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ABSTRACT

Positioning technology is progressing at a rapicepa One of the latest
developments is the availability of Global NavigatiSatellite System (GNSS)
receivers. RTK (Real Time Kinematic) GNSS recesvlave the potential to
increase satellite coverage and improve satelldengetry with the additional
available satellites from the GLONASS constellatidrhis will prove beneficial to
users who work in difficult operating environmestgh as open pit mines or urban
canyons. This research is interested in the effiedifficult operating environments
(i.e. obstructed satellite window and high multipgresence) on the RTK GNSS

receiver’s ability to operate.

This research project has tested and comparedettiermance of an RTK GNSS
receiver to a RTK GPS (Global Positioning Systeegeiver. The antenna was
setup in a difficult operating environment whererthwas a multipath presence,
and almost half of the satellite window was blocke@in analysis of the results
allowed conclusions to be made about the compigilof the combined GNSS
satellite positioning frequencies of GPS and GLOISAsatellites in a difficult
operating environment, and about the effectiverméss multiple frequency GNSS

to mitigate multipath compared to a receiver obsgrgolely GPS satellites.

From the results of the tests, it was found that @NSS receiver has a superior
ability to mitigate errors associated with multipathis was demonstrated as the
GNSS receiver had 7% less outlying observations tha GPS receiver in a high
multipath environment. The GNSS receiver also Baadnore initialisations and a
decreased time to first fix (TTFF) of 17 secondBhe results indicated that the

GNSS receiver’s accuracy and precision was comfmtalthe GPS receiver

This research shows that users who work in diffiopkerating environment (i.e.
obstructed satellite window, high multipath) wikrefit from the advantages of
an RTK GNSS receiver which include; increased biaatoverage, improved

TTFF and increased initialisation reliability.
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NOMENCLATURE AND ACRONYMS

The following abbreviations have been used throughee text:-

DOP Dilution of Precision
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FOC Full operation capability
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GNSS Global Navigation Satellite System
GPS Global Positioning System

NMEA National Marine Electronics Association
OTF On the fly
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RTK Real Time Kinematic

TSC2 Trimble Survey Controller 2

TTFF Time to First Fix
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Chapter 1 — Introduction

1.1 Background

For almost the past three decades the United Statesierica (USA) has been the
sole provider of an operational Global Navigatiatefite System (GNSS). This is
now in the process of changing. Russia is remgldheir GNSS GLONASS and
Europe will be launching a GNSS named GalilBefining the Future of Satellite
Surveying With Trimble R-Track Technology 2006). It is also expected that China
will have a GNSS called Compass. While it is exgeto provide position signals
across China by 2008, it is unknown when it is expea to reach full operational
capability (FOC) (Thomson 2007).

All three systems (GPS, GLONASS and Galileo) wid mteroperable GNSS

2006). The combination of the three GNSSs couklltein an eventual 60+
satellite constellation by year 2010. This inceeassatellite availability will be an
advantage in areas where satellite availabilitynisted, such as in open pit mines

or in urban environments (Lachaleppe et al. 2002).

Real-time kinematic (RTK) Global Positioning Systg/@PS) positioning has
revolutionised the surveying profession (Trimbl®2D This surveying technique
has increased productivity in almost all of thecgibnes related to surveying. The
reason RTK GPS is so productive is its achievabtbeir@cy in real time. RTK GPS
is a relative positioning technique. It reduce®mrr that are common to both the
base station and roving receiver such as ionosgret@éroposphere delay allowing
RTK GPS to be used for high-accuracy applicatiofsTK GPS relies on GPS

biases being eliminated, or at least minimisecbét khe receivers.

Multipath is an error which occurs when the signain the satellite does not travel
the direct route to the receiver. The amount oltipath at a receiver is determined
by the surrounding environment, thus it is almogbassible to have equal amount
of multipath at both antennas. Mitigating erroasiged by multipath is crucial to
achieving high accuracies, currently there is alfeemore practical testing on the

effect of multipath on a GNSS receiver’s abilityindialise.

The Effect of a Multiple-Frequency GNSS on Multipath Mitigation 2



Chapter 1 - Introduction

Accuracy, precision and time to first fix (TTFF)dtosely correlated to the number
of available satellites, the geometry of the sislland the presence of errors due to
multipath. O’Donnell et al. (2003) and Feng et(aD06) have stated that with the
availability of more satellites in the GNSS thend e a likely improvement in the
satellite geometry, thus improving the accuracgc@ion and TTFF of RTK GNSS

under normal conditions.

Lau (2005) created a simulation of a fully openaéibcapable (FOC) GPS and
Galileo constellations and found that in the preseof multipath the positioning
results degraded further than when the receiver aserving solely GPS. This
result creates uncertainty about the combined 18&P& and GLONASS. Will the
combined use of GPS and GLONASS satellite sigmapgave the receiver’s ability
to provide an accurate fixed position in the presesf multipath, or will the quality
of the position results be further degraded dueotapatibility issues between GPS
and GLONASS?

1.2 Research aim and objectives

Aim:
The aim of this research project is to criticalhalyse the ability of an RTK GNSS
receiver to provide more accurate and precise ipasig results in a low and high

multipath environment compared to an RTK GPS rezeiv

Objectives:

To achieve the aim the following elements will beted and analysed:
* Number of fixed solutions;
* Time to first fix (TTFF);
» Accuracy; and

* Precision.

The Effect of a Multiple-Frequency GNSS on Multipath Mitigation 3
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1.3 Justification

Currently RTK GPS users have been using positioiaimation from GPS only.
With GLONASS being replenished and an expectedy folberational Galileo
satellite constellation by 2010 (Lau 2005, p. 4t3)si required that research be
undertaken to determine what effect these additidremuencies have on the
positioning ability of receivers when used in cagtion with GPS, in particular in
areas where conditions are considered less thah iéill the additional available
frequencies from GLONASS and eventually Galileangaised in conjunction with
GPS provide greater satellite coverage, more atzusad precise positioning

results and faster TTFF by mitigating multipathboesrmore effectively?

The results of this testing will be beneficial footh users of RTK GPS and RTK
GNSS receivers as the performance of the two recetenfigurations will be
analysed in both a low and high multipath environtrem the multipath mitigation
capabilities of the receivers can be determineda Aesult of this testing an analysis
of the benefits of wider satellite coverage wik@be determined by analysing and
comparing the performance elements specified itised.2. This will result in a
conclusion able to be made as to the compatimhit@PS and GLONASS in a low

and high multipath environment.

This research will also be applicable to users wfudl Reference Station (VRS)
RTK. Currently the majority of VRS RTK networksau§&PS information only,
knowing the performance of GNSS receivers unddicdlf conditions (i.e. high
multipath) compared to GPS receivers will assisteniding whether it would be an
appropriate investment to upgrade VRS networks liserve information from

satellites other than just GPS.
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1.4 Outline of research

Chapter one has identified the need to criticathalgse the ability of a GNSS
capable receiver to provide more accurate and gggmsitioning results compared

to a receiver observing solely GPS in a high amdriwiltipath environment.

A suitable test site will first have to be founddnsure the aim and objectives can
be properly assessed. As itis a requirementethett of the testing period be over a
24 hour period to ensure that observation perioeds@amparable, having access to
a mains power outlet to power the laptop and recas/essential. The test site will
also have to represent a situation which is comynfaded by spatial professionals

where it may be difficult to gain a fixed solutiasing a GPS receiver.

Once the data has been collected using instrunardssoftware which will be

discussed in more detail in Chapter 3, a statistinalysis of the observation data
using Microsoft Excel will be completed. It is frothis statistical analysis that a
comparison between GNSS and GPS will be able tondde, and a conclusion
drawn as to the effect of the additional satelfitequencies on the receiver’s

initialisation integrity.

1.5 Limitations of Study

As this project follows on from both Manuel’s (20Ghd McCabe’s (2002) project
of receiver testing, it is assumed the readershif tissertation have some
knowledge of the fundamentals of GPS, initialisatimtegrity, good and bad
initialisations and ambiguity resolution. Readeith little or no knowledge of this

topic will benefit by referring to GPS texts whighould be available in most
libraries. Another source of information is theinilble Navigation homepage
website (www.trimble.com and click on “GPS Tutofjal This site provides

instruction on the basics of how positions are mieitged on the earth and more

detailed information about GNSS.
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1.6 Summary

Multipath is a common undetectable error in RTK GR8/eying. Research will
be undertaken to determine whether the use of aSG8&l&bled receiver will
enhance the receiver’s ability to mitigate erraassed by multipath compared to

a receiver observing solely GPS satellites.

As the GNSS receiver will be observing additionatelite frequencies from
GLONASS as well as GPS it is expected that the mwaiellite coverage will
result in an increased chance of initialisation.islexpected that the additional
available satellites will improve the elements tedato receiver performance,
however it is difficult to determine at these eatgges if the receiver performance
will improve as a greater number of satellites Inee@vailable. This uncertainty is
a result of the research completed by Lau (2005¢twfound compatibility issues
between the two GNSS constellations GPS and Galildas research is given in

more detail in section 2.4.4.
In chapter two a literature review will provide tlhestory and development of

GNSS to the present, and what may be expectedeirfuiiure with regards to

possible development, and expansions.
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Chapter 2 — Literature Review

2.1 Introduction

To achieve the aim and objectives stated in Chaptarcomprehensive review of
all current literature will be necessary. Thislw#tablish the current understanding
and knowledge with respect to GNSS and the resflfgst tests, and to identify
previous testing procedures so these can be adeyphede appropriate for the

required testing of this project.

The literature review will introduce the RTK surusy style and the benefits it has
provided the users of spatial information. It valso discuss the history of GNSS,

and discuss any testing methodology previously @setésting RTK receivers.

This chapter includes background information alieNSS as well as detailing past
testing and the results of these tests. It widloatontinue to explain why it is
necessary that GNSS receivers be tested in a higtipath environment by

identifying the current lack of research in thisearch topic.

2.2 Background

With the additional position signals from GPS, GL&BS and Galileo, GNSS
receivers have the potential to offer users nuneetmnefits over those who use
receivers only able to receive GPS signals. Aflmigtory and clarification of the
expected benefits of GNSS will be explained in mdegail in the following

sections.

2.2.1 What is GNSS?

GNSS refers collectively to all of the global naatign satellite constellations.
Currently the world’'s GNSS comprises the Unitedt&¢a GPS, the Russian

The Effect of a Multiple-Frequency GNSS on Multipath Mitigation 8
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Federation’s GLONASS, the European Union’s (EU)il@al(Defining the Future

of Satellite SQurveying With Trimble R-Track Technology 2006), and China’s
Compass (Thomson 2007). It is expected by 201@iwhis expected Galileo will
reach full operational capability (FOC) that thevdl be a 60+ satellite GNSS
between GPS, GLONASS and Galileo (Gibbons 2006).is lunknown when

Compass will be operational, or even if it will Besigned so it is compatible with
the current three GNSSs in operation, it has thterpial however to reach FOC
before Galileo as Compass does not have the samefuissues (which China is

also investing in)Gompass GPS 2007).

