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Abstract

With expanding satellitbased navigation systesmmulttGlobal Navigation Satellite
System GNS§ Precise Point Positionind®PP) presents an advantage over a single navigation
system, which improves position accuracy and enhances availability of satellites and signals. The
York GNSS PPP softwangas developedsing C++ in the Microsoft.Net platforto utilize the
existing multtGNSS satellite constellatistbased on the software processor usethbWatural
Resources Canada (NRC&rIPP online servicelThe softwarewas built as a robust, scalable,
modular tool that meets the highest of scientific standards compared to exidtimg PRP
enginesThere exists @orrelation between receiver stations from heterogeneous networks, such
as the IGS, in GNSBPPprocessing and the increase in magnitude of the pseudorange and carrier
phase biases in both GPS + GLONASS @hNASSonly PPPsolutions. The correlation is due
to mixed receiver and antenna hardwasewell adirmware versions Unlike GPS, GLONASS
observations are affected by tReequency Division Multiple Acces$DMA) satellite signal
structure, which introduces intilequency channel biases and other system biases.

TheGLONASS pseudorange intehannel frequency biasssow a strong correlationith
different receiver types, firmware versions and antenna typebhis researchestimated the
GLONASS pseudorangenter-frequeng channel biasesising 350 IGS stations, based 82
receiver types and antenna types over a period afie week An improvement ofl9% was
observedafter calibratingfor the pseudorangéCBs, in the horizontakomponentsespectively

consideringa 20 mnutes convergengeeriod
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Chapter 1
Introduction to GNSS Precise Point Positioning

Precise Point Positioning (PPP) is oneadfandful of algorithmi¢echniques t@stimate
position and timausing aGlobal Navigation Satellite Systerf®sNSS receiver.PPPprocessing
requires the collection of observations from a single receiver through the process of trilateration to
determine the axial coordinate componeantd tirre, while applyingcorrection parameteraich
as atmosphericrefraction delays, clock errors, earth rotaticode multipathrelativity, code
biases, andoise.

In recent years, researchers, educators and engihaeesadapted the PPP technique
through modified and improved algorithms for vads applications. PPP in commercial
applications includeprecision farming irthe agricultural indusy, sensor positioning for skaor
mapping in marine applications, airborne mapping, land surveying, photogrammetry and remote

sensingBisnath and Gao,@®7).

1.1 Brief Overview of GNSS and PPP

PPPis a standalone preciggobal Positioning System (GP8int positioning approach
that uses wlifferenced, duafrequency pseudorange aodrrierphaseobservations along with
precise satellite orbit and clock piacts to produce decimetre sab-centimetre positioning in
reattime and posprocessing(Cai, 2009) Positioning techniques such aslative GPS

positioning, Reallime Kinematic(RTK) and Network RTK require the use of more than one



receiver. In contrastPPP, as a cosfffective technique, requires a singlerGNSS receivewith
no additional local GNSS infrastructute,achievesub-centimetre horizontal and few centimetre
vertical positioning accuracystatic and kinematic dagarocessing can be donsingthe PPP
technique either in pogtrocessing or redalme mode (Gao and Cheg2005; Hérouxet al, 2004
Leandro, 2009

Precise positioning and navigation becomes an asset in remote areas where reference
stations are not availablie recent year<Collins et al. (2008 determined the plausibility of using
reattime PPP technique in the determination and monitoring of seismic activities by resolving
PPP nornteger ambiguitieBy assessing the performance of PPP, it is possible to further extend
to other scientific applications such sestellite clock error estimatipsatellite pseudorange bias,
pssudorange multipath estimati@nd ionospheric delay estimatiofheandroet al., 2010). As
more visible satellites and observationsraegleavailableby the advancement and modernization
of various satellite constellationgacombined use ofarious satellite systemis PPP is expected
to improve the positioningccuracy, reliability andolutionconvergencgeriod

Various satellite navigationoostelldgions are in existencencluding GPS, GLONASS,
BeiDouand Galileo. GPSwas created and realized by th&. Department of DefengBoD) and
was originallyoperatedvith 24 satellites. It became fully operational in 1994ck GPS satellite
continuously trasmits a microwave radio signal composed of two carribree to fourcodes,
and a navigation messagePSapplies the code division multiple access (CDMA) principle, and
as such,eachGPS satellite emits a different Pseudo Random Nois€®’RN) code GPS vas

originally developed as a military system, but was made available to civilians as well. However,
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to keepa military advantage, the U.&0D provides two levels of GPS positioning and timing
services: the Precise Positioning Service (PleS)military use and the Stadard Positioning
Service (SPS)for everyone (El-Rabbany, 2002) GPS is currently undergoing a system

modernizatiorwhich will result in the improvement of the performance of GPS setvices

GLONASS is a radiebased satellite navigation systenoperated forthe Russian
governmenby theRussian Aerospace DefenBorce It complements and provides an alternative
to GPS and is currentlyaé onlyotherfully-operationahlternative navigatiosystem in operation
with global coverage ansimilar precsion. Each satellite transmits the same PRN code but at
different frequenciesGLONASS had achieved 100%lobal coveragewith a full orbital
constellation of 24 satellite$he GLONASS satellites' designs have undergone several upgrades,

with the latest vision beingGLONASSK (Reshetnev Company, 2010)

GALILEO is currently being built by theEuropearCommission(EC) andEuropean Space
Agency (ESA). Oneaim of GALILEO is to provide a higiprecision positioning system upon
which Europeamations can relgn, independenfrom GPSandGLONASSthat maybe disabled
in times of war or conflicfTo achieve thisndependenceen navigation signals have been defined
in four frequency bands. To increase the reliability and capabilf the signals, three different
ranging codes will be used, namely the epeness ranging code, commercially encrypted ranging
codes and government encrypted ranging colleswithGP S, GALI LEOG6s modul at

follows the CDMA principle (HofmannWellenhofand Lichtenegger, 2008 Completion of the



30 satellite free servicBALILEO system (27 operational + 3 & spares) is expected by 2019

( European Space Agency, 2011)

The Chinese governmeeiDounavigationsatellite system consists of five Geostationary
Earth Orbit (GEQO) anthirty Medium Earth Orbit (MEO) satellites transmitting on various ranges
of carrier frequenciesl'he BeiDou ground segment consists of a master control station, upload
station, and monitor statio®eiDou is intended to be compatibigith GPS, GLONASS, rad
GALILEO receiveran terms of signal modulation and interoperabilityo kinds of servicawill
be provided: an open service, designed to provide positioning accuracy within 10 metres, velocity
accuracy within 0.2 metres per second and timagguracywithin 50 nanoseconds; and an
AAut hor i dDwhtthwllalsoprowdei s af er 6 positioning, veloci

services, and integrityformation for authorizedusefou and ,20B)Ke e f e

Table 1.1 summarizes the major differences aidilarities between thesatellite
navigation systemsT he spaceegmenis the main difference between the four navigation systems.
GPS consists of 2dominalactive satellites in 6 orbital planes. GLONASS consists afd@dinal
satellites in three orlat planes. Galileavill consist of 30 satellitesvith 27 of them operational,
and 3 as spare satellites spaced around the plane in three cildadium Earth Orbit (MEO)
orbital planesBeiDou consists of 35 satellites includingZeostationary (GEGyatllites and 30
MEO satellites.GLONASS is different from the other navigation systeras each satellite
transmits atts own frequeng with the same code whereas GI&3lileo, andBeiDoutransmits

at the same frequentyt have differentnodulatedcodes.



Characteristics GPS GLONASS GALILEO BEIDOU
First launch February 1978 October 1982 | December 2005 April 2007
FOC February 1995| January 1996 - Up to 2020
December 2011
Funding public public public and private public
Nominal SV 24 24 27 27
number
Orbital planes 6 3 3 3
~ Orbital 55° 64.8° 56° 55°
inclination
Semimajor 26,560 km 25,508 km 29,601 km 21,500 km
Orbital plane 60° 120° 120° -
separation
Revolution | 11h57.96 min| 11h 15.73min|  14h 4.75 min 12h 35 min
period
Geodetic WGS-84 PZ-90 GTRF CGS2000
reference
Time system | GPStime, UTC  GLONASS Galileo system | BeiDou System
(USNO) time, UTC(SU) time Time (BDT)
Signa_l CDMA FDMA CDMA CDMA
separation
Number pf 3111215 Onfi’ per two 3(4) 3-B1,B2B3
frequencies antipodal SV | E1,E6,E5(E5a,E5b
L1:1,575.420 | G1:1,602.000 El:1,575.420 B1:1,575.420
Frequency
(MHz) L2:1,227.600 | G2:1,246.000 E6: 1,278.750 B2:1,191.795
L5:1,176.450 | G3:1,204.704 E5:1,191.795 B3: 1,268.520
Number of 11 6 10 _
ranging codes

Table 1.1: GPS, GLONASS, GALILEO and BeiDou comparison (Compiled fromHofmann-
Wellenhof et al., 2007; Daly and Kitching, 1990; Dawoud, 20}2




Thus, GLONASS uses Frequency Division Multiple Access tecnique (FDMA) while GPS, Galileo
andBeiDou use Code Division Multiple Access (CDMA) technique (Hofm#rellenhof et al.,

2007; Daly and Kitching, 1990; Dawoud, 2012).

1.2 Current GNSS PPP research issues

This section discussé®y current GNSS PPResearch topics the fields of ambiguity
resolution, integration of other GNSS satellite constellations in&fRealtime positioning. One
common butelativelyundiscussetssue which poses hindrance in achieving improvements in
the fields of research highlighter, the mitigation of GNSSequpmentbiases.The quest for
increasedPPPperformancehas heighten the desire to exampussiblewaysto mitigate thee

GNSSequipmenbiases

1.2.1 Integration of GPS and GLONASS in PPP

In environmentssuch asurban canyons, mountainous areasl openpit mines, the
visibility of signds is hinderedand available signals beconmsufficient. The integratiorof GPS
and GLONASS constellations providesore signals, enhances satellite geometry and improves
the quality of solutions in PPP process{8fpen and Ga®006; Li and Zhang, 2013).

By differencing outmeasurementisetween two receivers, satellite specific errors such as
atmospheric errors, as well as clock and orbital errors, are mitigated. However, in PPP, only a
single GNSS receiver is usadhich preserst a challenge in mitigating the satellite specific errors.

To estimate and correct for the atmospheric errors and satellite orbital and clockpeewss

satellite and clock corrections and satellite orhits provided as a product by organizations to

6



enhance the accuracy of PPP solutidie International GNSS Servidé&S) has beeproviding
precise satellite cloclknd orbit products as well @asmospheric parameters since 1994. These
products have different accuracy levels and latencies. The psaahectherefore grouped into the
Aultracrapidd, frapidd andifinalo products, based on the needed accuracy, latency and sampling

rate. Tablel.2 summarizes the GPS precise orbits and clocks produced by IGS.

Orbitsand Clock products| Accuracy Latency Updaes | Sampling
Broadcast orbit ~100cm Real time ,
clock ~5 nsrms . daily
~2.5 nsSDev
Ultra-Rapid orbit ~5cm Real time Four times .
clock ~3Nnsrms 15 min
(predicted half) ~1.5r8 SDev daily
Ultra-Rapid orbit ~3cm 3-9hours Four times 15 mi
clock ~150ps rms min
(observed half) ~50ps SDev daily
IGS Rapid orbit ~2.5cm 17- 41 hours dail 15 min
clock ~75ps rms ally 5 min
~25ps SDev
IGS Final orbit ~2.5cm 12- 18 days K 15 min
clock ~75 ps rms weekly 5 min
~20ps SDev
*SDev (Standard Deviation) *rms (root mean square error)

Table 1.2: GPS Precise satellite orbit and cloclproducts (IGS, 2013)

The introduction of the International GLONASS Experiment (IGE (Willis et al.,
1997) and GLONASS &rvice Pilot Project (IGLOSYWeber and Slater2001) have made
GLONASS precise orbit and clock produatsilableto PPP end users. Four I@8alysis Centre

are currently providing GLONASS precissnd clock products; CODE (Unikgty Berne,



Switzerland), IAC (InformatiofAnalytical Centre), ESA/ESOC (European Space Agency /
European Space Opeats Centre, Germany) and BK@uyndesamt dr Kartographieund
Geodasie, Germany)ablel.3 summarizes the accuracy, latency, updatesamngbling rates from

theseAnalysis Centrs.

Orbit and Clock products| Accuracy Latency Updates | Sampling rate

IGS Final orbits ~3cm 127 18 weekly 15 min
days

IAC Rapid orbit -- 1 day -- 15 min
clock -- 5 min
IAC Final orbit ~15cm 5 days -- 15 min
clock ~1.5ns 5 min
ESAESOC orbit -- - - 15 min
Final clock -- 5 min

Table 1.3: GLONASS precise orbit and clockproducts (IGS, 2013)

It must be notedhat there is a direct relatioretween the quality of the precise orbit and
clock products and the positional accuracy of solutions in RPBvel of agreement of 1.5s
exists between IAC and ESA pasission GLONASS clockalues(Oleynik, et al, 2006)
In Figure 1.1, it can bebseredthat from GPS weeks 20to 1786, the solutions of the
AC Final orbitswere consistent at tfe- 20 mmlevel (European Space Agency, 2Q1As shown
in the figure, the ESA final solution is comparable to the combined IGS Final solution in the order

of a few millimetres in the weighted rms.
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Figure 1.1: Weighted orbit RMS of the ESA products and AC Final orbits solutiondhetween
December 2012 and April 2014, with comparison to the IGS Finalrbit products (European
Space Agency, 2011)

Cai and Gao (2013pssessed the performance of GPS and GLONASS PPP by
implementing a combined GPS and GLONASS PPP model. The results showed an improvement
in the position accuradyom GPSonly solutions 039%, 30% and 60%nithe easting, northing
and up components. The kinematic results also improved by more tharChoYyet al (2013)
compared the performance GPSonly and combined GPS and GLONASS HBPstatic and
kinematic positioning modes&Jsing very few stationshe horizontal and vertical accuracy was
within 1 cm and 2 cmrespectively for GPSonly PPP in static processing. The addition of

GLONASS did not improve the accuracy significantly. The performance of the combined GPS
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and GLONASS PPP in kinematic modeosied improvementf 43% and 25% in the horizontal
and vertical componentsespectively.

