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ABSTRACT

The new GNSS constellations such as Galileo and BeiDou being planned and launched will
resut in a greatly increased number of available ranging sources, hence, improvement in
constellation geometry and coveragéhen using signals from multiple constellations, however,
the challenges are not only to maximize the benefit from the additionahgastgservationdut

also to deal with the differences among satellite systems such as theffietebetween the
constellatios. Also, challengs exist when using the ranging signal in GNSS degraded
environmerg where GNSS users potentially sadimited number of satellites from multiple
GNSS constellationg his workinvestigats the accuracy and reliably of position solutions when
using ranging signals fromombined GPS, GLONASS, BeiDou and Galileo constellations
urban environments. Furthermore stistudy assesses the benefits of using a priori-gysem

clock-offset information.

The positioning performance of multiple GNSS constellatiohas beenexamined through
covariance simulation and with live dafehe benefit of using a priori cloetffset constraints
has been demonstratell. has been found that the benefits of usigpriori clock-offset
constraintgo help enhance the availability of positiariigions andault detection and exclusion
capabilitiesare particularly significanivhen tle receiveis located in areas whefienited GNSS

signals are available such as in the urbanyonenvironment.
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CHAPTER ONE: BACKGRO UND AND INTRODUCTION

New Global Navigation Satellite System (GNSS) constellations suGalleo andBeiDou are

either nearing completion or on their way to deployment and will provide promising
improvements to the satellite navigation users. As a resultaoéased numbers of available
satellites, mor@anging observationsmprovedusersatellite geometryandincreaseccoverage

can be expected in open sky environments as well as in locations with degraded GNSS signals.
When using signals from multiple cdeBations, however, the challenges are not only to
maximize the benefit from the additional rangiogservationsbut also to deal with the
differences among satellite systems such as thedffeet between the systems when working

without differential corections.

When GNSS is used asstandalone navigation system in safetgtical or liability-critical
applications, the aspects related to GNSS measurement reliability need to be properly addressed
and the envionment in which the receiveoperats ako needsto be consideredThe
performance of receivers in open sky conditions is well understamweverchallengs exist

when using the ranging signal in GNSS degraded envirosment

The overall goal of this work is to investigate the reliability @& position solution using ranging
signals from combined GPS, GLONASS, BeiDou and Galileo constellations. The aim of this
study is also to examine the benefits of using a priori etdtdet constraints when computing

position solutions with signals from ttiple GNSS constellations.



The following subsections present a brief introduction to the use of multiple GNSS
constellations, GNSS orbital structure and integrity requirement when using satellite navigation.
Moreover, the challenges involved usimmilti-constellation GNSS$o obtain position solution

are also discussed.

1.1  Multi -constellation GNSS and GNSS Modernization

The modernization of GNSS provides promising improvements to satellite navigation users
across the globe. The new GNSS constellatiosh s Galileo and BeiDou being planned and
launched will result in a greatly increased number of available ranging sources, hence,

improvement in constellation geometry and coverage.

The aviation industry sees a great potential in the use of moderniz88 GNircraft navigation.

In 2006, theFederal AviationAdministration (FAA) had establisheithe GNSS Evolutionary
Architecture Study (GEAS) Panel with the aim to explore the possibility of using new GNSS
systems to provide robust aircraft navigation esworldwide (Lee & Cashin 201Q)Taking
advantages of muitgonstellation GNSS and increasing number of ranging sourcesuch
researchBlanchet al.2013 Lee & Cashin 2010Neri et al. 2011Walter et al.2013 Walter et

al. 2008) had been carried dwith the aim to use GNSS for aircraft navigation durihg
critical phass of flight (such as final approachyith stringent requiremesthat hae not been

met before. Withadditionalsatellites in orbit, the improvement positioningaccuracy is also
expected in environmeswvith degraded GNSS sigrsaduch as/ehicleand pedestrianavigation

in dense foliage or irurbarcanyors. With the increasing number of satellite constellations,



however, the challenge of the GNSS navigation is to deal withitfezethces among satellite

systems as well as to maximize the benefit from the additional signal sdteoeet al.2011)

1.2 GNSS Constellations
The following sections describe GPS, GLONASS, Galileo and BeiDou orbital parameters
including reference ardinate system and reference time adopted by each system. A brief

history of the development of each of the GNSS constellations is also discussed.

1.21 GPS

The core constellation of the American Global Positioning System (GPS) is composed of 24
satelltes evenly spread across 6 orbital planes. The GPS underwent a constellation expansion
which was completed in June 2011 resulting in a new baseline constellation of 27 satellites
(GPS.GOV2013%). Currently, there are approximately 30 healthy GPS satetlisgsmitting

signals. With a designed orbital inclination angle of &&d orbital altitude of approximately
20,2 km, the GPS satellites have an orbital period of approximately 11 hours 58 minutes and a
repeat geometry period of one sidemay Bhatta2011, GPSGOV 2013b, Van Diggelen 2003

GPS adopts th&Vorld Geodetic System 1984 (WGS)84s reference coordinatsystem(1S-

GPS200G 2012).

The first generation of operational GPS satellites, known as Block Il satellites, were launched
starting in B89 andtransmited L1 Coarse/Acquisition (C/A) code for civil useass well as L1

and L2 Precision P(Y) codes for military users. Thatral frequeriesfor L1 and L2 signals are
1575.42 MHz and 1227.60IHz respectively. The Block lIAthe upgrade versioof Block II,

3



ZDV ILUVW ODXQFKHG LQ DQG WUDQVPLWWHG WKH VDPH
stands foradvancedversion of Block Il. The GPS Block IIR which was first launched in July

1997 was produced to replace the degraded or aged Blo,, ,,$ VHULHVY KHQFH WKH
stands forreplenishment An onboard clock monitoring feature had been implemented in this
satellite series. In September 2005, the first upgraded version of Block IIR, known as Block IIR

0 ZKHUH 30" VMmbi@iZuwasRflist launched. The Block Rl is the first satellite

seriesto trarsmit a second civilian GPS signdl, & 3&~ \WW\WbDoRilan), which kroadcasts

at higher effective power than the L1 C/A signal. Two new military signals which enhance jam
resistance are also transmitted by the BlockMRsatellites Bhatta 2011 GPSGOV 2013a

GPSGOV 201, IS-GPS200G 2012)

7KH ILUVW *36 % O RF N follgw-6) satelit©viasiatindRad in May 2010 and is the

first GPS satellite series taatrsmit a third civil signal at a frequency protected for sadédife
transportation 176.45 MH2 known as L5 signalThe L5 signal is transmitted at a higher
power than L2C signal and has greater bandwidth for improved multipath aregestance.

The improvement in Block IIF compared to the earlier GPS satellite series include the use of
more accurate onboard clocks and improved signal strength. Currently, the newest GPS series,
GPS Block l1ll, are in the development phase with first launches expec#@l4. The fourth

civilian GPS signal, L1C, which was designed for international GNSS interoperability as well as
aeronautical radio navigation is planned to be transmitted by GPS BlocBh#tté 2011
GPSGOV 20133 GPSGOV 2013b,IS-GPS200G 2012 IS-GPS800C 2012 IS-GPS705C

2012 Lockheed Martin Press Release 2012



1.2.2 GLONASS

7KH RULJLQDOO\ SODQQHG 5XVVLDQYYV *OREDO 1DYLJDWLRAQ
consists nominally of 2Medium Earth Orbit(MEO) satellites in 3 orbital plas with 8

satellites equally spacexpart in each plane. With the nominal orbiting altitude of 19,100 km at

64.8 inclination angle, the orbital period of GLONASSabout11l hours 15 minuteand the

ground track repeat geometry period is 7 days 23 haursi@utes (equal to 17 orbital periods)

(GLONASSICD 2008).

The full constellation was initially completed in 1995, consisting of the first generation
GLONASS satellites with a design operational-tifee of 3 years. Following that, however, due

to financial difficulties, the GLONASS constellation was not maintained. Also, the short life
span of GLONASS satellites meant that expensive and frequent launches were required to
maintain the complete constellation which was not possible during periodsrafifihdifficulty.

After the Russian economic recovery in the early 2000s, a plan to restore the GLONASS
constellation was established. The launch of the modernized Russian navigation satellites,
GLONASSM, commenced in 2003Bpatta 2011 The GLONASSM hasa design operating

life of 7 years and uses a more stable cl®&lkafta 2011GLONASSICD 2008).

In the early 2010s the compte constellation of 24 Russiaravigation satellite was restored.
The first of the latest generation of Russian navigatioslldéaf GLONASSK, was launched in
2011 and has a design hfiene of 10 years. One GLONASS satellite is currently being tested
in-orbit (Dumas2011, Inside GNSS2011 RussianFederal Space Agency 2012 redesigned
version of GLONASSK satellite knownas GLONASSK2 and a modernized GLONASS
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satellite known as GLONASEM are under research and developm@&wsvnivykh 2010. As of

May 2013, there are 29 satellites in the constellation with 24 operational, 4 spares, and 1 being
tested Russian Federal Spaé\gency 2013)The futureplan for GLONASS is to have a total of

30 satellites, 10n each orbital plane. There will be 24 operational angpérationalspares

(Bhatta 2011

The GLONASS satellietransmitin two bands, L1 and LHowever, unlike GPSGLONASS
uses Frequency Division Multiple Access (FDMA), meaning that each satellite transmits on its
own channel or suband. The subbands for L1 frequenes range from1598.0625 MHzto
1605.379 MHz with a 0.5625 MHz spacingthe nominal central frequeyngs at 1602.0 MHz
The subbandsfor L2 frequengesrange from 1242.9375 MHD 1248.628 MHz with a0.4375
MHz spacing the nominal central frequency is at 1246.0 MIG&.ONASSICD 2008. A new
signal in the L3 frequency band will be added to GLONASS&ellites Bhatta2011, Dumas
20171 Inside GNSS 2011 GLONASS used$7-90.02as systenreference framg GLONASS

ICD 2008)

1.2.3 Galileo

The European Galileo GNSS beingdeveloped in collaboration between the European Union
(EV) and the European Spacgéncy (ESA). The complete Galileo constellation will consist of
30 MEO satellites in three orbital planes at an inclination 6ff@6n the equatorial plané€ach
orbital plare consists of 10 satellites includir®y operational and 3 sparesbiting atanaltitude

of 23,222 km the orbital period is around 14 hoursand a repeat geometry period of
approximately 10 daysEachorbital plane will contain one activeparesatellite The inclination
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was chosen to ensuiraprovedcoverage over polar regiptheseregionsare not well covered by
the GPS systerdue to its lower orbital inclination ang(&SA 2013, ESA Fact Shee?013
Galileo ICD 2010 Van Diggelen 200). The Galileo satellites transmitted signah four
frequency bands: E1 4675.420 MHz, E6 at278.750 MHz, E5a at 1176.450 MHz and E5b at
0+] 7KH *DOLOHRYV ( DQG (D IUHTXHQFLHV DUH FRI
respectively(Galileo ICD 2010).The Galileosystemusesthe Galileo Terrestrial Reference

Frame(GTRF)(Galileo ICD 2010)

1.2.4 BeiDou

Theinitial phase ofChinese satellite navigation system BeiDou (Bb&)stellation isompose

of five Geostationary Earth Orbit (GEO) satield, fivelnclined Geosynchronous Orbit (IGSO)
satellites andour MEOs. This phase was completed thg end of October 2012. When fully
deployed, the BeiDou constellation will consistfise GEO satellite and thre65SO satellites to
provideenhancedavigation signain the AsiaPacificregion and27 MEO satellites to provide

globalpositoning servies(BDS-ICD 2012 Geet al.2012 He et al.2013 Zhaoet al. 2013.

The GEO satellites are positioned at 58&8BCE, 110.5E, 140E and 160E respectively and

are operating in orbit at an altitude of 35,786 km. The IGSO satellites are operatinig &t anb
altitude of 35,786 km at an inclination of 55° and the longitude bands of the IGSO range from
90’ to 125. The MEO BeiDou satelliterbits areat an altitude of 21,528 km with an inclination

of 55° and hae anorbital period of12 hours and 53 mites.The repeat geometry period of
MEO BeiDou is approximately seven daydl the BeiDou satellites transmit navigation signal

at three central frequencies which 4r661.098 MHz (B1), 1,207.140 MHz (B2) and 1,268.520
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MHz (B3) (BDS-ICD 2012 Heet al.2013 Van Diggelen2009. Accordingto BDSICD (2012,
China Satellite Navigation Office2012a) and China Satellite Navigation Offic@(q12h, the

BeiDousatellites adopt the China Geodetic Coordinate System 2000 (CGCS2000).

1.3  Universal Time Standard and GNSS Times

When using GNSS as navigation and positioning tool, ability to accurately and precisely measure
theelapsed time between transmissandreceptionof GNSS signals a critical factor to obtain
accurate position solution. This section prosgideief information regarding international time

standard anthe variousGNSS reference tinse

The Universal TimgUT) standard is a time scale which based on the rotation of the Earth. The
UT was introduced as an international time scale standarde &hethree forms of UT standard
which are UTO, UT1 and UT2. The UTO idime obtained from direct astronomical observation
(ITU-R TF.4605 1997) The UT1 is UTO corrected for the effect of the Earth motion relative to
the axis of rotation (polar variatiy, the UT1 is commonly known us a time based on Earth
rotation(ITU-R TF.4605 1997 Lewandowski & Arias 201)1 The UT2 is UT1 corrected for the

effects of a small seasonal fluctuation in the rate of the Earth rof&fidrR TF.4605 1997).

The Internaional Atomic TimgTemps Atomique InternationatTAI) was introduced after the
measurements with atomic standards firstaber possible in 1955 through the use of resonant
frequency of cesium atorfEssen & Parry 1955Guinot & Arias 2005 Lewandowski & Aras
2011). The origin of TAl was set on®1January 195§ITU-R TF.4605 1997, Lewandowski &

Arias 201). TAI is a continuous atomic time scale which calculated at the International Bureau
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of Weights and Measures (Bureau International des Poids et MesBiB#) using data from

some 200 atomic clocks in over 50 national laboratories around the (B&PiEl 2013).

The Universal Time Coordinate(JTC) is an atomic time scale maintained by the BIAMe

UTC is adjusted to ensure approximate agreement with Bn integer leap second adjustment

is performed on UTC upon a recommendation by the International Earth Rotation and Reference
6\VWHPV 6HUYLFH , (56 EDVHG RQ DVWURQRPLFDO REVHU"
difference between UTC from UT1 will hexceed 0.9exondsUTC is based on the continuous

TAI time scale but differs from it by a number of leap seco(ldéJ-R TF.4605 1997,
Lewandowski & Arias 2011 Local realization®f UTC havebeencomputed andremaintained

at a regional levelincluding the local representation dJTC maintaired by the U.S. Naval
Observatory, UTC (USNO); UT@aintaired by National Time Scale of Russian Federation,

UTC (SU); andthe local representation diTC maintaired by National Time Service Center,
China Academ of Science UTC (NTSC). The difference between the UTC anthe local

representations &JTC areillustrated in Figure 1.1.
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Figure 1.1: The short term (top) and long term (bottom) difference betwdé&hand local

representatia of UTC (BIPM 2013a)

As previously mentioned, the ability to accurately measure time is essential in order to obtain
accurate position solution when using GNSS. Each GNSS are required to have reference time
scale. The following subsections describe GPSLONASS, Galileo and BeiDou system

reference time.
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1.3.1 GPSTime

The GPS system uses the GPS time (GPST) standard which increments from a reference epoch
starting at midnight on the night of"5January 1980 and morning of’ 6lanuary 1980n
Universa Time Coordinated as maintaineg the U.S. Naval Observatory, UTC (USNQOhe
GPSTis maintained by the Master Control Station (MCS) of the Control Segment ({D&ke

the UTC (USNO) which applies integer leap second corrections, the GPS time standatesope
on a continuous time sca(¢S-GPS200G 2012).The difference between the UTC and UTC
(USNO) is illustrated in Figure 1.The Operational Control System (OG&epsthe GPS time
scale to be within 1 Wof UTC (USNO), modulo 1 scond Over the past few years, however, the
difference between GPST amdifC (USNO) had been within tens of nanoseco(i8&GPS
200G 2012 Lewandowski & Aras 201). Data between 1999 and 2005 show that (BBS
average daily clck stability is within 3HL0™* most of the time for Block IIR satellites and within

1 HLO™ for Block II/IIA satellites Phelaret. al. 2005)

1.3.2 GLONASSTIme

GLONASS adopts GLONASS Ithe (GLONASST) as reference time which is based on the
National Time Scale of Russian FederatjiodTC (SU) with integer second correctisnThis
means that therareno integersecond difference between GLONASS time and UTC (SU), there
is, however, a constant thrbeur diffeeence between these time scalHse differencébetween

the UTC and UTC (SU) is illustrated in Figure 1the difference between GLONASST and
UTC (SU) are kept within 1 V GLONASSICD 2008 Lewandowski & Arias 2011 An
accuracy of the synchronization of GLONASS time scale is within 20 ns for GLONMA&S8 ns

for the GLONASSM satellites The GLONASS and GLONASS/ satellites havedaily
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instability notworse than 510" and1 HLO*® respectivel{GLONASSICD 2008. The planned
GLONASSM navigation message will also transmit corrections and paramedated to
differences between GP&d GLONASS timg the difference between these time scades

targeted tde maintainedwithin 30 ns (GLONASSCD 2008)

1.3.3 GalileoTime

The Galileosystemadops Galileo System Time (GST) as reference time whschenerated by
the Precise Timing Facility (PTF) at the Galileo Control Centre in Fudiaky, (ESA 2013b
Inside GNSS 2013 The Galileo System Time initial epoch is at midnight betweet &@id 22°
August 1999. At the start epoch, the GST was ahead of kM T3 seconds, the GST& a
continuous time withouteap second adjustmen{Galileo ICD 2010).The Galileo time is
derived independently ehe UTC asmaintained byBIPM. The offset between these two times
continuously being monitored (ESA 2012a)d he Galileosystemtiming accuracy with respect
to the UTC will be within 30 n§ESA 2002) The offset between the GPS and Galileo time,
known as GP&salileo timeoffset (GGTO),is calculated on a continuous basis by PTF and the
GST and GPS®&re kept within50 ns(ESA 2013b,Inside GNSS 2013 Galileo will broadcast
both GST-GPS and GSUTC conversion parameters its navigationmessag&Galileo ICD

2010.

