrdow-cost antenna
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Chapter 3 Optimal single-frequency estimation process

In the early 2000ssinglefrequency PPP stad to gain some traction. Singfeequency PPP is
not accuratan comparison withduatfrequency PPPbecause of the multipath and the-
modeled ionospheric delayAs singlefrequency PPHs transitioning intoa wider range of
applicatiors, e.g.,with low-cost and ultrdow-cost GNSS hardware, fitoses new challenges in
terms of dealing witHower quality of raw observationgglative observation weiglst in the

adjustmentandincreasednultipath.

3.1Observable parameterization

Traditional du&frequency PPP is based on forming ionospfiiee linear combinationef the
codeand carriefphase measurementsiso, duakfrequency observation can be processed in an
un-combined manner whethe slantionospheriadelayto each satellités estimatedn state As

this research is focused on the siAlgeguency processing, models only concerned with single

frequency are presented.

Single-frequency PPP cedand carriephase observatioaquations can be written @€ouba

2009)

IC/A:r 'B(dT dt -IZB-B) qro?)- qono+ @A (31)
l,=r €(dT d) df, dm N/H+ , (3.2
where:

e/ is the measured Cf8odepseudorange

is the measured carriphase range,
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r is the geometric range,

c is the speed of light in the vacuum,

dT is the station receiver clock offset from the G&e,
dt is the satellite clock offset from the GEfe.

dino is the ionospheric delay,

rop is the tropospheric delay,

N is the norinteger ambiguity term,

is the wavelengton L1,

T.p/ DCB s the group delay differential; also known as Differential Code Biases

€in & are therespective noiseatmponents including multipath.

For the sake a$implicity, all error sources in PPP processing are not discussed here. However,
for the full treatment of error sources in PRiereader can refer j@.g.,(Kouba 2009Seepersad

2012 Aggrey 2015)

3.2Functional models
Singlefrequency PP can be classified into cedaly processing and combined code and carrier
phase processingcodeonly processing is simpler as there are no ambiguous ephase

measurements to deal witBrief description of both processing methods is provided.

3.21 Codeonly processing

Singlefrequency PPBtarted as codenly positioning where carriepphase measurements are not
used in theestimation proces®©bservation model for coemnly PPP ighesame ag&quation 3.1

An earlier version of CSRSPPP online service only processes singlequency code
measurements arlzktter than a metdevel accuracy was demonstrated in ideal circumstances

when precise orbit and clock correctiare used.
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3.2.2Combined code and carrierphase (GRAPHIC)

Carrierphase andode meas@ments can be used in bothcambined and combinemhanner
Uncombined model is previoushisted in Equatios 3.1 and 3.2 Singlefrequency PPRvith
geodetiegradehardwarecould also take advantage of more precise caphease observations
along with the code observations to mitigate the ionospheric delay. -Riegleency code and
carrier phase combinatidsa commonly known as GRAPKI (Yunck 1993) This combination
takes advantage of the facathiheionosplere affects the code and the carpbase observations

with an equal magnitude and bntthe opposite direction.

The processing method used in this sty process geodetidatg is based on the method

purposed byunck (1993)

C/ +f
f orapic = —A*;"e : (3.3)

The newly formed phasebservable is used as a phase observation in the filter. This combination

has itdimitations as noisy C/Acode measurements from la@st GNSS hardware makes, ..,

observable noisy as well.his combinationpropogatesthe C/A-code noise to the new phase
observable. Because of the antenna and the inteatareof low-cost and the ultréow-cost
GNSS hardware, observations aamserand are morsusceptibléo multipathcompared to the

measurementisom thegeodetiegrade of GNSS receivers

3.2.3 Estimating slant ionospheric delay using uncombined measurements
For geodetiggrade hardware slant ionospheric delays are also estimated usingspBdude
observations in the uncombined filter. This method canthbaght as the state augmentation

mode| and the complete functional model is given as:
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l,a=r €T dt T) + + @,

rop ono
L, =r €@dT d) df, dg NA e (34)

rop
IGIM = diono

Slant ionospheric delayestimatesusing GIM observaties as constraints, offers better
representation of true ionosphere compared to the using corrections from GIM. External
ionosphereinformation fom GIMs can potentially help withmproving the accuracy and

convergence time of the positioning solution.

However, this approach is only limited to the geodgtade equipment as theeasurement noise
and multipath on geodetic measurements is much lower cothfzatiee lowcost and ultrdow-
cost hardware. On the other hand, measurements froradsinequipment art®o noisy and more
prone to multipath effects. Multipath and nocmtaminatiorfrom the C/Acode measurements

does not allowKalmanfilter to prodice reliable slant ionospheric delay estimates.