2.2.2 Potential benefits of GNSS

Provided GPS, GLONASS and Galileo are interoperathiere are a number of
potential benefits which will result from the addedailable satellites. These
potential benefits are:

e Accuracy: Dilution of Precision (DOP) is a measure of theeeffthe
satellite geometry will have on accuracy. With ghwailability of a greater
number of satellites, an improvement in satellg@rgetry will result, thus
there will be a resultant improvement in accuradylf & Ghilani 2002, pp.
344-5).

* Increased satellite coverage: It is sometimes difficult to gain an
initialisation when working in urban canyons andegt terrain due to the
view to satellites being obstructed. With a greatember of satellites,
instances of this problem occurring will lessencth@eppe et al. 2002).

* Measurement redundancy: Higher redundancy would result in a reduction
of random errors, including phase noise and muhipeffects. This
improvement would lead to greater repeatabilitynefasurements (Feng,
Rizos & Moody 2006, p. 11).

« Time To First Fix (TTFF): With additional satellites available, it will be
possible to resolve the inter-ambiguities fastéoywang for more productive
hours of work (Feng, Rizos & Moody 2006).
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2.2.3 Real Time Kinematic (RTK) surveying

‘RTK surveying is a carrier phase based relativesitmming technique’ (EI-
Rabbany 2002, p. 77). Measuring the phase of ifrelsas opposed to the code
allows for high accuracies to be achieved. Thesetsignal can be read to 1/f00

of a wave length (i.e. 2mm) (Higgins 2006).

High accuracies are achieved by having a baseostastablished on a known
station. The base station will be observing theesaatellites as the rover station.
The base station will calculate a correction tolyappthe raw satellite observations
so it is at the specified coordinates. This cdioecwill then be broadcast to the
roving receiver, thus enabling points to be pos#ib within 1 — 5 centimetres in

real-time.

One of the obvious advantages of this techniquieaisthe information is processed
in real-time, so not only is there no post-proaeg$o do, but also points can be set
out with the known accuracy of each point shownhenscreen of the controller. A
fixed solution can also be obtained ‘on the flyT{©) with just a few epochs of data
(Geodetic Surveying A - Sudy Book 2 2005). This means less time is spent waiting

for the receiver to reinitialise.

2.3 Errors in GNSS observations

The RTK GNSS system is not infallible. There atemerous influences which
affect the receiver’'s ability to effectively reselthe phase integer ambiguities.
Several are:

* Observation time;

* Number and geometry of satellites at time of olestn;

* Quality of starting coordinates;

* Broadcast vs. precise ephemeris;
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« lonosphere and troposphere delay;
» Site specific errors such as multipath and elecaigimetic interference.
(Higgins & Honor 1999)

A number of these errors, such as ionosphere amibdphere delay, are already
minimised in RTK GNSS. Nearly all the errors mengd are common to both
base and rover receivers over short to medium inaselLau 2005, p. 26), because
of this centimetre to millimetre accuracies are ieghble. Multipath and
electromagnetic interference are errors that anergdly not in common with both
receivers, this has the potential to cause errés.the focus of this project is to
research the effects of multipath on receiver ahigation, this effect will be

discussed further in the following section.

231 Multipath

Multipath errors are caused when direct signalenfreatellites are mixed with
satellite signals which have not travelled diredtlythe receiver but have been

reflected from objects in the vicinity. This effes shown in Figure 2.3.1.
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Figure 2.3.1 Representation of multipath.

Because the receiver determines its position bylveg the number of unknown
integers between itself and the satellite, a sigraltravels a longer distance than is

necessary will then contribute to a bad initialsat
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There are four primary influencing environments ebhdetermine the size of the
multipath error: the reflecting environment; satelgeometry; the type of antenna
used; and the receiver hardware used (Lau 20@3,)p.The reflecting environment
is the primary driver of this effect, the highee tteflective properties of the surface
the greater the instance of the presence of mtltip&he geometry of the satellites
can impact on the amount of multipath. Leick (10Bélieves satellites located at
low elevations contribute to an increase in muttipaThis is due to the low angle
of elevation above the horizon, the signal is mikely to have been reflected off
the ground prior to arriving at the receiver. TBmove ground bounce multipath
from low lying satellites, manufacturers recommeipglying an satellite elevation
mask so the receiver will not track these low lysagellites Trimble SPSx80 Smart
GPS Antenna - User Guide 2006, p. 120). Also antennas are now being buih
internal ground planes which prevent ground boumcdtipath. There has been
little development in the way of receiver hardwai@ dynamic surveying
applications which has been able to prevent mutighau 2005, p. 51). Coupled
with the trend towards shorter occupation tirGeddetic Surveying A - Sudy Book

2 2005, p. 13.1) multipath is likely to remain aises and common error for many

GNSS applications for the near-term.

2.4 Previous Receiver Testing

24.1 Research Undertaken by Lemmon & Gerdan (1999)

The aim of Lemmon and Gerdan’s (1999) researclteptayas to analyse the effect
of the number of satellites on the accuracy of Ridsitions. The testing process
was automated by using a computer program whickraited the operation of the
roving GPS receiver. The primary function of tlpggram is to extract RTK
position information, which included the number gs#tellites and PDOP values

before forcing the receiver to reinitialise (Lemm&rGerdan 1999, p. 66). There
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were four separate tests completed, the time durati each test ranging from 21 —

25 hours. The test receiver was situated ten ldtoas from the base station.

Gerdan and Lemmon (1999, p. 69) concluded “thatirmmease in available
satellites made no significant contribution to #ecuracy of the RTK positions,
although the reliability of the ambiguity resolutiprocess did improve.” There
was a reduction in PDOP values as more satellgearhe available, however when
a comparison was made between the precision anaaagcof the points collected
when five and nine satellites were observed thierdihce was negligible. This
suggests that satellite geometry or the numbeateflges available doesn’t impact
the accuracy of RTK GPS. However, there were hisnef having a greater
number of satellites available, as shown in an anwpment of 75 seconds between
the TTFF of a nine satellite constellation compaxead five satellite constellation
(Lemmon & Gerdan 1999, p. 67).

To analyse the observations to determine the acguead precision of the
observations, the data was required to be filtexedutlying observations. An
outlying observation was considered to be more thege times the manufacturer’s
specification for baseline component standard dievia Out of the four tests
completed almost 3000 points were recorded, andhese 49 or 1.7% were
considered outliers. If one cluster of outlyingtimisations is removed when it is
expected that an obstruction was present, the utsol reliability would have

exceeded 99%.

2.4.2 Research Undertaken by Manuel (2000)

Manuel (2000) completed a critical analysis of fmble 4700 receiver. To
properly assess the receiver’s ability to init@lsorrectly, three different test sites
were selected to test receiver performance undiareit operating environments.
One of the test sites was situated 1.8 metres fhenside of a two-story brick town
house. Almost half of the receiver’s satellitewileg window was obstructed. This

reduced the chance of a successful initialisationhe results of a successful
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initialisation would have been further degraded tlmeghe poor geometry of the
satellites. Ideally a similar test site will beopted for this research project to test
the benefits of a wider satellite coverage with t#mditional satellites from
GLONASS.

Manuel chose this test site as it representedcdifficonditions in which spatial

professionals may work in such as an open-cut rarmi@ an urban canyon. The
data was logged over a 12-hour period which allowadh GPS satellite to be
viewed once by the receiver, as it takes a GPSdldfbhours to complete a single
orbit of the earthGLONASS - Summary 2001).

Due to the satellites being masked and high PDQiesaonly two fixed solutions

out of 180 3-minute epochs of data resulted (Ma20€0, p. 52) each varying by
approximately 0.030 metres east and 0.030 in tihndVanuel did not detail the
difference in the ellipsoidal height. By blockinwlf of the satellite window

Manuel severely limited the ability of the receiverinitialise. This does highlight
the limitations of using solely GPS in an RTK swrvdf using a GNSS receiver,
such a poor rate of initialisation would be potalhgi improved with a greater

number of satellites available to obtain a fixebligon.

To automate the initialisation and loss of inigalion of the receiver over the 12
hour period of testing a program call RTK Collecteas developed by a USQ
Research Technologists. Manuel decided as thevezagas in a difficult operating
environment that 180 seconds would be the iniasibén period, as this would
provide the receiver ample opportunity to gain amidlisation if at all possible.
RTK Collector software allowed for large amountsdaita to be transferred and
stored in an external laptop via a serial connactwith minimal operator
interference. Further information about the operadf this program is provided in
Chapter 4 of Manuel’s research project. RTK Catlesoftware will be used in

this research project.
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2.4.3 Research Undertaken by McCabe (2002)

In 2001, Trimble released the Zephyr Geodetic GR8rama; a survey grade, dual
frequency GPS antenna which claimed to have enbanwgtipath resistance
compared to the performance of the Choke Ring aatefindustry accepted
benchmark) (McCabe 2002, p. i). This antenna veespared against the Micro-
centred L1/L2 GPS Antenna both with and withoutraugd-plane to determine
multipath resistance. The conventional ground elavhich was used during
McCabe'’s testing is a flat piece of metal which #imenna sits on. The purpose of
the ground plane is to remove the effects assaciatth multipath by preventing

ground bounce multipath.

Figure 2.4.1 Ground plane.

To simulate the effect of multipath during the $esin 800 millimetre diameter
aluminium disc was secured beneath the antennagitié testing. This ‘multipath

plane’ is pictured in Figure 2.4.2.
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Figure 2.4.2 Multipath plane.

“It is expected that the piece of aluminium wilfleet signals so they arrive at the
antenna by an indirect route” (McCabe 2002, p. I3ddause the multipath plane
will be fixed beneath the antenna, thus bouncindtipath into the antenna.
Aluminium was used as it was identified in therbteire review that foil faced
insulation had the greatest effect on antennaschwkaluminium has similar
properties to (McCabe 2002, p. 16). McCabe decitesl method of antenna
testing would be the most appropriate compareddthaus which used multipath
simulation software, as this was testing the efééchultipath on the GPS antenna,
not the GPS receiver like the software would do Qe 2002, p. 30). 24 hours
was also adopted as the minimum observation pexgodrimble Navigation has
adopted a 24 hour observation period as an acdegialiod to log data for and to
make comparisons to different days (McCabe 20020p. The reason for this is
that it takes a GPS satellite approximately 12 fioorcomplete one full orbit of the
earth, a 24 hour observation period would allowhesatellite to be viewed twice.
Comparisons would then be able to be made betwifemedt data sets with the
analyst being confident that observations on otfers would experience similar

satellite geometry.