1.3.4 BeiDouTime

The reference time for the BeiDou system is BeiDou Time (BDT) which is a consirtumna
without leap secorsd The BDT is related to the Universal Tin@oordinated through UTC
(NTSC) which is a UTC time maintained by National Time Service Center, China Agaifem
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Science.The difference between the UTC and UTC (NTSCagdlustrated n Figure 1.1The
BDT time offset with respect to UTC will be maintained within 100 m®dulo 1 secondlhe
start epoch of BDT waat 00:00:00 on ¥ January 2006 UTCThe planned BeiDou navigation
message will broadcast time parameters irgJaBDT to UTC, GPS, GLONASS and Galileo
time, the accuraciesf the broadcastffset parameters are howevapot stated in the current

BeiDou ICD BDS-ICD 2012 China Satellite Navigation Offic2012b).

Finally, it should be noted that each of the GNSS system tirras@rely averages of all of the
clocks involved in the system (both on the satellites and in the ground control stations) that are
computed after the fact and comparedethlocal representation oUTC which itself is an
average of an ensemble of clocksich GNSS satellite clock has its own error with respect to its
GNSS systemeferencdime. Each GNSS system reference time has its own error with respect to
its local representation of UTC and each local representation of UTC has its own error with
respet to UTC maintained by BIPMThe differences between GNSS satellite clocks and the
corresponding GNSS system time can be computed from global tracking data and can also be
predicted. Prediction is done by the operational control segments of each GN&fririoo
include clock error parameters in the ephemeris messages. Prediction and post processing are
also undertaken by national and international agencies including the International GNSS Service
(IGS) which produces predicted and various levels of-pussion clock products, as well as by
commercial service providers needing to provide better clock error values to enable positioning
and/or precise timing service€urrently, the IGSeattime serviceprovidesGPSonly clock
correctiors. The GPS and GLONSS correctios arein an experimental stage and correcson

for Galileo and BeiDou are not currently availagéS 2013)
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14  Inter-system Timeoffset Issue

Although the use of multiple GNS&®nstellatios can leado improvements imeceiversatellite
geometry and availabilityof position solutios, problems may result from the way different
GNSS constellations use different referetinge systems. Because of this, the irdgstem time
offset muste considered when solving fthre position solution. Oa method that can be used to
overcome this problem is by treadirthe unknown time differenseébetweeneach system as
parameters to be estimated. When using this method, for each addsigmeal froma new
GNSS constellationone more unknown parametar introduced tahe estimation algorithm.
This means that the timefset can beobtained at the cost of the first satellite from each

additional systenbeing added

The problem of the difference between system refergnmee has been considered by GNSS
providers. A a result, various system providers are intending to broadcast systeaif§ateto
other systemsFor Galileo it is proposed to broadcast a tofiset (GGTO) with a standard
deviation of 0.75 mor 2.5 ns QV (EBA 2013hHahn& Powers2005 Vanschoenbeeét al.
2007). For GLONASS,the time offset between GPS and GLONASS systems c&edare
planned to be transmittedy GLONASS stellites (GLONASSICD 2008. According to
GLONASSICD 2008 Rswill not exceed 30 ns but the accuracytié offset is not statedhe
inter-system timeoffsets arehowever currently not broadcast byll the satellites Petovello

2013)

The broadcast timeffset can be treated as additional measurement by position estimation
algorithm enabling solutionot be obtained from a minimum of four satellites with any
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combination.In some cases, theter-system timeoffset can be estimated by thiparty service
provider andsentto uses via alternativedata links. Alternatively, as has beetiscussedoy
Moudrak et al. (2005) anddemonstrated bZai (2008),the inter-system timeoffset parameter
can be initially estimatelly the receiver when the number of sateBite sufficient. Then, when
the receiversatellite geometry changes and the numbkrsatellites inview is no longer
sufficient to performinter-system timeoffset estimationthe receiver can continue using the

previously estimatethter-system timeoffset value until the number of satelitenprove.

1.5 Integrity Parameters and Reliability Requirements
Types of ranging signal errors, integrity requirements and reliability parameters are introduced in

this section. The importance of ensuring the reliability of position solutions is also discussed.

151 Threat Space and Tymef Ranging Signal Erras

In satellite navigation, there are three main types of fautisiinal errorsindependen{narrow)
faults andwide failureerrors (Blanch et al. 2011, ee & Cashin 201Q)Thenominal errorsare
referred to the errors when all operational segments dmgjusatellites, ground and user
segmenrd are functiomg normaly. In this case, the ranging error ocsas a result of accuracy
limitations in orbital and clock determination procesgperformsy ground segment his type

of error can also occur as asult ofaccuracy limitations iron-board clock prediction model
The tropospheric and ionospheric errorsvad as the code noise and multipath also contribute
to nominal errorsElanchet al. 2011). It must be noted thatvhen the GNSS signal travels

through ionosphere, the code and carrier plaasaffected in different was this resulsin code
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delay and phase advanced. Also, multipathlead to erroneous pseudorange measuresaent

cycle sligsin carrier phase signa(Renet al.2012 Renet al.2017).

The independent faulbr narrow failure is referred to erra which occurindependentlyon a
single or more satellites (simultaneous occurrence of independent faults). The fault in one
satellite will not affect navigation signasentout by othersatellites. The sources of this type of
fault include change in satellite orbit, clock failure ahd broadcast of erroneous signal due to
satellite malfunction or component failur&@hese types of faults can likely be considered

independent across diffnt satellites§lanchet al.2011).

Thewide failurecorresponds to errors introducdarthe satellite system bthe ground segment
as a result of inadequate manned operations which may take place during an update of the
operational ground segment. $hiype of fault simultaneously affechavigation signals of

multiple satellitegBlanchet al.2011).

The wide failure also includes consistent faulwhich leads to a corrujpin in the navigation
messages transmittécbm multiple satellites in such a wdhat large err@in the navigation
solution would occur while consistency between solgifnom allin-view satellites and
position estimads from subset satellites are maintainéed & Cashin 201Q) The threats that
could potentially cause consistesrrors includethe use of arrroneous gravitational constant
erroneous Eartrientation Parameters (EOP),@roneou€OP Predictio(EOPP)(Blanchet

al. 2011, Lee & Cashin 2010).
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In satellite navigation, ththreat spaces defined as a set of assptions abouthe environment

in which the positioning algorithm is applied and theeat modeimust takeinto consideration
the nature of threat that could occuincluding magnitude, duration anthe possibility of
occurrence Blanchet al. 2011, Blanchet al.2007, Eneet al.2006. The main contributios to
signal errors varydepending onthe user environment. When using navigation signal
aeronautical applicationshe largest source of nominal error is due to ionospheric dElag (
2006) Also, rae but possible independent fault due to satellite malfunction could.oiécur
undetected, this type of fault could leads#@bastrophic consequence if the navigation solution is
used in safety critical applicatisrsuch as aircraft navigation. When théN&S is used as
navigation aid in signathallenging environment such as in urgamyon, theositionerrois due

to signal multipath becomes the magancern Multipath can affect multiple ranging signals at

the same time.

15.2 Integrity Requirements ad Protection Levels

Usually, the accuacy of navigation solution is thmain focus in satellite navigation. When the
GNSS is to be used as a stamlohe navigation method in safetyitical applications such as in
aviation, however, system integrity b@ewes a major concern. For applications which required
position estimation such as in surveying, reliability itegis carried out to detect outlem
measurements and determine whether the position solution is reliable. When the position
estimae is to be usedn safetycritical applications, the reliability test carried out as a method

to monitor integrity of the system. The integrigirameters can be usasd indicatios of how

dependable the navigation solution isagiarticular time. The depenble solutiors referred to
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solutors ZKLFK HUURUV DUH ERXQGHG ZLWKLQ WPewwhvbethy VSHFLI

2008)

Theimportarce of system integrity also extertd liability-critical applicatios such as road user
charging (RUC) applicatiousingGNSSbasecdelectronic tolling systems (ETSh this casean
excessive error in the estimated user position may leads to incorrect tolling bills which further

leads to either loss of avemor negative legal consequeri8aloset al.20109.

The concept of integrity can be quantitatively expressed by three parameters whiateguiey

risk, alert limit andtime to alert(Petovelloet al.2008).Theintegrity riskrefersto the possibility

that the system generatesextessively large error withut providinga user with timely warning

about degraded solution. When this happened, the solution output from the system is called
Misleading Information(MI). If the potential consequence of Misleading Information can
potentiallyimposed life threateningituation then the terrdazardously Misleading Information

(HMI) is used Petovelloet al.2008). The Probability of Hazardously Misleading Information
(PHMI) is therefore referred to the probability that the true position lies outside the maximum
error lound determined by the user. The integrity is verified if the PHMI is below the allowable

integrity budgetBlanchet al.2011).

The Alert Limit (AL) refers to the largest error that the system can tolerate. It is reprebgnted
the maximum magnitudef error hat can occurred without violatirgpfety requirement and is
commonly expressed in terms of position error bounds. Wheal¢helimit is exceeded, the
Time to Alert(TTA) parameter is referred to the time between the occurrence of potential
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mislealing information and the timevhen the system isssi@ warning to the user of the
problem. Thantegrity risk thus, denotea probabilitythatthe error in the output of the system
may exeed the AL without providingiser with a warning within maximum TTWmit (Murphy

2005). Systemwith high integritygenerally havehe ability to issue a warning to the user with

minimal time to alert before the potential misleading information become hazardous.

The internal reliability refersto an ability to detectneasuremenoutliers. This parameter is
measured byinimal Detectable Bia®r Minimum Detectable BlundefMDB) which is the
smallestbias orerror that can be detectedhen performing statisticaésing. In practice, it is the
external reliability whichmeasures bgrotection leve(PL) to indicatethe effect of MDB on the
estimated positiorwhich becomes an interest to satellite navigation u3érs.PLparameter is
further divided intchorizontal protection levglHPL) andvertical protection leve{VPL). These

PL parametersan be used as an indicationwWfKH SRVLWLRQ VROXWLRQTV UHOLD

The integrity of the system can be ensured by comparing protection level and the corresponding
alert limit. The integrity is warranted when the protection lesedmaller than alert limit (PL <
AL). When the protection level exceeded the alert limit (PL > AL), the system should provide

warning message to the user about possible misleading information.

16  Use of Satellitebased Augmentation SysteniSBAS)

In order to improve the accuracy and reliability of position solgiosatellitebased
Augmentation $stem (SBAS) such as \dé Area Augmentation System (W& in the USA
and European Geostationary Navigation Overlay Service (EGNOBuropecan be usedo
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provide corrections to GNSS measuremeiiise SBAS helps proge integrity message and
differential corrections such as ionospheric information which can be used by GNSS/SBAS
receivers toimprove theaccuracyof GNSS receivers(EGNOS SDD 2013European Space

Agency 2005Federal Aviation AdministratioB01Q GNSS Supervisory Authorit017).

The use of SBA®elpsto improveUser Equivalent Range ErrqiJERE) which isan indication
of ranging accuracyor eachsatellite signal. SBAS plays an essential rolesafetycritical
application as well as applications where accuracy and integrity are cex@aliples includéhe
guidance of agricultural machinergnd onroad vehicle fleet managemei@NSS Supervisory

Authority 2011)

1.7  Overview of Receiver Autonanous Integrity Monitoring (RAIM)

In order to ensure system reliabilign integrity monitoring algorithm is required to detect and
exclude faulty satellite measurements from a set of measurements that will e aeetpute
navigationsolutiors. To achige this,ReceiverAutonomousintegrity Monitoring (RAIM) was
proposed in 1986 to perform integrity check on the satellite navigation sylsteni986Lee &
Cashin 201 Due to its selcontained nature, RAIMhasbecome a commonly used integrity

monitoring method.

When misleading information oca@jrthe faultysignalmight not immediately trigger GNSS to
sending out a satellite unhealthy flag to the sisBuring this time, the usewill continue to
assume that there is no fauitnavigation signallt is the RAIM algorithm that must detect and
protect the user against the fault. Due to its potential in enhancing integrity of navigation system
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and its selcontain nature, RAIM has been explored and adopthbyrAA for GPS integrity
monitoring in avionis since 1992Le 2006).The use of RAIM also has great potential besefit
to the users in neaviation applications. The studies of th&e ofRAIM in road user charging

has been carried out IBaloset al.(20103 andSaloset al. (2010%

Unlike integity monitoring in aeronautical application where the integrity of navigation system
aremonitored by ground segments, in urliEmyonenvironment such as ETS application, local
effects such as multipath become a major contribution to ranging signalaedocannot be
monitored by ground segment. This means that, in uchagon environmentthe integrity
monitoring and the detection of local effects have to be dorkeaiser level §imon et al.

2010).

The RAIM algorithm uses measurement redundangyetform consistency check and monitor
system integrity. Generally, the integrity monitor@gorithm can be categorizedantwo major
classesresiduatbasedschemewhich performs consistency t@sy) in the range domajrand
solution separatiormethod wich perforns consistency check in position domai@h@n &

Pervan 2010Lee & Cashin 201Q)

When using RAIMto detect faultysignalin single GNSS consliation, the algorithm requires
minimum of five satellites iview. To perform fault elimination press, at least six satellites are
required. Whera position solution is computed using range measurements from multiple GNSS
constellationswvithout usinginter-system broadcast timefset as measurement, the number of
satellites required is further compliated by the fact that thigst additional satellite froneach
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additionalconstellation does not contribute to the position solutiatiner, the first satellitassed

in the solving ofinter-system timeoffset. Thus,when using range measurements from two
GNSS constellationgive saellites in any combination between the two systemseqgeired to
obtaina position solution.This fact further complicates receiver autonomous integrity schemes
as at least seven satellites fronmo GNSS constellationwith at least three satellites froeach
system are required if fault detection and exclusion (FDE) is to be performed on these
measurements (Hewitsdi Wang 2006 2 § . H Het ldl. 2011). The use acd priori inter-system
time-offset parametsras measuremesnbrconstraintsvould, however, result in the reduction of

number of satelliterequire.

At each epoch, the RAIM algorithm first checks the availability of the fault detection and
exclusion algorithm and compustéheprotection level. If the protection leivdoes not satisfy an
operatioml requirement, the RAIM will issue a notification to the user. If the protection level
requirement is met and the availability of FDE is verifiedon detecting #ault, the algorithm
will exclude faulty measurements frdming used in th@osition solutionWith the increasing
number of satellites, various studigm@us 2006 Miaoyanet al.2008 Yun & Kee 2013) had

been carried ouvith the aim to us®AIM to detect multiplefaults.