3.3Singlefrequency PPP GNSS filter
The weltknown positiorvelocity model is used in this study. Based on the adopted nthdel,

system state vector is given as:
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e "vel

e
X = ézvel (35)

The design matri is given in Equation 3.6. Each row contathe partialderivatives of each

observation with respect to thmknownparameters, whichreuser position (X, Y, Z), receiver

clock offset @t), zenith path delayzpd) and the carriephase ambiguitiesN')

ng1 0 drR 0 drR 0 dR  dR 0 0;3
gdx, dy dz dt dzPD d
éHFl 1 1 1 1
édfodfodfodfd f d 0
edX dy dz gt dzPD dN,

H :g S : 0O 0 .. O (3.6)
é
édR‘ o R o drR . dR dR 0 0
adX, dy dz dt dzPD
é n n n n n
cdrt  df S d dFd"F o, d
adX, dy dz dt dzPD dN, ¢

C represerdthe measwment and process noise matwhichis given:
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e
e
c=¢ (3.7)
e
e
&

S aand s. representhe standard deviations of Gl#ode and carrigphase measurements,
respectively. For each seff ®ardware, S.,,and S values areunique as the noise on
measurements from geodegtade, lowcost and ultrdow-costhardwareis different. s, ,and

S¢ valuesfor each set of hardwaege defined empiricallywhich are discussed in Chapters4.

value for GRAPHIC carriephase observations is also different than the uncombined

measurements.
Position, velocity PV) is used as a systampdel inthe Extended Kalman filter given as:

XK+1 = I:K 1k xk (38)

F «..cis thetransition matrix,X, ,, is the predicted state vecttrepoch (k+1)and X, is the filter
state vector estimate-, ., is anidentity matrix for static datasets processing, whereas for

kinematic processing .,  for the positiorblockis given as:

4 Dt 0 0 0 O
D 100 00
® 0 1Dt 0 O
F 1k position zi 00 10 0 (3.9
® 0 0 0 1Dt
é% 0O 0 0 0 1

whereas the predicated covariance is gives as:
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Peosi = Foab Bue @ (3.10)

Subblock of process noise matri®, of position errors igiven as:

<3 2

p 2

' gt 0 0 0 0

X

e

é gbt® q ¥

s0 0 T A% 0 0
onsition = é th2 (311)

e

2 o o T @ o o0

7 3

ég o o o W9 a0

¢ 3 2

> 2

€o o o o P o

6 2

where g is the spectral density of the velocity.

As the behaviour of the receiver clocligpredictable, it is modled as a white noiseith a large

process noise assigned@, . Wet zenith path delay (zpd) is modelled as a random pvaltess
Whereas, mcess noise for ambiguity term€)Y,) is assumed zercsince the carriefphase
ambiguities remain constant over tinas long as there is no cy«kp.

Practically, the Kalman filter isonsidered asne of thegreat discoveries of twentiettentury
mathematical engineeri{@&rewal and Andrews 2001Kalman filtering is a linearecursivedata
processing algorithm that processes all available measurements, regardless of their precision, to

estimate the current value of the variable of interest, with use kaiqiyledgeof the system and

measurement deviatynamics (ii) the statisticablescriptionof the system noises, measurement
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errors, and uncertainty in the dynamics models, and (iii) available information about initial
conditions of the variable of intergdflaybeck 1982)If the input data fits the preefined linear
dynamics and statistical models and pkinowledgeis known, the Kalman filter can provide an
optimal, in a minimum variance sensstimateof the state vectaiGelb 1974) Accordngly, the
Kalman filter has become the most common technique for estimating the state of a linear system
particularlyin navigationsystems. Since the estimation prodsasiplemented on a computer, the
discrete form of the Kalman filter is generally usdtails of the derivation are available in Gelb

(1974) or Verhagen and Teunissg017)

Figure 3.1 shows the architecture of the Extended Kalman filter, implemented in th€ RBrk
engine.Complete architecture of YoiRPP singldrequencymodule ispresentedn Chapter 4
The Extended Kalman filter stochastic model$uding the system model are given is the previous
section. The implemented ifter is capable ofprocessig measurements from all available
constellations androm all available frequenciesMeasurements along with the required error
corrections that pass the initial screening are fed into the, fitel observation equations are
formed. Based on the useefineddynamics, process modeliistialized as static or kinematic,

and then the final position along with other parameters are computed.
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Figure3.1:Extended Kalman filter architecture of YeRPP engine
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Chapter 4 Development of YorkPPPsingle-frequency PPP
engine

The York GNSS singkérequencyPPP engine is a sophisticated positioning software which meets
scientific standards andhas beentested for various geodetic and ng@odetic research
applications The singlefrequency module has beateveloped by the authowhich is an
extension of theluat and triplefrequency PPP software developed3eepersad et §R012)and
Aggrey et al(2015) To optimize the positioning solutipa Kalman filter for YorkPPP was also
developed during this studyhis sectiorgives an overview of the architecture of the York GNSS
singlefrequency module. It also briefljiscusses the observation and the correction models used

within this module.