RTK Collector was used to automate the initialmatand loss of initialisation
process of the receiver as it was in Manuel's (2@88ting. As the antenna was in

a clear environment 90 seconds was chosen as thmabgime for RTK testing
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with 30 seconds being the resetting time. 30 s#xovas chosen as the resetting
time so that the last set of resolved integer amtieg were not retained (McCabe
2002, p. 34).

McCabe (2002) discovered that the multipath plaite bt have a significant
impact on the mean TTFF between the test anteondlse accuracy and precision
of any of the test antennas. It is suspectedtii@gaminimal difference between the
horizontal and vertical coordinate accuracy of eadeiver under the two scenarios
(with and without the multipath plane) was due ke tmultipath suppression
software ‘Everest’. This software appeared to atgeicorrectly with no major

errors in the horizontal or vertical accuracy (Mb€&002, p. 85).

The effect of multipath was most noticeable whemgarisons were made between
the percentages of observations outside the mamnuées specifications before and
after the multipath plane was fixed beneath therard. Observations which were
greater than one standard deviation away fromrtleedoordinates were considered

outliers.

Table 2.4.1 Percentage of horizontal observations outside faaturer’'s specifications under

normal and multipath conditions.

Antenna Type Percentage > 10mm
Normal Multipath
Micro-centred L1/L2 54 10.2
Micro-centred L1/L2 with ground plane 2.6 1.0
Zephyr Geodetic 8.3 12.7

Similar results were also produced in regards te percentage of vertical

observations outside of the manufacturer’'s spetibos.

The multipath did not impact on the accuracy orcgsien of the test receivers
without any multipath mitigation equipment (i.eognd plane), but the reliability
of the receiver was greatly reduced. This is showhable 2.4.1 by the increased

percentage of observations which are outside thmufaaturer’s specifications.
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2.4.4 Research undertaken by Lau (2005)

Previously research completed on multiple-frequeGdySS data processing has
tended to concentrate on the availability of moreqfiencies to solve signal
ambiguities. Lau’s primary interest in his reséafocused on the ability of a

multiple-frequency GNSS to resolve signal ambiggitwhilst multipath is present.
Lau only used the frequencies that would be avigldiom GPS and Galileo

satellites. The GLONASS constellation was omithex the research as at the
time of Lau’s research the status of the developfregienishment was unknown
(Lau 2005, p. 28).

A GNSS data simulator was developed to generateipatii contaminated data.
As expected, the positioning accuracy and precisigostantially improved when
more signals were available in a clear environmadregn multipath was not present.
However when a reflector was present within abag metre of the antenna, Lau
found that positioning results of the GNSS recehaml degraded further than when
compared to the GPS receiver. If the receiverrargtalistance is greater than one
metre, the multiple-frequency system will have #igantly better multipath

mitigation capabilities (Lau 2005, p. 202).

Lau (2005, p. 202) concluded that the degradedltsesvere because of the
additional measurements from closely allocatedueegies, and when the antenna-
reflector distance is less than one metre, theghadtipath errors from GPS and
Galileo are highly correlated. A very close refiteonill destroy the advantages of
using a multiple-frequency GNSS data (Lau 2005,2p8), advantages which

include increased precision, accuracy and TTFF.
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2.5 Summary

This chapter introduced the potential benefits h&NSS capable receiver is able
to offer users. Through reviewing the currentrétare it is evident that there has
been no research testing the compatibility of the havigation systems GPS and
GLONASS when in the presence of high multipath. idt important that
professionals who rely on this technology be avedthe combined performance of
these two GNSSs.

Multipath is a dominant source of error in RTK apalions and can impact on the
accuracy, precision and the time to first fix oé tteceivers. It has been found in
previous literature that combined usage of sigrfeden multiple GNSSs can
potentially degrade positioning results. Practieating will be required to identify
whether combined usage of GPS and GLONASS wilkeeittegrade or enhance the
chances of a successful initialisation, the TTREguaacy and precision of RTK

GNSS receivers.

To test the compatibility of the combined use ofSG&d GLONASS satellite

navigation systems, multipath resistance testsheiltompleted using the surveying
technique RTK GNSS. The results of this test Wwél compared to RTK GPS to
determine if receiver performance has either irsgdar decreased. Chapter 3 will

cover the test methodology and data processingadsttor this project.
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3.1. Introduction

Chapter two provided background information in tiela to the potential
compatibility issues between different GNSS coteieihs and described previous
testing procedures. It also demonstrated thaetiem current lack of practical
research of GNSS and its operation in a high mathipenvironment. So
comparisons may be able to be made between theardsand pervious research

similar testing procedures and data reduction nusthall be adopted.

Chapter 3 will detail all aspects of the testingmoe to the procedures that will be
adopted to analyse the raw information. This exstinat the reproduction of this

project is possible.

To properly assess the initialisation integrity GPS compared to GPS and
GLONASS combined there are several factors to msidered: the test location;
test regime; field execution and data processingpote Once the raw observations
have been processed, it will then be necessaryntlyse the observations.
Statistics from the observations will be calculatesn the processed observation
data in Microsoft Excel. The process of how tlsiglone will be explained in the

following chapter.

3.2. Test location and Facilities

3.2.1. Semi-Permanent GNSS Base Station

Installed on the roof (level 7) of the Universitf &outhern Queensland’'s
Engineering and Surveying building (Z-block) is @ms-permanent GNSS base

station. The base station antenna is a Zephyr &eddodel 2 Antenna.
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Figure 3.2.1 Level 7 base station.

“The base station is painted red and white anduisiped over a Permanent Survey
Mark (PSM) with Map Grid of Australia (MGA) coordates. Lightning protection
devices are installed to protect the GNSS antemsaah one is augmented with

independent fuses in all cables that come fromdb& (McCabe 2002, p. 25).

The remaining base station equipment is housetlarcomputer hut on level 5 of
Z-block. This includes the Trimble NetR5 receivdtich is capable of observing
information from multiple GNSSs, and the computersich control the base

station.
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Figure 3.2.2 Base station computer within computer hut.

3.2.2. Test Location

The location to complete the testing ideally hadatsfy several criteria for it to be
suitable:
* Access to mains power to provide a reliable powmiree for both the
antenna and laptop;
* An area to keep the laptop secure and proteair the weather;
* Able to simulate difficult conditions that are facéy surveyors in each
working day (i.e. obstructed satellite window andltipath present);
* Able to set up the equipment and be free from humignference; and
* Have easy access to the equipment and laptop @bleeto periodically

monitor testing to ensure it was still operatingreotly.

The test location that satisfies all of these gatés situated on level 5 of the Z-

Block roof. Here the laptop is able to be housethe same computer hut as the
base station receiver. The laptop was connectéldetoeceiver through a services
duct. Both the laptop and receiver have accessainos power within the computer

hut.
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Service duct

Figure 3.2.3 Laptop connected to receiver through services. duc

The receiver was established next to the wall whighobstruct almost half of the

antenna satellite window. The antenna is situaed to a concrete wall so it is
expected that multipath will be present. The radso establishing the antenna in
such a difficult operating environment is to createommonly faced scenario that
spatial professionals work in frequently. It istnmmcommon for the user to be
working next to tall building or in an open pit reimwhere both the satellite window
will be blocked, as well as having a high preseotenultipath, and as stated in
Chapter 1 the aim of this research is to test élseiver under conditions which are

other than ideal.
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Figure 3.2.4 Receiver established next to wall on level 5 ofi@ek.

As the antenna does not have a line-of-sight vigsaine base station radio this will
most likely cause the communication between the ls&stion and rover receiver to
be unreliable (Lemmon & Gerdan 1999, p. 65). Teraome this, a repeater radio
will be setup on level 6 of Z-block to propagate thase station signal ensuring that
a robust signal is maintained at all times.

Figure 3.2.5 Repeater on level 6 of Z-block.

It was decided that testing should only be condudeé the test site already

described, and no further testing should be comduett a test site where the
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satellite window isn’t obstructed, and where mualtipwould be negligible. The
reason for this is that it has already been prakanh“all the interoperability issues
that might affect combined use of GPS and GLONASSehbeen resolved”
(Zinoviev 2005, p. 1056), thus it is seen as ueasary to complete testing in an

operating environment where there will be no olusions.

3.3 Equipment

The equipment required to complete the testindpisfroject is as follows:
» Laptop (with RTK Collector and Trimble Configuratid oolbox installed);
* Tape measure (to conduct checks of the antennhthieig
* Db9 serial connection leads (to connect the antémitze laptop);
e Trimble docking station (external power supply &?S880 antenna);
e Tripod;
* Multipath plane;
» SPS880 receiver;
e Adaptor to connect SPS880 to tribrach;
* Tribrach.

The equipment requirements for the required repeateas follows.
* Repeater,
* Pillar cap;

* Repeater adaptor (to plug repeater into mains power

3.4 The Trimble SPS880 Antenna

The antenna to be tested is the Trimble SPS880d&BRSina. This antenna has an
integrated radio, GNSS receiver, GNSS antenna atinal battery. Bluetooth

technology allows a cord-less connection between rceiver and surveyor
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controller. The firmware version that was instaliadthe receiver during testing

was v3.25.
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Figure 3.4.1 Image of SPS880 antenna.
(SourceTrimble SPSX80 Smart GPS Antenna - User Guide 2006, p. 16)

The receiver has 72-channels and tracks L1, L2, ILBCGand GLONASS satellites.
This availability of a greater number of satellitequencies from GLONASS is
expected to increase satellite coverage and inetbasareas where GNSS receivers
are able to be operatetr(mble SPS380 Extreme Smart GPS Antenna 2006).

When used with RTK positioning Trimble states tttas receiver will provide a
horizontal accuracy of £(10mm + 1 parts per millippm) x baseline length) and a
vertical accuracy of £(20mm + 1ppm x baseline leh@irimble SPS380 Extreme
Smart GPS Antenna 2006). The baseline length for testing is less #0 metres so
this means the parts per million for this lengthl wqual less than one millimetre
(40m x 10° = 4 x 10°) and thus will be negligible.
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Figure 3.4.2 Baseline between base station (level 7) and testwer (level 5).

3.5 Test Design

The importance of completing each test over a 24 period had been identified in
the literature review (section 2.4.3). To do tthie laptop, antenna and repeater
have to be connected to a mains power supply aalperbattery power will not
last a sufficient amount of time. This most impoit criterion was satisfied with
the chosen test location.