The availability and performance BAIM areclosely related to the number of sateflitessedy
the algorithm. New constellatisnresultin increasednumbes of satellites whichenhance
measurementedundancy andeceiversatellite geometry. TIs raises the possibility ofusing
RAIM in applications which have stringent integrity requirement as well as the (RAIM in
challengingsignal environment such as in urbeaanyon areas. Thase of multiple GNSS
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constellation RAIM alsdhelpsin the detectionof wide failure or consistent fasltvhich affect
the navigation signals from every satellite igigen constellation. To detect this type of fault
and eliminate faultysatellites, multiple GNS$onstellatios arerequired Lee & Cashin 2010).
More recent work in the field of detecting constatiatwide faults using signals from multiple

GNSS constellations has been carried outdxy (20B).

1.8  Limitation of Previous Works

With the planned launches of nesatellite navigation systemsiuchresearch habeen carried

out to investigate the intety performance of existing and future medonstellation GNSS. The
reliability performanceof GPS and GLONASS constellatiomss demonstrated using real data
by Choiet al.(2011). This work was carried out to validate availability, VPL, and accuracy of
position solution from GPS and GLONASS measurements using 10 days of data caitected
Stanford University. The performance of singend combined GNSS constellations were
compared. Another work which was done to investigate the performacoebinedGPS and
GLONASSconstellationsncluding a simulation stydwasperformed by Madonnet al.(2010).

In this study, Novel IntegriOptimized RAIM (NIORAIM) was used agshe integrity

monitoring scheme.

In order b investigate the integrity performance afture constellatios) various simulation
studies of triple and dud@NSS constellations hae also been carried out. The availability of
GPS and Galilesignalsunder various user range accuracy (URA) and probability of failures
were investigated by Blanobt al. (2010). Thesystemavailability as a function of URA and
failure probability was presented in this research. The system integtitg cbmbined GPS and
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Galileo constellatios was also investigated by Ene (2006). In this stutig, reliability of
position solutionusing signals from the combined constellatiovi'en number of satellisein
eachconstellation was altered between 12 and&@llites were examined. When investiggt
the effect of faulty satellite on positioning performance, the wearsé scenario was considered
in this studied to be a situatiavherea single fault is occgron the most geometricalgritical

satellite.

Other simulationsverecarried out to examine thpositioningperformance othe combined GPS
andGalileo constelitiors including a global simulation studied by Eret al.(2006), localscale
simulations for receivdpcated at docation in SydneyAustralia,and PortlandUSA, performed

by Hewitson (2003)and work carried out by Qia%a Jun (2011)o investigate tb availability of
the combined GPS an@alileo constellation in China. The performance evaluation of-dual

GNSS constellatiorzalileo and GP3wvas also studied by Lee (2004).

The performance of tripleonstellationGNSSwas carried out by Blancét al. (2011). In this
study, the VPL obtained from staatbne Galileo systemGPS andGalileo systers and
combined GPS, Galileo an@LONASS constellationsunder various prior probabilities of
satellite failure were investigate@ihe receiveisatellite geometryrad performance ahe RAIM
algorithm when applied tdhe combined GPS, Galileo afdLONASS systerm was also

examined by Sun &hang (2009) for a fixed receiver location in Beijing.

Although much research mabeen carried out to examine the performancelu# and triple
constellationGNSS as discussed above, these researches did not consider the effect of GNSS
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performancein urbarcanyon environment Also, apart from the stydperformedby Ene
(2006), none of the works discussed above have consideredlialmnced number of satelkte
in each constellation. As new GNSS constellations sudBed3ou and Galileo are underway
and the signals fromomplete constellation are not yet available, exargithe availability and
reliability of position solution wan using signals frompartial constellationgan be a useful
indicator of when the new constellation wilbegin to benefit users before the complete

constellation is in operation.

One of the detailethtegrity performance studgeon combining GPS, GLONAS&nNd Galileo

was carried out byHewitson& Wang 2006 The investigation was conducted fstandalone
GPS, GPSGLONASS constellationsGPSGalileo systemsandcombined GPS, GLONASS and
Galileo constellations. Ithe global snapshot simulatioconducted inthis study, an elevation
mask angle of 15was used. The 2hours temporal simulation was carried out to evaluate the
reliability performance at a single location in Sydney, Australia usifigi® 30 mask angles to
simulate the effect of urbaranyons. Br each simulationthe number of visible satellites,
minimum separable bias, correlation coefficient and maximum internal reliability were

determined. The external reliability was also examined in temporal simulation.

In this stug, howevery the position solution from onlyone single epoch was used ihe
performance analysf theglobal simulation and the effect of urbaanyon on performance of
the tripleconstellation GNSSad not been considered. The effect of urban environment and

external reliabity was only considered for a single location in Sydnf&ystralia In both global
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and temporal simulations, thmositioningperformancevhen using signals from parti@alileo

constellation had not been considered.

Few studieshave beercarried out to ealuatepositioning and reliabilityperformance of muki
constellationGNSS for suburban and urbaganyon environmentsStudies using software
VLPXODWLRQ ZHUH FDUULHG RXW E\ 2Y.HHIH DQG 29.HI
availability and rekbility of position solutions achievable by using staahe and combined

GPS and Galileo systems. High elevation mask angles were chosen to sanuldtarcanyon

environment.

One ntegrity monitoring scheme called FDE+PEa(lt Detection and Exclusicand Protection
Level) was developed and used by Sinmetnal. (2010) to detect multiple faults and compute
protection level in nomaeronautical environment taking into consideration of moderate to harsh
multipath conditions. This algorithm was applied standalone Galileo constellation and
combined GPS an@alileo constellatiosunder simulated urbacanyon &ssumed 12 m t80 m

high building), suburban (assumed 6 m td5 m high building) rail, maritime and rural
environmerg. Assumptios regarding odiers and characteristscof multipath were varied
during algorithm testing to examine the effect of these parameters on system perfoirhance.
reliability performance when using signals from par@allileo constellationshowever, was not

considered irthesestudied.

The use othe combined GPS ar@alileo signalsfor urbarcanyonenvironmen with emphasis
on road tollingapplication was studied byaloset al.(20109. Simulation with one day period
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was carried out to examine number of satellites waild be visible to a moving vehicle in
study areas with aaverage building height of 15 metersis examinedSimilar study for road
user charging applicatismusingthe combined GPS ar@alileo systems was done Bwloset al.
(2010a) The study was foaed on the visibility othe combined GPS ar@alileo systems in
open sky suburban environmenwith building heights between 4 m &) m and urbacanyon
environmentwith building height between 4 m to 50 m.tlmese two studies, however, further
investgation on protection level is requiredAlso, the performanceising a partial Galileo

constellationwasnot considered.

$V WKH &KLQHVHfYVY VDWHOOLWH QDYLJDWLRQ V\VWithP EHFRP
the release ofthe first official BeiDou Interface Control DocumenBDS-ICD) in December
2012, moreecentstudies havdéocused on examing the performance ahe new systemusing

real data. Performance of BeiDou in aiding river navigation, ship positioandyessel traffic
monitoringin China was investigated ian& Yuan Q013) Also, the accuracy of single point
positioning obtained from single frequency code observations aemdgpined GPS anBeiDou
signalsunder various surrounding environmeahd visibility conditions wreexamired byCai

et al.(2013)for a study location in Changsha, China. As the final phase of BeiDou development
is to bea global navigation system, it would be of interest to investigate the performance of this
constellation outside China and Asian locatiohsimulation study was performdaly Duanet

al. (2011) to investigate the performancecoimbined GPS, Galileo, arigkiDou constellatios
outside China. The effect of urbaanyors and the availability of signals from partial

constellatiorare, however, natonsidered in this research.
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Previous studies havalsobeen carried out to investigate the performance d& GEgmented
with SBAS and multiple GNS8onstellatios. Lee et al. (2005) investigated performance of
combined GPS and Galileo systems WWAAS correctionsfor vertically guided approaches
and Chin et al. (1997) investigatedsystemavailability for CAT | precision approach when
GLONASS and GPS signals are used with WAAS correctiofise performance of EGNOS
augmented GR8nly, and EGNOS augmente@PS andGLONASS signalsin urbarcanyon
environments was investigated by Alcantariéa al. (2006) using the existing GLONASS
constellation at that time GLONASS hadan average visibility of about 4 satellitesand by
Bonetet al. (2009) using 30 GP&nd 14 operational GLONASS satellitd®eceiversatellite
geometry, covege and reliability of a multiple GNS&nstellatios consisting of GLONASS,
EGNOS and a set of three geosynchronous satellites simiQuasiZenith Satellite System
(QZSS was inwestigated by Angrisanet al.(2009) for urbarcanyon environmest Work has
also been done yestmanret al.(2012) to examine the performance of SBAS in urbamyon
environments wheSBAS data are shared between multiple rover receivers in a local/dsea
the availability andreceiversatellitegeometry when using signals fro@PS, GLONASS and

QZSS was examindaly Sakaiet al.(2012) foropen skyand urbarcanyon scenarios.

As the GLONASS constellation of 24 satellites had recently been restoteel @arly 2010s, it
would be of interest to investigate the availability and reliability of position solutions obtain
using signals from combined GPS and GLONASS constellations when SBAS corrections
applied to GPS measurements in GNSS signal challeng@agdns.Also, the use of SBAS and

the use of additional ranging signals from new constellations can help improve the reliability of
position solution. A new satellite systems are well undertaybecome fully operationait
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would be of interest to comape theimprovements irreliability performance that is obtainable
from usingadditionrange measurements ioéw constellations to the improvement in reliability

performance that would be achievegapplying SBAS corrections to the existing constellation

1.9 Objectives and Contributions

With regard to the limitations of the existing research mentioned in the previous section, the
objectives of this thesis is to perform-depth analysis of the positioning and reliability
performance of the combined GPGLONASS, BeiDou and Galileo constellations and the
benefit of using a priori intesystem (or receiveBNSS) clockoffset constraints. The main
objectives and contributions of this research include:

1) Examination of the reliability of position solutiondtained from the existing GPS and
GLONASS constellations with and without SBAS corrections applied to GPS
measurements in open sky and seniian environments.

2) Investigaion of the availability and reliability ofosition solution when using signals
from existing GPS and GLONASS constellations and additional range measurements
from the new Galileo and BeiDou constellations.

3) Determining the benefits afsing a priori clockoffsetsas constraints when computing
position solution using ranging signals fromltiple GNSS constellations. The focus of
this study is to assess the availability and reliability of position solutions in challenging
GNSS signal environments such as in urbanyon where GNSS users potentially see

limited number of satellites from myile GNSS constellations.
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4) Investigation offault detection and exclusion capabilities when position solutions are
computed using a limited number of range measurements from multiple GNSS

constellations with a priori cloekffsets constraints.

Covariance ismulations are carried out to achieve objectives 1) to 3). Analysis using real
measurements from GPS, GLONASS, BeiDou and Galileo are carried out to achieve objectives

3) and 4).

110 $XWKRUTV &RQWULEXWLRQ

Parts of the work described in this thesis hatéHhQ SXEOLVKHG LQ :LQLW 27 .HHI
WKH DXWKRUYY FRQWULEXWLRQ WR :LQLW HW DO ZDV
corrections which are applied to GPS measurements when using pseudorange observations from
GPS and GLONASS constellatis in challenging GNSS signals environments. The work
presented in Winit et al. (2013) was conducted as part of a research contract with Telespazio
S.p.A. in the context of a commercial project to monitor shipping containers on European

highways.

1.11 Thesis Outline

The thesis is organized in five chapters and the outline of the remaining chapters is as follows:

Chapter 2 provides a review of the estimation algorithm and reliability parameters. The
significance of receivesatellite geometry in the estated solution is discussed in this section.
Also, thepseudorange observation model and design matrix, when using measurements from
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multiple GNSS constellations, are explained in this section. Furthermore, the use of statistical

testing to detect and idefytmeasurement blunders are discussed in detail.

Chapter 3 describes the simulation scenarios g@mesents simulation results. First, timedel
parameters used in the covariance simulatod theGNSS constellations used to compute
position solutios are explainedin this section Following these, arin-depth analysison
covariance simulation resulis presentedThe reliability performance of GPS and GLONASS
with and without SBAS corrections applied to GPS measureneinsestigated This chapter
then examines the availability and reliability of position solution obtains from GPS, GLONASS,

BeiDou and Galileo, with and without using a primter-systemclock-offsets constraints.

Chapter 4 first describes measurements from GPS, GLONASS, BeiDou ahbdsased in
algorithm testing to examine position accuracy when using a priori re€@N8Sclock-offset
constraints. The software modifications required to procemiglata using a priori clockffsets

are also discussed in this chaptéollowing these, adetailed analysis onposition solutions
obtained from the limited number of satellites from multiple GNSS constellasgmesented

The accuracy of position solutions obtained with and without using a priori re€aN®5
clock-offset constraintare compared in this chapter. The stability of cloffiket parameters

when using a priori clockffset constraintsin position computation is also analysed in this
section. In order to see the benefit of using a priori etftset constraints, the faultetection

and exclusion capabilities are investigated for scenarios when using a limited number of

satellites from multiple GNSS constellations to compute a position.
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Chapter 5 summarizes the key findings from this research and provides conclusions of thi

work. Recommendations for possible future works are also discussed in this chapter.
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CHAPTER TWO: ESTIMAT ION ALGORITHM AND RE LIABILITY PARAMETERS

The receivessatellite geometry is an important factor in determining the quality afs#ign
VROXWLRQ 7KH UHFHLYHUYV VXUURXQ G L Qdaryd YhilugResPHQW
the geometry and the number of satellites visible to the receiver. Poor resailéte geometry

results in imprecise position solutions. Once the mos#golution is obtained, it is also important

to examine the reliability of the solution. The influence of recedatellite geometry on the

estimated solution accuracy and reliability is discussed in this chapter. The estimation algorithms

used and thstatistical tests to detect and identify measurement biases are also explained.

2.1 Receiversatellite Geometry and Design Matrix

The receivessatellite geometry information is contained in the design matrix (also known as the
observation matrix or theepmetry matrix),*. The design matrix in Eardtentered Earttiixed

(ECEF) coordinates when using measurements from a single GNSS constellation can be

expressed as:

o R R Pw Py )
W, W zw cdiy

The subscriptEepresents theiY satellite sed in the position computation, th&:is unknown
receiver position: T: 4k a; in : TAJAV; coordinates, ? @dthe receivelGNSS clockoffset, in
distance units, an@js the Eopseudorange which can be modebed

P, cdtUyU (2.2)

where

2 is the pseudorange measurement
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e is the geometric range between satellite and receiver
? is the speed of light in vacuum
@ P is the receivelGNSS clockoffset term and

i is the ranging error

The geormatric rangeécan be expanded further as:

U %) (Y W (7 @) (2.3)
where .G GHQRWHV WKH VD W A HnatBdRwhick/is RQunied to be
known. The partial derivative in (2.1) can be evaluated webpect to the unknown receiver

position : Tz d} &t ; and clockoffset toobtain:

X % ¥ % 7 & 7
Ly Uk (2.4)
Let
% (K 95
K)X—U (2.5)

and (2.4) can be rewritten as:

H > K &1 (2.6)
Also, let > L ? @@ represent receivdBNSSclock-offset (or clockbiag term, then(2.2) can be

rewritten as

R, by 2.7)
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The designmatrix can also expressedterms of curvilineageodeticcoordinateswith latitude,
longitude and height aglevation : 6 84D, Alternatively the design matrix can also be expressed

in alocaklevel coordinate framefor exampleEast,North and up:' & & ;.