Figure 4.1illustrates the architecture of York GNSS sinffisquency module. It copmises of four
major segmentsnput, preprocessing of observations, filteringndoutput. The nputsegment
further consists of reading the raw observation data from theTitespe-processing component
ensures that the checks are in place to reject or flag observatioths tiwdpass the qualitgontrol
routines Observations that passetiguality checlarefed into the Kalman filter where position
estimates along with other parameters are optinesliynatedPostfit residuals are analyzed for
outliers. For flagged residuals, corresponding observations are removed and thantibeis

re-computed.
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4.1York SF-PPP quality control and outlier detection

Un-differenced GNSS measurements are processaterursive manner that verifies the quality
of the measurements argjectsany outliers. The prprocessing of the measurements is conducted
individually for each satelliteFirst, a basic screening is conductieddetect any large outliers.
Then thegeonetry-free linear combination is formed to deteanty cycle-slips. Signato-noise
ratio values of each satellisre checked for lowcost and ultrdow-costGNSS receivers. If the
signatto-noise ratio is less than tleenpirically sethreshold valugthe measurements associated

with thesatellite is rejected for that particular epoch.

Once all the measurentsnpassed the initial screenirthe solutionis compued using all the
measurementshichhave passed initial Q®Residuals are computed astdtistcally analyzed for
outliers. If any residuala@kesnot pass the threshold limit, thercesponding observatias then

removed and the solutionagaincomputel.

4.2 Cycle slip detection

Carrierphase measumgents are more precise than gseudorangesit anyepoch,the carrier
phase measuremeobmprisesthe observed accumulated phad€ and theintegernumber of
wavelengths Nalso known as ambiguity terniihe leceiver measures and keagack ofthe Df
,Whereas N remains constant as long as there is no loss of(slgfraanrrWellenhof et al. 2007)
In someeventsareceiveroses lock and there is a sudden jump in the cgphase mesurement

which iscalleda cycle-slip.

Cycle slips ar@rimarily caused by the obstruction in the sateltgeeiverine of sight because of

trees, building, etc. The other source of cycle slipassociated witthow signatto-noise ratio
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because of thdlifficult atmosphericconditions, muipath, low elevation angle and large

acceleration changes.

In this research carrierphase andodepseudoangecombination is used to detect the cycle slip.

Carrierphase and code measurements are given as fdlldetsranrWellenhof et al. 2007)

lcime=r €dT d) di, dt €, (4.1)

l,=r €T d) d, d,n N/H+ (4.2)

and by subtracting (1) and (2)

l, - I(C/A)/P =2, N¥f < (4.3)
By forming the carriephase and codgseudorangdifference the nondispersivedelays such as
clocks, geometrytroposphergetc. arecancéled. The terms that are left in Equatieh3) are twice

the ionospheric delay, ambiguiigrm,N/ and themeasuremermioise, e.

The effect of ionosphere ternmon cycle slipscan be safely ignored sindbe change in the
ionospheras fairly small from epoctio-epoch.In theresearchif the difference in4.3) is larger
than the threshold valuie implies that the cycleslip has occurred and thembiguity term is
reinitialized. The threshold values for geodetic grade hardware is obtained from Seépetyd

and for lowcost and ultrdow-cost hardware, thresholds are defined empirically.

4.3lonospheric ar or mitigation models
GNSS signals are affected by the medium through which they travel from a satellite to a receiver.
Signal travel distance ranges from 20,000 km to 26,000 km depending on if the satellite is

rising/setting or overhead. TI98% of the signal travel can be e¥ded as in the vacuum or free
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space, through which electromagnetic signals travel with a constantcsp2e8, 792,45 m/s

the weltknown universal constalisra and Enge 2006)

GNSS signa enters the ionosphere at a height of about 1000Tke.jonosphere region extends

from a heightof 50 km to 1000 km above thaE t h6s s ur f atbedensityoffree hi s r
electrons and ions are high enough to influence the propagation of satellite €mal2009)

The density of free electrons and ions depends orntkasity of the solar radiation,aer t h 6 s
magnetic field as well as the geographic locafi@hoy 2009) As the Sun rises, its ultraviolet
radiationseparategas molecules intmns andfree electrons, with a peak at around 2 pmlloca

time (Misra and Enge 2006Yhe pesence of freelectrons influencethe wave propagation the

most andcan cause an error in GNSS positioning ranging from feetresto tens of metres

depending on the userod6s | ocation and ti me var

Duakrequency GNSS receiversan make use ofthe dualfrequency ionospheriee linear
combination to mitigate ionospheric refractidn singlefrequency GNSS receiversxternal
model(s) or ionospheric products are required to congpemsr the ionospheric errdrhe ction
below lists and explas the available models and products that could be used to mitigate the

ionaspheric delay.