Wanget al (2012)further investigated the trend and periodic residual characteristic of
combined GPS and GLONASS observations.iTtesults showdthat the positinal accuracyof
GPSwasbetter than that of GLONASSy an improvement &8%, 17% and 1.2%n the northing
easting and upomponerg, respectively Regularvariationsin theresiduals includingrend and
periodic itemswere also investigated o mitigatethese trensland periodic characteristican
error compensation modeiasproposed

Tu et al (2013)analyzed PPP convergence period using a combined GPS and GLONASS
approachThe r ecei ver 0s d (DCB)evhiehnstthe pseudarange biatibeea s e s
the C/A-codeand precise code observablegreestimated by treating theas unknowns. It was
concluded that though there wagt a significant improvement ithe msitional accuracy, there
was a positivémpact on the satellite availability andageetry.By estimating the receiv@&CBs,
there was a 20%eductionin convergenceeriod as well as anmprovementin the Position
Dilution of Precision(PDOB), which is a measure of the geometric strength of the solukioa
horizontal error was betténan 10 cm considering 10 minutes convergerereod.

Li and Zhang (2013) further analyzed the integration of GPS and GLONASS observations
with the aim of accelerating the convergence period in a combined GPS and GLONASS PPP static
and kinematic processinUsing 178 IGS stations, the contribution of GLONASS measurements
to ambiguity resolution inPPP was investigatedGPS integer ambiguitiewere fixed while

GLONASS ambiguitiesvere left asifloato  r valaes.The results indicated théihe average
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conwergence timsavasreduced byl6% from23to 12 minutesin static mode and 158 % from41
to 18 minutesin kinematic mode, respectivelfor ambiguityfloat PPP The convergence time
wasalsoreduced by 2% from22to 16 minutesin static modeand by 426 from 34 to 20minutes
in kinematic modesespectivelyfor ambiguityfixed PPP

The coordinate and time reference frames for GPS and GLONASS are diffenent.
difference in time is due to the different realization€obrdinated Universalime (UTC) used
Concerningcoordinate referencdifferences, GPS adopWorld Geodetic SystemWGS) 84
while GLONASS adoptarametry Zeml(PZ) 90. Differencesare observeih the accuracy of
the time and coordinate referenémmeworkof GPS and GLONASS which constist inter
system biases (ISBs)heseinter-system biases (ISByere estimatedoy Chenet al (2013)by
analyzingthe combined GPS and GLONASS system bias product &tiaaghai Astronomical
Observatory (SHAOLNSSAnNalysis CentreThe conclusions includetthe fact that receivers of
the same type have similar ISBsit the ISBs are differerior different receiver types. The same
pattern was observediith varying ISBs for all stationsvhich was indicative of the fact that the
system time offset plays a eoln the variations of the ISBs over a long tifibe relationship
between the ISBs and antenna types was investigated and it was concluded that the ISBs are
influenced by different antenna types. The ambiguities howeves fgand to absorb the ISBs

and,as suchmade nampacton the final positional accuracy of the solutions.
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1.2.2 Ambiguity resolution in multi-GNSS PPP

It is well known that one of the problems PPP facesl@ng initial solutiorconvergence
period. Though PPP takkull advantage of both theseudorange arwhrrierphaseneasurements,
the ambiguity componenta the carrierphasemeasurements affect the final solution accuracy.
The unresolved ambiguities are not integers due to the presesaealfedun-calibrated phase
delays (UPDs) whiclare afunction of the unknown cycles of the carrieaves(Collins et al.,
2010; Geet al.,2008; Genget al.,2010; Leandreet al.,2006; Shi and Gao, 2010t becomes
imperativethat the unknown cycle ambiguities are resolved as this is a key compmabtdining
sub-centimetrego millimetre-level GNSS positioning.

In a generalized sense, GNSS ambiguity resolution camoled atthrough a three step
approachFirst,ta Af |l oat 0 s ol ut i leastsquasesadjustinent while the integer o u g h
component of the ambiguities idiscarded. Seconthe integer constraints are estimated by
adjusting therealvalued float solution of the ambiguitieAnd third the float solution of the
position satellite and receiver clock parametasswell as angemaining parameterare corrected
for dueto their correlation with theghase ambiguities, resulting in a centimdtremillimetre
Af i x edo (Teuonissemmnd@dijik, 1999)

One of the profound problems of GN$&trierphasepositioning is thatt requires real
time integer ambiguity resolution. The last twentagshaveseena plethora ofesearclon GPS
ambiguity resolution with different developed approaclsssne of these approaches incltiue
LeastsquaresAmbiguity Decorrelation Adjustmen{LAMBDA) (Teunissen and Verhagen,

2009a; Teunissen and Verhagen, 2Q0Bfunissen, 2003Fast Ambiguity Search Filter (FASF)
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(Chen, 1994) Ambiguity Function Method (AFM)(Erickson, 1992) Three/Multiple Carrier
Ambiguity Resolution (TCAR/MCAR)Wernerand Winkel, 2003)Fast Ambiguity Resolution
Approach (FARA) (HofmannWellenhoffet al, 2001) andCascading Integer Resoloti (CIR)
(Junget al, 2000) However a challenge still remains withuickly fixing these ambiguities
correctly(Liu et al, 2014).

Due to theFrequency Division Multiple Acces$DMA) signal structure of GLONASS
satellites, ambiguity resolution for GLONASS is much more complicated compared to GPS. The
GLONASS doubledifferencedcarrierphasenbservations can be significantly iéinced by inter
frequencychannel biasedt is a difficult task inestimating the intefrequency channel biases for
mixed receivers, as well as separating these biases from the ambiguity terms. It therefore becomes
a daunting task for GNSS software apgtions to resolve and fix GLONASS ambiguities,
especially if heterogeneous receiver types are used. Rather, the float estimates of the GLONASS
ambiguities absorb the intenequency channel biaseBven though the ambiguity resolution
integrity of GPS ismproved by using this approach, it is expected that by fixing GLONASS
ambiguities to integers, the full potential of GLONASS will be realized enhancing the solution

accuracy in GNSS PPP (Takac, 2009).

1.2.3 Real-time PPP positioning

Over receniyears, there labeena shift of focus from PPP peptocessing to redlme
positioning solutionsTheIGS continues to develop retine orbit and clock streaming since the

introduction of the IGS Redlime Project in 2007Geet al, 2008) Since the launch of the Rea
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Time Service (RTS) in 2013he IGS has freely distributed reaime GPS orbit and clock
correction in the RTCM formaf his servicehas made redalme PPP solutions possildespite a
few seconds of delairinter and Roberts, 2013)

With the expandingsNSS constellatiosy more signals are being introduced warranting
new or improved receiver hardware and a growingtiesd network. The advent of the IGS Mullti
GNSS Experiment (MGEX) offers innovative wayt improvethe collection ofmeasurements
from tracking networks.However, a challenges presented to both the IGS and GNSS
communities regarding the streaming of redlme corrections from diérent satellite
constellations: How to guarante®ailability, accuracy and consistency from varying satell
constellations. Thus, the need for applicaft@sed and receiver hardware innovations becomes

necessaryCaissyet al, 2012)

1.3 Problem statement and objectives

Given thatGLONASS measurementare based orthe FDMA satellite signal structure,
inter-frequency channel biases (ICBs) and other system haaseastroducedThe effects of these
biases are visible in the pseudorange and cghase residuals, which affeGLONASS PPP
convergence period and -giifferenced ambiguity resolution. Current resdahas shown the
correlation between receiver stations from heterogeneous networks, such as the IGS, in PPP
processing and the increase in magnitude of the pseudorange andpteseiCBs imoth GPS

+ GLONASS and GLONAS®nly PPP solutiondiscountingother system biases which may be
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present, the correlation is due to mixed receiver and antenna hardware types, differences in
firmware versions, and irregularities in the updates of the receiver equipment at the stations.

With new and expanding satellitenstellations, it is expected that PPP convergpaded
will decreaselue to improved geometry, more observations and stronger signals. However, the
inclusion of GLONASS has introduced additional biabed needo be accounted for ithe data
procesgig or else this relationship will not hal&o des the current performance of GLONASS
PPP reflect the limits of the processing technjqudyy accuate modelling of GLONASS biases
can there be improvementsthme solution accuracy and reliabilitghd can the behaviour of the
ICBs help mitigate the effect of these biases that compromise the solution integ@BSof-
GLONASS and GLONASSnly PPP?

With an increasing number of receiver and antenna hardware types available, the error
modelling for the psewdange and carrigghasebiases becomes more complex. In the GNSS
community, there islso a limited understanding of these equipment biases, which introduce
varying magnitudes of observable error due to each reeantenna combination.

A strong correlabn between the pseudorangeBs and receiver firmware and antennas
exists, which relates to the differences that exist in the estimateatinenel biases and similar
firmware of the same receiver types. Currently, there is no standard correction flariR&tP
users in relation to these biases given a specific receiver firmware or antenfehtypesearch
proposes a possible GLONASS ICB correction using 350 IGS stations, based on 32 receiver types
and 8 antenna types, by observing the unique trelosisneed in the bias estimates in relation to

the GLONASS satellites.
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The Multi-GNSS Experiment (MGEX) was established by the IGS for the tracking and
analysis of available GNSS signaBSignals are from any spabased augmentation system
(SBAS), as well & from GNSS systems such as GPS, GLONAESDou, Galileo andQuast
Zenith Satellite SystemQZS9S. One of the roles of thénalysis Centres within the MGEX
network involves the estimation after-system calibratiorbiases(IGS, 2014) These biases
include the derivation oDCBs for all availablesGNSSsignalsby differencingionospherdree
pseudorange(Montenbrucket al.,2014) The derived MGEX DCB corrections were applied in
this reseacimn the estimation of the pseudorange ICBs.

While these pseudorga and carriephase equipment biases ot cause significant errors
in GLONASS PPP positioning results, and have almost no effect on GPS PIBR tfesyiimpact
float ambiguitiesand associated float covariance estimates in this processing. By ingpiioese
estimates, more accurate fixed PPP solutions can be produced and more quickly. Further analysis
will be done to evaluate the realism of the associated float covariances with bias modelling, and
the impact on PPP fixed solutions.

In summary, lte researchobjectives mainly focuen develope@lgorithms and models for
the combined PPP satellite navigation constellations using-fiehgplency, urdifferenced
pseudorangandcarrierphaseobservations and assessing the performah&®P by estimating,
cdibrating and proposing corrections for GLONASS pseudor#dBe. As a result, the following
objectivesare intended to be achieved

1. Implementation o6NSSPPP models and algorithms in software developnidi® GNSS

PPP software is intended to be modwdaglable and capable of handlalbconstellations.
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2. Assessment of the performance of PPP from combining data fronpleaalbnstellations
in dataprocessing with regards to the positional accuracgtticapplications.

3. Estimationand analysi®f GLONASS pseudorangéCBs and theresidual characteristics
of GPSonly and GPS + GLONASS PPP processing with respect to heterogeneous receiver
and antenna type combinations.

4. A novel approachto correcting the pseudorange ICB&n GLONASSonly and
GPS+GLONASS PPPyhobservingunique trends in the bias estimates in relation to the
GLONASS satellites

It is expected thaby fulfilling the aboveobjectives,some improvements to the positioning
performanceof PPPwill be made including:

1. The reduction of convergence juet.

2. Increased positional accuracy with regards to static positioning and navigation modes.

3. The development of a PPP software suite implementing the various PPP algorithms and
models for combined satellite constellations. T9ufiwareis intended to be witen with

unmanaged ANSI C++ in the Microsoft. NET framework.

1.4 Thesis outline

Chapter 2 details on the developmenttioé multi-GNSS PPP processofA detailed
description of the various namespaces, classes, functions and models arellggvenapter
conclues with significantPPP performanaesults based ae processingfom theYork GNSS

PPP softwareChapter Jeviews GPS and GLONAS®PPresidual characteristicBocusis given
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to the relationship bet wegeancyclhaengeldhhdgbirsSes sat el
and various receiver and antenna types. A correction format is propatedespect to the
GLONASS satellite PRNfrequency channel number, receiwrd antenna types. Validation of

the estimated biases is demonstrated with the impreme in GLONASSonly and GPS +
GLONASS PPP solutiongChapter4 summarizes all the findingsf this work and provides

conclusions andecommendationfr future work.
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Chapter 2
Multi -GNSS PPP Software Design and
Development

The York GNSS PPPsoftware is awell-developed andgophisticatedGNSS measurement
processingool that meetsigh-quality standards fogeodeticand researchpplications It was
developedby the authobased on the software processor usethbYCSRSPPP online service
(NRCan, 2010)@and is anextension of the GPS PPP processor developed by Seeg¢rahd
(2012) The following sections providdetailedaspects of GNSS data processiagg principles
of the York GNSS PPP processorhe theoretical components of standard PPP proceasing
reviewed, followed by the architecture and functionalities of the software proc€ksochapter
concludes withresults from theY¥ork GNSS PPP processto verify that it meets the highest

scientific standardsf performance

2.1 Brief introduction to GNSS data formats

A well-defined set of standards are followed in defining GNSS datal$ete are many
advantages provided by standard GNa&formats which include the ease of exchanging data.
Two main formats exist: American Standard Code for InformationdnéerggASCII) and binary
formats ASCll is generally preferred over thenary formatdecause binary forma#se computer

operating system dependé®AGE, 2010)
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Building a software program to reacgstandard format descriptioreighallengeHowever,
to process GNSS datasets, it is required for any GNSS data processing software to effectively read
datain order to process his sectiorprovides brief introduction to existing data formats used in

GNSS data processing.