2.2 Leastsquares Estimation
The position solution can be computed using legsires (LS) eshation. Leastsquares
estimation is a method thistused to obtairestimate statg ¥ of state vectar 7 using a set of
observations . In the linear case, can be expressed using a linear observation model:
L*ZE| (2.8)
where | repregns measurement errordn the satellite positioning application, the state
estimates are receiver positiand receivelGNSS clockoffset:
X2

g1 Y (2.9)
and observation vector contains range measurements from the satéldesver the
observation question is ndimear in this case. As a resthie observation model must beed to
express the observation vector as:

LDz Ej (2.10)
where D Z; is a mathematical model as a function of the state vector. If a poirpahsion T,
is chosen near td)then D:Z; can be approximateby its Taylor series expanded about that

point. The first derivative ofDcan then be used in place dfand the result is the same as when

using the lineamodel, provided the poinf @xpansionTyis close to
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In both cases, the equation for leagtiares estimation is:
z"L :*i4?5* .?5*i4?5 (211)
where

0 02
V «
2 . « (2.12)

0 0 V

't
0

R

is the observation covariance matrix which containsrife@mation regarding the uncertaintg,
associated with observation errors. In other woedsh diagonal elementy; corresponds ta
guantificationof how accurate\fy had been measurelf.must be noted that the assumption of
independenthence uncorrelated, measurements had been made; thdsnttex is a diagonal
matrix with nondiagonal elements being zerdhe term :* [4?5% .75, (2.11) is known as
estimatedstate covariance matrixhich can be expressed as:

2, L :* [ 475% .25 (2.13)
If the design matrix for the ECEF frame is used to computsettteerror covariance matrixthe

elementsn 2, matrix takethe form

AN AN A 7

R % ¥ éy v (2.14)
. ¥ v ¥
¢ ¥ VO

If the design matrix in local coordinatés used the elementsn stateerror covariance matrix

takethe form

36



2 (2.15)
e K VoW
K K ¥
The estimated correction vector of the lesgpiare can be written as:
UZ’"L :*i4?5* ;?5*[4?50 (216)

Once the solutionis computed, it is important to examine the quality of the final solution. In
order to do thisresiduals ~, which are the difference between the actual measuremeiatsd
the final predicted measurements can be examined. For the linear casejdiled resctoris
defined as

L F*Y (2.17)
For the noHinear case, nctinear leastsquares estimation can be applied and the solutions can
be obtained using iterative process. In this casesttiie estimates can be computed by:

X5 L ¥, E Ux, (2.18)
where subscriptGdenotes the iteration number. The estimated correction vector from (2.16) can
be expressed for the iteration process as:

UM L o:* | 4%5% ;5% 04750, (2.19)

The iteration process is continued until the elements in the correction véffgrhave a
sufficiently small value within a prset thresholdThe term U in (2.19) is known as misclosure
vectorwhich is thedifference between estimatedand obseved values U L F (I Once

the correction vector converges and the iteration stops, the last value of the misclosure becomes

the residuals.
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A small magnitude residuals vector indicates high confidence in the soldioen the least
squares algathm is applied to obtain an estimated value of the state vector, the goal is to
minimize the weighted sum of squares of the residuals and to obtain a minimum variance

estimate of the states.

23  Dilution of Precision
The dilution of precision(DOP) parareters can be used as indications of the goodness of
receiversatellite geometry. Good satellite geometry results in smaller DOP values. The dilution
of precision can be divided in t§ U V east (E), north (N), up (U) (or vertical (V)), horizontal
(H), time (T), position (P) and geometry (G) DOF&e pure geometrypOPs can be computed
from the design matrix which contains geometry information:

3a L ixl*;?8 (2.20)
where 34 is a pure geometry DOP matrix. From the design matrix in ECEF coorslirihte

DOP matrix is obtainetb be:

9 O, O, O

5 «
qyx qy qyz qy((
qzx qzy qzz i

zt
«
O qy 4. Cf 4

3a L (2.21)

Similarly, if the localcoordinate (ENU) design matrix is used, tBg matrix will contain the

following:

0t O Oy G°

«

O O Gw o G
e 4 @ g (:22)

«

e O Qu Cf 4
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The XDOP, YDOP, ZDOP, EDOP, NDOP, UDOP and TDOP can be computed from the

diagonal terms of35in relevant coordinate frames:
4&12 ¥M (2.23)
where ais the statdor which DOP is to be computed. The position and geometric DOPs can be

calculated as:

2&12 §34, E3a, E3a, (2.24)

and

)&12L 835, E3a, E34, E 34y, (2.25)

where 3gcan be gher in ECEF or ENU framé& he local level horizontal DOP can be computed

from DOP matrix inocalcoordinate frame as:

*&12L ¥M,EM (2.26)

Note that, if the computation is done in the eadhtered eartfixed frame, the HDOP and
VDOP can be obtained from34 matrix in ECEF frame by transforming the matrix to the local
level frame using a transformation matrix that rotates between the two frames. The north, east,
horizontal and vertical DOPs can then be computed in the usiyahsvdiscussedlso, the size

of the 34 matrix is depenent on the number of GNSS constellatiamsed to compute position
solution. The DOP mates given in(2.21) and (2.22) are fdhe scenario when using sigsal

from asingle GNSS constellatioNVhen using signalfrom multiple GNSS constellations, each
satellite system has its owM elementand the dimension of the&, matrix would expnd

accordingly.
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24  Blunder Detection
The Global andlocal tests can be performed to detect andtifieblunders in observations. The
global test statistic can be expressed as:

Braobe 475 (2.27)
Assuming Gaussian measurement errors, global test statistic is tested against a threshold
obtained from chisquare { 9 test stéistic, which is a function oflegrees of freedom (DoF) and
significance level.:

BpactR 1 Sas. (2.28)
If a8 ap@ceeds théhreshold, this suggests that the sofrsquares of the residuals does not
follow the exmcted distribution of a sum of squares of z&r@an Gaussians and thersors in

one or more of the observations are suspected

It must be noted that, in this casiee observation covariance matyixé, is assumed to be known
from estimated measuremertaracy Fora general case, matrifcan be expressed as:

4L 93¢ (2.29)
where &9 is thea priori variance factowhich assumed to be known arRk is the cofactor
matrix of 4 An approximationof for &2 which is a posterori variance factor, &y, can be

computed by:

o QT
OPT%? (2.30)

The a posteriori variance factor can be statistically testetthis case, the null hypothesis,, is
that thea priori and a posteriorivariance factorsagreed @9 L &9; The corresponding test

statistic for this is:
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B
@BéébTéDOF (2.31)

Thus,

3@336@&% L~ 475~ (2.32)

0
In this casea failed statisti@l testimplies either thea priori variance is incorrectly chosethe
observation model is wrongr one or more of the residuals is not a zmegan Gaussian process,

suggesting that a blunder is present.

In the case wheglobal test statistic indicatekat theremay bea blunder inone or more of the
observationsthe local test can be performed to identifie particular measurement containing
theblunder The null hypothesis? 4 used in the blunder detection process is that essitiual is
normally distributed with zero mean with variance correspani its element of the covariance
matrix of the residual % which can be computed from the design matrix ahdenation
covariance matrix as:

YL 4F*:* [ 4?5% -25x1 (2.33

In the local test, the ,is accepted if théocal test statistic &g 5 ¢, Satisfesthe condition

r‘N

JC,

wheae 0:U; is a statistic threshold as a function si§nificancelevel. The measurement is

Raook

1

» (2.34

identified as blunder and will be rejected if the local test statistic exceeds the threshold, in which

case an alternative hypothests, is chosen.
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2.5 Internal and External Reliability
Statisticaltess can becarried out to examine the reliability of measurements gareassumed
observation accuracyTwo reliability parameters,nternal and external reliabilities, are

explained in this subsection.

25.1 Internal Reliability

Figure 2.1: Relationship between Type | (red) and Type Il (yellow) errors

Two types of errors, Type | and Type Il, can occur during statistical hypothesis testing. Type |
errors refer to a situation whangood measurement is incorrectly rejected. Type Il errors, on the
other hand, refer to the scenario when a bad observation is incorrectly accepted. The relationship

between Type | and Type Il errors are shown in Figure 2.1.

TheTypel error occurswith aprobability of Ushownby the red regioa The parametetis the
significarce level used in test statistic and blunder detection processTVie Il erroroccurs
with a probability of Uas indicated in the yellow region of the figure. The param&lisroften

caleG *WKH SRZHU RI WKH WHVW" DQG LV D GHVLJQ SDUDPHW
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reliability of the solution. This parameter is not implicitly used in blunder detection as the

threshold is set based on significance leMehly.

The noncentrdity parameter U, represents a shift of the normal distribution of the standardized
residual as a result of the presence of a blunder. Jlsan be computed using a givésand U
probability level as

U L 0., EOs (2.39

where 0:U; and 0:U; are function ofsignificancelevel and power of test respectively.
Assuminguncorrelated measurements and a single blunder is present in a set of observations, the
noncentrality parametecan be used to compute a minimum detectdilmder for the Y

observation,| 4, , using the following equation:

R, -

T ol V] (2.39
> Jc),
The 'I';El/z@denotesthe smallest magnitude of blunder that can be detectegirpjoying the

local testfor blunder detection on th&Yobservation when using significance levgand power

of test U

25.2 External Reliability
The external reliability evaluates the effect of the undetected blunder on the estimated state
parameters. The error indhstates introduced by a blunder in ti¥ observation can be

computed by passing the error through LS solution:

C,TJJL -k i 4?5* ;?5* i 4?5/ LﬂEVz@ (237)
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where / yis a column vectorx ® r s r ® r? with value of one located at the element
corresponding toY observation and all zeros at other elements. The column vgd®used to
map the blunder into the observations. In the general case, the protection levels, L),
obtained from (2.37) is a position errordue to a single MBD should it occurred in an
observation,given Uand Uvalues In this study, the PL refers to the largest value ;8

obtainedrom all MDBs in each epoch/ = T: ¢ X).

2.6  Design Matrix Using Multiple GNSS constellations
When ranging signals fronmultiple GNSS constellations are available, the pseudorange
measurement equations for each system can be written as:
2icibs L €AcibsE >Acis EiAcisbg
2iciies L €Acibs E >Acis EiAcine
2icingL €acingE >aciv EiAcive (2.38
for the three GNSS constellation ca3éne clockoffset parameteof the second and third
systems cabe expressed in term of the bias of the first system as:
>ncib L >acis EARcibe
>aciv L >acis EARcib? (2.39
where A s aninter-system timeoffset betweeithe two systems. In this case, (BBISS1 is the
reference systerfor the time-offset. The representation is justified by assuming that there are
constant, or at least very slowly changing, tioffsets between the vario@NSS in addition to

a single unknown user receiver cleciset due o the actual clock in the receivérhe design
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matrix whenusing signals from multiple GNSS constellations, when each of the system clock

offsets are estimateat the receiver at each epoch, can be written as:

aK(GNss,. KGNS]ﬁ Z(GNS;S 1 0 0°
« ‘

>
« >

z/«GNSSNI KGNS&l KGNS@ 10 0;
z/«GNSSZi &GNS% KGN&S 01 0)

>

H « > (2.40
K(GNSQNZ KGNSSNZ KGNS?ﬁz 01 qz

/«GNssz KGNSY« KGN3S 00 :I;:

«
«

ﬂlg(GNSSN3 KGNS&EN3 KGN8§3 O O 1«1

7

where thesubscript EL s& & Oy present the EY satellite used in position computation adg

represent the maximum number of satellite in view from fFIGNSS system. In this case, the
states estimated are receiymsition and receiveBNSS clockoffsets for each constellation,
thus, ¥ L STz W % >Acib PACib >Ac;‘|‘|7'-j'- In this example, thesgix unknown parameters

are to be estimated by the receiver at each epoch.

Alternatively, instead ofstimating the system cloaKfset for each GNSS constellation, the
receiver can estimate the cleoKset of a reference system and irdgstem clockoffset
between the reference system and the additsysiem. In this case, the design matrix changes

to the following:
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a/«GNsa KGNS]S KGN$S 10 0°
«

>
« >

z/«GNSSLNl KGNS};ql KGNS@ 10 O;
z/«GNSQi KGNS& 2KGNs?s 11 0)

>

H  « 5 (2.41)
/«GNSSNZ KGNSSNZ KGNS?ﬁZ 11 qz

<
/«GNsa KGNS$ KGN$S 10 f«

«
Kasa,  Hows,  Konsg 10 I

In this case, the state estimates are recaiatsllite position, receivéBNSS clockoffset of the

reference GNSS constellation and irdgstem clockoffsets between reference system and the

other GNS. The estimated states vector can thus be  writteas

YL ST W\ >ACiB A XCib6 A ag]«m’? whereGNSS1 is the reference system in this case.

The design matrix for the thre@NSS constellatiomas statedn (2.40) and (2.4)L can be

generalized into other multiple GN@8nstellatios combinatiors.
Whentheinter-system clockoffset A X cibesand A X cib7are either broadcaby the GNSS or

obtained by other means, the receiver can ussetlvalues as additional measurements along

with their estimated accuracias constraints. In such a case, the design matrix manifest as:
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K(GNSS,. &GNS]ﬁ KGNS;S 1 0 0

«
«

K(GNSSNI KGNS@,1 KGNS;@ 1 0 o0¢

«

/«GNSQi KGng KGNQS 0 1 0((

«
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H K‘GNSQNZ /7 GNSS,, KGNaﬁz 0 1 02
/«GNS$ KGNSSS KGNSS 0 0 12

«
«
/‘6(GNSSSN3 KGNSSNs z(GN8‘7§3 O 0 1((

«

0 0 0o 1 1 Q
0 0 o 1 0 X

(2.42)

where the last two rows represent constraints in the form of direct observatitmsinter-

system timeoffsets. In this case, theGNSS1 is thereference systemimeoffset The

measurement covariance matrix in this case is:

‘éNSS. 7 0
0
‘éNSS. Wy
‘éNSQ 7 0
R ‘éNSS. W
‘/éNSSB v
0
‘éNSS Ws
‘bGNSS.Z
0 0

47

«
«
«
«
«
«
«
«
«
«
«
«
«
«
O «
«

d «
Bensgs™

(2.43



where égcnyois the uncertainty in range measuremefit§ EL s& & &y from satellite in ¢

(FL s& &) constellation and the uncertainty associated with the -systiem clockoffset
parameters of the two additional systemgh GNSS1 asreference systentlock-offset is

represented bs , ,, and & _ , ,, parameters.

Parameterizing the cloetffsets as one cloe&ffset and two nearly constant biaskas
advantages if Kalman filtering is usetstead of epochy-epoch leassquares. In this case the
inter-system timeoffsets carbe modelled as random constants whilerdraaining clockoffset

can be modelled depending on the oscillator used. Using the first approach (multiple clock
offsets) ina Kalman filter would require that all of the cleoKsets be modelled gwocesses

with highly correlated process noise, since their variability from epoch to epoch depends
primarily on the physical behaviour of the single oscillator in the receivestifg could then be
applied so thathe system auld initially estimateeach of the receiveBNSS clockoffsets
during the timeswhen the receivesatellite geometry is good and when there are sufficient
number of satellites in the view. Then at a lat@e when the number of satellites is reduced, the
receiver can use the initially estimated cladkset parameters as a priori information. In this
case when an a priori cloakfset for each constellation is availalaled is used by the position

solutionalgorithm as a constraint, the design matrix can be expressed as:
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K(GNSS,- KGNS$ KGNS;S 1 0@

«
«

/«GNSSNl KGNS@Il KGNS@ 1 0 0

«

K(GNssz, KGNSS KGNSS 0 1 O

«
«

K(GNSQNZ &GNSSNZ 7!(GN9§12 01 Q:

H ) (2.44)

/«GNsa KGNS& KGNSS 00 ]§<

«

«

/0/(61\1553N3 &GNS&M 73((31\153;@3 0 0 X

0 0 0 10 Q

0 0 0 010

0 0 0O 00 k

It might appear thatvith a priori clockoffsets for all GNSS constellations, only 3 satellites are
required to obtain a position solution. While thisrige in principle, is not the case in practise, as
clock drift, mainly due to receiver frequency offset, usually leads to rapid deviation of the true
clock-offset values frontheir initial estimates. This can be mitigated by estimating the frequency
offset (or clock drift), @which can be done easily by estimating user velocity and clock drifts
parameters : TABVE@R ci5 AR cisa@ ciir; using Doppler measurements. Assuming thall
threeGNSSare subject to the same dkodrift (due to the frequency error of the single oscillator

in the receivéra minimum of four satellites is required to estimai@B\&@ parameters. This
results in the design matrix having to be modified to incorporate tipplBr measurerants as

follows:
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/6(GNSS.3N3 yGNSSN3 KZGN3§3 0 K 0 0 0 0O j: (2.45)
0 O 0 /6(\3NSSE;N3 &GNSS,\G KGNSﬁs l O 0 q
0 0 0 0 0 0 01009
0 0 0 0 0 0 001 ®
0 0 0 0 0 0 0003

where [@s the design matrix element corresponding to velocity statkes.corresponding

measurement covariance matrix in this case is:
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where é,?cn% is the uncertainty irDoppler measurementsQ and égéMérepresent the

uncertainty associated witn a priori clockoffset for the FY constellation. The design matrix
for the three GNSS constellations as stated2id? and (2.45 as well as the measurement
covariance matrix4 as stated irf2.43 and (2.46 canbe generalized into other multiple GNSS

constellatios combinatiors.