4.31 Klobuchar model

TheKlobuchar Model was developed approximately three decades ago to mhmaiedspheric

delay for singlefrequency users by John A. Klochar. It is based on using eight coefficients,
transmitted as part of the satellite navigation message, to provide correction for approximately
50% rms of the ionospheric range error (Klobuchar 198#)e satellite navigatiormessage is

truncated version of theuchlarger empirical model abtal electron contenfTEC) developed
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by Bent over foudecadesgo(Choy 2009) State-of-the-artionospheric methocequireas many
coefficientsto mitigate 70% to 8% of the delayThe onospheridelay is proportinal to the TEC
encountered by the EM waves during the signal transit time. Daily TEC values are dependent on
many factors such as user location, time of the day, 8alaretc. This algorithm was based on
giving thebestfit to the large daytime values of monthly average TEC, and to accept any difference
from monthly average TEC behavioas part of the residual error for a GB$stem user
(Klobuchar, 1987)This method assnes the correlation distance and correlation time of TEC
deviations frommonthly average conditions are small. So, the resolution of this methaabdid
capture theshorttermchanges in the ionospheifiéhe broadcast model is based on the siagler

mode | o rshelinoiem 6 of t This modelassumeghht ¢he EEChas concentrated

atan infinitesimally thin spherical layer aimeanionosphericheight of 350 k.

4.3.2 Linear combinations

The primaryreason for thavailability of the second frequendy GNSS receiverds to remove
the ionospheric delayia combination Code and carrigphase observations from difegéquency
receiverscan be linearly combined to mitigate the ionospheric d@laick 1995) e.g., for GPS
L1 and L2

— f12F)1 - f22P2

IF f12 _ f22

L. = flz(L1/1)' fzz(l—z /2)
IF

f2- 7

(4.4)

where f,= 1775.42 MHz andf,= 1227.60 MHz which are the frequencies of the L1 and L2
signals respectively, and,= 19 cm and/, = 24.4 cm are the wavelength of the L1 and L2 signals

respectiely. The above combination can be used only if the measurements from both frequencies

are available.
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There isamodelavailable for singldrequencyeceiversas well,to remove he ionospheric delay
known as GRup And PHase lonospheric Correction (GRABH It makes use of thproperty
that ionospherelelays the code rangdsut advances the carriphase by thesamemagnitude
(Montenbruck 2003 Bock et al. 2009 Muellerstoen et al. 2004)So, by forming a linear
combination of P1 and L1 measurementsospheric error is mitigatedlhe carrierphase

combinationf,

GRAPHIC

shown in Equation 3, can mitigatehefirst-orderionosphere error.

4.3.3 Global lonospheric Maps (GIM)
In this research, thimnosphericdelay d..,, is mitigated by using the Global lonospheric Maps
(GIM) provided by IGS and other organizatipndich are in IONspére map EXchange (IONEX)

format (Schaer et al. 1998jt is also the most accurate empirical model available for absolute

positionng using the singlrequency GPS receivé@vdedal 2002)

Daily TEC values are available in the IONEX format ranges f#@n.5to -87.5 in latitude, with
a spatial resolution o2.5. In longitude grid points are arranged fred80 to +180 with a

resolution of5’. Total of 13 TEC mapare available each day with a temporal resolution of 2

hours(Wienia 2008) GIM model has an accuracy of B TECU (total electron content uniin

accuracy of 2 TECU (1 TEU corresponds to 0.163 m range errot.n) at grid points can be

achieved using GIMChen and Gao 200®vstedal 2002)
Other importantonventiors of the IONEX formatare(Schaer et al. 1998Vienia 2008)

1 TEC maps are given in dfarth-fixed reference frame
1 TECrmsvalues are also included.

1 TEC maps are given in Universal Time (UT) and are epoch specific.
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1 TEC mapsare given in spherical coordinates.