The laptop came with an external charging deviag afrimble docking station
will be used to power the SPS880 antenna. Theatep&owever will require a
power pack to be assembled so it will be able t@pdeered from a mains power
outlet. This was completed by a USQ Electronicshiheal Officer.
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Figure 3.5.1 Repeater power pack.

The other important aspects of this project weeniirig the laptop communicate
with the receiver; and automating the receiveliahgation process. This required
two different software programs: Trimble Configuoat Toolbox; and RTK
Collector Software, both of which will be discussed further detail in the

following two sections.

There are four tests to be completed during thogept:
1. Observing solely GPS for 24 hours;
2. Observing GPS and GLONASS for 24 hours;
3. Observing solely GPS with multipath plane fixed &eth it (to enhance the
multipath effect) for 24 hours; and
4. Observing GPS and GLONASS with multipath planedixeneath it for 24

hours.

The multipath plane to be used in the testing & shme one that was used in
McCabe’s (2002) research project, which has alrdaBn proven to degrade the

receiver performance when it is present (sectidrB}.

Each 24 hour observation period was divided intedheight hour periods. This
was due to an unknown fault in the RTK Collectoftware, after approximately

ten hours had passed in the 24 hour observatiandoéne receiver's baud rate
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would be reset to the factory defaults. This thesant that information could not
be sent from the receiver via the serial conneduotine laptop as they were unable
to communicate. Resetting the receiver each éigbts did not affect the integrity
of the observation data as resetting time only tapkRroximately three minutes
each time. As this only occurred twice throughiat 24 hour observation period,

the impact on the final statistics was minimal.

An analysis of each of these four tests would He &t provide several different
conclusions as to the combined performance of GRIS(A. ONASS both with and
without the multipath plane, compared to the penfamce of GPS both with and
without the multipath plane. It will determine there is an increased chance of
initialisation when using both satellite constedias, if there is an improvement in
accuracy and precision, if there will be an inceeasthe percentage of successful

initialisations and if there is an increased TTFF.

351 Trimble Configuration Toolbox

The Trimble Configuration Toolbox is a free prograwailable from Trimble’s
website. It was used to create a configuratioa fithich allows the user to
determine the:

» File name of the configuration file;

e General settings (PDOP, satellite elevation mask);

* The communication parameters between the recendelagtop;

* The latitude and longitude of the reference station

» The satellite configuration of the receiver (GLON&&nd/or GPS);

e The output NMEA-0183 file;

» Height of the antenna; and the

» Coordinate system.

In previous projects the Trimble Survey Contro([E6C) was used to create the
configuration files, however with the latest rekeas the survey controller TSC2 it
IS not possible to edit some of the settings whighrequired to enable the laptop to

communicate with the receiver, and to edit the oUNMMEA-0183 message string.
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Configuration File: C:\... \George\Wni\GNSS Project\PJK.cfg

Contents: File 1 af &)

General Modified:  August 03, 2007 02:06Pk
Senial - Port 2

Reference Foar: SPSAEE.

S Enable - GPS

DutpSEa- PTME.#-\ Settings should be

Antenna

Coordinate System v Applied immediately

W Stored in receiver

v Az |PIK

™ As auto power up file
Available:

Serial N
Logging

5% Enable - GLOMNASS
Clutput

Device

Static h

v Reset to defaults before applying

Tranzmit | Save | Close | Help

Figure 3.5.2 Trimble Configuration Toolbox.

All of these options in the contents section inufgy3.5.2 were necessary to ensure

that observation data was being transferred tteibtep correctly.

3.5.2 Data Logging

Another important aspect of the testing of thisjgebwas to be able to control the
receiver over each of the 24 hour testing periothaut any human intervention.
This was done by using a program called RTK CallectRTK Collector was
developed by a USQ Research Technologists using/ieab It was initially
developed for Manuel's (2000) testing (section2).,4however has since been used

in one other research project which was by McCabé2) (section 2.4.3).

RTK Collector has three sub menus (Figure 3.5.2)clwrallows the user to
determine several parameters of the testing. fAileetsub menus which are present
are; Configure COM Port, Configure On/Off Times dbdta Storage Setup. The
Configure COM Port menu allows the user to deteemihe communication
parameters at which the laptop is to communicatk thie receiver. The Configure

On/Off Times menu allows the user to determine tihee that the receiver is
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switched on and switched off for. The Data Stor&gtup allows the user to

determine where the RTK observation will be saved.

[ RiKeollector.vi M= =

o Bwalting Selection
Configure COM Port
Configure OnfOFf Times

Data Storage Setup

Figure 3.5.3 RTK Collector menu.

As the antenna was setup in an intentionally obteugnvironment with almost
50% of the satellite window being obstructed, thseavvation time will be 180
seconds. This will ensure that there is ample fionghe receiver to gain a fixed
solution provided that there are enough satelbtesilable. The resetting time of
the receiver will be 30 seconds. This was idesdifby McCabe (2002) so the
receiver did not retain the last set of resolvedbigmities, and thereby cause a bias

in the statistical results.

3.6 Creation of Multipath Environment

To generate a high level of multipath during thstdethe same method used by
McCabe (2002) will be adopted. McCabe secureddm®n diameter aluminium
disc beneath his GPS test antennas. It was id=htifi his conclusion that the
presence of this multipath plane did affect theenesrs performance (McCabe

2002, p. 84). Some results of his testing areaksokin section 2.4.3.

The Effect of a Multiple-Frequency GNSS on Multipath Mitigation 32



Chapter 3 — Test Methodology and Data Processing

Figure 3.6.1 Multipath plane.

It is expected that multipath will already be praséuring the testing without the
multipath plane. This will be due to the concretall and concrete surface,
however with the multipath plane present it is eteé that a much higher level of

multipath will be generated.

3.7 Data Processing

The processing of the observation data was an it@popart of this project. It was
important to where possible to adopt the method8gtefing the observation data to
ensure comparability of the results from this resegroject to the results of other
projects. The following sections will detail angsfify the methods of processing

and reducing the observation data files.
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3.7.1 NMEA-0183 Output Message

The NMEA-0183 output message was an option in thenfle Configuration
Toolbox when creating a configuration file. The ERM output message adopted
for this project was PTNL, PJK. An example of aNRTPJK NMEA output file is

shown in Appendix B.

3.7.2 Reduction of Observation Data

Before information and statistics could be drawenfrthe observation data, it first
had to be reduced to only what will be requiredthe analysis. Reducing the
observation data included; removing all the infaiiora other than the time when
the receiver turned on and then became initialidetermining the UTC (Universal
Time Coordinated) for when the receiver first siwéd on from the first line of the
initialisation (as until the observation has a dixsolution, the receiver cannot
determine the correct UTC), doing this meant thattime taken for the receiver to
initialise could now be calculated. Also removihg observation periods where an

initialisation did not occur.

What remained after the reduction were two linegadth successful initialisation;
the line when the receiver turned on, and the fiinst when the receiver initialised,
an example of which is shown in Appendix E. Alltbfs was done manually in

Microsoft Excel.

3.7.3 True Coordinates

The purpose of completing all tests over a singiatpvas so that the accuracy and
precision of the horizontal and vertical coordisaté each test could be compared
to one another. So they can be compared firstrilie coordinates’ of the test point

(screw in concrete) need to be calculated to peosaidelative point of comparison.
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The ‘true coordinates’ were calculated using theSGibservation data. It was
decided that the GPS observation data will haveddnsgrvation outside 1.96 times
(95% confidence interval) the manufacturer’s speaiion for baseline component
standard deviation from the reiterative mean tadmoved. A 95% confidence
interval was chosen as it was desired that the ‘taordinates’ have a stricter filter
than what will be used to produce the statistidsictv will be further explained in

the following section.

3.7.4 Total Number of Initialisations

Once all that was remaining in each observatiaias the line when the receiver
initially turned on and when the receiver firsttiaised, to calculate the total
number of successful initialisations was a simpiecpss. All that was required
was to count the entire number of lines in the olz@n data file, and then divide

this value by two.

3.7.5 Time to First Fix (TTFF)

The NMEA-0183 time values are presented in UTC anedrepresented abmmss,
where:

e hh is hours, from 00 through 23;

* mmis minutes; and

s SSis seconds.

For ease of calculation the TTFF values were cdadeinto seconds. To do this
the single cell containing the UTC was split ugertteach of théh and mm cells

were converted to seconds and then both summeéess tell. Then to calculate
the TTFF, the seconds from the receiver switchingioe were subtracted from

seconds of the initialisation line.
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3.7.6 Horizontal Coordinate Accuracy and Precision

To determine the precision and accuracy of thezbatal coordinates first the
difference between the ‘true coordinates’ and thgeovation coordinates had to be
found. These calculations were completed in MiafioEExcel by assigning
formulas to cells. The difference in the eastingl anorthing now had to be
converted to a distance value, this was done UBytigagoras theorem: Horizontal
Distance = SQRTAE? + AN?). Once the horizontal distance away from the true
coordinates had been calculated a statistical sisalyn these observations was

carried out.

As it is expected that there will be a large nunifegross observations, two charts
will be produced; one showing the accuracy andigiat of all initialisations, the
second chart showing the accuracy and precisiaghefiltered observations. To
determine if an observation is an outlier the sésewill be adopted that Lemmon
& Gerdan (1999) adopted for their testing, and thab consider an observation to
be an outlier if it is more than three times thenofacturer’s specifications for the
baseline component standard deviation. This sectadt will allow comments
about the accuracy and precision of the receiverfigarations and operating

environments to be made.

3.7.7 Ellipsoidal Height Accuracy and Precision

To determine the precision and accuracy of thepsadidal heights first the
difference between the ‘true’ ellipsoidal heightdathe observation ellipsoidal
height had to be found. This calculation was catgul using Microsoft Excel.
Once the differences had been calculated statistick as the mean and standard

deviation could be calculated.
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Just as detailed in section 3.7.6 two ellipsoidagjht accuracy and precision charts
will be produced; one chart showing the accuraay precision of all successful
initialisations, the second chart showing the aacyrand precision of the filtered
observations. The same filtering technique asridest in section 3.7.6 will be
used, which is to filter ellipsoidal height obsdreas which are greater than three
times the manufacturer's specifications for the eiae component standard

deviation.

3.7.8 Outlying Observations

As identified in section 2.4.3, McCabe (2002) foutg main differing in the

performance of the receivers with the multipatmpland the receivers without the
multipath plane was the percentage of outlyingah#ations which occurred. It is
for this reason that it is seen as important thaler of outlying observations form
a part of the analysis. As specified in the twevus sections an outlying
observation will once again be considered to belsmervation which is greater than

three standard deviations from the true coordinates

3.8 Summary

This chapter outlined the required equipment fas thsting, the tests that will be
completed, the software that will be used to comeptie tests and the method to
reduce and process the observation data. Theddesion that was chosen to

complete all four tests was also justified.