2.7  Number of Satellites Requirements

In order to estimate user position and multiple cloffkets, one additional observation is
required for every additional GNSS. In this case, the additional observation is only able to
uniquely determine the additial clockoffset and has no effect on the position estimate. If at
least two observations are availablem each GNSSit will be possible to perform the global

test but with only one degree of freedom, the local test is not possible. In order to detect and
exclude faulty measurements when using measurementsnitdtiple GNSS constellationst

least thre satellitegrom each constellation are required to identify faulty signdiden the inter
system timeoffsets (or receiveGNSS clockoffsets) are estimated by the receiver at each
epoch This is because with only two measuremdram a system, the stdardized residuals,

" » 0btained by:

r i (2.47)

N ‘\/(Cr )i

will be equal in magnitude. Since these standardized residuals are also used as the internal

reliability test statistic to comput&é;E%@expressed in (2.36the equality of eachy, makes it

impossible to identify the faulty measurement with only two satellites from a system when the
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inter-system clocloffset is estimated by the receiver at each epétgwitson & Wang 2006,

29.HHIH28M). DO

The leastsquaresestimationalgorithm and statistical tests to detect and idemtiBasurement
blundes have been discussed in this chapt&he design matrix for the scenario when using
measurements from multiple GNSS constellations has also been presented. The next step is to
asses the accuracy and reliably of mutionstellation GNSS positioning in challenging GNSS
signal environment wheuasing a limited number of satellites from multiple GNSS constellations

and further to assess the benefits of using a priori-gy&em clockoffsets information when

compute receiver position.
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CHAPTER THREE: SIMUL ATION DESCRIPTION AN D RESULTS

One objective of this thesis is to assess the accuracy and reliably otamgtellation GNSS
positioning in urban environments (with smalimbers of satellites from each constellation) and
further to assess the benefits of irdgstem clocloffset information. While this could be
accomplished for existing constellations with a large scale data collection campaign, it is simpler
to use covaance simulation. The reliability parametetsscribed inChapter 2 dependnly on
observation geometry, estimated observation variance, and the test parameters and thus lend
themselves to covariance analysis. An added advantage is that the new consteiat be

easily tested in simulation. For such a covariance simulation to be valid, the simulation

parameters must be realistic.

This chapteris organisé in six sections. Section 3.1 describes the simulation scenarios,
including various user enviroments and GNSS constellations. Section 3.2 explains the model
parameters used in the covariance simulations. The simulation results and analysis are shown in
the remaining four sections. Section 3.3 examines the reliability performance when using signals
from GPS and GLONASS systems with and without SBAS corrections applied to GPS
measurements. Section 3.4 investigates the availability and reliability of pasitidion obtains

from GPS, GLONASS, BeiDou and Galileatelliteswhen theclock-offsets for eeh GNSSare
estimated in the receivat each epochSection 3.5examnes theavailability and reliability
performances of the multipl@NSSconstellations when using a priori cleoKsets Finally, the
positioning performance omulti-constellation GNSSwvhen using a priori clockffsets as
constraints with various estimated accura@esxaminedn section 3.6
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3.1  Simulation Description

For eachsimulation scenario, the present GPS and GLONASS constellations are used and
system availability as well aMDB and PL (referred to as HPL and VPL for maximum
horizontal and vertical protection level) are evaluated using a simulation period of 4 days. The
GPS and GLONASS satellite positions are obtained fi@8precise satellite coordinates from
11:00 AM (GPS itme) on 27 October 2012 (GPS week 1711). At that time, 30 GPS and 24
GLONASS satellites were in operatiohhe BeiDou and Galileo constellat®are constructed

from theoretical orbits as statedthre BeiDou Interface Control Document (BEIED 2012), He

et al. (2013) and Van Diggelen (2009) for MEO BeiDou and in ESA (2013a), ESA Fact Sheet

(2013), GaliledCD (2010) and Van Diggelen (2009) for Galileo.

The simulation is carried out over North America from latitud®t@373 North and longitude
from 50 to 170 Westas shown in Figure 3ith a 5 spacing and ansaumed elevation of 500

m. A single frequencyL1/E1/B1)receiver is assumedarious scenarios have been considered:

opensky with assumed mask angle of°10

- semiurbanareas with assumed masigée of 36

- locations in a nortsouthrunningurbarrcanyonwith the road width of 20 m and building
height of 15 m

- locations in an eastestrunning urbancanyonwith the same road width and building

height
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Figure 31: Map of simulation study areas

The satellite combinations considered in this studyanebined GPS anGLONASS
constellationsvith:

- partial Galileo constellation

- partial BeiDou constellation

- complete Galileaonstellation

- complete MEO BeiDowgonstellation

- partial Galileo and partial BeiDou constellations

- complete Galileo and MEO BeiDaonstellations
The performance of the combined GPS and GLONASS constellations with SBAS corrections
applied to GPS measurements also investigated in this skhdysystem \ailability for each
scenario is examined iterms of position solution availability, fault detection and exclusion
availability and 98 percentile values of three reliability parameters: MDB, HPL and VPL (i.e.

better than this value 95% of the time) eoenputed.
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3.2  User Equivalent Range Error Model

The measurement variance or user equivalent range error (UERE) can be computed from
combining errors from multiple sources as follow:

&% eyl 8% E&0asE 82aaE Qe uaoE Savao (3.1)
wherethe standard devian of User Range Accuracg . is the error related to satellite clgck
orbit and ephemeris erro(Salos et al. 2010cSun & Zhang 2009) For GPS, the term User
Range Error (URE) isised and the relationship between URE and URA is defined-@GPIS
200G (2012). The URA is a conservative root mean square (RMS) estimate of the URE
assuming a normal distribution with zero meaaocording to GPS Standard Positioning Service
Performance tandard (GPSSPSPS 2008), when using single frequen@/A code, the global
averagdJRE is better than 7.8 m 95% of the tine during normal operafionording toCooley
(2013)andHeng et. & (2012), however, the URA oWithin 2 m is observed for mosf the
GPS satellitesn the recent yeardAlso, the older generation of the navigation satalli@PS
Block 1A (currently8 satellites from this generati@mein operation), has slightljigherURE
compared to the newer generatisatellites(Cooley 2013). In this study, aconsevative &¢o

valueof 3.9m asused bySaldset al.(20100 andSaloset al.(2010c)is assumed

The &g. valueused bySaldset al. (2010 andSaléset al.(2010c) also assumed for tBBAS
corrected GPS signals ar@galileo. The User DifferentialRange Error (UDRE) of 0.3 m is
assumed folGPS with SBAS correctiong he Galileo satellites are assume tbave Signal in
Space Accuracy (SISA) which eqaient to nominal URA of 0.85 nFor GLONASS, the

accuracy of satellite clock corrections in GLONABISIs 8 ns and the position error due to
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broadcast ephemeris from GLONASSaigproximately 5 m({GLONASSICD 2008 Zinoviev
2005. For all GLONASSM satellites, KH 1 FORFN kabstbRrd td DeGudhin 5 m
(Henget. al. 2012h)Accordingto this information, thegg. for GLONASS is assumed to be
8.0 m.It must be noted that an improvement in GLONAS@halin Space Range Err¢8ISRE)

is evidenced ovethe past few yearfRevnivykh 2010} in this study, however a conservative
assumption is applee For BeiDou, thesatellite broadcast ephemeris accuracy is better than 1.5
m andthe clock bias is smaller than 5 {@hina Satellite Navigation Office 204,2CAO-China

2012, thus, the& . of 3.0 m is assumed for BeiDou.

& 3 ais thefrequencydependenerror caused by ionosphere code delay. Models to compute this
parameter for the GPS and Galileo systems can be found in various litexathrasArbesser
Rastburg(2006, Neri et al.(2011), Saloset al. (20108 andSalos et al. (2010QcIn general, the

ionospheric delay+, can be computed by:

I, 4]?2'3u/TEC LOF( e) (3.2)

where 8 6 ' %s thevertical total electrorwontent, Bis the carrier phase frequey and 1 (: A Hs
the obliquity factor as a function @levation angle A Hin degrees)which can be expressed

further as ArbesseiRastburg2006,Misra & Enge 201}

3
OF(e) 1.0 16.0u 053 &8 (3.3)

1800
The 8 6'%varies as a function of parametesuch as latitude and time of day. The value
assumed for theimulation for North Americas 40 total electron content unitSTECuU). In

general, GPS broadcast corrections are able to correct 50% of the ionospheri&alélsat @l.
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20109. For the GLOMSS system, if the measurements from GLONASS are used by
GPS/GLONASS receiver and the ionospheric correction information from GPS is used by the
receiver to perform ionospheric correctitor GLONASS measurements thére same amount

of ionospheric corremn as GPS is assuméar GLONASS For Galileo, the residual error as a
result of ionospheric pseudorange error will not exceed2Cu or 30% (ArbesserRastburg

2006) According to China Satellite Navigation Office (2012avhen the Klobuchar8
ionospher correctionmodel is applied to measurements from BeiDou about 80% of the
ionospheric delay can be correctdd. this simulation,a correction of 50% isassumed for
measuremest from all GNSS constellations arbde error due to ionospheric delay can be
expressed as:

40.3

lono f 2

WTEC WOR &) WM, (3.4)

where / is equal td60% indicating that on average 50% of ionospheric delay is left as an error
due to ionospheric code deld¥hen SBAS corrections are used, the ionospheric error model
€aaimol L 1(:AHHTr&x (3.5)

is applied Saloset al.20109.

& aaalp the error due to tropospheric effects on satellite sigiiais. value can be computed
using the model adopted Bhoi et al.(2011)andMartineauet al.(2009)as:

Wono 1.001 0.12m (3.6)

,/0.002001 sif(el)

When SBAS is used, a study owepneyear period for five UK stations found that the RMS

EGNOS model zenithrapospheric delay errors range from 4.0 cm to 4.7 cm, with maximum
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error ranging from 13.2 cm to 17.8 crRefra et al. 2001) Based on this information, a

€ aaakoi Of 10 cm is assumed during the simulation.

é: a1 45gthe position error due to the noise which depends largely upon factors such as signal
strength, user dynamics and quality of the receir ¢y xxd$ the error due to mulpath

(which fault detection and elimination algorithms trydetec}. The magnitude of multipath

error can vary significantly depending on the environment in which the receiver is located. While
multipath with magnitude of few to severatens of centime&rs can be expected in an
environment with minor signal obstacles (Kaplan & Hegarty 2006), pseudorange multipath with
magnitude of several tens of meters is not uncommon in more challenging signal envisonment
(Gerdan et. al. 1995). Inh&an areas, multipath typically can result in pseudorange error by up to

150 m (Obst & Wanielik 2013).

In this work, the small multipath (few to several tens of centimeters) is considezetbasnal
errorand is included in the pseudorange noise errdgéuThe large multipath (several tens of
meters)is treated as a form of fault or blundéat the fault detection and elimination algorithm
will try to eliminate. According to the information above, the error due to combined noise and
small multipath,&; 3y = @ a0 aar ¢ U 20§ assumed to be 0.5 m in theminalerror model.The
measurement variangaodel which represents nominal error condisitimus can be expressed

as:

A6 . | ab. £ ab A6 A6 ) o
eyl Oeo E€QJasE &raaE&ava@acagrcuane (3.7)
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It must be noted that equation (3.7) does not ynapl assumption tha&rge multipathdoes not

existin the environment where the receiver is located. This equation, however, indicates that in
this study thdarge multipath is not considered as partaotontribution tanominal signal error

but it is one of the faults that the blunder detection procestdrdetect and eliminat&y using

this UERE value as an error budget in statistical itegt residuals exceeding this would be
identified as errors due targemultipath. Althoughthe faultscould be due to other factors such

as satellite faults, in challenging GNSS environments such as urban scenarios when there are

many signal reflectorgrrois due to multipattarethe mainsource of outliers

The &y,e9and &y,e30asmaazaani(error as a result of ionospheric and tropospheric only)

values for GPS, GLONASSBeiDou, Galileo,and GPS corrected witBBAS adopting the

modek and parameterlisted above are shown iRigure 3.2 For the statistical analysis, a
FRQILGHQFH OHYHO RI . DQG D SRZHU RI WKH WHVW |

centrality parameter of} = 3.24 is assumed.
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Figure3.2 18 (5¢r GPS, GPS with SBAS correction, GLONASS, Galileo and B&iDpu
and 1 8 ( 5 (onospheric and tropospheric orfigr GPS, GLONASS, Galileo and BeiDou

(bottom)

The simulation scenarioBave been discusseohd the model parameterbave beenexplainel.
The simulation results for each scenario using these model parameters are presented in the

following sections.
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3.3  Positioning Reliability When Using GPS and GLONASS with SBAS Corrections

In order to improve integritgnd accuracy of GNSS signals, SBAS corrections can be applied to
GNSS signals to reduce the effect of atmospheric errors, however not all SBAS currently support
all GNSS. To test the effects of using an SBAS that does not provide corrections for dil@availa
GNSS, this section examines the MDB and protection levels when position solutions are
computed using signals from combined GPS and GLONASS satellites with SBAS corrections
applied to only GPS measuremeritsthis subsectiorthe system cloclffsets ae estimatedht

the receiver at each epoch.

Average number of satellites in view and percentage of time when position and FDE are
unavailable are shown in Figure 3.3. Covariance simulations are carried out to examine MDB,
HPL and VPL when using measurerteefrom GPS and GLONASS satellites with and without

SBAS corrections; the results are shown in Figure 3.4 to Figure 3.6.
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Figure 3.3: Average number of satellit¢SV)in view and percentage of time when position
solution a FDE are unavailable when using signals from GPS and GLONASS satellites in

various environments

200 ® 95th percentile MDB
150 - O5th Percentile HPL

® 95th percentile VPL
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110.2

GPS +GLO | GPS +~ GLO | GPS ~ GLO | GPS + GLO
with SBAS with SBAS
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Figure 3.4: 95" Percentile MDB (m) and PLs (m) when using measurements from GPS and
GLONASS satellites without and with SBA&&ections applied to GPS measuremdtiisinter-

system clocloffsets are estimated at the receiver at each epoch)
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Figure 35: 95" Percentile HPL (m) when using signals from combined GPS and GLONASS
constellations whenBBAS corrections are not applied (left) and are applied (right) to GPS
measurements in open sky environnfgrginter-system clocloffsets are estimated at the

receiver at each epoch)

Figure 36: 95" Percentile VPL (m) whreusing signals from combined GPS and GLONASS
constellations when SBAS corrections are not applied (left) and are applied (right) to GPS
measurements in open sky environngdreginter-system clocloffsets are estimated at the

receiver at each epoch)
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Whenusing signals from GPS and GLONASS constellations, the GNSS user in the open sky
environment can be expected to see, on the average, 16 satellites in view which allows position
solution and FDE to be available at all times. This situation is illustratEdyjure 3.3. When the

user is in the semirban environment, however, the average number of satellites in view reduces
to 9 leading to FDE unavailability of just above 1% of the time. The situation becomes more
challenging when the receiver is locategamurbancanyon. When using the combined GPS and
GLONASS constellations, on average, only 7 and 6 satellites are visible to the users in-the east
west and nortfsouth running urbawganyons respectively. This leads to the FDE unavailability

of 37% in the est-west running urbaganyon and 67% in the norffouth running urbananyon.

The performanceof the combinedGPS and GLONASS constellatiosy with and without
applyingSBAS correctiors toGPS measurements then evaluated and the results are shown in
Figure 3.4 When SBAS corrections are applied to GPS measurements, the reduction in MDB
and PLs are evident in both the open sky and -seb@n environmentst-or the open sky
scenario, withat SBAS correctiors, the position solutions obtained from GPS aBHONASS
measurements has "®%ercentileMDB of 47 m With SBAS correctios, the 95" percentile

MDB reducego below40 m As a result of the improvement in MDB, the™9Bercentile value

of HPL improves from 14 m to B and thed5" percentile VPL improvefrom 30 mto 11 m.

The performancef the combined GPS and GLONASS constellations, with and withB&S
corrections in the open sky environmem$ examined in detail and shown in Figure 3.5 and
Figure 3.6. When using SBAS corrections, th® psrcetile HPL improves from above 10 m to
lower than 7 m in most of thécations More significant improvement is in the vertical
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protection level. With SBAS corrections, the”QSercentile VPL improves from above 24 m to

lower than 14 m in most of tHecations

In the semiurban environment, without SBASorrectiors applied to GPS measurements,
position solution obtained fronthe combined GPS an@LONASS constellation ha a 95"
percentileMDB of 145 m as shown in Figure 3.When applying SBAS correctios to GPS
measurementshe 95" percentile MDB reduce® about 100 mAs a result of the improvement
in MDB, the 93" percentile value oHPL reduces from almost 150 m to 1frdand the95"

percentile VPLimproves fromover 440m to lower than 330m.