1 The option of dimensional TEC maps is also included into IONEX

Global lonospheric Maps can be thought as an instance of global ionospheric TEC distribution

at a specific interval. Figure 4.2hows the Zlimersional global GIM on April 4, 2004, at

12:00 am.
TEC valus n April, 4 2004, 12:00 AM
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Figure4.2: Snapshobf TEC values on Aprit, 2004 at 12:00 AM

These aralsosingle-layermodebkwhich assurathat the TEC is concentrated in an infinitesimally
thin shell at a certaiheight(H) from the surface of thedfth. The height of the single layer model
rangesfrom approximately 350 km to 450 knecorresponding to théeight of the maximum

electron densy usually adopted for the ionosphéBthaer et al. 1998The IGS GIMs assumes

a fixed altitudeof 450 km for the singkayer model.

Since the atellites ar@mbserved in the slant directidhg subionospheric point must be calculated
first. The point of interest for which a TEC valiseto be estimate is not the location of the

receiver but the location of the sdlbbnosphert point as shown ikigure4.3. The intersection of
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the shell and the satelliteceiver line of sight at a given local time is defined as the lonospheric
Pierce point (IPPs). The geocentric spherical coordin&s of the subionospheric pointan

be computed from the known receiver coordinates as:

sinz = R sinz (4.5
(R+ H)
f=sin(sin fcos(R) 4€os f €os fsing Dcos (4.6)
/= Jsin_lésin(Dz)sina 4.7)
c sinf |
where:
Ya spherical distance at the height of the receiver and IPP
%0 receiver latitude
_ receiver longitude
| F azimuth and the zenith of the receivespectively
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Figure4.3: Singlelayermodel(Wienia 2008)

Figure4.4represents the location tife subionospheric points with respet the location of the
receiverat station ALGOArcs in Figure 4.4epresents the stibnospheric points with respect to

the receiver location.
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Figure4.4: Subionospheric points with respect to the user location. Different colours represent
satellites

TEC values arénterpolated both in space and time to obtain the appropriate &€ at user
location and time. For interpolatiam space, a simple-goint bilinear interpolatioms usedwvhich

is also recommendg®chaerl998) For interpolation iime, a linear interpolation between two
consecutive TEC maps @asorecommended by Scha@98) The VTEC at the sulmnospheric
point %_ and at a universal timecan computed as:

TECU,Angﬂ%%TEQ,f,D ﬁii%:TEQ, ST (4.8)

i+l i t
where’Y 0 Y
Because of the strong cor rhedrangle),dhis methot tdoe t h e

extendedvith co-rotated TEC maps, in which TEC mape rotate@long the zaxis.In the rotated
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TEC maps the coordinate system isrotating with the Sun usgnthe surhour angle instead of

the longitudgWienia 2008) The rotated longitude is given by:

[P =14 T), T =Lt+4T,) . (4.9
Figure4.5shows the actual TEC values and the interpolated U$t@) different methods$or 24
hours at station ALGOT o investigate, if the higher interpolation methods describe the ionosphere
state moe accurately, linear interpolations methods (including rotated versions) are compared to
the nearest neighbomethodsin Figure 4.5henearest methods show a discitaté@aviour which

is not in agreement with the continuous TEC values.
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Figure4.5: VTEC values using different interpolation methods

TEC values are provided along the ray path (i.e. slant T&E6¢e VTEC is of the maiinterest,
an elevation dependent mapping function F&gefined,which described the ratio between the

slant TEC and the VTEC required.

slantTEC= K Z VTE( (4.10
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F)=— (4.11)

\1- sirfz

Figure4.5 also suggests that the linear interpolation and linear rotated interpolation results are
smooth compared to the nearest interpolation and the nearest rotated interpBtationthis

study, linear interpolation methods are employed. The behaviour of linear, and linear rotated
interpolation methods is found to be similar at station ALGO VWienia (2008) suggested that it
could be beneficial to apply rotated interpolatinorthe equatorial regiorSecond or third order
interpolation methods could be explored, but in this research only the linear and the nearest

neighbour methods are compared.
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Chapter 5 Results and aalysis

The pevious chapters have providatackgroundf singlefrequency PPRhe estimatiomodel
usedandoutlined the design and architecture of the developed software. This chagtartghe
results and analysif the singlefrequency PPRBolutionswith geodetic, lowcost and ultrdow-
cost GNSSeceiversQuality of raw measurements from three gradeSNSS hardware is also

investigated by analyzing the C/N,values, codghase linear combination, and pdist

measurementegesiduals Raw observations are processed using both combined and uncombined
singlefrequency PPP filter, antieé pros and cons of each filter are discuskd.benefibf using
combined GPS and GLONAS®easurements iprocessingare comparedo the GPSnly
processingrom low-cost and ultrdow-cost devicesThe chapter concludes with the comparison

of positioning solutios from three different grades GNSS receivers

5.1Experimental procedures and datasets

1.5 hours of static dataerecollectedon the roof of the Petrie Science and Engineering building,
York University. Figure 5.1shows the view fothree different grades of hardware used in data
collection.The data collection was done simultaneously to ensure that analydie psade under

similar environmerl conditions, i.e., atmospherefraction andmultipath
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Figure5.1: View of data collection aheroof of Petrie Science and EngineeriBlglg., York
University, Toronto