2.1.1 RINEX data format

Receiver Indepatent Exchange Format (RINEX) is data interchange format for raw
satellite navigation system data. RINEX is an ASCII data format developed by the Astronomical
Institute of the University of Berne for the easy exchangeN$Sdata RINEX is used as a post
processing file format (static and kinematic) and is not suitable fotine@lapplications. RINEX
format includesGNSSobservation data, navigation messages, meteorological data, geostationary
satellite data, satellite and receiver clock files. Each RINIEE has a specific name convention
which is essential for downloading and processing purg&easner, 1993Astronomical Institute

of University of Bern, 200/

2.1.2 RTCM data format

The Radio Technical Commission for Maritime Services (RTCM) Special Ctieani
developed a specific data format to satisfy industry standards for Real time differential data. This
format is known as RTCM followed by a specific version nunsibeh as RTCM 2.3, RTCM 3.0,
etc RTCM standards were originally developed and are cotigtaeing updated by Special
Committee 104 which is concerned with Differential Global Navigation Satellite System
(DGNSS) RTCM dataaretransmitted as a continuous binary data stream. Typically, a complete
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RTCM data record is transmitted within one setdRTCM compresses the various contents of a

data record in several message types. Every message within a data record comprises a message
header and a message body. The message type, time information, the reference station ID, the
length of the message dufurther information such as the monitoring status, are all coded in the
header. The body comprises the relevant operational data for every data type. The length of a

message depends on the data type (RTCM Special Committee No. 104, 2001).

2.1.3 SP3 data format

Precise orbital data (Satellite Position and Velocity), the associated satellite clock
corrections, orbit accuracy exponents, correlation information between satellite coordinates and
satellite clock are available in this format. This information can lbsemwed or predicted
simultaneously with those precise orbits. The structure of this format is different from the RINEX
format explained earliefTo facilitate exchanging such precise orbital déte U.S.National
GeodeticSurvey NGS)developed the SH8rmat, which later became the international standard
The SP3 file is an ASCII file that contains information about the precise orbital data (in the ITRF

reference frame) and the associated satellite clock corre¢8pofford and Remondi, 1994

2.1.4 ANTEX data format

The basic results from the absolute GNSS antenna calibration are GIX&®$phase
center offsets and variations (PCV). ANTEX is the intermaticexchange format for antersda

PCV. ANTEX describgall relevant antenna information. Different GN, offsets, pure elevation
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dependent PCV and azimuth and elevation dependent PCV are available. GLONASS PCV are

alsoprovided in the ANTEX formaSchmid 2011)

2.1.5 IONEX data format

The defined IONosphere map EXchange format (IONEXg dsita format to extange,
compare, or combing&otal Electron ContenfTEC) maps.TEC is a quantitative description for
the total number of electrons in the ionosphere oEdrgh. IONEX supports the exchange of 2
and 3dimensional TEC maps given in a geographic grid. T8 hetwork is used to extract

information about the TEC of the ionosphere on a global scale (Sathaler1998).

2.2 Standard GNSS PPP processing

PPPcan generally be defined as a positioni
coordinategand time)are de¢rmined using precissatellite orbit and clock products. Unlike
networkbased techniques where common errors cancel out, PPP requires that all errors introduced
by the spacsegmentsigral propagation and user segmeare accounted forTheseerrorscan
be mitigated either by elimination, estimation or mtidgl The proper handling of these
systematic and random error sources largely impact the solution integrity of PPP. It becomes
imperative, in PPP, tmitigatethese errorHofmannWellenhofet al, 2001; Leick, 2004; Boehm
and Werlet al, 2007, Bisnath and Langley, 200Koubaet al, 2001; Mader1999; Zhu et al,

2002) Figure2.1shows the processing scheased in PPP with the correction models needed to
be implementedProcessing of GNSS data performedin five main stageswhich involve:

reading of GNSS observations; data-precessing;applicdion of error correction models;
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filtering; and output of estimated parametdilse GNSS observations inclu@NSS RINEX and

RTCM observations, togeer with precise orbit and clock products. These observations undergo
data preprocessing which invohsethe removal of cycle slips from carrphase data. Error
correction models are applied to account for any possible error sources. Incorporatingthedo
obsevables into a sequential leasjuares filter and applying functional and stochastic PPP
models, updated and predicted parameters such as coordinates and ambiguities, are estimated. The
final output includes station coordinates, receiver cloffket, tropospheric delay and GNSS

system time differences.
GNSS RTCM / RINEX Precise orbit and
observations clock products

Data pre-processing

!

__________ Error Correction Models
....... - S
! ' antenna ' - - : - _ it :
' Tropo i 1! Phase . 'Relativistic ' Sagnac pi Lari apd . :Atmospherlc i Site !
; delay i Pligse centie o wind up ' effect ', effect ' ,°ccan dde oy loading ! IDlsplacementI
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Figure 2.1: Flowchart showing the sandard GNSSPPP processing scheme
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Given that alrelevantPPP errors have either been mbeldbrestimatedithe conventional

un-differenced observation equations can be writtefWdls et al, 1986:

0 oMo 1o Q@ 9r & o o -0 2.1)
"o 1o Q Qs & 6" _®b 0
- 2.2)
The terms in egation 2.1 and 2.2 are:
0 - Pseudorange measurement on L1 or L2 (m)
- Carrierphasaneasurement on L1 or L2 (m)
” - Geometric range (m)
&) - Speed of light (m/3)
10 - Satellite clock error (s@c
10 - Receiver clock offset (sec)
Q i - lonospheric delay (m)
Q - Tropospheric delay (m)
w0 o - Receiver equipment bidsr pseudorange and carAghase measurements

€

respectiely (m)

o hco L Satellite equipment bidsr pseudorange and cardghase measurements

respectively (m)

- Wavelength of L1 or L2 carrier waves (m)
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0 - Unknowncycle ambiguity term on L or L2 carrierphass (cycles)

Q - Carrierphasanultipath on L1 or L2 (m)
Q - Pseudorange multipath (m)
-0 - Pseudorange easurememoise (m)

- - Carrier-phase measurement noise (m)

By linearizing equations 2.1 and 2.2 through the relation ofutiiexown quantities and the

observations, equation 2.13 is obtained:

0] W w T (2.3
Where
0 - Design matrix
1 - Estimated corrections to unknown quantities
W - Prefit misclosure vector
@ - Residual vector

The design matrixd) is the partial derivatives of the observation equatisitls respecto the
unknown parametersy which primarily are the receiver station 3D position ¥X Z), receiver
clock offset{ 0), tropospheric zenith path delay (zpdyyrierphaseambiguities and hardware

biasesThe design matrix is given as follows:
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The misclosure vector represents the differences betwepsdhdorange or carriphase
observations and the computed pseudoraagésarriefphasesletermined through the functional

model. The misclosure vector elements are determined by theifod) equatios:

0 0 " oY o Y (2.5)
0 B "0 o® Y _ 0 (2.6)
O
11, I
| QO ]
@ ::éT (2.7)
| (fb ]
L] 1
TV

Theweight matrixfor stationary receivers is given as:

AP Il
~ 11 p T[ T[ N 1
D 11 E ™ (28)
11 p |,|
u p i
The weight coefficient matrix with respect to the estimated parameters is given as:

26



o 6 (2.9)

where 0 is the a priori varianceovariance matrix

G O ®a QAR (2.10)
30 06006 0 060w (2.13)
O 0 3w (2.12

Given that thecarrierphaseobservations are about 1@®nes more precise than the
pseudorangeneasurements, the weight matrix of the observationgsi¢ applied astown in
equation B. Using thesequentialleastsquaresapproach weighted with @riori weighted

constraints§ ), the unknown parameter estimateg)( as conputed in equaticn2.11 and 2.12

2.3 York GNSS PPP software

The York GNSS PPP softwaiie ascalable and modular GNSS Pp#®cessofvritten in
C++ using Visual Studian the Microsoft.NET platformlts entire design and development is
within the purview ofis thesisThe usage of C++ in developing the GNSS PPP processor makes
it not only platformindependent but also enhancesusability. A total of over 27000 lines of
C++ codes were writteby the authagrwith 6 namespacesver 100classespver 200functions
andover 4000lines of MATLAB codefor the analysis and plottingf results.The proceeding
sections highlighthe various development stagafsthe GNSS PPP software, detailebject
oriented structure in the terms of namespackesses and sonwre functions and present the

softwarevalidationand performance
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Figure 2 2 illustrateghe softwarearchitecture olfork GNSS PPP softward.consists of
four main segmentghe data input modujerror correctionsequential leasiquares moduleand
the parameter outputodule. Thauser is required to specify processing parameters andfilgsut
All provided dataare read and stored in interyatlefined structures before datandling checks
are performedThese datdnandling checks constituteeltata pregrocessing module and involve
making sure that all necessary satellite data are availblell as bad data are rejected. The
correction module depends on usequired data supplied in the form of an observation file,
precise satellite ortgtand clocks, ANTEX file and ocean loading coefficiefiise corrected
observation data goes through the sequetfiltialing modulewhere position estimaseas well as
other parameterare obtained. The output parameter segment is intended for the pofpose
evaluation and result analysis. THerk GNSS PPP software currently supports gostcessing
using GPS and GLONASS data. However, it has been made maddlacalable to handle other
data formatsuch alRTCM data. Future work would involve retane processingnd the addition
of other GNSS navigation systeriifie following subsections provide details in the development
of theYork GNSS PPP processor. Given that it was written in C++ in the Microsoft.NET platform,
the proceeding sections provittee organizational structure of the entire software by describing
key components which follow the same framework for all other components. The fundamental
unit of the software is a functipwhich contains program code to execute a specific task depending
on userdefined inputs. A group of functions constitute a class of functions aimed towards a
particular task. A cluster of classes of functions finally constitute a namespace. Structuring the

software enhances scalability, modularization and processing sp#de software.
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Figure 2.2: York GNSS PPP processing engine

29




Four key namespaces were created in the development of the software. Presented in the
subsections are brief descriptions of the detailsclaisses and functions thebnstitutes the

namespaces.

2.3.1 File Readers Namespace

The Fil e r ead e rssfvariouscasssespvhiah are istended florflRINEX and
RTCM operations. These operations involve reading, updating and outputting RINEX aMl RTC
files. The various classegere developed

1 Class GNSS RINEX reader

1 Class GNSS precisatellite orbitgeader

1 Class GNS%®reciseclock productreader

1 Class GNSS IONEX reader

1 Class GNSS RTCM reader

1 ClassGNSSANTEX reader

Theclas®s in this namespacertain functions for the purpose k#adingvarious RINEXdata
formats The main RINEX reader processRINEX versions 2.11, 2.12 and 3.0. The GNSS
RINEX readeris a subpostprocessing software package whabbesnot support realime data
reading AppendixA illustratesthe RINEX reader design flowcharTthe GNSS RINEXreader is
divided into two sulreaders: one that reads RINEX observation files and another one that reads
RINEX navigation files. Both of the suleaders have identical software design. Thegin by

readingthe header ofa file and extracting header information. If any error occurs during the
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reading and extraction process due to damage of the input file, the error information will be
recorded in header error log. Once #nd of header isaehed subreaders start reading body of

the file and extracting useful body information, outputting any errorghetbody error log. The
GNSS RINEX reader suppsmdingle or multiple observation and navigation files well as batch
processingAppendces Band C illustrate the RINEX observation and navigation fileades
further.

Considering that the GNSS RINEX reader is intended to read RINEX data formats from
GPS, GALILEO,BeiDou and QZSS navigation systems,héisbeen designed to cateto the
intricacies of reading from these different GNSS systems.cbmplexity of handling different
satellite constellationsequiral conditions and switclsefor the appropriate GNSS data stream to
be read and decoded as a number of possible combinations offénendiGNSSs can occur.
Appendix Cand Dprovidethe detailsand functionalitie®f how the combined GNSS observation
and navigation data are decoded depending on the RINEX version being considered.

The GNSS RTCM readeis designed to mcess RTCM binarydata for reatime
processing. It processtransmitted GNSS corrections from GNSS reference stations to GNSS
rover receivers. Versatility and robustness deraedtitiat the readebe able to process different
versions of the RTCM data formats which include:

1 RTCM 2.0 (Code correction, mostly DGPS)

1 RTCM 2.1 (Code + Phase correction, RTK)

1 RTCM 2.2 (Code + Phase correction + GLONASS)

1 RTCM 2.3 (Code + Phase correction + GLONASS + GPS Antenna Definition)
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1 RTCM 3.0 (Code + Phase correction + GLONASS + GPS Antenfiaifimn + Network

RTK and GNSS)

The RTCM readehasbesndesigned to process live streaming RTCM data in the above
formats.Two wayswere designetb achieve thigapability;streaning data directly using GNSS
receivers that support that optiandan NTRIP software client, th&&NSS Internet Radiavhich
connects to one of thigobalbroadcasting stations to stream continuous RTCM data. Both options
areprovidedfor, andAppendix Edescribegeneral desigonf theRTCM reader.