Each testing period will last for 24 hours, witle treceiver logging information for
180 seconds and then resetting for 30 secondstosdift Excel will be the program
used to complete a statistical analysis on the aldaving for some conclusions to

be drawn from it about the performance of GPS ab@&ASS combined.
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The next chapter will present the results of tlaistical analysis taken place. Itis
expected conclusions about the performance of GEISSZAONASS will be able to

be drawn from this chapter.
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4.1. Introduction

Chapter 3 discussed the testing methodology aral mtatcessing method that will
be used in this project. It also justified thesstihg procedures, as well as the

location of testing and the use of the multipadmpl

Chapter 4 will present each of the charts that bellused throughout the analysis.

The full detailed analysis of these results willdoeered in Chapter 5.
This chapter comprises of two sections, the pracgssf the raw data and the

collation and analyse technique used to analysdate Microsoft Excel was used

to both process the raw data and to collate angaosrall the results.

4.2. Results

4.2.1. True Coordinates

It is with the process detailed in section 3.7.8 fbllowing ‘true coordinates’

coordinates were calculated:

Table 4.2.1 True coordinates of testing location.

_ ) Ellipsoidal
Easting Northing .
Height
‘True coordinates’ of
_ 394480.108 m 6946310.805 m 725.834 m
test location
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4.2.2. Total Number of Initialisations

The total number of observations for each of tlst periods is shown in Figure

42.1.
Total Number of Initialisations
250
0 200
S
3 150
8
= 100
ks
o 50
zZ
0
GPS GNSS GPS-M GNSS-M
® No. of Initialisations 167 217 165 198
Receiver Configuration

Figure 4.2.1 Total number of initialisations.

The GPS and GNSS tests were in a low multipath renmient (multipath
generated from concrete wall), while the M at timel ® GPS-M and GNSS-M

signifies that the multipath plane was presengufa 4.2.1 will be further discussed

in Chapter 5.

4.2.3. Time to First Fix

Figure 4.2.2 shows the mean and standard deviafitme TTFF for each test, the

high and low bar represent one standard deviattbereside of the mean.
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Time to First Fix (TTFF)
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— High 123 112 126 119
—Mean 92 75 97 80
—Low 62 37 68 41
Receiver Configuration

Figure 4.2.2 Mean and standard deviation of the TTFF for eachiver configuration.

Table 4.2.2 shows another composition of the TTFF.

Table 4.2.2 Percentage breakdown of TTFF.

GPS GNSS GPS-M GNSS-M
% < 60 seconds 11 49 8 43
60 < % < 90 seconds| 41 21 39 24
% > 90 seconds 48 29 53 33

4.2.4. Horizontal Coordinate Precision and Accuracy

Initially the mean and standard deviation of eadlecessful initialisation was
calculated and graphed in Figure 5.2.3.
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Horizontal Coordinate Accuracy and Precision
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GPS GNSS GPS-M GNSS-M
— High 0.983 0.616 0.665 0.761
—Mean 0.209 0.091 0.135 0.150
—Low -0.565 -0.434 -0.395 -0.461
Receiver Configuration

Figure 4.2.3 Horizontal coordinate accuracy and precision.

The high and low bar represent one standard dewigither side of the mean of the

horizontal distances.

It is obvious that there are numerous outlying ole@ns which are impacting the
mean and standard deviation of the horizontal doatds. For this reason it is
necessary to produce a horizontal coordinate acganad precision chart which has
had all outlying observations filtered (for metheee section 3.7.6). Trimble had
specified for the test antenna the SPS880, thec&gbenorizontal accuracy is
+(10mm + 1ppm) Trimble SPSBB0 Extreme Smart GPS Antenna 2006, p. 3). The
filtering limits for the horizontal coordinate wille set at: 3 x £(10mm + 40m X
10°) = +0.030m. This resulted in Figure 4.2.4.
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Filtered Horizontal Coordinate Accuracy and Precisi on
0.025
0.020
= 0.015 +
()
o
c
8 0.010 +
o
© 0.005 }
0.000
GPS GNSS GPS-M GNSS-M
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—Low 0.004 0.006 0.005 0.006
Receiver Configuration

Figure 4.2.4 Filtered horizontal coordinate accuracy and preaisihart.

This chart will not form part of the analysis in &ter 5, instead was just shown
here to demonstrate that when outlying observat@wasemoved, the accuracy and
precision of both receiver configurations with amithout the multipath plane are

comparable. It will not be used in the final as&yas all it proves that once all the
‘bad’ initialisations are removed, what is leftgood’ statistics (which appear free

from error). Figure 4.2.3 will be reproduced irctsen 5.2.3 and will be discussed
as while it is adversely impacted upon by largelymg initialisations, it does

contain more information of what is happening.

4.2.5. Vertical Coordinate Accuracy and Precision

The mean and standard deviation of each succesdfialisation of each test is

shown in Figure 4.2.5.
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Ellipsoidal Height Accuracy and Precision
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Receiver Configuration

Figure 4.2.5 Ellipsoidal height accuracy and precision.

As with the horizontal coordinate accuracy and igren chart (Figure 4.2.3) the
standard deviations are obviously being influenlogdarge outlying observations.
In this case the specified ellipsoidal height aacuris £(20mm + 1ppm)T¢imble

SPBB0 Extreme Smart GPS Antenna 2006, p. 3).
ellipsoidal height will be: 3 x +20mm + 40m x 0= +0.060m. Once the

The filtering limit for the

outlying observations had been filtered the follegvgraph was produced.

Filtered Ellipsoidal Height Accuracy and Precision
0.030
—— ! —
0.020 =
E 0010
@
® -0.010 +
a
-0.020 =
-0.030
GPS GNSS GPS-M GNSS-M
—High 0.022 0.025 0.025 0.024
—Mean 0.001 0.002 0.002 0.002
—Low -0.020 -0.022 -0.021 -0.019
Receiver Configuration

Figure 4.2.6 Filtered ellipsoidal height accuracy and precision.
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Figure 4.2.6 shows that once the outlying obsemnatiare removed the accuracy
and precision of each of the tests are comparaBke.stated in section 4.2.3, all
Figure 4.2.6 proves is that once the ‘bad’ obsewmat are removed, ‘good’
statistics are produced. This figure will not Isediin the analysis in Chapter 5 as it
does not show what is really occurring. This chawever does show that without
the outlying observations the accuracy and pretisidoth receiver configurations

with and without the multipath plane are comparable

4.2.6. Outlying Observations

Figure 4.2.7 shows the percentage of horizontatdinate observations which fall

outside three sigma from the true coordinates.

Percent of Outlying Horizontal Coordinates
30
25
g 20
|5 15 -
o
5 10 A
5 -
0
GPS GNSS GPS-M GNSS-M
@ Horizontal Distance 22 19 25 20
Receiver Configuration

Figure 4.2.7 Percentage of outlying horizontal coordinates.

Figure 4.2.8 shows the percentage of outlying sthgal height observations from

the true coordinates. The filter is the same asifipd in section 4.2.6.
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Percent (%)

Percentage of Outlying Ellipsoidal Height Observati
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Figure 4.2.8 Percentage of outlying ellipsoidal height obstores.

These two charts both show similar trends, butttet that will be used in Chapter

5 to form part of the analysis will be Figure 4.2Bhis chart shows the percentage

of total observations which have either one or batkasurement elements

(horizontal coordinate or ellipsoidal height) odtsithree sigma from the true

coordinates. Figure 4.2.9 was chosen over usitiyg ligure 4.2.7 and Figure 4.2.8

because it avoids unnecessary duplication of theds.
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Figure 4.2.9 Percentage of outlying observations.
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4.3. Summary

The Charts presented in Chapter 4 will form an irtgpd part of the final analysis
of the performance of the two receiver configumagian both a low and high

multipath environment.

It was explained that the filtered accuracy andigren charts will not be used in
the final analysis of the observations. The redsorthis is so the real picture of
what is occurring is shown, not one which looks @j@nd is easier to explain.
From preliminary observations it can be seen tlaret are some anomalies
affecting the accuracy and precision charts, whatccurring here will have to be

investigated and explained.
Chapter 5 will discuss relevant charts presentecClwapter 4 and will have a

complete analysis of the performance differencewbeh the two receiver

configurations in both a low and high multipath eomment.
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5.1. Introduction

The results from the analysis of the raw data lmeen detailed in Chapter 4. 1t is
now necessary to address the aim of this projettt@arcombine the different data
sets allowing conclusions to be made about theopaence of combined GPS and
GLONASS data compared to the performance of s@&l$ data.

This Chapter will present the combined resultsqamesd in Chapter 4 of each of the
four tests completed. A comparison between theltesvill then address the aim

of this research project detailing the differenicerecision, accuracy and TTFF.

This chapter comprises of two main sections: tlseilte analysis section and the
implications section. As stated in the aim an ysialof the accuracy, precision,
TTFF and the number of successful initialisatioos dach receiver configuration
will be compared. Then the second section wiltadés the implications of these

results on the professionals who rely on this tetgy daily.

5.2. Results Analysis

52.1. Number of Initialisations

The total number of initialisations is an importameasure in showing what
benefits will result as a greater number of saéslbecome available for the users
receiver. As expected, GNSS outperformed GPS, both and without the
multipath plane. This was due to the wider sdéelioverage with additional
GLONASS satellites. This is shown in Figure 5.2.1.
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Total Number of Initialisations
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Figure 4.2.1 Total number of initialisations.

Whilst there are a greater number of observatioadenover the 24 hour period
from GNSS, this does not mean that GNSS was theerbperformer. This

information will be used in conjunction with thertieal and horizontal coordinate
information so conclusions on the performance d@hbeceiver configurations can

be made.

5.2.2. Time to First Fix (TTFF)

The TTFF is an important measure of an RTK receaféciency. Obviously the
longer the time taken to initialise the less prdaohkecthe receiver is. Figure 5.2.2
combines the TTFF for each of the receiver configans to allow for ease of

analysis.
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Time to First Fix (TTFF)
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Figure 5.2.2 Combined Time to First Fix (TTFF) for receiver cignirations.

This figure shows the mean TTFF of all succesdiitlalisations. The high and

low bar represent one standard deviation either gidthe mean to show the spread
of the data.