5.2Raw measurement quality analysis

Figure 5.2hows the difference betwetre C/Acode and the carrigthaseneasurementsvhich
represents the multipath, signal noise assuming that ionospheric error is negligible compared to
the magnitude ofC/A-code multipath and the noisks stated previously data collection is done
simultaneouslyrom three sets of hardwar€igure 5.2shows thecodemultipathand code noise

on satellite (PRN 24) for approximately 1.5 hrs. For demonstration, only PRN 24 was used, as it
was tracked by all three receivers and available fombstduration of data collection. PRN 24

was also tracked at a high elevation angle and hencsighal has suffered less atmospheric

refraction.The mean of difference of C/&ode and L1 measurements is also removed.
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Figure5.2: Difference in C/Acode range and carriphase for PRN 24 a) geodetic b) lowst
c) ultralow-cost
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The magnitudeof the multipath from geodetic grade to ulloav-cost hardware cimages
drastically. As lhe data wereollected under alearsky and samenvironmentatonditions the
diff erentialin magnitudes primilarly because of thpoor quality of the antennan the Nexus 9

tabletcompared to thhigh-performanceantenna with geodetigrade

5.3 Carrier -to-noiseratio analysis

One of the factors determinitigerangingperformance of GNSS receiversarierto-noise ratio,

CIN,, and the aveing time used by the receiv€l/N, is the ratio of the power in the received

signal to the power spectral density of the competing riMsga and Enge 2006)Vhena GNSS
signalis receivedat the GNSS antenna, the received power depends mainly on three factors: (1)

power density of the incoming GNSS signal; (2) effective area of the antenna; and (3) gain (Misra
and Enge 2006)C/N,valuesaretypically low atlower elewation angles to those at zenith. The
primary reason for the loW/N,values is the weak signal at lower elevation angles, as signal travel

through excess atmospheric refraction at low elevation angles which potentially causes lower

anenna gain.

Figure 5.3 illustrates thelow and irregularC/N,values ofa signal from thecellphone grade

hardware(green curve) at different elevation angles, comparetiabftomgeodetiegrade (red

curve) which points to one of #1 major downside of cellphone antenna, known as low gain.

Whereastheblue curve suggests thdt/N, values fromlow-cost hardwarare low compared to

geocktic-grade argnna, but noas weak or noisy as signals from the cellphone hardware.

From Figure5.3andTable 5.1it canbe observedhat C/N, values for geodetic grade hardware

are on average 3.5 eBz higher than lowcost and 7.5 dBiz higherascompared to ultrdow-
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cost hardware. Tabk 1lists the average dBlz values of three antennas over all elevation angles.
Line in red (geodetigrade), blue (tblox), green (Nexus 9) represents the m€dN,values at
elevation intevals of p. Variation in the green curwaay also represents the multipath and the
irregular gain pattern of the smartphone antenna compared to the gepddécand the patch

antenna, which is a crucial indicator of the iquality observation from cellpnes.
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Figureb.3: Carrierto-noise ratio at different elevation angles from geoedgtade and lowcost
GNSS hardware

Receiver Type g
NovAtel FlexPak6 46.2 dBHz
u-blox 42.7 dBHz
Nexus 9 38.7dB-Hz

Table5.1:Average [dBHz] values overall elevation angles from geodgtiade, ublox, Nexus 9

Measurement noises? and s?of the C/Acode range anctarrierphase measuremsnt
respectively at zenith adérectly proportional to the square of theeudorangehip length/, 5

or carrier wavelength,, and inversely proportional to the carriernoise density ratio
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0j U (Braasch and Van Dierendonck 19®bna and Tiberius 200@le Bakker and Tiberius
2017) Therefore:

/2 /2
2 _'ca. ~
Scia ‘{1

; 5.1
c/n c/n G

5.4Weighting scheme

In-order to performuncombinedsinglefrequencyPPP,a different set of standard deviations are
employed for each set of hardware. The values iIT#ide 5.2are derived empirically foeach

set of GNSS hardwareThe standard deviations are used to determine the relative weighting
between the code and carf@rase measurements. It is also important to note that witicdstv
hardwarethe noise on the code amurements increaseshereas the quality of the carrphase
measurements is comparable to the geodgtide measurements. As demonstrated in the previous
section the magnitude of the noise on the code measurements from Nexus 9 is much higher
comparedo the lowcost and the geodetic measurements. d@lifsrenceis the primary reason

for assuming higher standard deviation for measurements from Nexus 9igher standard
deviation can also be thought-terms of deweighting the noisier code measurarein the

estimationprocessas the griori standard deviation determines the relatiegghting.