Although the results revetiiat when SBAS corrections are applied to GPS measurements the
results are improvements in MDB and PLs in both the open sky aneugeam environments, it

must be noted, however, that users in urb@myon environments will facechallenge of limited

GNSS observations due to signals blockage. As demonstrated in Figure 3.3, when the receiver is
located in the nor#south or easivest running urbaganyons, with signals from two
constellations, users can be expected to see on avemaly 7 and 6 satellites in these
environments respectively. With the combined GPS and GLONASS constellations, it is expected
that the number of satellites are not sufficient to perform fault detection and exclusion 67% of
the time in the nortsouth runmg urbamcanyon. This situation motivates the need for

additional ranging sources from new constellations.
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3.4  Performance of GPS GLONASS, BeiDou and Galileo Constellations

As all plannedsignals fromthe BeiDou and Galileconstellations are not yet alable, it is of
interest to assess,through simulations, théenefit the users would achieve when using
measurements from GPS a@BdONASSsatellites together with additionednging signals from
partial BeiDou and Galileo constellatiofi$his sulsectioninvestigates the availability, MDB and

PLs of position solutions in challenging signal environments when using measurements from
GPS, GLONASS, BeiDou and Galileo constellatianisen the intersystem clockoffsets are
estimated at the receiver at each epddte average numbers of satellites in viewthe semi

urban and urbarcanyon environmentswhen using signals from the combined GPS and
GLONASS systems with various combinations of additional signals from the Galileo and

BeiDou systemare shown irFigure3.7.
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Figure 3.7: Average number of satellites in view
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It can be seethat, for the semiurban scenario, the average number of satellit@iew range

from 9 with the combined GPS and GLONAS®nstellatios to 19 with the complete four
GNSS constellatios. For the urbaitanyon environmest the eastvest urbarcanyon offers
morevisibility satellites ortheaverage compared tbe northsouthurbancanyon. If thesignals

from GPS andlGLONASSare usedvhen the receivesiplaced irthe north-southrunningurban
canyon environment, the GNSS useas expect to sean averag®nly 6 satellitesThis number

is expected to improvap to 12 satellites whemll four GNSSconstellatios arecompletely
operational. The results dicate that the improvement in number of ranging sources would
particularly benefit GNSS users in signal challenging locations where position solution would

otherwise not at albe possible usingnly GPS and GLONASS signals

The dilutions of precisiofor the semiurban scenario using satellites from various combinations

of constellations are shown in Figure 3.8. The average east and north DOPs are expected to
reduce by half when the signals from all the four GNSS constellations become available
compare to when using range measurements from only GPS and GLONASS satellites. With the
signals from all four GNSS constellations, the average VDOP is expected to improve from 6 to
less than 3. When using signals from the combined GPS and GLONASS systemthesitfuli
constellation BeiDou or Galileo in the searban environment, the user can expect average

EDOP and NDOP to be about 1 and average VDOP to be less than 4.
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Figure 38: Average DOPs for sentirban environmentvhenthe intersystem clocloffsets are

estimated at the receiver at each epoch

The reliability performance of the combined GPS and GLONASS constellations with signals
from partial Galileo and BeiDou in the semiban environment is examined in detail. The
numbe of satellites in view, availability of the FDE and protection levels obtained from using
the combined GPS and GLONASS constellations are compared with the performance of GPS
and GLONASS with additional signals from 15 Galileo and 15 BeiDou satellitesteBhlts are

illustrated inFigure 3.9%to Figure 3.12
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Figure 3.9: Average number of satellites in view when using signals from GPS and GLONASS
(left) and when using signals from GPS, GLONASS and 15 satellites from ¢aelGaiileo

and BeiDou constellations (right) in seomban environment

Figure 3.10: Percentage of time when FDE is unavailable in serhan environment when
using signals from GPS and GLONASS (left) and when using sigoal GPS, GLONASS and

15 satellites from each of the Galileo and BeiDou constellations (right)
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Figure3.11: 95" Percentile HPL in semirban environment when using signals from GPS and
GLONASS (left) and when using sitgiom GPS, GLONASS and 15 satellites from each of the
Galileo and BeiDou constellations (righthe intersystem clocloffsets are estimated at the

receiver at each epoch

Figure 312: 95" Percentile VPL in semirban ervironment when using measurements from
GPS and GLONASS (left) and when using signals from GPS, GLONASS and 15 satellites from
each of the Galileo and BeiDou constellations (rigtite intersystem clocloffsets are

estimated at the receiver at each epoch
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When the intessystem timeoffsets are estimated athe receiver level at each epoetith an
average of at least 8 satellites in view in all study locatiorted@isemiurban environment, the
position solution is always availabl&his is also the cass/en whenrange measuremenitom

only GPS and GLONASSare used It can be noted in Figure 3.10n the semiurban
environment, FDE is unavailable less than 5% of the time in most losatiban the ranging
signals from the combined GPS a@d ONASS constellaons are used. The value redudes

less than 2% in most locations when measurements from partial Galileo and BeiDou
constellationsare available. Thes@ercentages of unavailabiligre considered small for most

applications.

Significant improvemeistasa result of the increase in the number of ranging sources/ater

in the HPL and VPL as shown iRigure 3.1landFigure 3.12respectively. With 15 additional
satellitesfrom each othe Galileo and BeiDowsystemsthe 95" percentile HR reducesrom 90

m or greateto less than 50 m in most of the simulation locations. THe@Scentile VR also
improvesfrom 200 m or higher to less than 180in most of the study areas when signals from

partial Galileo and BeiDou constellations are used.
The avaiability of FDE and the g5 percentile MDB and PLs in the semrban environment

when using signals from GPS, GLONASS, Galileo and BeiDou are investigated. The

corresponding results are shown in Figure 3.13 and Figure 3.14.
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Figure 313: Percentage of time when FDE unavailable in senban scenario (position is
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Figure 3.14: 95" Percentile MDB and PLs in semaban scenaridthe intersystem clocloffsets

are estimated at the receiver at each epoch

Figure 3.13 showshat, inthe semiurban environment, the percentage of FDE unavailability
reduces from 1.3% when using range measurements from GPS and GLONASS constellations
down to 0.5% when using signals frothe combined GPS and GLONASS together with
measurements from either complete Galileo or BeiBanstellatios. Significant improvements

in MDB and PLs are observed with additéd ranging sourced3Vhen using signals frorthe
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combined GPS and GLONASSsystens with additional measurements froraither full-
constellationGalileo or BeiDou the GNSS userstime semturban environment can expect the
95" percentile MDBto reduceto about onehird of its value whenusing only GPS and
GLONASS signalslt is evidert from Figure 3.14 that 95percentile of theHPL and VPL
reduce to about orfurth of their valuewhen complete constellatiofrom either Galileo or
BeiDou becomgavailable. Withfour complete GNS$onstellatios, the 95" percentile MDB is
expected tomprovefrom 145 m to 40 m. The correspondiag" percentileHPL is expected to
reduce from 149 mvith GPS and GLONASS down to 16 m. Similarly, the VPL is expected to

reducefrom 442 m to 49 m.

Traditionally SBAS signals are used to provide correctitmsGPS measurements thereby
improving reliability. It is of interest to compare the improvement in protection levels achievable
from applying SBAS corrections to GPS measurements to the improvement achievable by using
additional ranging sources from thewneonstellations. To this end, Figure 3.15 shows the
protection levels obtained for a selection of combinations of multiple GNSS constellations and
PLs obtainedvhen using signals from GPS and GALILEO constellations &@BAS corrections

applied to GPS mearements
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Figure 315: 95" Percentile PLs when using GPS and GLONASS with SBAS corrections applied
to GPS measurements (purple box) and when using signals from GPS, GLONASS, BeiDou and
Galileo in semiurban environmenfthe intersystem clocloffsets are estimated at the receiver at

each epoch

Figure 3.15 shows that the improvement iff' @®rcentile HPL and VPL as a result of using
signals from GPS and GLONASS with SBAS corrections is similar to the performance achieved
using signals from GPS, GLONASS and 6 additional measurements from either Galileo or
BeiDou constellations. It must be noted that in this simulation SBAS corrections are assumed to
be applied to GPS measurements in all locations over the region oftintbirel is the North
American region. Currently, however, WAAS which provides corrections to GPS measurements
over the North America region does not have coverage over a large part eéasigm region.

The performance of the partial constellationstlwnother hand, would also depend on the order

of placement and orbital planes of the new operational satellites in each constellation.

In addition to the open sky and seumban environments, the muttonstellation GNSS

performancen urbancanyors wasalso investigated in detaik is revealed ifFigure 3.7that the
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north-south running urbananyon see the least number of satellites in viewhenaverage,
hence this scenario is the most challenging environnf@ntGNSS receivers. e system
availability, the 95" percentileMDB andthe 95" percentilePLswhen using measurements from

the combined GPS and GLONASS systems with additional signals from Galileo and BeiDou
constellations for receiver located in this this environmenshosvn inFigure 3.16and Figure

3.17.
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Figure 316: Percentage of time when position and FDE are unavailable in rswtith running

urban-canyon scenario
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Figure 317: 95" Percentile MDB and PLs in nortsouth ruming urbancanyon(the inter
system clocloffsets are estimated at the receiver at each €poch
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Comparing theavailability of FDE in the semiurban environment (Figure 3.18hdin thenorth-
south running urbananyonenvironment (Figure 3.16)t is evidenced thatthe availability of

FDE significantlydrops when the receiver is pladgedhe urbarcanyonenvironment

In the northsouthrunningurbarcanyon, without the use of a priori cleokset constraints, the
FDE is unavailable almost 70% ofetitime when using signals from the combined GPS and
GLONASSsystemsThis improves to 35%which still considerechigh, when althefour GNSS
constellations are use The high percentage of FDE unavailabijligyen withsignal fromfour
GNSSconstellationsis due to the fact that without a priori receN@&NSS system timeffset
constraing, at least 3 satellites from each cotlaten are required to achievault detection and

exclusion.

Significant increase in MDB and PLs in the urkmmyon environmen(Figure 3.17) compared

to the semurban environment (Figure 3.14) can also be observed. When using ranging signals
from the combined GPS and GLONASS constellations in the4sorith running urbacanyon,

the 95" percentile MDB well exceeds 2,000 m whiresults in a very high 85percentile HPL

of over 3,000 m and a very high™®percentile VPL of over 5,000 m. When all the signals from
four GNSS constellations become available, th& @grcentle MDB, HPL and VPL are
expected to be improved to appimately 140, 350 and 530 m respectively which is still

considered large.

The high percentage of time when FDE is unavailable and the large MDB and PLs values in the
urbanrcanyon environment demonstraté® need for the receiver to incorporatéer-sysem
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clock-offsetsas a priori knowledge if a reliable position solution is to be achieved in challenging
GNSS signal environment3he performance improvements achievable via a priori system

clock-offsets are detailed in the next section.

3.5 Availability and Reliability Performance of Multiple GNSS Constellations with a

Priori Inter -systemClock-offset Constraints
Although various GNSS constellations rely on their proprietary methods for timing and
synchronisation, fundamentally all systems follow Intdomatl Systems of units (SI) for
representation of the time. This has an interesting implication that the fundamental unit of time is
still the same in all systems. However, there might be a constant otislewarying offsets
across the systems. Thesésefs can be monitored and made available to the-curittellation
GNSS receiver via network links. This section explains how thesesyséem timeoffsets can

be utilised to provide improved GNSS availability and reliability performance.

During the mrmal operation of a multonstellation GNSS receiver, the instem time
offsets needs to be estimated as state variables in the position solution. This reapdigsnal
measurements foFconstellations. However, when the intgistem timeoffsets are available
(either broadcadtom GNSS or byhaving the receivenitially estimatethe offsets at an earlier
epoch with better satellitwvailability forthe use at lateepoch$, they can be used as additional
constraints(or pseudeobservations)in the position estimation algorithm thusducing the
number ofpseudorangeneasurements required tdtain aposition solution. As a resulthe
availability and falt detection and exclusion capability is enhandétk reliability performance
of the combined GPS arfdLONASS constellationswith additional signals from BeiDou and
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Galileo systemswhenusinga priori inter-system clocloffsetsis investigated in thiollowing.
The percentage of time when position solution and FDE are unavailable and"ther&&ntile
protection levels when using signals from the four GNSS constellations in thesoatth

running urbarcanyon scenario are shown in Figure 3.18 to lBiguR1.

Figure 318: Percentage of time when position solution is unavailable in rewtith running
urban-canyon when using signals from fezonstellation without (left) and with (right) a priori

clockoffset constraints
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Figure 319: Percentage of time when FDE is unavailable in na@duth running urbaitanyon
when using signals from fowonstellation without (left) and with (right) a priori clockfset

constraints

Figure 320: 95" Percentile HPL in nortksouth running urbascanyon when using signals from

four-constellation without (left) and with (right) a priori clockfset constraints
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Figure 3.21: 95" Percentile VPLn north-south running urbascanyon when using signals from

four-constellation without (left) and with (right)@iori clock-offset constraints

For thenorthsouth running urbacanyonscenario,when using signals from the four GNSS
constellationswithout the use of a priori intesystem clocloffsets the position solution is
unavailable up to about 10% in some locations as demonstrated in Figur&/84dBusing a

priori intersystem clocloffsets the percentage of time when position solution is urlabée
reducedo below2% in alllocations. Similar improvemestare alscobservedn the availability

of FDE as illustrated in Figure 3.19. Thercentage of time when FDE is unavailable improves
from over 50% in some locations to less than 5% in atlystacations, which is primarily the
result of a reduction in number of minimum number of satellites required, when using a priori

inter-system clocloffsets.

The improvement in the §5percentile HPL as a result of the use of a priori istetem clok-
offsets is evidenced in Figure 3.20. Without the use of a priori @ifskts, large areas with

high 95" percentile HPL exceeding 500 m are observed. When a priori-oftsdts are used,
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the 95" percentile HPL improves to below 360 m in all locatidngprovements also evidence in
the 95" percentile VPL as demonstrate in Figure 3.21. Without the use of a priorsjmstem
clock-offsets, most of the locations has"9%ercentile VPL of 500 m or greater with some areas
have very high 98 percentileVPL exceed 1,000 m. This value improves to within 1,000 m in all
study locations when using a priori intgystem clocloffsets with majority of the locations

having 9%' percentile VPL less than 400 m.

The effect of a priori clocloffsets on the percerga of time when position solution and FDE are
unavailable in the semurban and in the nortbouth running urbananyon is examined in the
following. In the semurban environment, when using a priori claufflset constraints the
position solution and FDE are alwaysavailable even when signals from onyPS and
GLONASS constellations are usedhis is not the case, however, without the use of a priori
clock-offset constraints as demonstrated in Figure 3.13 when the FDE is unavailable 1.3% of the
time whenusing signals from the combined GPS and GLONASS constellations. Also, in this
case FDE is unavailable 0.5% of the time even when signals from at least three GNSS

constellations are available.

The reduction in 95 percentile MDB and PLs in the semmibanenvironment when using a
priori inter-system clocloffset constraints is also observed from scenarios with various satellites
combinations. With signals from the four full GNSS constellations, tiep@Bcentile MDB
improves from 40 m when not using agrriclock-offset constraints (Figure 3.14) to 37 m when
using a priori clocloffset constraints (Figure 3.22) and the correspondiffyp@Scentile HPL

and VPL reduces from 16 m and 49 m down to 14 m and 42 m respectively when using a priori
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clock-offset onstraints. More significant improvements are observed when the receiver uses
signals from a limited number of satellites. When using signals from GPS and GLONASS
satellites only, in the sertirban environment, the use of an a priori Wggstem clockoffset
results in a reduction in the 9%®ercentile MDB from 145 m to 91 m. The"™percentile PLs

also reduces by about 50 % of what would be achievable without the use of a pricoftdetk

constraints.
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Figure 3.22: 95" Percentile MDB and PLs in semarban when using a priori cloetffset

constraints

The benefit of usingrainter-system broadcast tirafset as a measurement is particularly clear
when the receiver is located in areas where the signals from GNSSesateli limitedsuch as

in an urbarcanyon Referring to the results presented in Figure 3.16, even with the complete
four GNSS constellations the FDE is unavailable 35% of the time without using a priod clock

offset constraints in the norgouth runningurbarrcanyon. With the use of a priori clociffset
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constraints, however, the percentage of time when FDE is unavailable reduces to below 1% and

the position solution is always available (Figure 3.23).