The Clock reader class containarious functions intended on reading and processing
satellite and receiver clock information contained in the RINEX clock file. The satellite clock
values from each input clock RINEX fisgecopied without any modifications intovaork satellite
clock format with the same name as the input file but in a different directory. An equidistant
sampling of the epochs in the output clock liites been added as an option based on the decimation
of the RINEX clock file.Thereis analternative option for the usé specify a subset of clocks to
be processed. All other clockse skipped when reading the input clock RINEX files. The only
exception is that the reference clocks from all input clock RINEX diteprocessedAppendix F
illustratesthe general straare of the RINEX clock reader.

The GNSS IONEX readehas beendesigned forthe exchange of ionosphere map
information The IONEX readehas various functions to read and write IONEX files when
available. Other functionalithasbeenincluded fordate andime conversions, that is, date to Mean
Julian Day conversion, Mean Julian Day to date conversions ardadaipn into hourgminutes

seconds conversions. Concerning the IONEX format 1.0, the reader psibeskseader section
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which contains global infonation for the entire file. It reaall the header labels for each line. For

the data section, it procesthe data block of th€EC map for a given latitude and height. Given
that after 16 values per latitude band, the values continue in the next teeaehder handi¢his
complexityand report any missing data or inconsistency in an error logging module. The reader
is designed to handle any other optional labels which may not appear in other IONEX formats.
The read informatiors parsed to outpuhodules which writethe data in the definedork format.
Appendix Gillustrates the general structure of the IONEX reader.

The GNSS ANTEX reades designed for the processing of receiver and satellite antenna
information. The ANTEX reader processANTEX phase centeoffsets (PCO) and phase centre
variations (PCV) for each antenna. Other functionaliteh areincluded involveobtaining the
PCO, PCV and total offsets from the ANTEX file, as well as error logging functipnalite
reader processthe header and data sectidh.has beerdesigned to handle any other optional
labels which may not appear in other ANTEX formats. The read informistjgarsed to output
modules which write the data in the definédrk format. Appendix Hillustrates the gesral
structure of the ANTEX reader.

The GNSS precise readéras beendesigned for the processing of satellite clock
correctiors, which are computed simultaneously with the satellite orbits. The preciseeread
processes precise orbitspordinates and veldes of the ground stations. The readdso
processsthe header and data sectiamd isdesigned to handle any other optional labels which
may not appear in other SP3 formaippendix lillustrates the general structure of the precise

orbits and clockeader.
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The GNSS Ocealoading readehas beenlesigned for the processing and computation of
time series of tidal displacements fr@aminput file containing the ocean loading coefficients for
a given station. The reader procesthe header and data sea. Appendix Jdescribesthe

structure of the ocean loading reader together witictfons whichare utilized.

2.3.2 Error Correction Namespace

Since PPP ses udifferenced measurements, all errors caused by the space segment,
propagation, environment and ra@¥ need to be accounted fdirectly. Mitigation can be
accomplishedby modeling, estimation orelimination Most of PPP errors, except for the
tropasphere, ionosphesnd receiver clock can be mitigated to a certain extent, by tiraglélhe
others areaccounted for through parameter estimation alisnination through linear
combinations.

This section discusses the various error models andetelopedclasses built for them.

Various auxiliary functionsverebuilt and incorporatedto the namespace hE classes include:

A Class Atmospheric refraction
A Class Relativistic effect

A Class Site displacement

A Class Satellite orbit and clock

Class Atmospheric refractionncorporate two correction models nameljropospheric
and lonospheric model$he relalvistic class containthat correct the relativistic effect imposed

on the GNSS satelliteClass Site displacemeancompasssfive error correction models used in

34



PPP. These includantenna phase offsets, phase wind up, sBéidh tides, ocean loading én

Earth rotation parameterSee Appendix K for further description of the functionality of the class.

2.3.3 Data Quality Control Namespace

One of the essential elements of navigation positioning systems is the ability to tolerate
and detect any anomaly in @pgations. This sections deals with the detection of cycle slips from
carrierphaseobservationsjnconsisent and missing satellite dataconsistentpseudorange
carrierphasejump detection, epoch decimatiopseudorange smoothinggsidual testing and
satellite rejection.

Various classes were developed for this namespace. These involved the cycle slip detection
class which incorporated tigeometryfree carrierphasdinearcombination and LAC1 cycle slip

detection techniques.

2.3.4 Filters Namespace

The ajustment models developed in this namespace includeptiehby-epochleast
squaresand the sequential leastsquaresfilters that adapt to varying user dynamics. The
implementations of these filters consider the variations in the states of the pardregtesn
observation epochs and uses appropriate stochastic processes to update their variances. The models
involve four types of parameters: station positimteiver clocktropasphere zenitipath delay
and carrietphase ambiguitie§ he station positiomay be constant or change over time depending
on the user dynamics. These dynesrcould vary from tens of metr@er second in the case of a
land vehicle to a few kilometseper second for bow Earth Orbiter (LEO). The receiver clock
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will drift according to the quality of its oscillator, e,geveralcm/secin the case of an internal
quartz clock with frequency stability of about*f0OComparatively, the zenith path delay will vary
in time by a relatively small amount, in the order of a Gewhr. Finally, the norinteger carrier
phase ambiguities will remain constant as long ascHigerphass are free of cyclslips, a
condition that requires close monitoring (Kouttaal, 2000)The sequentidleastsquarestclass
was developed to be the engindled GNSS PPP processbrgure 23 illustrates the structure of
the class.The core sequentialeastsquaresfunction implements the procedural matrix
manipulations of sequentillastsquaregstimation as described in the matrix manipulation block
in Figure2.3. Input parameters includ€++ structs for the various file readers and class objects

for the various error correction models

.

File Reader

RTCM class
Namespace

. Processing modules

|SPP| |PPP|

Satellite Positioning
and Clock
Interpolation
Namespace

SQLS Matrix manipulatio

Error Correction model 2N
Namespace

;
Output Namespace |«

[compute ax=7pa+ 2y iarw |

ith iteration for adjustment
m L convergence 4
9 S

Figure 2.3: SequentialLeastsquaresclass scheméor data processingin GNSS PPP
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2.4 Software validation and performance

The performance and accuracy of ek GNSS PPP processing engine was compared
to other online PPP services, namely the CHR® service by Natural Resources Canada
(NRCan, 2010), GPS Analysis and Positt@niSoftware (GAPS) by the University of New
Brunswick (UNB (Leandreet al.,2010), Automatic Precise Positioning Service by Jet Propulsion
Laboratory (Zumberget al.,1997) and Magic GNSS by GMV (GM\2013). 24hour datasets
from 40 globallydistributedIGS stations were processed using the developed PPP software and
the online PPP services, for a one week period. The sites chosen were a subset of those processed
regularly by most IGS ACs which represents a good global distribution.

Table 21 shows thesimilarities and differences between the online PPP engineéakd
GNSS PPP software engir@l the services process dufabquency data in pogtrocessing mode
for static and kinematic datasets. APPS and GAPS currently processnBF®lutions. Thoug
GPS and GLONASS datasets were used for the analysis, only GPS PPP statistics are presented for
uniformity. TheYork GNSS PPP engine provides similar functionalities as the existing PPP
engines and the results are comparable to the highest scientitiarstameld by the other PPP
services.

Referring to section 1.2.1, there are varying degrees of accuracy in the existing orbit and
clock products from different organizations and product manufacturers. Given that each online
PPP service comparedYork GNSS PPP engine, used either internally generated or other satellite

or clock products, there are differences in the positional errors and solutions.
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APPS CSRS GAPS magicGNSS York
Reference ITRFO8 ITRFO8
frame ITRFO8 (IGB0O8)/NAD83 IGBO8 ITRFOS/ETRS89 (IGB08)/NAD83
C‘]’cg:g:gf‘te LLH/XYZ LLH/XYZ/UTM LLH/XYZ LLH/XYZ LLH/XYZ/UTM
Quality Covariance | Covariance matrix, std dev _ Covariance
information | matrix, std dev std dev matrix, std dev
Antenna IGS IGS IGS IGS IGS
corrections
Satellite
orbits and JPL rapid/final IGS IGS IGS or GMV IGS/ESA
clocks
EI;V:;EH Minimal 7.5° Minimal 10° Minimal 10° Minimal 10° Minimal 10°
GNSS GPS + GPS +
system GPS GPS + GLONASS GPS GLONASS GLONASS
File number .
for upload | 17 Max size 10 1 file 1 file 1file -
MB
allowed
Dual Dualfrequency Dualfrequency, | Dualfrequency, | Dualfrequency
Obsoelarl\{:tlon f;fgtlij(:ez%’ static and static and static and static and
. . kinematic kinematic kinematic kinematic
kinematic
Data Ejmall, web E-mail E-mail E-.ma|l, web _
transfer interface interface
Data format ng?l(sr.oy RINEX 2.0, 2.11 or] RINEX 2.0, 2.11| RINEX 2.0, 2.11| RINEX 2.0, 2.11
) Hatanaka or Hatanaka or Hatanaka or3
Hatanaka
UNB-VMF1
(NCEP), Hydrostatic
Hydrostatic delay: UNB-VMF delay: Davis
Troposphere Davis (GPT) (CMOQ), (GPT)
mg deﬁm GMF Wet delay: Hopf VMF1 - Wet delay: Hopf
9 (GPT) (ECMWF), (GPT)
Mapping function UNB3m Mapping
Mapping function
function: VMF1-

Table 2.1: Similarities and differences in parameters that define the existing online PPP
engines andYork GNSS PPP software
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The error models implemented in each PPP engine processing also contributes to the
overall accuracy of the solutions. Table 2.2 shows the horizontal and 3D dtdedations and
rms of the PPP engines. The proper modelling and estimation of errors significantly affects the

position accuracy. However the results are comparable to the millimetre level.

Std dev (mm) rms (mm)
PPP engine 2d 3d 2d 3d
APPS 6 15 12 29
CSRSPPP 6 14 10 23
GAPS 8 16 15 34
MAGIC 8 17 13 32
York GNSSPPP 6 14 11 25

Table 2.2: Results of final solutions by existing PPP online services and therk GNSS PPP
engine for combined GPS and GDNASS PPP processing for 40GS stations

Using a distribution of 350 IGS stations from DOY 195 to 201 in 20X8rther assess
the performance of th€ork GNSS PPP processdgNSS PPP solutions in the horizontal and
vertical components, for GPS, GLONAS&IeEGPS + GLONASS solutionserecomparedOnly
static solutions were considerdtbugh kinematic data can be process$adure 2.4 shows the
global distributionof selected IGS stations used for the processing. A total of 2500 datasets were

processed.
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Figure 2.4: Map of selected 350 IGS GNSS stationssed for static data posiprocessing

TheYork GNSS PPP GR8nly results showthat 8% of the data processed had an error
in the horizontal component of leisan or equal to 2 cm and thé®% of the results had a
horizontal error of less than one centimetre. In the vertical component, 99% of the data processed
had an error o6 cm or lessHowever, 90% of the processed dagal a vertical error of 3 cm or
less.Due to thesatellite geometrgndlimitations in the atmospheric and displacement modets
vertical component is expected to be less acctinatghe horizontal component.

The GLONASSonly results, inFigures 25 and 26, show that72% of the data pcessed
had an error in the horizontal component of less traequal ta2 cm and thaR4% of theresults
had a horizontal error of less tharem. 95% and 69%of the data processed had an ewbich

was less or equal ®cmand 3 cm respectivelyn the vertical component.
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The GPS+GLONASS results, iAgures2.7 and 28, also show that 98 of the data
processed had an error in the horizontal camepb of less than or equal%onm and tha®5% of
the results had a horizontal error of less thann2 In the vertical component, 99% of the data
processed had an error®fm or less.

The GPSonly PPP results showed improvement overGh&® NASSonly PPP solutions.
In the horizontal component, an improvement of 26% is observed considering a horizontal error
of 2 cm. The GPS PPP vertical component also improvedioe€eLONASS PPP solutions by 5
and 21%considering a vertical error of 6 camd 3 cm, respectively

The GPS + GLONASS PPP results also showed improvement ov&R8enly and
GLONASSonly PPP stutions. Comparing the GPS + GLONASS PPP results@RB&only PPP
in the horizontal component, an improvement of 61% is observedleong a horizontal error
of 5 mm. The GPS + GLONASS PPP vertical component also improved over the GPS PPP
solutions by 8% casidering a vertical error of 5tm Comparing GPS + GLONASS PPP results
with GLONASSonly PPP in the horizontal component, an improvement of 73% is observed
consdering a horizontal error of 5m The GPS + GLONASS PPP vertical component also

improvedover the GLONASS PPP solutions by 83%sidering a vertical error of 5m
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The results presented indicéit@tGPS + GLONASS PPP solutiosgnificantlyperformed
better over botlGPSonly andGLONASSonly PPP. The availability of more observations from
GLONASS satellites in a combined GPS and GLONA$® RBolution, enhances the solution
quality, provides good geometry and strengthens the solution accuracy and intEigeity.
improvement of GPS PPP over GLONASS PPP solutions could be attrtbutsel fact that the
GLONASS observations are much noisientl@&PS. The quality of the satellite orbits and clocks
is not a factor here because the same product was used for both GPS and GLONASS.