Hardware Segalml | s [mm]
Geodetic 0.4 2
Low-cost 1.0 2

Ultra-low-cost 5 8

Table5.2: apriori sigma for each GNSS hardware
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5.5Positioning performance analysis
To assess the positioning performance, measurements from all three grades of GNSS hardware are
processed using combined and uncombined féoneach set of hardware, results are compared

from both processing modes and the best positioning fieoadach hardwares purposed.

5.5.1Uncombined measurements vs. GRAPHIC

Geodetic

For the geodetic singldrequency analysjswo datasets werprocessed (1) eek long raw data
from stationALGO obtained on Octobei®" 20171 October7™ 2017, (2) single-frequency data
on July21%% 201 7from six Canadian IGS statiarSigure 5.4hows he distribution of the stations,

which wereselected to amgze thepositioningperformanceverthe Canadian land mass.
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Figure5.4: Distribution of Canadian IGS stations usedheanalysis

Figure 5.5 and 5.6hows théhorizontalpositioning error at station ALGO using L1 and Géde

T using GRAPHIC and ucombined bservations, respectively. In emmbinedobservations,
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ionospheric delay oboth code and carrigthase rangeare corrected using GIMAs shown in
Figure 5.5 and 5,6GRAPHIC performance isnuch superior compared to the observations
processedn an uncombinedmanner.The solutionfrom GRAPHIC is also much stable after the
convergenceompared to theonvergedincombinedsolution asilemonstrated in Figus®.5-5.8.
Table 5.3lists the positioningaccurag obtained using GRAPHIC and combined processing.
An accuracyof 2.7 cm, 8.2 cmand 8.1 cm in the Northing, Easting and Womponent
respectivelyis achieved using GRAPHIC. Whereas accuracy of 14.1 cm, 22.4nti#4.5 cmis

achievedvhen raw datareprocesseth uncombined form.
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Figure5.5: Horizontal positioning error from days October 1st, 20¢tober 7th, 2017 at
station ALGO using GRAPHIC
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Figure5.6: Horizontal positioning error from days October 1st, 20¢tober 7th, 2017 at
staton ALGO using unombined observations
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Figure5.7: Error in heighfrom days October 1st, 201®@ctober 7th, 2017 at station ALGO
using GRAPHIC

59



1 —DOY 274
y —DOY 275
DOY 276
1.5 —DOY 277
—DOY 278

DOY 279
—DOY 280

Height Error [m]

0 2\ ‘ I N R

0 5 10 15 20 25
Time [hours]

Figure5.8: Error in height from days October 1st, 200¢&tober 7th, 2017 at station ALGO
using uncombined observations:

RMS Uncombined [cm] GRAPHIC [cm]
Northing 14.1 2.7
Easting 22.1 8.2

Up 24.5 8.1
2D 26.2 8.6
3D 35.9 11.8

Table5.3: Final accuracies of geodetic data processing using uncombined and combined filter

Different Stations

The Ll and C/Acodeobservations werasedfrom multiple stations for analysisStations were
selecteduniformly over the Canadian land massagses the singlefrequency PPPerformance
using GIM, GRAPHIC andslantionosphere delagstimatesAs expected GRAPHI@nd slant
delay estimatioyperformance isuperior to the GIM performanceheprimaryreasoris that GIM
can only correct for the ionospheric delay up to 80 peregwtthe unorrected ionospheric bias
is appearing in theincombined SHPPP solution as prestedin Figure 5.10as compared tde
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GRAPHIC solution in Figure 5.¢Sterle et al. 201% Panet al. 2017) Figure 5.11 shows the
horizontal positioning error using filter estimates of ionospheric delay for each satellite.
Convergenceperiod using ionospheric delay estimates are shorter compared to the GRAPHIC

results.
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Figure5.9: Horizontal positioning error on October 1st, 2017 at given stations using GRAPHIC
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Figure5.10: Horizontal positioning error on October 12917 at giverstations using
uncombined observations
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Figure5.11: Horizontal positioning error on October 1st, 2017 at given stations using
ionospheric slant delay estimates in the uncombined filter
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Figure5.12: Error in height on October 1st, 2017 at given stations using GRAPHIC
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Figure5.13: Error in height on October 1st, 2017 at given stations using unaechbi
observations
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Figure5.14: Error in height on October 1st, 2017 at given stations using slant delay estimates in
the uncombined filter

Figure 5.15 and 5.16ompareghe accuraies from muliple staions obtained using uncombined

(GIM), uncombined glant ionospheridelay estimatesand GRAPHIC processindorizontal
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accuracies arim therange of3 cmi 5 cmwhen processed usi@RAPHIC combinationCHUR

has the lowedtorizontalpositioningrmsof 3 cm. Wheeas ALGO has the higheshsof 4.4 cm.