Figure 5.2.2 shows that there is a clear increasperformance of the GNSS
receiver configuration over the GPS receiver camfitjon both with and without
the multipath plane. The multipath plane also liagte a clear impact on the time
taken for the receiver to initialise between theeaeceiver configurations. Figure
5.2.2 clearly shows that the presence of additisatdllites improved the receivers
TTFF. In both cases of GNSS v GPS with and withet multipath plane the
average TTFF was decreased by 17 seconds. Thiguite a substantial
improvement and will equal improved efficiency ihetfield. The difference
between the same receiver configurations was lesseable with 5 seconds being

the difference in both cases.

One notable difference between the GPS and GNSSvezcconfiguration is that

the standard deviation of the GNSS receiver iselatigat the standard deviation of
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the GPS receiver. This shows that there is a gregread of the TTFF for GNSS.
However the range of the GNSS standard deviatibs\iathin the peak of the GPS

still signalling that the performance is improveckall.

5.2.3. Horizontal Coordinate Accuracy and Precision

The accuracy and precision of the horizontal comi#is not only appears to
contradict Figure 5.2.2, but it also appears tarealict itself. As shown in Figure
5.2.3 when comparing the horizontal coordinate mmguand precision of GPS v
GNSS against the results of GPS-M v GNSS-M theltesinow almost a mirror

effect in performance.

Horizontal Coordinate Accuracy and Precision
1.200
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GPS GNSS GPS-M GNSS-M
—High 0.983 0.616 0.665 0.761
—Mean 0.209 0.091 0.135 0.150
—Low -0.565 -0.434 -0.395 -0.461
Receiver Configuration

Figure 5.2.3 Horizontal coordinate accuracy and precision.

The mean bar represents the average distance fientriue coordinates of all
successful initialisations. The high and low bans one standard deviation either

side of the mean.

The GNSS receiver significantly outperformed theSG®ceiver with the average

distance away from the mean improving by 0.118nlsoAts measurements have a
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greater level of repeatability when compared to GPBis is shown by the reduced
magnitude of the standard deviation. Under nomroabitions so far it can be seen
that GNSS significantly out performs GPS howevke tontradiction as already
alluded to comes when viewing the GPS-M data an®&&MN data. The average
distance of the GPS-M data is closer to the trumdinates and has the smaller
standard deviation than GNSS-M. This is the ogpasiwhat happened to the data

when there is no multipath plane.

The most interesting point to make of this dataéhet the GPS-M outperformed
GPS in both accuracy and precision. This is dfiyynot what was expected of the
results as the multipath plane has already beewegdrdo decrease receiver
performance as previously specified in section .4.The ellipsoidal height

accuracy and precision will now be analysed toisaesimilar trend has occurred,
then the reasons for the apparent contradictiagharhorizontal coordinates will be

discussed.

5.2.4. Ellipsoidal Height Accuracy and Precision

Figure 5.2.4 looks very similar to the results there produced in Figure 5.2.3,
with the apparent contradiction between the reswmitiout the multipath plane

compared to the results with a multipath plane.

The Effect of a Multiple-Frequency GNSS on Multipath Mitigation 54



Chapter 5 — Results Analysis and Implications

Ellipsoidal Height Accuracy and Precision
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Figure 5.2.4 Ellipsoidal height accuracy and precision.

The mean bar represents the mean of all ellipstidaht observations while the

high and low bar represent one standard deviattbereside of the mean.

A difference between the ellipsoidal height andizantal coordinate accuracy and
precision charts is that GPS outperformed the acguof GNSS, however the
range of a single standard deviation either sideth&f mean of the GNSS
observations falls well within the magnitude of lG®S data. This shows how

much more precise the results are when there ditauil satellites available.

Apart from that one difference the results showfkigure 5.2.4 are very similar to

what has already been discussed in section 5rizRiding the out performance of
GPS-M over GPS.

It is clear that there is some anomaly impactinghenmean and standard deviation
of Figure 5.2.3 and Figure 5.2.4, further inforraatill need to be extracted from
the observation data to determine what is occurrargl if there is a possible

compatibility issue between the GPS and GLONASEIIgatconstellations.
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5.2.5. Outlying Observations

The observation data which is being used to geadnat statistics currently seen in
Figure 5.2.3 and Figure 5.2.4 is such far is ugitd. As shown in Chapter 4 the
reason that the horizontal distance and ellipsdidgdht statistics look so poor is

that there are large outlying observations withie ébservation data. To determine
if it is these outlying observations which are giyia false impression of the actual
performance of the receiver, the outlying obseorai will be shown as a

percentage of the total number of initialisatiorsr the respective receiver

configuration. Figure 5.2.5 shows the percentdgetal initialisations which fall

outside three sigma (99.74% confidence intervatheftrue coordinates.
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Figure 5.2.5 Percentage of outlying observations.

Figure 5.2.5 already shows important informatioerewithout comparing it to
other information. Firstly multipath clearly adsely impacted on the GPS receiver
configuration with the number of outlying obsereat increasing by 5% with the
multipath plane. Another important piece of infation is the equal performance
of the GNSS receiver both with and without the ipalih plane. This does suggest
that with the additional GLONASS satellites theeiger is able to provide a more

robust initialisation and can filter out bad signatore effectively. These results
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suggest that the satellite constellations GPS an@NASS are compatible when

used simultaneously with each other.

Figure 5.2.5 does contradict Figure 5.2.3 and [eigu2.4 as GPS-M outperforms
both GNSS-M and GPS in terms of precision and aoyunowever, it can be seen
clearly in Figure 5.2.5 that it also has the greatember of outlying observations.
This additional information shows that the initsaiion reliability of GPS-M is less

than both GNSS-M and GPS. The most likely reabahthis greater percentage of
outlying observations is not reflected in the maad standard deviation of GPS-M
in Figure 5.2.3 and Figure 5.2.4 is that GPS and56MW outlying observations

have, for some reason a greater magnitude thaautigng observations of GPS-

M.

Due to the poor standard deviation of both GNSSAd &PS, it can be assumed
that the reason the statistics ook so poor is tteatoutlying observations have for

some reason a larger magnitude from the mean. cHnise confirmed by viewing

the maximum and minimum of each test and compdhen.

5.2.6. Observation Range

Figure 5.2.6 and Figure 5.2.7 show the observatimge of the ellipsoidal height

and horizontal distance respectively.
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Ellipsoidal Height Observation Range
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Figure 5.2.6 Ellipsoidal height maximum observation range.

Horizontal Distance Observation Range
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Figure 5.2.7 Horizontal distance maximum observation range.

Figure 5.2.6 and Figure 5.2.7 show what was expeatel that is that GPS-M
outliers had a reduced magnitude compared to GNS&WM GPS. These two
figures show only one observation which is furtheestly form the mean, however
they both provide a good explanation as to why dtadard deviation of both
GNSS-M and GPS were so large.
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Implications of Research

From the information above it is clear that the GN8ceiver outperforms the GPS

receiver in terms of all elements related to thégomance of a receiver as stated in

Chapter 1. The following points support this claim

The GNSS receiver recorded a greater number ofnaditsens compared to
the GPS receiver. This is because of the widermrame of satellites
available when observing both GPS and GLONASS. s Tdhiows the
benefits that a GNSS receiver would offer to a wskeere work must be
completed in areas where the satellite window &rolsted.

The average TTFF of the GNSS receiver both with anthout the
multipath plane was faster in comparison to the GR8iver. Clearly with
a greater number of satellites available, the weceivas able to initialise
much faster.

The reliability of the GNSS receiver is better thhe GPS receiver both
with and without the multipath plane. This conanshas been made in
respect to Figure 5.2.5, which shows that the GN&8Biver configuration
both with and without the multipath plane has aséespercentage of
observations outside three sigma from the truedinates.

The GNSS receiver had better multipath mitigati@pabilities than the
GPS receiver. This is shown in Figure 5.2.5 with equal percentage of
outlying observations both with and without the tipath plane. Whereas
the GPS receiver was clearly impacted upon by th#imath plane, with
outlying observations increasing by 5%.

Figure 5.2.3 and Figure 5.2.4 showed misleadingsits in regards to the
accuracy and precision of the horizontal coordmated ellipsoidal heights
of all observations. It was shown in Figure 5.that there are a large
percentage of outlying observations, and Figure65#&hd Figure 5.2.7
showed the range of the largest outlying obsermatwhich further
confirmed the influence of large outliers on thatistics. Figure 4.2.4 and
Figure 4.2.6 showed that once the outliers wereowexh the accuracy and
precision of each test was comparable. Theseshaste not included in

Chapter 5 as this does not show anything other tiiaall ‘bad’
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initialisations are removed, you are left with ‘gbatatistics, and thus were

not incorporated into the analysis of the obseovesti

5.4. Research Gaps

The number of comparisons that are able to be rbatieeen each of the four tests
is limited as a result of the testing procedurésvas identified in section 2.4.3 that
when comparing RTK GPS tests from different dayss sufficient provided that
the observation period has been for 24 hours. ashle seen in the following
figure, when the number of satellites used toahge is shown as a percentage of
the total number of initialisations there is quatesubstantial difference between
both GPS tests.

Satellite Availability - GPS Tests
< GPS-M 321 37.0 17.0 91 |48
o
g O5SVs
2 @6SVs
5 O7SVs
]
9] 08 SVs
>
= D9 SVs
o]
o GPS 455 29.3 12.6 11.4 L.2
T T T
0% 20% 40% 60% 80% 100%
Number of satellites available as percentage of tot  al initialisations

Figure 5.4.1 Number of GPS satellites in each initialisatiorpascentage of total initialisations.

Even though each test was completed over 24 hauistlzeoretically they are
comparable, this chart clearly shows that theraragguitable differences between
the two charts with GPS at a clear disadvantagé&sRs-M as it had fewer
initialisations observing six satellites or mord. is unable to be explained why

there is such variation between the two testsemtimber of satellites observed.
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There was a similar outcome when comparing the@®M&S tests. GLONASS has
a 11 hour 15 minute orbiting perio@L{ONASS - Summary 2001) which will result
in an uneven observation period for each of theefadions. Also as GLONASS

isn’t fully operational yet it is likely that themgas also an unbalanced observation

periods.
Satellite Availability - GNSS Tests
GNSS-M 318 30.3 18.2 14.6 5.1

c
S O5SVs
©
S O6SVs
(=2}
£ O7SVs
S 08 5SVs
g 09 SVs
8 D 10SVs
2

GNSS 24.4 34.1 24.4 10.6 51|1.4

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Number of satellites available as percentage of tot  al initialisations

Figure 5.4.2 Number of GPS and GLONASS satellites in each iisasion as percentage of total

initialisations.