Although whenthe signalsfrom the four full GNSSconstellatiors are available, only marginal
improvemens in protection levelsan beobtainedwhen using a priori clockffset inthe semk
urban environment; this islowever, not the case when receiver is locatettherurbancanyon
with a very limited nurber of satellites in viewComparing the 95percentile PLs irthe north
south running urbarrcanyon without the use of a priori cleokfsets for the four GNSS
constellation scenari@Figure 3.17)o the resultwhen using a priori clockffsets (Figure 324),

it is evidenced that the sizef the 95" percentileHPL and VPL arereducecby more than 50 %
whenusing a priori intessystem clocloffset. As evidenced in these two figures, the protection
levels for all other satellites combinations also shoigsificant improvements with a priori

clock-offset constraints in the urbaanyon environment.
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urban-canyon scenario when usingpaori clock-offset constraints
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Figure 324 95" Percentile MDB and PLs in nortbouth running urbascanyon when using a

priori clock-offset constraints

3.6  The Use of a Priori Inter-system Clockoffsets with Different Accuracies

It must be noted that the improvements achievable via a priori-off®ét constraints also
depend on the accuracy of the constraints themselves. This subsection expands the analysis for
various accuracies of the cleokfset constraintsThe prdection levels obtained from the four

GNSS constellations without a priori cleokfsets and with a priori cloekffsets with accuracies

of 9, 3 and 0.75 m are compared and the results are shown in Figure 3.25. Protection levels when
the receiver is locatein the semurban and the urbaranyon environments are examined in this

figure.
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Figure 325: 95" Percentile HPL and VPL when using signals from foomstellations without

and with a priori clockoffset constrants withaccuracies of 93 and 0.75m

Figure 3.25 showsmprovemers in PL valueseven when using a priori cloakfsets with
accuracy of 9 m compared to when a priori clofset is not used at allThe HPL improves
from 345 m when not using a priori clodkfset constraints in the norouth running urban
canyon down to 179 m when using a priori ckagiset constraints with accuracy of 9 m. This
value further reduces to 129and 119 nwhen using a priori olck-offsets with accuracy of B

and 0.75 m respdetly. As revealed in the same figure, the value of VPL also showed similar
improvements. The VPL improves from 534 m when not using a priori -dfiskt constraints

down to 341 m when using a priori cleokset constraints with accuracy of 9 m. Thisuel
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further improves to 233 rand 210 nwith the a priori clockoffset constraints with accuracy of 3

mand 0.75 m respectively

The availability and reliability of positiorsolutions obtairfrom GPS, GLONASS, BeiDou and
Galileo satellites with and withowt priori clockoffset constraints have been examined using
covariance simulation. The next step is to assess the positioning performance when using and not
using a priori receiveGNSS clockoffsets when a limited number of satellites from multiple
GNSS onstellations are available using live data. These analyses are carried out in the next

chapter.
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CHAPTER FOUR: REAL D ATA PROCESSINGS AND RESULTS

In order to further demonstrate the results shown in Chapteis3;hapter assess the positnan
accuracy and bhder detection capability when using signals from a limited number of satellites
from multiple GNSS constellations. This chapterorganise in five sections. Section 4.1
describeshe data setsontainng measurements from GPS, GLON3SBeiDou and Galileo
satellitesusedto compute position solutions. Section 4.2 expld&is processing procedures and
the software modification process in ordeeiamine the accuracy of the positswiution when
using and not using riori receiverGNSS clockoffset constrains. Three types of analysis are

performed using real data in this chapter

Section 4.3xamines position solutions obtained from three GNSS constellations using a limited
number of satellites. Solutions obtained from data psdegsusing apriori receiveftGNSS
clock-offsets are compared with positions when processed without a priori-afiseits. The
stability of the clockoffsets parameters are also examined in this section. Section 4.4
investigates théault detection and exgsion capability when using a limited number of satellites
from multiple GNSS constellations. Finally, section 4.5 explores the use of a prioratfeets

to obtain position solutions in situations when signals from four satellites, one from eaeh of th

GPS, GLONASS, BeiDou and Galileo constellations, are available
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4.1  Data SetDescriptions

Two sets of static data were collected to examine the performance of multiple GNSS
constellations with and without the use of a priorie-offsets The data wee collected in open

sky environment using NovAtel GPB3GGG triplefrequency antennalhe first set of data

was collected ori2" August 2013and contains pseudorange and Doppiezasurements from
GPS, GLONASS and BeiDouhere were no healthy Galileageals at the time othis data
collection It wasassunedthat a land vehicleould undergo up to 15 minutes of seealgnited
number of satellitein view (such as the case when a vehicle is driving through a dense urban
canyon)and assuch the duratio of this first data set was limited to approximately 20 minutes.
GPS, GLONASS and BeiDosgatelliteswith an elevation angle above “3#vere selected to
simulate an urbaganyon environment. Details of each scenario are shown in Table 4.1 and the

sky plotof these high elevation angle satellites is shown in Figure 4.1.

In order to examine position solutions obtained from combined GPS, GLONASS, BeiDou and
Galileo constellations in limited signal environments, second set of data containing pseudorange
and D@pler observations from all four constellations was collected 8rSEptember 2013. At

this time, the Galileo satellites were again in service. The duration of data collection was
approximately 10 minutes. Four high elevation angle satellites of at38asine from each of

the GPS, GLONASS, BeiDou and Galileo constellatiomste selected to usa the position
computation (This satellite combination is referred to as scenario 4(b) in TableAdsky plot

of the satellitesin this scenariags shownin Figure 4.2,
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Table4.1: Total numberRI VDWHOOLWHY 69V DQG VDWHOOLWHVY 3VHX

used to compute position solutions in each scenario

Scenario PRN used to compute position soluson
Data Set
Total SVs GPS GLONASS BeiDou Galileo
8 12 Aug 2013 | 4,12,17 10, 11, 19 11,12 -
7 12 Aug 2013 | 4,12,17 10, 11, 19 12 -

6(a) 12 Aug 2013 | 4,12,17 10, 11, 19 - -

6(b) 12 Aug 2013| 4,17 11, 19 11, 12 -
4@) | 12 Aug2013| 4,12 10 12 -
4(b) 11 Sep 2013 29 21 11 19
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Figure 41: Sky plot of satellites with elevation angle abov&f&sn data collected on 12

August 2013

& GP3
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& Cratileo

Figure 4.2: Sky plot of selected satellites with elevation angle abo%eo88 SV from each of the

GPS, GLONASS, BeiDou and Galileo constellations. Data collected'b&eftember 2013
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4.2  Software Receiverand Data Processing

The intermediate frequencgiata was procesd using the GNSS Software Navigation Receiver
(GSNRX™) devdoped by PLAN group at the University of Calgary. The GSNRmavigation
receiver software was used to compute position solutions in staoplaration when the cloek
offset parameters from each system are estimated at the receiver level during eachosgoch
with clock drift. The software was then modified to process ranging signals when the previously

estimated clocloffset parameters are used as a priori knowledge by the estimation algorithm.

Whentherearea limited number of satellites in view fromultiple GNSS constellations priori
receiverGNSS clockoffsets can be used to reduce number of minimum satellites requirement.
In this case, the initial cloekffset parameters for each of the satellite systems were obtained
from an initial HS R F Ka§tgqu@rés solution and are used in later epochs as a constraint
(weighted by their estimated accuracyhe a priori receivelGNSS clockoffsets for GPS,
GLONASS and BeiDou uskin the first data setvere obtained from a total of 16 satellites (7
GPS, 7GLONASS and 2 BeiDou satellites) at the initial epdehstsquares solutianThe
estimated accuracies of a priori system cloffkets used iithis data set are 18 m, 18 m and 23

m for GPS, GLONASS and BeiDou systemespectively.The a priori receiveGNSS clock
offsets for GPS, GLONASS, BeiDou and Galileo use in the second datargepbtained from a
total of 19 satellites (8 GPS, 6 GLONASS, 2 BeiDou and 3 Galileo satellites)estimated
accuracies of a priori receiv@NSS clockoffsetsobtained fo this data seare 14 m, 17 m, 18

m and 18 nfor GPS, GLONASSBeiDou anl Galileosystemsespectively.
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The position solutiomlgorithm assumed a single common clock drift among all GNSS systems.
When an a priori clocloffset is used, the clock drift pameter is computed using Doppler
measurements and the cleaKset values for each GNSS system were updated using the initial
clock-offset and computedclock drift values. The measured and estimated (unknown)
parameters when using and msing a priori abck-offsets are shown imable 4.2 The strategy
adopted was to assume each constellation has a reGMN&$ clockoffset, but that all three are
subject to the same clock drift (due to the frequency error of the single oscillator in the receiver
as discssed in Chapter 2). The clock drift was estimated at each epoch along with the receiver
velocity using a minimum of four Doppler observations (from any combination of satellites). The
estimated drift was then used to update the three system-affseks asuming aconstant

velocity model.

Table4.2: Measured and estimated parameters when using and not using a prioroéfeekas

constraints

Without a prior clock-offsets With a priori clockoffsets
Measured Estimated Measured Estimated
Position
Pseudorangg Pseudorang Position

Clock-offsets

Velocity Velocity
Doppler Doppler
Clock drift Clock drift
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Thedata seteanddata processing procedutea/e beendiscussedUsing these datasets and data
processing procedwsethe positioning performance when using and not usimqgi@ri receiver
GNSS clockoffsetswhen a limited number of satellites from multiple GNSS constellations are

available is examined in the following sections.

4.3  The Use of a Priori Clockoffset Canstraints in Limited Signal Environment

The accuracy athe position solutions obtained usingpdori receiverGNSS clockoffsetswhen

a limited number of satellifrom multiple GNSS constellations are availaldeexamind in

this sectionThe DOPs fo6 satellites (from two and three GNSS constellatioas)d 8 satellite

(from three GNSS constellations) scenarawe shown inFigure 4.3 The details of satellite
combination for each scenario are specified in TableMglure 4.3 shows that the eadutons

of precision for all scenarios are below 2 throughout the study pérfae north dilutions of
precision for both 6 and 8 satellites from three GNSS constellation scenarios are below 3
throughout. The NDOP for the two GNSS constellation scenaribeirfigure, however, varies
between 2 to 11. A very high VDOP of almost 50 is observed in the two GNSS constellation
scenario. For the three GNSS constellation cases, however, the VDOP are below 6 throughout.
The reason for the high VDOP for the two GN8&nstellation scenario in this particular
receiversatellite geometry is that none of the 6 satellites (from GPS or GLONASS) are at very
high elevation. The vertical results are further degraded by the fact that the vertical position is
now highly correlagd with not just one, but two poorly determined clock offsets (one of each
system) In the three constellation scenarios, BeiDou PRN 12 provides range observations from

near zenith (as shown is the sky plot in Figure 4.1).
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Figure 43: DOPs for scenarios using 8 and 6 high elevation angle satellites when position
solutions are estimated at each epoch. (Details of satellite combinations are as specified in Table

4.1)
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The position errorgcompared to the known receiver pasi) obtained using 7 and 8 satellites
from three GNSS constellatioase shown irFigure 4.4. Vith the limited number of satellisen

view, the difference in position solution accuracy with and without an additional measurement
can be very significantThis is especially truevhen thereceiverGNSS time-offses are
estimated by the receiver at each epoch. For the seceeversatellitegeometry, when using a
priori time-offset information the differencen the position solutios obtained from using 7
sakllites versus8 satellites are not as significant. WaHimited number of satellites in view
from multiple GNSS constellations, providing that the duration with limitesdtellites is
reasonably shorthe use of a priori timeffsetconstraintsignificantly benefits the accuracy and

availability of the position solutian

The reason for a significant differenbetween using 7 and 8 satellites without the cloitket
constraints is that, for the 7 satellite scenario, the signal from the single Bsaldlite does not
contribute to the position solutions but is used in solving for the BeiDou systeroffseéonly.

Thus, the position solution was obtained from 3 GPS and 3 GLONASS satellites. This situation
is further demonstrated in Figure 4.5 whtve position solutions from 6 satellites (3 GPS and 3
GLONASS) and position solutions from 7 satellites (3 GPS, 3 GLONASS and 1 BeiDou) are the
same when the cloesffset parameters are estimated by the receiver during each epoch. In this
figure, the red jots completely overlap with the magenta plots. When the a priori-cifis&t is

used, the position solution shows noticeable improvement with an additional satellite from the
new constellation. The availability of the additional signal directly conebtn the estimation

of the position solution.
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Figure 44: Position errors for the 7 and 8 satellite scenarios without a priori cloff&ets (No

Clock) and when using a priori cloaifsets (Clock)
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Figure 45: Position errors for the 6 and 7 satellite scenarios without a priori cloff&ets (No

Clock) and when using a priori cloaifsets (Clock)

Comparing the DOP plots in Figure 4.3 and the position error plots in Figure 4.4 and Fagure 4.
it can be seenhat for the 8 satellite scenarighe east, north and vertical DOPs are small

throughout the study perio#tor this scenariosmall position error@re observed ashown in
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Figure 44. In contrast, larg®OPs for the 6 satellite from GRS 1d GLONASSscenario are
observedespecially after the time 400 seconBsiring this time large position errors for thi

satellite scenario are obseneslillustrated in Figure 4.5

The residua for the 8 satellitescenario when using and thasing a priori clockoffset
constraints arexamined.Comparing the residuals from the two data processing methads, i
revealed irFigure 4.6 that for both methods thmagnituds of theresiduas are similar for all the
satellites The residuals from allhe satellites when not using and using a priori cloif&et

constraints haveagnitudes within 3.9 m and 4.Q respectivelymost of the time 1

The residuals for the 7 satellite scenario are displayed in Figure 4.7. It can be seen that, without
the use of a priori clockffset constraints, only residuals for GPS and GLONASS measurements
can be obtained. This is because the only BeiDouresisen contributes to the estimation of the
BeiDou system tim@ffset; with a single measurement from this constellation there is no
measurement redundancy to obtain residuals. Also, avitedundancy of one for each of the
GPS and GLONASS system, theidesls are correlated with each othéfhen using a priori
clock-offset constraintshowever, residual for all 7 satellitescan be obtainedas all the
observations contribute to position computation. In this case, there is sufficient measurement
redundang. Furthermore the residuals from all the satellitdsen not using and using a priori
clock-offset constraintdor the 7 satellite scenario have magnitudes within 3.1 m and 4.2 m

respectivelymost of the time (1.
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Figure 46: Residuals for the 8 satellite scenario when not using (top) and using (middle) a

priori clock-offset constraints and the differences between these two sets of residuals (bottom)
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Figure 47: Residuals for the 7 sdliée scenario when not using (top) and using (bottom) a

priori clock-offset constraints

The position solutions obtained in more challenging situations using 6 and 4 satellites from three
GNSS constellations were examined. The position solutions frose e then compared with
the scenario where ranging signals from 8 satellites were available. The results from these are

shown in Figure 4.8.
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Figure 48: Position errors for the 8 satellite scenario when not using a pdiock-offset
constraints (No Clock) and position errors for the 4, 6 and 8 satellite scenarios when using a

priori clock-offset constraints (Clock)
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Figure 4.8shows that Wwen the a priori clocloffset constraints aresed in the 8 satellite
scenariothenorth and east positions show very similar position accuracy veliglatly smaller
error compared to when the cleoksets areestimated at each epoch. More significant reduction
in position error is evident in the verticalgson. Without usinga priori clockoffset constraints

in the 8 satellitescenario the vertical position errekceed20 m at times With the use of a
priori clock-offset constraintsthe vertical postion error for the 8 satellitescenario is within 11

m throughout the datset

When 6 satellites are used with a priori cladfkset constraints, the results are similar to the 8
satellite with clockoffset constraintscenaridout with larger position error fluctuationd/ith 8
satellites and a priori cloetffsets, maximum et and north position errors of 12 m and 10 m,
respectively, are observed. For the 6 satellite scenario, maximum east and north position errors
of 13 m and 14 m, respectively, are observed. The maximum vertical position errors for both the

6 and 8 satell@ scenarios with a priori cloakffsets are within 11 m throughout.