Table 23 shows the statistics of the positional component&@sonly, GLONASSonly
and GPS + GLONASS PPP processiog350 stations over the period of one wdek24 hour
datasets The resultsshow that the position errors fa&PSonly and the combined GPS and
GLONASS PPP solutions are quite similar, with the differences in the milemagtge in the East,
North, Vertical, horizontal and 3[@omponents.

A substantial conclusion that can be reached involves the fact that the addition of
GLONASS to GPS in PPP processing does improve the positional acclinacgolution quality
gets better as GLONASS contributes more aligand satellites and improves the geometry of the
satellites, leading to a stronger D®fdwever, thgosition accuracy however, in a combined GPS
and GLONASS solution, can be said to be driven by the GPS sdbeitaise of less weight given

to the noiger GLONASS observations
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GNSS processed| Component rms (mm)
GPS 2D 8
3D 19
GLONASS 2D 18
3D 34
GPS+ GLONASS 2D 1
3D 2

Table 2.3: Results of final solutions byYork GNSS PPP forGPS-only, GLONASS-only and
combined GPS and GLONASS PPP foB50 stations over one week period.

The horizontal component of tl@&PS and GLONASS PPP solutionsrecomparable to
the results presented Bhoyet al,, (2013) and Cai and Gao (2013), with horizontal and 3D errors
of 8 mmand19 mm for the GPS PPP solutions, respectivélyge GLONASS PPP solutions had
horizontal and 3D errors of 18 mm and 34 mespectivelyHowever, the GPS + GLONASS PPP
resultspublished byChoyet al, (2013) and Cai and Gao (2013) were comparébtheir GPS
only PPP solutions with 2 mm differendesthe horizontal errorsThe results presented in Table
2.3 for GPS + GLONASS PPP solutions however contradict the conclusiGhepét al, (2013)
and Cai and Gao (2013), given that the GPS + BASS PPP results were better than Gig/
results with a difference of 7 mm and 17 mm for the horizontal and 3D components, respectively.
It must be noted that MGEX DCB corrections for GPS and GLONASS systems were applied in
the PPP processing. AccorditggJinet al, (2012), several metres of positioning error can occur

if the effect of the DCBs are ignored, especially in the first few minutes of PPP data processing

when the pseudorange measurements dominate the solution.
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Chapter 3
GNSS Equipment Biases

The rdiability and accuracy of PPP solutions depend on the number of satellites, satellite
geometry, availability of signals, and quality of measurements. Though the GPS satellite
constellation has reached full operational capability, poor satellite geometriocabstructed
environments still negatively impact the accuracy and reliability of solutions (Bisnath and Gao,
2008; Geet al, 2008; Genget al., 2010; Hérouxet al, 2004; Laurichesset al, 2009). The
integration of GPS and GLONASS constellationsvtes more signals, enhances good satellite
geometry and improves the quality of solutions in PPP processing (Shen and Gao, 2006; Li and
Zhang, 2013).

However, one of the challenges of integrating GPS and GLONASS in PPP processing is
the fact that the GLONSS carriesphase and pseudorange observations suffer from- inter
frequency channel biases (ICBs). The ICBs originate from signal transmission through multiple
frequency bands, each designated for a particular satellite. These pseudorange arphaserier
biases are stable over tinmit have no distinct pattern in terms of magnitude with respect to the
GLONASS satellite frequencies. Various receiver and antenna types show varying characteristics
with regards to these biasd® resolve GLONASS float ambigies faster, e estimation and
analysis of the GLONASS pseudorange and captieise biasdsecome a necessary step in GNSS
PPPR With an increasing number of receiver and antenna hardware types, the error modelling for

the pseudorangend carrieqphase tases becommore complex, but is definitely warranted due

46



to the unique contribution of hardware biases coming from each receiver and antenna type. There
is, in general, a limited understanding of these equipment biases, which introduce varying
magnitude®f observable error due to each anteraweiverfirmware combination.

The pseudorange and carfrase observations are affected by biases that can be
categorized depending on the source of the bias. In general, the classification of GNSS biases can
be made at the signal generation and user or receiver levels. Bdbldlustrates such a
classification. A further categorization can be made when the pseudorange andpbaseer
measurements are considered, relative to the satellite and receiver GN&8itsedrinally, an
inter-system classifiation of the GNSS biases exighen considering multiple constellations of
satellites. It must be noted that the prop@deiling of these biases becorw@mmplex given that

they originate both at the transmitter ardeiverends(Hefty and Gerhatova, 2012)

SOURCE OF BIAS GNSS BIASES
Hardware biases
Satellite Satellite related Firmware biases
transmission and Code measurement biase

receiver level Phase measurement bias

Receiver related

Satellite related Inter-frequency biases
Differential code biases
Differential phase biases

Code andarrier
phaseobservable Receiver related

Inter-system time

Multi-constellations system offset GPS/ GLONASS
of satellites Inter-system GPS / Galileo
coordinde system GPS / Bebou
offset

Table 3.1: Classification of GNSS equipment biases with respect to their sources (Compiled
from Takac, 2009; Schaer, 2012; Kozlov, 2000; Wanninger, 2011; Wanninger, 2012).
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Table3.1 intuitively shows that with the inclusion of Bu and Galileo satellites to GPS
and GLONASS in PPP processing, the magnitude of the equipment biases originating from all the
satellites can potentially deteriorate the solution. Wanninger (2011) and Banvill@ $0%8how
ambiguity resolution is affected given the magnitude of the-inégjuency biases of GLONASS
satellites in baseline processing. The problem is significantly worse when considering all
equipment biases emanating from all satellite constellatespecially in terms of sutentimetre
accuracy for PPP solutions.

This chapter focuses on the estimation and calibration of the pseudol@Bgein
GLONASSonly PPP. The characteristics of GPS and GLONASS residuals are discussed, with
emphasis on how tH€EBs become inherent in the GLONASS residuals dugst6DMA signal
structure. Finally, the effect of the calibration of fseudorangéCBs, depending on the satellite

PRN, receiver and antenna types, are analyatétdrespect to PPP data processing.

3.1 Combined GPS and GLONASS PPP and residual characteristics

To fully analyze and assess the performance of GNSStR&processingpf GPSonly,
GLONASSonly and GPS + GLONASS PPP based ostatic receivestation wereinvestigated
Forexample,the IGSdtanNRC16s 24 hour dn2Ql3ibustratesithe expebi€@yY 1 9 6
processingesults of a typical GPS, GLONASS and GPSGLONASS PPP. NRCL1 is located in
Ottawa, Canada and it is part of the Canadian Active Control System (CAXBell as the IGS

tracking network.
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Figure 31 shows the positional errors f@PSonly, GLONASSonly and combined G®
+ GLONASS solutionsAll solutiors showed steady convergenckefined as a 10 cm threshold,
for the horizontal components in 15 minutes. The GPS + GLOWNABIlution showed

improvement with a convergence period of 10 and 15 minutes, for tieomat and vertical

componentstespectively.
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Figure 3.1: 3D difference in position errors for GPS, GLONASS and GPS- GLONASS
solutions for station NRC1 24 hour dataset for DOY19& 2013in static processing mode

Table 32 shows the statistical resufts the station NRC1 fo6PSonly, GLONASSonly
and GPS + GLONASS PPP solutions over a 24 hour perrdte northeast and up components
The rms of the combined GPS + GLONASS PPP solution was 0.7, 0.4 and 1 mm in the east, north

and up componentsespectivelywhich was comparable to the GiB8ly PPP with an rms of 0.6
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0.8and 1 mm in the nortleastand up compormes respectivelylThe horizontal component for the
GPS + GLONASS PPP and G@8ly PPP were 0.8 and 1 mmespectivelyAs shown inTable

3.3, he GLONASSonly PPP horizontal component was 1.7 mm, indicating that the GPS +
GLONASS as well as GRé&nly PPP rsults were better than that GLONASS-only PPP though

the difference was only in millimetres. The GPS + GLONASS PPP solution, from the statistics

presented, shows an improved accuracy which is better thaio@?8nd GLONASSonly PPP.

Statistic (mm) GNSS processed E (mm) N (mm) U (mm)
Std dev GPS 0.7 0.5 1
GLONASS 1.4 0.4 1
GPS+GLONASS 0.7 0.3 0.8
ms GPS 0.8 0.6 1
GLONASS 1.6 0.5 2
GPS+GLONASS 0.7 0.4 1

Table 3.2: 2D and 3D component statists for GPSonly, GLONASS-only and GPS +
GLONASS PPP by York GNSS PPP for stationNRC1 24 hour dataset for DOY 196,
processed in static mode. All units are in millimetres.

Statistic GNSS processed
2D rms GPS 1
GLONASS 1.7
GPS+GLONASS 0.8
GPS 1.4
3Drms GLONASS 2.6
GPS+GLONASS 1.3

Table 3.3: 2D and 3D component satistics for GPSonly, GLONASS-only and GPS +
GLONASS PPP by York GNSS PPP for stationNRC1 24 hour dataset for DOY 196,
processed in statt mode. All units are in millimetres.

Figure 32 and 33 illustrate the time series of the residuals for the ionospgineegpseudorange
and carrierphase observations for GPS and GLONASS in GNSS PPP. Different satellites are

represented by different colieu
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Figure 3.2: GPS-only time series for stationNRC1 24 hour dataset for DOY196 during GPS
week 1749%howing pseudorange(PR) and carrier-phase (CP) residuals in static processing
mode
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Figure 3.3: GLONASS-only time series for station NRC1 24 hour dataset for DOY196 during
GPS week 1749 showingseudorange (PR) and carrier-phase (CP) residuals in static
processing mode
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Comparing the GP3seudorangeresidualsto that of GLONASS, the GLONASS
pseudorangeesidualsare much noisierand varybetween individual satellite residualShe
GLONASS ionospherfree code observations havarger residual errors than th&PS
ionospherdree code observations. Potentials@as for this phenomenon wives the fact that
the GLONASS o observations are deeightedbecause they are generally muuaisierthan GPS
observationsSecondly, the intechannel biases significantly affect the GLONASS ionosphere
free code observations eltio each GLONASS satellite transmitting at a diffefesquency(Cai
and Gap2013) The biases become apparent in the residuals if not estimated and calibrated out.

With respect to the relation between satellite elevation and the resiigalss 3.4 and
3.5 showhow thepseudorangandcarrierphase ionospheritee observations are dependent on
the satellite elevation. It can be seen that botps$leedorangandcarrierphase residuals decrease
as a function of increasing satellite elevation anglee dependence of the residuals with
increasing satellite elevation angle is similar for both GPS and GLONASS residuals. The presence

of any bias is inherent in the residuals.
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Figure 3.4: GPS residuals & a function of satellite elevation for statiolNRC124hour dataset
for DOY196 during GPS week 1749n static processing mode.
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Figure 3.5: GLONASS residuals as a function of satellite elevation for stattNRC124 hour
dataset for DOY196 during GPS week 1749 in static processing mode
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3.2 Estimation and calibration of ICBs

With GLONASS at full operational capability 2011, the concept of GLONASS PPP and
GPS + GLONASS PPP has become a subject of interese asltlition of GLONASS presents
more signals, better geometry of satellites and an improvement in the solution quality (Cai, 2009;
Wanget al, 2012; Cai and Gao, 2013; Chelyal, 2013). The ICBs originate from the complex
signal structure of GLONASS thatbased on FDMA (Takac, 2009; Schaer, 2012; Kozlov, 2000;
Povalyaev, 1997). Comparing GLONASS receiver types from different manufacturers, significant
differences in the ICBs are noticeable and needs to be accounted for (Wanninger, 2011).