Even though Figure 5.4.1 and Figure 5.4.2 showais/differences in the number
of satellites viewed in each test period betweenstime receiver configurations,
the tests are still able to have comparisons matiegen them for the purposes of
this research project. It did however limit themher of comparisons that could be

made between each data set.

Ideally each of these tests would have been cosplsimultaneously over the
same point. This however was not possible duegu@penent limitations. A
recommendation will be made in Chapter 6 that @ibare testing of GPS or GNSS
receivers that to ensure unbiased comparisons €anade between tests that they

be completed simultaneously.
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5.5. Other Observations

In Chapter 2, section 2.3.1 it was identified tbaé reason errors may remain and
not be detected in an RTK survey is because ofireeeasing trend among
surveyors to have a shorter occupation time oventpo The percentage of
observations in a low and high multipath environtngith an obstructed satellite
window is quite large and further investigation gldobe completed to determine if

occupation time really does improve the accuradhefRTK position system.

To determine if the observation does correct itsélér a period of time, each
observation which was greater than three timesrtheufacturer’s specification for
baseline component standard deviation from the ¢ogedinates will be analysed.

This then resulted in the following table.

Table 5.5.1 Percentage of observations that did not correelf iggven enough time.

Total Number off Number of| Percentage of
Outlying Observations Observations
Observations which remained in which remained in
error error
GPS 38 31 81.6
GNSS 46 45 97.8
GPS-M 46 36 78.3
GNSS-M 42 32 76.2
Total 172 144 83.7

It can be seen clearly in Table 5.5.1 that evehafpoint is occupied for some time
that the receiver does not automatically corresglitand improve its accuracy.
This does place a large emphasis on the impor@aineaintaining the initialisation

integrity of the receiver and ensuring that thesant is in an environment where
multipath will be either minimal or nil. It is psible that if the antenna was moving
that errors like this would be detected and remplatunfortunately this cannot be

demonstrated with the available information. Anample of an observation
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correcting itself is shown in Appendix C, and arample of an observation not

correcting itself is shown in Appendix D.

5.6. Summary

The expected benefits specified in section 2.2& tisers would expect from
additional available satellites have materialisadth all elements of receiver
performance as specified in Chapter 1 being immtaygon when compared to a
receiver observing solely GPS satellites. Thisluided increased number of

initialisations, faster TTFF and improved initi@t®on reliability.

The presence of the multipath plane did have anaanmn both receiver
configurations by reducing the number of fixed solus and increasing the TTFF
of both receiver configurations, however as shownFigure 5.2.5 the GNSS
receiver showed better multipath mitigation capabd compared to the GPS
receiver by having an equal percentage of outlgihgervations with and without

the multipath plane.

Because of the large percentage of outlying obsens the accuracy and precision
charts have been adversely affected by the indemsisnagnitudes of the outlying
observations disproportionately impacting upon niigan and standard deviation.
This however was over come by using the horizathsthnce and ellipsoidal height
accuracy and precision charts (Figure 5.2.3 andurBigh.2.4 respectively) in
conjunction with the outlying observations charig(ffe 5.2.5) to provide an

accurate analysis of what is occurring.
Chapter six will discuss the final conclusions aedommendations, and outline a

future research topic which is related to the farttesting of GNSS receivers and

multipath resistance testing.
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6.1. Introduction

The processed and collated results for the numbiert@lisations, TTFF, accuracy
and precision of the GNSS and GPS receiver cordtgur with and without the

multipath plane were processed, analysed and caaparChapter 4 and Chapter
5.

From this analysis of results, final conclusions b&@ made as to the performance
of a GNSS receiver under a high multipath envirommeand whether a GNSS

receiver has better multipath mitigation capaletittcompared to a GPS receiver.

Chapter 6 will consist of conclusions addressirgahm of the project, followed by

recommendations for future research.

6.2. Conclusions

Chapter 1 established the aim of this researchegroihich was to critically
analyse the ability of an RTK GNSS receiver to jmlevmore accurate and precise
positioning results in a low and high multipath omment compared to an RTK
GPS receiver. To achieve the aim each of the elesmaf receiver performance
(number of fixed solutions, TTFF, accuracy and gien) were required to be
tested and analysed using the testing procedudeeditin Chapter 3. In the
following subsections the conclusions to the elemmen receiver performance will

be stated.

6.2.1. Number of Initialisations

The GNSS receiver had a greater number of sucdesgfalisations over the 24

hour observation period than the GPS receiverKgpee 5.2.1). This is a result of
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the greater satellite coverage with the additioaadilable satellites from the
GLONASS constellation. This shows clearly the igmef a GNSS receiver when

working in environments which will obstruct the eliite window.

The multipath plane did have an impact on the nunadbeotal initialisations of
both receiver configurations with fewer initialigats occurring in its presence.
This does show the impact of multipath on the afigation ability of both GNSS

and GPS receivers.

6.2.2. Time to First Fix

The GNSS receiver had a decreased TTFF with 17/dedmeing the improvement
both with and without the multipath plane compatiethe GPS receiver. Although
the GNSS receiver TTFF had a greater spread treGBS receiver indicated by
the larger standard deviation, both with and withthe multipath plane it was
within the peak of the GPS standard deviation. hWthe greater number of
satellites available the receiver is able to sdhe signal ambiguities faster thus
improving the TTFF. The relationship between thenber of satellites in an
initialisation and the time taken to initialise hakeady been investigated by

Lemmon & Gerdan (1999) as discussed in sectiod 2.4.

The multipath plane did impact on the TTFF of bibeiver configurations with 5
seconds being the difference in both cases wherpaony the same receiver

configurations with and without the multipath plane

6.2.3. Accuracy and Precision

As discussed in section 5.2.3 and section 5.2.4lthpsoidal height and horizontal
distance accuracy and precision charts are misigadithe apparent performance

they show. The reason for this it was concluded there were some very large
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outlying observations which were creating unbaldnsitistics. It was shown in
Figure 4.2.4 and Figure 4.2.6 that if the outlywigservations were removed the
accuracy and precision of each of the tests wemgpacable, as mentioned though
this proved nothing more than if bad observatiomsemremoved good statistics
remained. Using the unfiltered observations in dhalysis formed an important

part of the analysis as it showed more of what leggpening.

To give a better indication of how reliable thsuks really were the number of
initialisations which were three sigma outside tifue coordinates were represented
as a percentage of the total number of initialgegi(Figure 5.2.5). This showed
that GNSS had smaller percentage of observatidhthfae sigma outside the true
coordinates, which meant that the GNSS receivertivasnore reliable compared

to the GPS receiver.

The GNSS receiver also displayed greater multipatigation capabilities. This
was indicated by the GNSS receiver both with anthaut the multipath plane
having the same percentage of observations outhid® sigma from the true
coordinates. Whereas the GPS receiver had 5% ofiservations outside three
sigma from the true coordinates, compared to whenntultipath plane was not

present.

6.3. Additional Comments

It was not part of the original aim of this resdéaproject to view, if the receiver
was given enough time if it would correct outlyingservations at a later point
during the initialisation. It was however an i@sting observation that 83.7% of

the outlying initialisations did not at a later pbin the observation correct itself.
This observation shows the importance of maintginire initialisation integrity of

the antenna, ensuring that the initialisation emvinent has either no multipath or

at most minimal levels of multipath.
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6.4. Future Research

When a fully operational capability Galileo conktgbn becomes available,
possible future testing could involve the testimgl &omparing of GPS satellites
against Galileo satellites against GPS and Gatiteobined. It is recommended all
future RTK positioning testing be completed simmétausly as opposed to
consecutively, this will ensure that legitimate gamsons can be made between
each of the tests. It was shown in Figure 5.4d Fagure 5.4.2 that even though
the observation period was 24 hours, this did astilt in a comparable number of

satellites being available over each test period.

This proposed future research is a requirement HS Positioning technology
becomes further integrated with the duties of spgdrofessionals, there is a
requirement that they understand and trust theatiper of their equipment under
different operating environments (i.e. high multipaas so more informed
decisions are able to be made with respect to whatpment would be more

appropriate for a specific task.

6.5. Close

Through testing of the GNSS receiver in both a heyd low multipath
environment, the multipath mitigation capability af GNSS receiver has been
ascertained. With the additional satellites of GIABS the GNSS receiver has
superior multipath mitigation capabilities than 8BS receiver. This was proven
in Chapter 5 which detailed the improvement nunddenitialisations, TTFF and
fewer outlying initialisations (which indicated imgved precision and increased

reliability).

This research project has enabled a greater |évweiderstanding of the operational

characteristics of a GNSS receiver compared to & fePeiver. For those who are
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thinking about an investment in a GNSS receiver ddgantages of such an
investment is clear. This is one technology thdt he embraced by spatial

professionals, who are continually looking for nogth to improve efficiency in the
field.

This research project has achieved its aim bycatlyi analysing the ability of a
GNSS receiver to perform in a low and high multipatvironment compared to a

GPS receiver.
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FOR: George Mylne

TOPIC: The Effectiveness of a Multiple Frequencipl§al Navigation
System (GNSS) on Multipath Mitigation.

SUPERVISOR: Mr. Peter Gibbings

ENROLMENT: ENG4111 - S1, ONC, 2007
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PROJECT AIM: The aim of this research project isfitically analyse the ability
of an RTK GNSS receiver to provide more accurate @ecise positioning results
in a low and high multipath environment comparedndRTK GPS receiver.

PROGRAMME: Issue B, 28 March 2007

1. Research literature on previous testing of the GId8& GPS receiver in both
clear and high multipath operating environments.
2. To achieve the aim the following elements will bseted and analysed:
a. Number of fixed solution;
b. Time to first fix (TTFF);
c. Accuracy; and
d. Precision.
3. Compile results and recommendations in a dissertati
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(Student) (Supervisor)
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Table: example of PTNL, PJK NMEA Output

0

2

3

5

10

11&12

$PTNL [ PJK

63124

72707

6946310.828

394480.12)

725.856

M*4A

Table: PTNL, PJK Message Fields

Field Meaning

message ID $PTNL, PJK

UTC of position fix

Date

Northing, in metres

Direction of Northing will always be N (North)

Easting, in metres

Direction of Easting will always be E (East)

N OO WINIFLO

0:

1

2:
3:
4.