When4 satellitesare usedhowever, significantly largenorizontalposition errors are observed
with themaximum east and north position errors of 23 m and 2dspectivelyin the 4satellite
scenariahe vertical position error ielatively small compared tosing8 satellites withouana
priori clock-offsetconstraint In this 4 satellitescenario, the vertical position error is within 9 m
throughout.It must benoted, however, hat although théhorizontal position errors in thet
satellite scenario tend to be quite large solutionwould beavailablewithout the clockoffset

constraints
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The residual$or the 6 satellitescenariovereexamined and displayed in Figure 4/%hen using

signals from 3 GPS and 3 GLONASStelliteswithout a priori clockoffsets, there is a residual

for each satellite. This is because in this case there are 6 measurements to solve for 5 unknowns
(3 unknowns user coordinate parameters and 2 unkngygtsm clocloffsets), hence, there is a
redundanimeasurement to obtain residudlgith a redundancy of one for each of the GPS and
GLONASS system when not usirgy priori clockoffset constraintscorrelations between the
residuals are observetdihe residials from all the satellitewhen not using and using a priori
clock-offset constrainthave 1values within 3.1 m andt.9 m respectively It must benoted

that, without a priori intesystem clocloffsets, the GPS and GLONASS residuals from this 6
satellite scenario and the 7 satelbenario (3 GPS, 3 GLONASS and 1 BeiDouFigure 4.7)

are he same.

When the solution is computed using signals from 2 GPS, 2 GLONASS and 2 BeiDou satellites
without the use of a priori cloeffset constraints there are 6 unknowns to be estimated (3
unknown user coordinate parameters plus a system-oftsdt for each GNSS). In this case,
there is no measurement redundancy and the residuals cannot be ofitathede of a priori
clock-offset constrairg helpsimprove measurement redundanwyith the use of a priori clock
offsets,residuals from all 6 satellitefsom three GNSS constellations can be obtaiaedthe

magnitude of residual for all the satellites is witRiB m most of the time (1.
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Figure 49: Residuals for the 6 satellite scenarios from two constellations wharsimy a
priori clock-offsets (top), and when using a priori cleaftsets (middle); and residuals for 6

satellite from three constellation scenario when using a priori etiftdet (bottom)
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The residuals for the 4 satelliseenario are examined and tlesults are shown iRigure 4.10
When position solutionare computed using satellitesfrom three GNSS constellations with a
priori system clocloffsets, residuals for each satellite can be obtai@edelations between the
residuals are observed inig scenario anche residuals from all the satelliteave 1values of

0.6 m.

Figure 4.10: Residuals for the 4 satellite from 3 constellation scenario when using a priori

clockoffsets

The study further investigatélse daracteristics of theystem clockoffset parametes from the

4, 6 and 8 satellite from three GNSS constellation scendit@sa priorisystemclock-offsetsfor
each GNSS&onstellation(obtained from leastquares estimation at initial epoch thgmdated
using the estimated clock driftyhich are used as constrairasee compared with cloetffset
values computed at each epoch using all in \satellites.The results fromhesesare presented
in Figure 4.111t is revealed in this figure that the systerocttoffset values used as constraints
are relatively stable throughout the study period. Also, the alfiskt values are similar for all

the scenarios under investigation.
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Figure 4.11: The difference between cleokset alues for the 8, 6 and 4 satellite scenarios
when the a priori clocloffsets are used and when the clofisets are estimated by the receiver

at each epoch using all in view satellites with 8 m@ask angle
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4.4  The Use of a PrioriClock-offset Constraints and Blunder Detection

In order to examinghe fault detection and exclusion capability when using measurements from
multiple constellatios in degraded GNSS signal environmeewith and withouta priori system
clock-offset constraintsa simulated bluder in form of gpseudorange bias @60 m was added

to measurements from BeiDou PRN When position solutions are computed using 2 satellites
from each of the GPS, GLONASS and BeiDou systehhe fault stag at time 3 minutes and
lasts for 10 minutes. Te position errors from these are showirigure 4.12 and Figure 4.18r

scenarios when not using and using cloffiset constraints respectively.

Figure 4.12showsthat without the use dhe a priori clockoffset, the blundegoesundetected
resuling in large position erra. When the fault occurs at this high elevation satellite which
positioned to the west of the receiver, the vertical and-veest position errors are large
compared to the position error in the nesthuth direction. The positionrers exceed 60 m and

350 m are observed in the eastst and vertical directions respectively.

When the clock constraints were used, bhenderis detected and excluded frothe position
estimation as shown in Figure 4.1&fter rejecing the faulty masurement, a slight increase in
position errors compared to when six satellites were used is observed as a result of poorer
receiversatellite geometryHowever, he benefit of correctly remawy thefaulty measurement

is outweigls the degraded receivesaellite geometry. When the blunder is correctly removed,

the position erra@within 15m areobserved in althedirections.

109



Figure 412 Position errors when a simulated blunder in form of a pseudorange bias of 150 m
was adled to measurements from BeiDou PRN 11 when position solutions are computed using 2

satellites from each of the GPS, GLONASS and BeiDou systems without clock constraint
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Figure 413: Position errors when a simulated blundarform of a pseudorange bias of 150 m
was added to measurements from BeiDou PRN 11 when position solutions are computed using 2

satellites from each of the GPS, GLONASS and BeiDou systems with clock constraints
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Standardizedesiduals for the scenario wheusing 3 satellites from each of the GPS and
GLONASS systems and 2 satellites from BeiDou sysieznexamined. When not using a priori

clock-offset constraints, the standardized residuals under thefrfaﬂlt(ﬁ% ) and

U xUi@U-iax

faulty (" m

cU'xUTé’)‘laxr) conditions has elements corresponding to the two BeiDou measurements

(printed in blue) having the same magnitude with opposite sign.
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Although the global and local tests can be used to detect measurement bias, the equality of the
two BeiDou standalized residuals makes it impossible to identify the faulty measurement.

When using a priorsystem clocloffset constraints, the standardized residuédsskm@u.iax[3
for each of the measurements has unique value even whenvanbpbservations from BeiDou

are available.
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In this case, when the measurement bias occurs in BeiDou PRN 11, the standardized residual

(", u1saxa With only element corresponding to this satellite has a high value (printed in red).

Since these standardized residuals are also used in the test staitisitify blunders, the use of
a priori clockoffsets thus makespossible to identify the faulty measuanent
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4.5  Position Solutions Using 4 Observations from 4 GNSS Constellations

A scenario whent satellites fromfour systems are available was tested and position solutions
were obtainedln this scenario, one high elevation satelfitem each of the GPS, GLONASS,
BeiDou and Galileo constellations as shown in the sky plot in Figure 4.2 are used in position
estimation with a priori clockffset constraints. The position solutions obtain from4tsatellite

scenario are then compared against position solutions obtain from using all in view satellites with
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mask angles of fGand 35 when the clocloffsets are estimated by the receiver at each epoch. In
the mask angle of 8xase, a total of 13 sallites were used to compute the receiver position.

The position errors from these are shown in Figure 4.14.

When theposition errors in the nortbouth and eastvest directions were examined, it is
revealed that results from using all in view satellitéth mask angle of 10and 35 has similar
position errors. With the mask angle of’1the position errors in the nortlouth and eastest
directions are within 8 m and 9 m respectively. For thtrB&sk angle scenario, the position
errors for the nortflsouth and easwest directions are within 10 m and 13 m respectively. When

the number of satellites reduces to 4, the position errors increase noticeably. In this scenario, the

north-south position errors are within 39 m and the-gaest position errorare within 38 m.

The vertical position errorlpts reveal that when using all in view satellites witl? 40d 35°

mask angles, the vertical position errors are within 14 m and 31 m respectively. For the 4

satellite scenario, the vertical position erraris 29 m throughout the experimental period.
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Figure 414: Position errors when using all in view satellites witlf 48d 35 mask angles
without a priori system cloeg&ffset constraints (No Clock) and position errors whengid

satellites from 4 constellations with a priori cleokset constraints (Clock)
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Figure 415: The difference between clookset values for the 4 satellite from 4 constellation
scenario when the a priori cloaiffsetsare used and when the cleoKsets are estimated by the

receiver at each epoch using all in view satellites with @mfksk angle

The characteristics of thelock-offset parametes are investigated. The a pri@ystemclock-
offsetsfor each GNS®onstelation (obtained from leastquares estimation at initial epoch then
updatedusing the estimated clock drifiyhich are used as constraints for the 4 satellite scenario
are compared with cloe&ffset values computed at each epoch using all in g&ellies. The

results fronthesesare presenteih Figure 4.15It is evidenced in this figure that the cleoiset
constraint values are relatively stable throughout the study period and the magnitude of a priori

clock-offsets for the GPS, GLONASS, BeiDou a@dlileo systems are similar.

The availability and reliability of position solutions obtain from multiple GNSS constellations
have been examined using covariance simulation in the previous chapter. The positioning
accuracy and the benefits from using aoprireceivefGNSS clockoffsets when a limited

number of satellites from multiple GNSS constellations are available using live data have been
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investigated in this chapter. The following chapter discusses key findings from this study and

provides conclusian
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CHAPTER FIVE: CONCLU SIONS AND RECOMMENDA TIONS

This chapter presents conclusions and key findings from this study. Recommendations and

possible future investigations are also discussed in this chapter.

51 Conclusions

The objecties of this study have been achieved through covariance simulations and the
examination of position solutions obtained using measurements from GPS, GLONASS, BeiDou
and Galileo satellite systems. This section first concludes key findings from simulations
pefformed to examine the availability and reliability of position solutions when using
measurements from multiple GNSS constellations. Then, the conclusions from experimental
using real observations from GPS, GLONASS, BeiDou and Galileo systems to invetsiggate
benefits of using a priori cloe&ffset constraints are presented. The main findings from this

study are as follows:

x Reliability of position solutions from GPS and GLONASS with SBAS corrections
Simulation results revealed thathen SBAS correctionare applied to GPS measurements when
using ranging signals from GPS and GLONAG&Sstellationdn the semturban environment
the 98" percentileHPL reduced from almost 150 m to 160 More significant improvement is
evident in vertical protection levelith SBAS correctionsthe 95" percentile VPL improved

from over 440m to below 330m.
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x Availability and reliability of position solutions from the combined GPS and GLONASS
systems with additional ranging signals from the BeiDou and Galileo satellites

From simulations it has been found that when using signals from GPS and GLONASS
average 7 satellites are visible to users in thewast running urbacanyon environment. As a
result, the FDE is unavailable 37% of the time. GNSS usetBeireasivest running urban
canyon sea largemumber of satellites on average comparedstrs in theorth-south running
urbancanyon In the northsouth running urbaganyon, on average, only 6 satellites are visible
when using signals from GPS and GLONASS systékasa result of limited number of visible
satellites in the nortBouth running urbacanyon environment, the FDE is unavailable 67% of

the time.

When ranging signals from the complete BeiDou and Galileo constellations become available,
users in thesemturban environment can expect to see 19 satellites on average when using
signals from the four GNSS constellatiohsthe northrsouth urbarcanyon environmenysers

can expecto seel?2 satelliten average

In the semiurban environment, without these of a priori clocloffset constraints, the 85
percentile HPL is expected to reduce from almost 150 m when using signals from GPS and
GLONASS constellations down to below 20 m whalh four GNSS constellations become
operational Similarly, the 95" percentile VPL is expected to reduce froover 440m down to

below 50m.
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In the northsouth urbarcanyon, without the use of a priori cleokset constraints, the FDE is
unavailable almost 70% of the time when using signals from GPS and GLONASS. Simulation
results show that thigalue would be reduced to 35#henranging signals fronall four GNSS

constellationdbecome available

X Benefis of using a priori clockoffset constraints
The benefits of usinglock-offset constraints are particularly signifidawhen the receiveis
located in areas wherbmited GNSS signals are available such as in the ucbagon
environment. Bnulation results show thatith the use of a priorinter-system timeoffset
constraintsin the northsouth running urbananyon, he FDE is unavailable less than 1% of the

time when using signals from all four GNSS constellations.

It was found by the simulation thathen using signals from complete four GNSS constellations
together witha priori clockoffsets, GNSS uselis the north-south running urbanrcanyoncan
expectthe valuesof the 95" percentileHPL and VPL to be reduceby about 50 % of what

would be achievable without the use of a priori cloffiset constraints.

The intersystem clocloffset parameter can lheitially estimated by the receiver at the starting
epoch then uskas a priori information when comjg receiver positiors at later epoch
Alternatively, when the intesystem clocloffset is transmitted by GNS#)e receivercanuse
this broadcast parameter as additional measuremento reduce numbeof pseudoranges

required The use of clocloffset information either broadcast by GNSS prowsaerfrom initial
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estimats by the receiveimproves measurement redundanciis is particularly helpful when

usingGNSS in signal challenging environment.

The use of clocloffset constraints with smaéistimated uncertaies results inmore reliable
position solutios compared to when using cleoKset constraints with large estimated
uncertainies The intersysten clockoffsetvalueestimated at the receiver level could potentially
havea larger estimated error compared to irggstem clockoffset valus broadcast by GNSS
provides. However, during the time when the broadcast isystem clocloffset is not
avalable, the systa availability and reliabilitywould still beimproved by using a priori clock
offset constraints obtained by the receivearaiarlierepoch compared to when the clexftset

parameter have to be computed by the recaiveachepoch.

Live data from multiple GNSS constellations were collected. When examining position solutions
obtained from GPS, GLONASS and BeiDou systems it is evidenian signals from many
satellites from multiple constellations are availalbies difference in gsition solution accuracy
when processing data using and not usangriori system clocloffset constraints are not
significant. However, this is not the case when signals frdimited number of satellite from
multiple GNSS constellations are availabhen using a priori clockffset constraints, all the
range measurements directly contribute to the estimation of the position solution. Thus, with a
limited number of signals from multiple GNSS constellatiahg, use of a priori clocloffset
constraintshelps improvahe accuracy and availability of the position solusiolh has also been
observed that tha priori clockoffset values which are used as constraints are relatively stable
throughout the 20 minutes study period.
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A scenario with4 available satellites one from each of the GPS, GLONASS, BeiDou and
Galileo constellationswas tested andogition solutions were obtained when the receiver was
using a priori clocloffset constraints. In this scenatl@rge position errors(especily in the
horizontal direction) were observed. Howeverailimited GNSS signaenvironment, only few
satellites frommultiple GNSSconstellatios could be visible and no solutiowould be available

without the use of a priodlock-offsetconstrains.

X Blunder deteton and exclusion capabilities when using measurements from multiple
GNSS constellations
A simulated blunder in form of pseudorange bias 460 m was added to measuremdnisn
one of theBeiDou satelliteswhen position solutions were computed usingagllites from each
of the GPS, GLONASS and BeiDou systems. The results shovwwitiaiut the use othe a
priori clock-offset constraintsthe blunderwas undetectedand large position erra were
observedWhen the clocloffset constraints were used, thunderwas detected and excluded

from the positionestimation.

5.2  Future Research andRecommendations
The following are recommendations and potential future research on the reliability and
availability of position solutions using multiple GNSS corlat@ins:

x The first part of thisstudy comparedthe minimum detectable blunder and protection
levels of the combined GPS and GLONASS constellations with and without SBAS
corrections applied to GPS measurements. Further studies could be done to examine the
reliability performance of GPS and GLONASS with new constellations such as BeiDou
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and Galileo when SBAS corrections are applied to one or more constellations, and when
the ranging signals from SBAS satellites are also used in position estimation.

With the tme frame of this study and the limited availability of BeiDou and Galileo
satellites at the time of this study, the investigation of position solution accuracies when
using signals from multiple GNSS constellations in challenging signal environment was
caried out using static data collected in an open sky environment. A high mask angle
was chosen to simulate a GNSS user in a limited signals environment. The data collection
for future research should be carried out in a dynamic receiver environment saich as
receiver placed in a vehicle driving in downtown areas.

In this study, approximately 20 minutes of collected data containing measurements from
GPS, GLONASS and BeiDou is used for algorithm testing. Further studies could be
carried out to examine the aracy of a position solution when using a priori clock
offsets for a longer period of time and for both three and four GNSS constellation
scenarios. This will require additional availability of Galileo and BeiDou satellites.

The a priori system cloe&ffses for each GNSS constellation in this study were obtained
from the initial estimated cloe&ffset values from leastquares estimation at the initial
epoch. The cloclkffsets were then updated at each epoch using estimated clock drift
values.Oncethe new GNSS start to broadcast thger-system timeoffset parametaras

is planned by many GNS@roviders further investigatiomcan beperformedto examine

the accuracy o& position solution obtained when using this broadcast parameter as

additional measrement
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