Wanninger (201p analyzed the GLONASS intérequency carriephase biases and
postulated that, for a given brand of receiver, the biases can be categorized with reference to the
linear relation of the bias with respect to the GLONASS frequency number. Using shoriebaseli
data, AlShaeryet al (2012) estimated the pseudorange ICBs and indicated that these ICBs can
reach up to several metres, and as such, cannot be ignored. €hab(2013) also estimated the
pseudorange ICBs using solutions in standard point pogsigon GPS + GLONASS processing,
concluding that the ICBs are stable over time to the centimetre level and that there is a strong
correlation between receiver firmware version and the ICBs. Banville (2013) estimated the
pseudorange and carrdphase ICBswith the purpose of resolving GLONASS ambiguities with
mixed receiver types and firmware versions. By observing adjacent frequency numbers of two
selected reference GLONASS satellites, it was concluded that the ambiguities can naturally

converge to integeralues, improving the resolution of the ambiguities.
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GNSS pseudorange and cardrase observations, with the inclusion of GNSS biases, can

be described in equatio3sl and3.2:

=

Q -0 (3.1)
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The ionospheréree mmbination observations, for GPS and GLONASS, can also be written as

equations 3to 3.6:

0 ' o to a4’y -0 ; (3.3)
h ¥ x \ ,w " h
Froowlo To a’y _0 - i (3.4)
5 h T a N \ ;e 5 5 A 5 h
0 5 o To a’Y w W -0 (3.5)
SOoore 10 Ay & & o_o - (3.6)
where

~r

0 ﬁF'Ff) ﬁﬁ - GNSS, GPS iondree, GLONASS iondree pseudorgge measurement on
L1 or L2 respectively (m)

: ﬁﬁﬁ ﬁﬁ-GNSS,GPS iondree, GLONASS iondreecarrierphaseaneasurement on

L1 or L2 (m)

” - Geometric range (m)

@ - Speed of light (m/3)

10 - Satellite clock error (sec)
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10 - Receiver clock offset (sec)

Q ; - lonospheric delay (m)

Q - Tropospheric delay (m)

a - Tropospheric mapping function

Y - Zenith tropospheric delayn(

®,0 - Receiver GNSS equipment bias, GLONASS receiver pseudorange bias,

respectively (m)

- Satellite GNSS equipment bias, GLONASS satellite pseudoramgg b

respectively (m)

- Wavelength of L1 or L2 carrier waves (m)

0 - Unknown cycle ambiguity term on L1 or Icarrierphass (cycles)

Q - Carrierphasamultipath on L1 or L2 (m)

Q - Pseudorange multipath (m)

-0 - S0 - L R &1 - Measurement noise (m)

The ICBs for GPS, in GP$ GLONASS PPP processing, are redstent, due to the
CDMA signal structure, each GPS satellite transmits at the same frequency with different code
modulations. The GLONASS satellites however transmit the same code with different frequencies.
However, ina float solution, where the ambiguities are not fixed, the GLONASS caltrase

ICBs are ignored as they are absorbed by the float ambiguities which affects PPP convergence as

56



well as performance. GLONASS PPP fixed ambiguity resolution becomes mosngivaglin the
presence of these ICBs. A strong correlation between the GLONASS receiver clock offset and the
pseudorange ICBs exist due to the ICBs being absorbed by the clock biases in the IGS Analysis
Centres clock product€huang et al., 2013). A comnaint, shown in equatioB.7, is placed to
separate the effect of the pseudorange ICBs from the receiver clock offset. The constraint is placed
with the assumption that one of the GLONASS satellite is free from the effect of the ICBs. With
that assumptiorithe algebraic sum of the ICBs per PRN averaged over all the GLONASS satellites,

should equal zero:

€
b=

P
CT

" - estimated ICB (3.7)

€

Given that the ICBs are also affected by the satellite and the specific clock biases of the ACs, it
becomes necessary to separate the clock biases, originating from the satellites and the ACs, from
the ICBs. Since the eftés of the clock biases are the same on all stations, the effect of the clock
biases common to all the satellites and inherent in the ICBs, can be subtracted. Shown in equation

38 i s the Arefinedo daily I CB that results (ClI

5 5 p 5
W W - W
3

where (3.8)

® - refined ICB
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&) - ICB affected by the satellite and AC satellite clock biases

3.3 Receiver type, antenna type and ICBs

350 IGS stations were used in the estiorabdf the GLONASS pseudoranieéBs. One week
data from DOY 195 to 201 in 2013, were selectéidure 3.6 shows the time series of the
pseudorange ICB estimations famplestations from @Y 195 to 201. The magnitude of the
pseudorange ICBs are in the metre lexespectively. Thougkigure3.6 illustrates the changes
seen in the pseudorange ICBs, the ICBs remain constant over the 7 day period with an absolute
mean ICB of 0.89 m. The psewdnge ICBs had an average standard deviation of 21cm,
considering 4 stations for PRN 35, 36 and 37. The uncertainties are approximately 5% to 30% of
the ICB estimates for the pseudoranges. It therefore implies that the effect of pseudorange ICBs
on the masurements may not be easily calibrated even though there might not be any receiver
firmware update or change in the receiver antenna @peanget al, (2013) estimated the
pseudorange ICBs of 133 stations with an average standard deviation of 0.dmeaevtiirms the

difficulty in the calibration of the pseudorange ICBs, given the uncertainties of the estimates.
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Figure 3.6: PseudorangdCB s over a week period for sample stations) PRN 3 (b) PRN 34
and (c) PRN 35

Table3.4 shows the various receiver manufacturers, receiver type and number of stations
falling under the receiver type category, which were used. This section investigates whether there
is a correlation between the firmwarersiens of the receiver types and the pseudorange ICBs,

with respect to the GLONASS frequency channel numbers.

To analyze the correlation between the receiver types, antenna types and the ICBs, IGS
stations with 32 different receiver types from 8 manufartuwere used. 5 different scenarios

corresponding to different possible receiver type, antenna type and firmware version combinations

were analyzed.
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Receiver manufacturer Receiver type Number of stations
JAVAD TRE_G3T DELTA 7
JAVAD JAVAD EGGDT 1
JAVAD TRE_G3TH DELTA 24
JAVAD TRE_G3TH SIGMA 31
AOA AOA BENCHMARK ACT 1
AOA SNR-8000 ACT 1
JPS E_GGD 6
JPS JPS EGGDT 9
JPS LEGACY 10
LEICA GR10 7
LEICA GR 25 8
LEICA GRX1200+GNSS 21
LEICA LEICA GRX1200GGPRO 38
LEICA GRX1200PRO 17
LEICA GX1230+GNSS 1
LEICA RS500 1
NET-G3A 15
TPS E_GGD 3
TPS TPS GB1000 1
TPS LEGACY 2
TPS NETG3 10
TPS ODYSSEY _E 4
NOVATEL NOV OEM4-G2 1
NOV OEMV3 2
SEPT POLARX2 4
SEPT SEPT POLARX3ETR 3
SEPT POLARX4 7
SEPT POLARX4TR 1
TRIMBLE NETRS 19
TRIMBLE TRIMBLE NETR8 26
TRIMBLE NETR9 59
TRIMBLE NETRS 16
SUM 356

Table 3.4: Receiver manufacturers, receiver types and number of stations used for the

estimation of the pseudorangelCBs
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At least one of the varying components of the possible combinations had to h&dueld

for the purpose of comparison. Tablé Bighlights these different scenarios.

. Variability in Variability in recei ver Variability in firmware
Scenario )
antenna types types versions
Same antenna ) . . . )
1 . Different receiver types Different firmware versions
ype
Same antenna ) _ _ )
2 Same receiver type Different firmware versions
type
Different antenna _ _ .
3 Same receiver type Same firmware version
types
Different antenna ) _ _ )
4 Same receiver type Different firmware versions
types
Same antenna ) ] .
5 . Same receiver type Same firmware version
ype

Table 3.5: Various possible scenarios investigated in relation to the trehcharacteristics of
the ICBs when considering different receiverantennafirmware version combinations

To investigate the characteristics of the ICBs with different receiver types and firmware
versions, a common antenna type is held as a fireaimeteto all the stations being considered.
lllustrated inFigure3.7are the ICB trend characteristics of stations ALGO, CAS1, CEDU, DUBO,
GODZ, GOLD, HARV and HOB2. The antenna type common to all the stations, is AOAD/M_T.
Table 3.6 however shows the different¢ceiver types and firmware versions associated with the

stations. There are linear and quadratic pseudorange ICB trends observed between the same
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antenna type but different firmware versioasd different receiver types, with respect to the
GLONASS frequacy numbers.

Antenna AOADIMT stations

4
¢ algo
2 O cas1
+ cedu
0 © dubo
godz
.2 gold
T & harv
; -4 ¢ hob2
>
-8
-10
120 -5 0 5 10

GLONASS Satellite Frequency Channel Number

Figure 3.7: Pseudorange ICB trend characteristics of 8 stations with the same antenna type
(AOAD/M_T) but different receiver type and firmware versions.

Site Antenna Receiver type Firmware version
algo TPS NETG3A 3.5

casl = LEICA GRX1200GGPRO 8.20/3.019
cedu I TRIMBLE NETR8 4.48

dubo = TPS NETG3 3.5

godz < JPS EGGDT 2.70

gold . JPS EGGDT 2.70

harv JAVAD TRE G3TH DELTA 3.35
hob2 LEICA GRX1200GGPRO 8.01/3.019

Table 3.6: Receiver type and firmware versions of 8 stations used in the analysis of scenario
1. The antenna type was common for all the stations.
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The second scenario investigates the characteristics of the I@Bslifferent firmware
versions while holding the same receiver and antenna type fixed for all the staitpme.3(8
show the ICB trend characteristics of stations ATLI, BJFS, BRAZ, CUIB, DRAO, KARR, NAUS
and POAL. The receiver and antenna type whiehcammon to all the stations, are TRIMBLE
NETR8 and TRM59800.Q0espectively. Shown ifiable3.7 are the different firmware versions
associated with the stations mounted with the same receiver and antenna type. Linear trends were
observed for the pseudoige ICBs. However, there were variations in the linear trends for the
pseudorange ICBs which ranged from a few centimetréeioetre level.

Same antenna and receiver types
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Figure 3.8: Pseudorange ICB trend characteristics of 8 statiom with the same antenna and
receiver type (TRM59800.00 and TRIMBLE NETRS respectively) but different firmware
versions.
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Site Antenna type Receiver type Firmware version
atli 4.48
bjfs 4.01
braz 4.7
Z:z TRM59800.00 TRIMBLE NETRS8 :-478
karr 4.48
naus 4.7
poal 4.7

Table 3.7: Firmware versions of 8 stations used in the analysis of scenario 2. The antenna

and receiver types were common for all the stations.

Scenario 3 invgtigates the characteristics of the ICBs with different antenna types while
holding the same receiver type and firmware version fixed for all the statiosgaled inFigure
3.9are the ICB trend characteristics of stations ALON, JSLM, KABR, KATZ, MRN¥RT and
YOSH. The receiver type and firmware version which are common to all the stations, are LEICA
GRX1200PRO and 8.5Yespectively.Table 3.8 shows the different antenna types which are
associated with the stations. Linear trends were observdefpseéudorange ICBs. All the stations

showed varying linear trends for the pseudorange ICBs with the exception of station NZRT which

showed a quadratic trend.
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LEICA GRX1200PRO stations : Firmware 8.51
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Figure 3.9: Pseudorange ICB trend characterists of 7 stations with the same receiver type
and firmware version (LEICA GRX1200PRO and 8.5] respectively) but different antenna

types.

Receiver type Firmware version Site Antenna type

alon LEIAT504_LEIS
jsim ASH701945B M S
kabr ASH701945C_M S

LEICA GRX1200PRO 8.51 katz TPSCR4_CONE
mrav LEIAT504GG_LEI
nzrt ASH700936B_M S
yosh LEIAT504_LEIS

Table 3.8: Antenna types of 7 stations used in the analysis of scenaBoThe receiver type
and firmware version were common for all the stations
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The fourth scenario investigates the characteristics of the ICBs with different firmware
versions, different antenna types while holding the same receiver tyueféik all the stations.
Figure3.10show thelCB trend characteristics of stations BZRG, CHAC, CONZ, GRAZ, KAT1,
LAMA, LCK2 and LCKI. The receiver type which is common to all the stations, is LEICA
GRX1200+GNSS. Shown iftable 3.9 are the different firmware versions and antenna types
associated withhe stations though they are mounted with the same receiver type. Linear trends
were observed for the pseudorange ICBs for all the stations except for stations LCKI and LCK2,
where both exhibited quadratic trends. This is potentially due to the fatchdyatvere the only

stations with same firmware versions.
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6
& bzrg
R @ chac
4 2 + conz
- O graz
2 e d kat1
lama
=0 & |ck2
E :
o o Icki
Q.2
4
.6 \
ﬂo -5 0 5 10

GLONASS Satellite Frequency Channel Number

Figure 3.10: PseudorangdCB trend characteristics of 8 stations with the same receiver type
(LEICA GRX1200+GNSS) but different antenna types and fimware versions.

67



Site Receiver type Antenna type Firmware version
brzg LEIAR25.R4 8.50/6.110
chac LEIAS10 8.70/6.112
conz LEIAR25.R3 8.71/6.112
graz LEICA GRX1200+GNSS LEIAR25.R3 8.10/4.007
katl LEIAR25.R3 8.51/6.110
lama LEIATS504GG 8.10/4.@7
Ick2 LEIAR25.R3 8.20/4.004
Ick1 LEIAR25.R3 8.20/4.004

Table 3.9: Antenna types and firmware versions of 8 stations used in the analysis of scenario
2. The receiver type was common for all the stations

Scenarios 1 to 4 show that variations in the anteaoaiverfirmware combinations affect
the ICB trend characteristics depending on the GLONASS frequency channel number. Scenario 5
involved the investigation of the characteristics of the ICBs with thne saceiver type, antenna
type and firmware versions. The expectation was to see sinaitats for all stations. Figu11
shows the ICB trend characteristics of stations BOAV, BOMJ, CATA, CEFE, IMPZ, POVE,
SAVO and UFPRTable3.10shows the antennaggs which are associated with the stations. The
receiver type, antenna type and firmware version which were common to all the stations, are
TRIMBLE NETR5, TRM55971.00 and 3.8fkespectively. All the stations show quadratic trends
except for site CATAHowever, ste POVE has the same antenna type but an older model of it. It
therefore may explain the variation in how convex the quadratic trend is, as compared to the others.
Site CATA, though with the same antenna type as the others, shows a linear trénd/agicot

expected.
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TRIMBLE NETRS stations : Firmware 3.84
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Figure 3.11: Pseudorange ICB trend characteristics of 8 stations with the same firmware
versions, receiver and antenna types (TRIMBLE NETRS5, TRM55971.00 and 3.84
respectively) but different antenna types and firmware versions.