On the other hand, whe&BIM is usedin processingising uncombiend measuremerigrizontal
rms at each station is greater than 15&hGO has the lowedtorizontalpositioning accuracy of
18.3 cm. Whereas accuracies 25.6 cm and 27.7 crobdaenedat stations PRDS and ALBH,

respectively.Horizontal accuracy using slant delay estimates is within 4 8ram.
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Figure5.15: Horizontal accuracy comparison of GRAPHIC and uncombined at different stations
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Figure5.16: Vertical accuracy comparison of GRAPHIC and uncombined at different stations

5.5.2Low-cost GNSS hardware

Due tothe quality of lowcostantenna and GNS@ceives, the quality of the raw observatioiss
inferior compared to raw observations coming from geodpde GNSS hardwar@ u-blox
NEO-M8T along with a patch antenmaasusedas anexampleof low-cost hardware. Two data
sets from NEGM8T werecollectedontherooftopof the Petrie Science arteingineering building
at York University. Datasetsvere collected at different days during different timet® add

variability to the analysis.
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Figure5.17: Location of Petrie Science and Engineering building., where datasets freco$bw
receivers are collected

Figure 5.18 and 5.18hows theerror in northing easting and pucomponentsprocessed using
GRAPHICand urrombined observations. It is wortioting that the results from the combined
processing modare superior to thecombined (GRAPHIC) processinds listed previously,
GRAPHIC is a combination of both codedcarrierphase observation, and the noG¥A-code
observationgontaminates the newly formed phase observations. Hence, the uncombined results
using GIM are superior to the results from GRAPHI®e primary reason that combined
observations, in this casemprove the resultss that raw observations coming from laest
receiversare more affectely multipath and the noise of code observations compared to the raw
data fran the geodetic grade hardwagterle et al. (2015) alswtethat GIM (urcombined)will
improveresults when multipath and noispde observations would prevail over the remaining

ionospheric bias.
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Figure5.18: Based on raw data collected from NMMBT at Petrie Science and Engineering
building, York University on Sept 17, 2017. a) represents the discrepancies in N, E and U using

GRAPHIC. b) Discrepancies in N, E, U using unconakiin
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Figure5.19: Based on raw data collected from NMMBT at Petrie Science and Engineering
building, YorkUniversity on Sept 27, 2017. a) represents the discrepancies in N, E and U using
GRAPHIC. b) Discrepancies in N, E, U using uncombined

Due to the absence méference soluticsy mean value of last five hundred epochassumedsa

reference solution.

Table 5.4below list thebiases, standard deviations, and ohkw-cost datasetgrocessing using
GRAPHIC and uncombined observations. Itambinedform, horizontal rms is within 10 crn

15 cm rangeWhereas when using GRAPHIC horizontal rms of approximately 1metreis

obseved in the Dataset2#
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Un-Combined GRAPHIC
Station | Component [cm] [cm]
Northing 9 15.7
Easting 6.1 9.1
Dataset# 1 Up 25.4 90.2
2D 10.9 18.1
3D 27.6 92
Northing 13.3 111.5
Easting 6.6 29.8
Dataset# 2 Up 324 155.9
2D 14.9 115.4
3D 35.6 194.0

Table5.4: Final accuracies of yoombined and combined processing of observations from low
cost hardware

5.5.3Ultra -low-cost hardware

Figure5.20 shows the PPP results of measuremebtainedNexus 9 tablet. As shown in the

previous section, the noise on code observation is few times highgmred to the geodetic

observations.Forming the GRAPHIC combinationincrease the noise on the new phase

observablewhich furthercontaminates the position estimates.
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a). GRAPHIC

it

g
.

Difference [m]
o

A Easting
* A Northing
* AUp

b). Uncombined

Difference [m]

A Easting
* A Northing
* A Up

0.8 1
Time [Hours]

1 L 1
0 0.2 0.4 0.6

1 1 1
1.2 1.4 1.6

1
1.8

0 0.2 0.4

0.8 1 1.2 1.4 1.6 1.8
Time [Hours]

0.6

Figure5.20: Based on raw dataollected from Nexus 9 tablet at Petrie Science and Engineering
Building., York University on Sept 27, 2017. a) represents the discrepamde& and Uusing
GRAPHIC. b) Discrepancies in N, E, U using uncombined
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