GPS Quality Indicator:
Fix not available or invalid
. Autonomous GPS fix
Differential, floating carrier phase inter-bdsmlution, RTK(float)
Differential, fixed carrier phase integer-basetution, RTK(fixed)
Differential, code phase only solution (DGP3Jso, OmniSTAR

XP/HP converging

8 Number of satellites in fix

9 DOP of fix

10 Ellipsoidal height of fix

11 M: ellipsoidal height is measured in metres

12 The checksum data, always begins with *

(Trimble SPSx80 Smart GPS Antenna - User Guide 2006, p. 84)
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GPS No. Ellip. AEllip.
UTC Date Northing N |Easting E Qual. | SVs DOP Ht. M AN AE ADistance Ht
PJK | 24120 72107 6946312.157 | N 394483.144 | E 2 8 7.6 | 731.705 | M*49 1.352 3.036
PJK | 24121 72107 6946312.436 | N 394484.193 | E 2 8 7.6 | 734.719 | M*4F 1.631 4.085
PJK | 24122 72107 6946311.445 | N 394481.821 | E 2 8 7.6 | 729.668 | M*45 0.640 1.713
PJK | 24123 72107 6946311.945 | N 394482.342 | E 2 8 7.6 | 730.691 | M*4A 1.140 2.234
PJK | 24124 72107 6946310.846 | N 394480.174 | E 3 8 7.6 | 725.947 | M*4A 0.041 0.066
PJK | 24125 72107 6946310.846 | N 394480.171 | E 3 8 7.6 | 725.945 | M*4C 0.041 0.063
PJK | 24126 72107 6946310.825 | N 394480.154 | E 3 8 7.6 | 725.904 | M*48 0.020 0.046
PJK | 24127 72107 6946310.844 | N 394480.179 | E 3 8 7.6 | 725.956 | M*46 0.039 0.071
PJK | 24128 72107 6946310.849 | N 394480.182 | E 3 8 7.6 | 725.973 | M*47 0.044 0.074
PJK | 24129 72107 6946310.833 | N 394480.160 | E 3 8 7.6 | 725.934 | M*44 0.028 0.052
PJK | 24130 72107 6946310.834 | N 394480.163 | E 3 8 7.6 | 725.935 | M*49 0.029 0.055
PJK | 24131 72107 6946310.839 | N 394480.157 | E 3 8 7.6 | 725.930 | M*47 0.034 0.049
PJK | 24132 72107 6946310.845 | N 394480.172 | E 3 8 7.6 | 725.958 | M*46 0.040 0.064
PJK | 24133 72107 6946310.834 | N 394480.150 | E 3 8 7.6 | 725.897 | M*43 0.029 0.042
PJK | 24134 72107 6946310.829 | N 394480.134 | E 3 8 7.6 | 725.870 | M*43 0.024 0.026
PJK | 24135 72107 6946310.826 | N 394480.135 | E 3 8 7.6 | 725.871 | M*4D 0.021 0.027
PJK | 24136 72107 6946310.808 | N 394480.106 | E 3 9 2.6 | 725.800 | M*40 0.003 -0.002 0.004 -0.034
PJK | 24137 72107 6946310.807 | N 394480.109 | E 3 9 2.6 | 725.812 | M*42 0.002 0.001 0.002 -0.022
PJK | 24138 72107 6946310.810 | N 394480.116 | E 3 9 2.6 | 725.835 | M*40 0.005 0.008 0.009 0.001
PJK | 24139 72107 6946310.813 | N 394480.119 | E 3 9 2.6 | 725.842 | M*4D 0.008 0.011 0.014 0.008
PJK | 24140 72107 6946310.816 | N 394480.116 | E 3 9 2.6 | 725.845 | M*4E 0.011 0.008 0.014 0.011
PJK | 24141 72107 6946310.816 | N 394480.115 | E 3 9 2.6 | 725.834 | M*4A 0.011 0.007 0.013 0.000
PJK | 24142 72107 6946310.814 | N 394480.116 | E 3 9 2.6 | 725.835 | M*49 0.009 0.008 0.012 0.001
PJK | 24143 72107 6946310.811 | N 394480.115 | E 3 9 2.6 | 725.829 | M*43 0.006 0.007 0.009 -0.005
PJK | 24144 72107 6946310.811 | N 394480.114 | E 3 9 2.6 | 725.833 | M*4E 0.006 0.006 0.009 -0.001
PJK | 24145 72107 6946310.816 | N 394480.114 | E 3 9 2.6 | 725.834 | M*4F 0.011 0.006 0.013 0.000
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GPS | No. Ellip.
UTC Date Northing N |Easting E Qual SVs DOP Ht. M AN AN
PJK | 215855 72007 6946309.313 | N 394480.391 | E 2 5 4.3 | 725.611 | M*48 -1.492 0.283
PJK | 215856 72007 6946309.276 | N 394480.403 | E 2 5 4.3 | 725.709 | M*4D -1.529 0.295
PJK | 215857 72007 6946309.393 | N 394480.439 | E 2 5 4.3 | 725.699 | M*47 -1.412 0.331
PJK | 215858 72007 6946309.341 | N 394480.434 | E 2 5 4.3 | 725.730 | M*48 -1.464 0.326
PJK | 215859 72007 6946309.819 | N 394481.222 | E 3 5 4.3 | 726.219 | M*43 -0.986 1.114
PJK | 215900 72007 6946309.840 | N 394481.236 | E 3 5 4.3 | 726.197 | M*42 -0.965 1.128
PJK | 215901 72007 6946309.834 | N 394481.232 | E 3 5 4.3 | 726.206 | M*4F -0.971 1.124
PJK | 215902 72007 6946309.828 | N 394481.237 | E 3 5 4.3 | 726.197 | M*4F -0.977 1.129
PJK | 215903 72007 6946309.837 | N 394481.242 | E 3 5 4.3 | 726.194 | M*41 -0.968 1.134
PJK | 215904 72007 6946309.832 | N 394481.235 | E 3 5 4.3 | 726.191 | M*46 -0.973 1.127
PJK | 215905 72007 6946309.834 | N 394481.237 | E 3 5 4.3 | 726.181 | M*42 -0.971 1.129
PJK | 215906 72007 6946309.819 | N 394481.230 | E 3 5 4.3 | 726.188 | M*40 -0.986 1.122
PJK | 215907 72007 6946309.807 | N 394481.220 | E 3 5 4.3 | 726.191 | M*47 -0.998 1.112
PJK | 215908 72007 6946309.800 | N 394481.215 | E 3 5 4.3 | 726.205 | M*47 -1.005 1.107
PJK | 215909 72007 6946309.833 | N 394481.231 | E 3 5 4.3 | 726.196 | M*49 -0.972 1.123
PJK | 215910 72007 6946309.828 | N 394481.225 | E 3 5 4.3 | 726.206 | M*44 -0.977 1.117
PJK | 215911 72007 6946309.818 | N 394481.222 | E 3 5 4.3 | 726.207 | M*40 -0.987 1.114
PJK | 215912 72007 6946309.813 | N 394481.222 | E 3 5 4.3 | 726.203 | M*4C -0.992 1.114
PJK | 215913 72007 6946309.816 | N 394481.221 | E 3 5 4.3 | 726.205 | M*4D -0.989 1.113
PJK | 215914 72007 6946309.811 | N 394481.217 | E 3 5 4.3 | 726.210 | M*4C -0.994 1.109
PJK | 215915 72007 6946309.820 | N 394481.222 | E 3 5 4.3 | 726.202 | M*4A -0.985 1.114
PJK | 215916 72007 6946309.835 | N 394481.233 | E 3 5 4.3 | 726.198 | M*4D -0.970 1.125
PJK | 215917 72007 6946309.841 | N 394481.240 | E 3 5 4.3 | 726.196 | M*45 -0.964 1.132
PJK | 215918 72007 6946309.828 | N 394481.230 | E 3 5 4.3 | 726.189 | M*4C -0.977 1.122
PJK | 215919 72007 6946309.825 | N 394481.228 | E 3 5 4.3 | 726.181 | M*41 -0.980 1.120
PJK | 215920 72007 6946309.829 | N 394481.232 | E 3 5 4.3 | 726.176 | M*44 -0.976 1.124
PJK | 215921 72007 6946309.834 | N 394481.230 | E 3 5 4.3 | 726.166 | M*4A -0.971 1.122
PJK | 215922 72007 6946309.821 | N 394481.220 | E 3 5 4.3 | 726.166 | M*4C -0.984 1.112
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Appendix E

uTC GPS No. Ellipsoidal
(seconds) Date Northing Fasting = Qual SVs DOP Ht
$PTNL | PJK 29804 10680 0.000 | N 0.000 | E 0 0 0 0.000 | M*72
$PTNL | PJK 29893 71807 6946310.797 | N 394480.111 | E 3 5 3.1 725.836 | M*4B
$PTNL | PJK 30016 10680 0.000 | N 0.000 | E 0 0 0 0.000 | M*72
$PTNL | PJK 30103 71807 6946310.795 | N 394480.106 | E 3 6 2.8 725.828 | M*44
$PTNL | PJK 30226 10680 0.000 | N 0.000 | E 0 0 0 0.000 | M*72
$PTNL | PJK 30373 71807 6946310.794 | N 394480.106 | E 3 6 2.9 725.829 | M*47
$PTNL | PJK 30437 10680 0.000 | N 0.000 | E 0 0 0 0.000 | M*72
$PTNL | PJK 30522 71807 6946310.804 | N 394480.107 | E 3 5 5.1 725.836 | M*48
$PTNL | PJK 30649 10680 0.000 | N 0.000 | E 0 0 0 0.000 | M*72
$PTNL | PJK 30733 71807 6946310.800 | N 394480.111 | E 3 6 3 725.846 | M*47
$PTNL | PJK 30859 10680 0.000 | N 0.000 | E 0 0 0 0.000 | M*72
$PTNL | PJK 30966 71807 6946310.795 | N 394480.107 | E 3 6 3 725.824 | M*47
$PTNL | PJK 31071 10680 0.000 | N 0.000 | E 0 0 0 0.000 | M*72
$PTNL | PJK 31126 71807 6946310.799 | N 394480.103 | E 3 6 3.1 725.829 | M*49
$PTNL | PJK 31281 10680 0.000 | N 0.000 | E 0 0 0 0.000 | M*72
$PTNL | PJK 31359 71807 6946310.792 | N 394480.105 | E 3 5 3.3 725.833 | M*4B
$PTNL | PJK 31492 10680 0.000 | N 0.000 | E 0 0 0 0.000 | M*72
$PTNL | PJK 31577 71807 6946310.801 | N 394480.113 | E 3 6 3.1 725.852 | M*47
$PTNL | PJK 31704 10680 0.000 | N 0.000 | E 0 0 0 0.000 | M*72
$PTNL | PJK 31780 71807 6946310.804 | N 394480.113 | E 3 5 3.2 725.846 | M*4A
$PTNL | PJK 31916 10680 0.000 | N 0.000 | E 0 0 0 0.000 | M*72
$PTNL | PJK 31964 71807 6946310.821 | N 394480.112 | E 3 5 4.5 725.830 | M*43
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