Site Receiver type Antenna type Firmware version
boav TRM55971.00

bom; TRM55971.00

cata Trimble NETRS TRM55971.00

cefe TRM55971.00 3.84

impz TRM55971.00

pove TRM29659.00

savo TRM55971.00

ufpr TRM55971.00

Table 3.10: Antenna types, firmware version and receiver type of 8 stations used in the
analysis of scenario 5. The receiver, antenna types and firmware version were common for

all the stations
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Similarly, considering the JAVAD TRE_G3T DELTA stations with firmware version 3.4.7,
all the stations are equipped with the same antenna type, JAV_RINGANTaid3.11shows
the stationswhich aremounted with the same antenna and receiver types lateame firmware
versions However, asFigure 3.12llustrate, all the sites have similar ICB linear trends except
RIO2 which shows a quadratic trend and a much more negative treheé eeudorangéCBs.

The sites are widely distributed through thetowents, from Asia, Europe, Africa, Oceania
and South America. Though the years of the antennas of the sites vary, the variations in the trends
are not profound with the exception of site RIO2. The site RIO2 is located in Tierra del Fuego, a
region which las a sukpolar oceanic climate due to its proximity to the Antarctica. Though no
current research has shown any correlation between the ICBs and climate or environmental factors,
it could be a potential contributor to the variations in trends that hasobeenvedHowever, the
more likely explanation could be becausegasserrorsin the metdata entry at the stations. The
key note to all these sceras is that the pseudoranyeBs are difficult to model or effectively
mitigate when the hardware homogédy, in terms of receiveantennairmware version

combination, of a station is compromised.
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JAVAD TREGSTH DELTA stations : Firmware 3.4.7
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Figure 3.12 PseudorangelCB trend characteristics of 8 stations with the same firmware
versions, receiver andantenna types (JAVADTRE_G3T DELTA, JAV_RINGANT_G3 and
3.4.7, respectively) but different antenna types and firmware versions.

Site Receiver type Antenna type Firmware version

jog2
kit3

Ipgs JAVAD TRE_G3TH | JAV_RINGANT G3TH DELTA 3.4.7
nurk

obe4
ous?2

pots
rio2

Table 3.11. Pseudorange ICB trend characteristics of 8 stations with the same firmware
versions, receiver and antenna types (MADTRE_G3T DELTA, JAV_RINGANT_G3 and
3.4.7 respectively) but different antenna types and firmware versions.
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3.4 Pseudorange ICBs and impact on PPP convergence

3.4.1 GLONASS-only PPP after 20 minutes

The impact of the pseudorange ICBs on PPP convergence can yeednalthe first few
minutes of PPP processing when the pseudorange measurements dominate the solution before the
carrierphase take over. In determining the impact that the pseudorange ICB calibration has on
PPP, initial convergence periods of 5, 10ah8l 20 minutes were considered in GLONASSy
PPP and GP$ GLONASS PPP, using 350 IGS stations of 2500 datasets.

Figure 3.13 shows the effect of the pseudorange ICBs on the initial convergence of
GLONASSonly PPP solutions in the first 5 minutes, befarel after calibration. During the 5
minute convergence period, only the pseudorange measurements are used in the first few minutes
before the carriephases dominate the solution. Without calibrating out the ICBs as shown in
Figure3.13a), 1, 4, 16 and7Rs of the stations had a horizontal error up to 25, 50, 75 and 100 cm,
respectivelyBy calibrating the pseudorange ICBs, 1, 9, 23 and 32% of the stations had a horizontal
error up to 25, 50, 75 and 100 craspectively. The vertical error, before calibmat as shown in
Figure3.13b), had 1, 6, 15 and 13% of the stations with an error which equals or less than 25, 50,
75 and 100 cm, respectively. After calibration, 1, 5, 17, and 19% of the stations had a vertical error
of 25, 50, 75 and 100 cm, respeetiv In the horizontal component, after calibration, an
improvement of 5% is observed considering a horizontal error of 50 cm. No improvement was

observed for the vertical component considering a vertical error of 50 cm.
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Figure 3.13: Horizontal and vertical error histogram of GLONASS PPP in the first 5 minutes
of a 24 hour solution before and after pseudorange ICB calibration(a) Horizontal error
histogram before and after calibration (b) Vertical error histogram before and after

calibration.
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Considering a 10 minute convergence period as shown in RBdl4e2, 16, 23 and 17%
of the stations had a horizontal error which equals or less than 25, 50, 75 and 100 cm, respectively,
without pseudorangeCB calibration. However, 3, 12, 21 and 15% of the stations had a vertical
error that was less than or equal to 25, 50, 75 and 100 cm, respectively.

Upon calibration of the pseudorange ICBs, 1, 18, 35 and 21% of the stations had a
horizontal error less timaor equal to 25, 50, 75 and 100 cm, respectively. In the horizontal
component, after calibration, an improvement of 2% is observed considering a horizontal error of
50 cm. The vertical component also improwvesignificantlyby 1% considering a verticatrer
of 50 cm.

A 15 minute convergence period was also considered where, 4, 20, 27 and 17% of the
stations had a horizontal error which equals or less than 25, 50, 75 and 100 cm, respectively,
without pseudorange ICB calibration. 3, 19, 22, and 18% oftéteons also had a vertical error
that was less than or equal to 25, 50, 75 and 100 cm, respectively. By calibrating out the
pseudorange ICBs, 1, 30, 38, and 14% of the stations had a horizontal error less than or equal to
25, 50, 75 and 100 cm, respeetiv 3, 20, 27 and 21% of the stations had a vertical error less than
or equal to 25, 50, 75 and 100 cm, respectively. In the horizontal component, after calibration, an
improvement of 10% is observed considering a horizontal error of 50 cm. The vemigadreent
also improved by 1% considering a vertical error of 50 cm. Figures 3.15(a) and (b) illustrate the

results before and after calibration of the pseudorange ICBs in the first 15 minutes.
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Figure 3.14: Horizontal and vertical error histogram of GLONASS PPP in the first 10
minutes of a 24 hour solution before and after pseudorange ICB calibratiorfa) Horizontal

error histogram before and after calibration (b) Vertical error histogram before and after
calibration.
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error histogram before and after calibration (b) Vertical error histogram before and after
calibration.
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Figure 3.16 shows the effect of the pseudorange ICBs on the initial convergence of
GLONASS PPP solutions in the first 20 minutes, before and aftératdin. Without calibrating
out the ICBs as shown in Figuglga), 1, 25, 27 and 16% of the stations had a horizontal error
up to 25, 50, 75 and 100 cm, respectively. By calibrating out the pseudorange ICBs, 7, 44, 31 and
14% of the stations had a hagal error of 25, 50, 75 and 100 cm, respectively. The vertical
error, before calibration, as shown in Fig8rg&gb), had 1, 25, 22 and 17% of the stations with an
error which is less than or equal to 25, 50, 75 and 100 cm, respectively. After calibBai2®,

33 and 20% of the stations had a vertical error of 25, 50, 75 and 100 cm, respectively. In the
horizontal component, after calibration, an improvement of 13% is observed considering a
horizontal error of 50 cm. The vertical component also impidwe2 % considering a vertical

error of 50 cm.

In summarythe results presented indicate that the GLONASS pseudorange ICBs impact
the performance of GNSS PPP, especially in the first few minutes. GLONASS pseudorange ICBs
can reach up to several metrdsjd they cannot be ignored because they have an impact in the
accuracy of PPP solutiongn the first 20 minutes, the horizontal and vertical components
improved by an average ©8% and1%, respectivelyconsidering a horizontal and vertical error
of 50 an. The significance of these improvements become evident when resolving ambiguities
within the first few minutes when the pseudorange measurements dominate the solution in

GLONASSonly PPP processing.
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Figure 3.16. Horizontal and vertical error histogram of GLONASS PPP in the first 20
minutes of a 24 hour solution before and after pseudorange ICB calibratiorfa) Horizontal
error histogram before and after calibration (b) Vertical error histogram before and after
calibration.
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3.4.2 3D convergence analysis of GPS-only, GLONASS-only and GPS +
GLONASS PPP after 15 minutes

A tight convergence constraint was placed in analyzing the effect of ICBs, before and after
calibration in GPS + GLONASS PPP. A 20 cm cergence threshold in the first 15 minutes was
chosen with the aim of investigating how the calibraiwbrthe ICBs can potentially assist in
resolving ambiguities in the shortest possible time. Figuréshows the effect of the pseudorange
ICBs on the intial convergence ofGPSonly, GLONASSonly and GPS+GLONASS PPP
solutions in the first 5 minutes, before and after calibration. 19 % gbth#ons convergewithin
5 minutes for GPS PPP solutions with and without the ICB calibration. Without caliboatitiye
ICBs for GLONASS PPP7 % of thesolutions converge After calibration, there was a 3%
improvement in the convergence rate. 22 and 26% ofsttations converge for GPS +
GLONASS PPP before and after calibration. In general, the improvemeninsées first 5
minutes was less than 5% which was significantly low.

Figure 3.18 shows the effect of the pseudorange ICBs on the initial convergence of
combined GNSS PPP solutions in the first 10 minutes, before and after calibration. 51% of the
solutions convergd within 10 minutes for GPS PPP solutions with and without the ICB
calibration. Without calibrating out the ICBs for GLONASS PPP, 34% ofdhdions converge
After calibration, there was a 7% improvement in the convergence rate. 57 and Gh&o of
solutions converge for GPS + GLONASS PPP before and after calibration. In general, the

improvement seen in the first 10 minutes was about 6%.
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Figure 3.17: Histogram showing convergence of GR8nly, GLONASSonly and GPS +
GLONASS PPP in the first 5 minutes of 24 hour solutions for 350 IGS stations before and
after pseudorange ICB calibration. Datasets were processed in static mode.
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Figure 3.18 Histogram showing convergence of GR®&nly, GLONASS-only and GPS +
GLONASS PPP in the first 10 minutes of 24 hour solutions for 350 IGS stations before and
after pseudorange ICB calibration. Datasets were processed in static mode.

80



Figure 3.19 shows the effect of thpseudorange ICBs in the fir$6 minutes, before and after
calibration.69 % of thesolutions convergewithin 15 minutes for GPS PPP solutions with and
without the ICB calibration. Without calibrating out the ICBs for GLONASS BRPbo of the
solutions cavergeal. After calibration, there was@% improvement in the convergence rat8.
and82% of thesolutions convergeéfor GPS + GLONASS PPP before and after calibration. In

general, the improvement seen in the flisminutesvas4%.
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Figure 3.19: Histogram showing convergence of GP®nly, GLONASS-only and GPS +
GLONASS PPP in the first 5 minutes of 24 hour solutions for 350 IGS stations before and
after pseudorange ICB calibration. Datasets were processéul static mode.

In summary, mproving the convergence period of GNSS PPP is critical for various
applications likeprecision agriculture, hydrographic surveying and remote sensing. Given that
GLONASSobservationsireaffected by intefrequency biases, tlegfect of the pseudorange ICBs

on convergence period was investigated in GLONA8Y PPP and GPS + GLONASS PPP
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solutions.Time intervals of 5, 10 and 15 minutes were considered for the analysis because of the
dominance of the pseudorange measurementsmiihat time period.After calibration of the
GLONASS pseudorange ICB&gre was aaveragemprovement of 5% and 4% in the percentage

of datasets that converged for GLONASBSY PPP and GPS + GLONASS PPP, respectively.

3.5 Effects of averaged and daily ICBs

The use of average ICB estimates over days to calibrate out the effect of these biases has
proved beneficial, but not without some limitations. From the previous section, it has been
observed that the uncertainties of the biases can be greater thamirtregteel ICBs given the
observation data and the length of the days averaged. The quality of the measurements at a station
is vital to the estimation of the ICBs. However, the alternative is to estimate the ICBs by taking
into consideration, not only thauglity of the observations, but the Agtellite common mean
error affecting thestations on a particular day. The error can be easily determined and calibrated
out as shown in equatioh8. However, it is interesting to note the characteristics of the AC
satellite common mean error with regards to pseudorangearrieiphase measurements of 350
IGS stations, averaged over 7 days. Figu@0illustrates the characteristics of the A€atellite
common mean error in relation to the GLONASS frequency chanumeber, of the pseudorange
and carrietphase measurements respectively. There is a correlation of the errors for the
pseudorange measurements with the GLONASS frequency channel numbers which reflects the
fact that the errors are similar on all the GLONAS&ellites irrespective of the antipodal nature

of the GLONASS satellite pairs.
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Figure 3.20: Correlation between the AC-satellite common mean errors and GLONASS
satellite frequency number for pseudorangeéCB calibration.

3.6 Summary

In thischapterthe GLONASS pseudorange ICBs westimated foB50IGS stations with
varied receiveantenna type combination§he followingconclusions could be drawn from the
resultspresentedfirst, though theGLONASS pseud@nge ICBs remain stable over tiithe
magnitude of the uncertainties is abb% t030% of the ICB estimate which makes it a challenge
in accurately calibrating them out implies that there may be other biases inherent in the
estimated ICBs that haveot been accounted foBecond,there is a correlation between the
GLONASSpseudorange ICBs of statioasd various receiver types, antenna types and firmware

versions The more homogeneous a group of stations are, in terms of receiveanygena type
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and firmware version, the more correlated the pseudorange ICBs are with the GLONASS
frequency numbers.Different scenarios were presented to show how the correlations of a
heterogeneous or homogeneous network of stations affect the calibration of the GEONA
pseudorange ICBg hird, the impact of GLONASS pseudorange ICB calibration on GNSS PPP
processing was investiggl. The improvements seen in the horizontal and vertical components as
well as convergence period, indicate that the presence of biasegyudicastly impact the
performance of GNSS PPP processlhi essential that the biasesmitigated,especially in the
resolution of float ambiguities which is critical in the first few minutes of GNSS PPP solutions.
Fourth, the AC-satellite common nan error wasestimated which strongly correlated with the
GLONASS frequency channel numbers. The correlation indicated an alternative way of estimating

the daily GLONASS pseudorange ICBs, rather than averaging over days.
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Chapter 4
Conclusions and Recommendations

With the emergence of GLONASS, GALILEO aBeiDou satellite constellations, PPP
hasor will achievebetter solution quality and accuracy due to more available signals, better
geometry of satellites In challengingscenariosfor instanceurban areasgeeppit mines and
canyons, th&NSSsignalsbecome compromised as the signal reception is affected due to bad line
of sight andmultipath interferenceVNith the expanding muklsatellite constellations, there is the
possibility of choice, in preferring the &teand strong signals over the weak ones, in order to
maintain better solution quality. The availability of more matinstellational satellites and
signals means the ability to achieve better positional accuracy without the worry of ssitgilkite
interruptions

However, the interoperability amotige GNSS constellations presehallenges that have
to be dealt withThere are clear and discernible differences between the satellite constellations
with regards to thie signal structure The question ointerchangeability is raised due to these
differences in the signals. As a product of the complexity of the signal structure, from different
satellite constellations, there are biases to be considered ¥&NEBS PPP should reach optimal
accuracy.

As ameans of addressing the above problems, it was the primary objective of this research
to commence the development of the comphetdti-GNSS PPP software architectuvéth the

aim of estimating or modelling alignificantGNSS biases. Thepproachs not only a step closer
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in achieving signal interchangeability among the GNSS constellations, butgisaving the
solution integrity, quality and accuracy of m«BNSS PPP processing.

Also presentedn this study ighe estimation and calibration olLGNASS pseudorange
ICBs based on receiver and anterypes through the developing a GNSS (GPS and GLONASS)
PPP software which meets scientific standards, compared to existing PPP services.

The York GNSS PPP software processor was developed in ANSI Gigudage on the
Microsoft. NET platform, with over 100 functions grouped in classes. Using MATLAB for
statistical analysis, a total of ov&r,000lines of C++ and MATLAB lines codes were writtby
the authorThe goal of the objedariented structure of thgrocessor was to maintain a robust and
scalable software framework, with the concept of adding more GNSS satellite constellations in the

near future.

4.1 Conclusions

4.1.1 Performance of GNSS PPP

In ascertaining that th&ork GNSS PPP processor met scientifianstards, it was
compared to four online PPP services. Employing combined GPS and GLONASS PPP processing
of 40 stations over a week data, the results showed th#btkeGNSS PPP processor differed in
millimetres from the online PPP services.

To furtherassess the performance of tfierk GNSS PPP software packa@ép stations
distributed globallypneweek data, were processed in Gétly, GLONASSonly and combined

GPS and GLONASS PPP processing modibes.overalimswasl, 1 and3 mmin thenorth, east
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and up omponents, respectively, for Gfe8ly PPP;2, 2 and3 mmin the north, eastand up
componentsrespectively, forGLONASSonly PPP;1, 1 and2 mmin the north, eastand up

componentsrespectively, for combined GPS and GLONASS PPP

4.1.2 GLONASS pseudorange ICBs in relation to PPP

With the possibility of a few GPS satellites being tracked, GLONASS observations become
necessary in combined GPS and GLONASS PPP. However, each GLONASS satellite transmits
with a different frequency that introduces interquerty biases. The concentration on the
estimation and calibration of pseudorange ICBs and its effects on GNSS PPP is needed with
regards to combined GPS and GLONASS PPP. The overall rms of GLONASS PPP before and
after the pseudorange ICB calibration were yred considering the convergence periods of 5, 10,

15, and 20 minuteS.able4.1 shows the rms of 350 IGS stations used in static GLONASS PPP
processing for the first 20 minutes. There was a 17% and 19% improvement in the rms of the
horizontal and verticalomponentsrespectively, after calibration of the ICBs. The 3D component
also improved by 20%.

25% of the stations processed had a horizontal and vertical error that was less or equal to
50 cm before the pseudorange ICB calibration with 20 minutes aqenes. However, after
calibrating out the pseudorange ICBs, the percentage of stations that had horizontal and vertical
errors less or equal to 50 cm improved by 19% and 1%, respectively. By calibrating out the
pseudorange ICBs, the horizontal accuracGbONASSonly PPP is significantly improved in

the first few minutes of a 24 hour solution, but not in terms of vertical accuracy.
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Component max mean rms

Horizontal 61 16 58

Before Vertical 58 11 68
3D 72 20 96

Horizontal 31 10 48

After Vertical 73 11 55
3D 79 16 77

Table 4.1: 20 minutes solution produced byrork GNSS PPP from 24 hour datasets from 350
sites for DOY 195201, processed in static mode for a total sample size of 2500. All units are
in centimetres.

4.1.3 Characteristics and effects of GLONASS pseudorange ICBs

350 receiver stations, from 32 receiver manufacturers capable of processing GPS and
GLONASS, were used in the estimation and calibrations oGIh®NASS pseudorange ICBs.
The conclusios involve the fact that the GLONASS ICBs are stable over time. The stability of
the pseudorange ICBs provide an advantage in calibrating them out as it can behzdrthare
is not much variatiofirom dayto-day. There is also a strong correlation kedw the ICBs, the
same receiver type and firmware versions. However, there is little correlation between different
receiver firmware versions and the pseudorange ICBs. There is, however, a correlation between
the different antenna types and the GLONASE&rfrequency channel numbers. There were trend
patterns, both linear and quadratic, that exist between the pseudorange ICBs and the GLONASS
channel numbers, in relation to the receiver types, receiver firmveasgons and the antenna

types. Small variatims in the order of a few millimetres, were observed in the ICBs with
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heterogeneous combination of recet@atenna combinations as well as firmware versions. Given
that each GLONASS satellite transmits at a different frequency, the magnitude of the IZBs va
from satellite to satellite.

Organizations, such as IGS, are recommended to provide the ICB products for calibration
based on each GLONASS PRN and frequency, as well as the receiver type, antenna type and
firmware versionAs a novelalternativeappro@h, the AGsatellite common errors can be made
into a product and subtracted from the daily ICB estimations iredsquaresadjustment
processAs presented in this work, there is a correlation betweeg#€llite common mean errors
and the GLONASSaellite frequency numbers. The correlation implies that the same common
satellite error can be subtracted from the daily ICB estimates for two antipodal GLONASS

satellites to obtained refined ICB estimates.

4.2 Recommendations for future research

This study is a commencement to a grand idea of involving all available GNSS satellite
constellations, conducting experiments with the aim of improving or solving current and pertinent
research problems affecting the GNSS community. Some recommendations are thexd&ie

this section for potential future contributions.

4.2.1 Multi-GNSS PPP processing

GPS, GLONASS, GALILEO an@eiDou offers many advantages to the PR eser.
These advantages rarfgem increased number of visible satellites, stronger signals and satund

observations, to improved solution position accuracy, reliability, integrity and availaibhity.
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reseach has already broken groundn t he i mpl ement at i onsoftwhre a fAco

architecture. The near future would see the expansion 8fatkeGNSS PPP processor into a full
functioning software package capable of processimgyallable satellite constellatiortsowever,

there are existing problems to consider when it comes to GNSS interoperability. These limiting
issues include solving fahe system time offsets between the GNSS constellations which presents
itself as a bias to be dealt with. Other biases exist, both from the GNSS satellite constellations and
the user receiver ends, which has to be solved.i§3ue of dealing with equignt biasess one

of the primary near future goals to be solved to further improve-cot@patibility between the

GNSS satellite constellations.

4.2.2 Real-time GNSS PPP processing

Network RTK undoubtedly provides the best accuracy in positioning and isnthyrre
available and used in a broad range of applications. However, it is a disadvantage in building and
maintaining the reference station network. The requirement and need to maintain communication
between the stationary reference station and the rovaajver, can also become a probleks.
convenient as network RTK is, there are scenarios where a reference station or mobile network
may not be visible. Du® such cases, the use of reale GNSS PPP is fast developing and serves
as a potential alternativto network RTK with low cost maintenanceTwo main problems are
presented wth the use of GNSS PPP in ramhe. The first issue has to do with the fact that GNSS
PPP, in general, depends on the use of satellite clock and orbit information to achisatea

solutions.The predicted satellite bt and clock products for reéime positioning reduces the
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accuracy of lte solution as compared to p@sbcessinglt is a problemwhich is going to be
compounded in the near future when all GNSS satellitstetiations are considered, given inter
satellite constellation biases that exists between them. The secondeisdes tolatency and
convergence perigdvhich depends on theroadcast and quality of the satellite information
respectively.

Work has aleady began in the expansion of @k GNSS PPP processor to handlereal
time data processing optionBhrough the NTRIP casters, thesaktime precise satellite orbits and

clock corrections would be transmittextjether withatmospheric corrections

4.2.3 GNSS Ambiguity Resolution

Over the past few yearsjuch research has gondadrinteger ambiguity resolution of
carrierphase obsertimns Ambiguity resolution in GNSS PPP processing has become a focal
point in researchdue to the many challenges presentegdaose of the expanding satellite
constellations and the complexity of the signal structiNes:intege biases are usually tigated
significantly in doubledifferencing processing but are a major challenge in GNSS PPP,
consideing that undifferenced ceier-phase observations are us@tle problem exists because
of thefractionalcycle biases in the GNSS observations that are absorbed into-diféeuenced
float ambiguity estimates, preventing the estimates to naturally converge to ingersf tke
primary goals in the near future is the estimation of the GNSS biases affectrayribephase

measurements coming from different satellite constellations. The aim will be to isolate these biases
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in processing through modelling and calibration, legdmshorterconvergence periodsear

integerrealistic float ambiguities
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Appendi ces

Appendix A: Flowchart of GNSS RINEX readers design and operation
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Appendix B: Structure of GNSS RINEX reader for different GNSSs
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RINEX file
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Appendix C: Structure of decoders for RINEX combined GNSS data files
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Appendix D: Functions included in the GNSS RINEX reader class

Function FileType Thisfunctionidentifiesthe input file type. It rusvarious checks to ascertain
the validity of the input fileas well as the observation types in it. In the case of invalidity, $ run
diagnosticdo determinghe causes and repstd aror logs.The following figureillustratesthe

structure of this function.

/ Chegks \

N

RINEX check

v

ANTEX check

v

SP3 check /¥>
Fllegype Error logging
i valid?

DCB solution check

|

SINEX check

v

Constellation status check “

o /

Function readRINEXObsHeader This function reads a RINEX observation headelt has a
detailed structure to both save and read the data based orNBX Rérsions (2.11, 2.12 and

3.01). Error logging functionalities are included.

103



Function readRINEXObg£poch: This function reads a RINEX observation epoch.hias a
detailed data structure based on the observable types and the ability to change processing d

(either forward or backward). Error logging functionalitéeeincluded.

A

Update SVN

l

Check for the satellite
position in the previous
epoch

Satellite
position
changed?

Report to cycle slip
detection functionalities

Confirm satellite position

}

Detect new satellite

‘ »
>

Function readRinexNavFile This function reasl a RINEX navigation file based a given

filename(s). Therare developedtrucuresfor the saving of the read data whie parsed to the

output functionalities.
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Appendix E: RTCM reader design
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Appendix F: General structure of the GNSS RINEX clock reader
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Appendix G:

General structure of the GNSS RINEX IONEX reader

Start

v

Input

IONEX file (.inx)

Prompt user

about file
existence
No T
File exists?
Yes

IONEX file reader

<

IONEX header
line read

End of
header?

item

Skip information |

Header
information
available?

Extract clock
header
information

Message log

y

End of
observation
body?

RINEX IONEX data
section line read

item

Skip information |

Broken
records?

No

Extract clock
observation body
information

Message log

Output

» Data file and observation

body log

107




Appendix H: General structure of the GNSS RINEX ANTEX reader
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Appendix I: General structure of the GNSS RINEX precise satellite orbits and

clocks reader
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Appendix J: General structure of the GNSS RINEX ocean loading reader
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Appendix K: Class Atmospheric Refraction

Function ionoKlobucharModel This functioncomputesthe ionospheric correction using the

Klobuchar modelThe flowchart belowllustratesthe structure of the function.

v
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Function tropoCorrectionModel This function computes nominaénithpath delaywalues and
mappingfunction valuesised to obtain the tropospheric correction depending on the input options.
Essatial parameters which serve as input to this function are the 3D position vector of the station,
elevation of the statioratellitepair, wet mappindunction(relates to the vertical delay with slant

delay), zenith tropospheric delay and the troposplstaitt correction. The flowchaittustrates

the structure of the function.

v
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v
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!
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Appendix L: Antenna types and GLONASS pseudorange ICBs
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Antenna ASHTOOQBBDM stations
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Appendix M: GLONASS pseudorange ICBs as a function of receiver firmware

versions

JPS EGGDT stations : Firmware 2.7.0
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JPS LEGACY stations : Firmware 2.6.1
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LEICA GRX1200GGPRO stations : Firmware 8.10
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ICB[m]

Appendix N: GLONASS pseudorange ICBs from DOY 195 to 201 in 2013 for PRN
33 to 56 at sample stations
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ICBs of Days 1 to 7 per Station for PRN : 34
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ICBs of Days 1 to 7 per Station for PRN : 41
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