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Abstract:
measurement technologies, allowing the achievememf cm-level
positioning accuracy, especially with the use of flerential
techniques. The solution accuracy is heavily depemdt on the
number and geometric distribution of the visible stellites. This
makes GNSS quite ineffective in dense city areas ete there is a
limited view of the sky. Research at the Universitpf Nottingham [1]
also outlined problems with using GNSS systems ifé¢ North-South
orientated monitoring work in the Europe.
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|. INTRODUCTION

In 2003 bridge monitoring studies, conductethat University
of Nottingham [2] concluded that using pseudolitesaugment
GNSS geometry significantly improved the verticahda
horizontal components. Following that the Universit
concentrated on the Locata system - a terrestusitipning
technology, operating in the 2.4 GHz license freg/diency band.
Created by Locata Corp, it allows the network tspechronised
to the nanosecond level, using a novel procedumwinas
TimelLoc. The working concept of Locata is very damito that
of a GNSS or pseudolite system. The rover needsokee for
position and time, therefore it requires visibilioy at least four
Locatalites for successful 3D triangulation. Aseadstrial based
navigation system it offers a much stronger sighah GNSS but
is also very prone to fading multipath effects. &ash work at
the University of Nottingham [3] and the Universitf New
South Wales [4] indicated that the Locata systemajgable of
maintaining centimetre level accuracy in areasidliff for
GNSS.

This paper presents results showing how Lotagperform in
several different environments such as open skparurand
indoor. There is also a discussion about the phetijy research
that is currently being carried out into the intgt@gn of Locata
and GNSS. This includes feasibility study for theegrated
system, outline of the loose software integratind brief outline
of the working algorithms.

Il. BACKGROUND ONLOCATA

Since the beginning of the GPS concept (197@umd based
transmitters have been under development to coraplisatellite
constellations. The first of these ground basedstratters were
called pseudo-satellites or pseudolites. They Haen used to
test GPS system elements and enhance GPS
applications by providing better accuracy, intggoi availability

GNSS has become one of the most widespread through the use of Pseudolite signals in additiontite GPS

signals. Pseudolites were also a promising teclgyolfor
providing positioning in high multipath environmemhere GPS
signals are generally unavailable, severely attieajar of poor
quality. Thus they presented the prospect of baseful for both
indoor and outdoor positioning applications by smitting a
GPS like signal [5]. Pseudolites work in an unsynaised mode
and double differencing must be used to eliminbgeRseudolites
and receivers clock biases. Growing interest in rifid 1990s
foresaw pseudolite technology as the next “bigghisince then
numerous pseudolite applications have been atteinptecal
Area Augmentation System (LAAS), plane landing, dga
deformation monitoring, open pit mining, and reduygistreet
works [6] [7] [8] [9] [1].

However, there are many fundamental issues lthat the
effectiveness of a pseudolite system using C/A cmald-1/L2.
They include the illegality of transmitting on LZL cross
correlation between pseudolites and GPsgnals (GPS
jamming), saturation of the GPS receiver front eadd the
limited multipath mitigation offered by C/A codeghis further
complicates the design and deployment of such sstand
places limits on any operational effectivenes$?déudolites can
be synchronised in some manner, stand alone pusitiacan be
achieved without base station data (and withoutrtbed for a
radio modem data link) [10]. Several of years agbempts to
synchronise Pseudolites resulted in position swhstithat are up
to six times worse in comparison to an unsyncheghispproach
using double differencing [11].

Recently, two positioning solutions have emerffedh the
development of pseudoliteechnology: Terralites [12] and
Locatalites, a new breakthrough in ground based positioning
world. The technology consists of a network of time
synchronised transceivers allowing point positigniof a

rover with centimetre accuracy (using carrier phase
measurements) [13].

Locata Technology

Locata technology is built on a novel proprigtar

synchronization which is able to overcome some lué t
challenges presented by ground based receiversnexitl
previously. Locatalite transceivers transmit andenee a
signal modulated in the same way as the GPS céulsiad a
rover to trilaterate to calculate its position. AdataNet is a
network of Locatalites; it consists of two types ddvice:
Locatalites transmitters and the Locata receivehe T
Locatalite transmitter generates a carrier phasgnasi
modulated with a proprietary ranging code in thdGHz

in certiidustrial Scientific Medical (ISM) band [14].
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Fig. 1A Locatalite setup

Locatalites transmit two positioning signals #ite same
frequency with different Pseudo Random Noise (PRaging
codes from the two transmitting antennas. A thinteana is used
by the Locatalite to receive signals. Figure 1 shawtypical
Locatalite installation. Notice that there is a GReSeiver at the
very top of the mast. This GPS receiver is useq tmlgive the
exact initial location of the Locatalite antenndxi, Tx2 and
Rx). The waterproof metallic box (circled) protet¢t®e Locata
hardware. In the network calibration process, tositpns of all
transmitting antennas are monitored precisely, amdregistered
in the memory of each Locatalites [15]. Deploying antenna
array rather than a single antenna at the trarmnsitle helps to
protect the radio signals from fading effects & thceiver side
[16]. As a rover receives two signals, each distbty different
propagation paths after being transmitted from eatalite, it can
compare the Signal to Noise Ratio (SNR) and othaltipath
mitigation qualities of the two incoming signalsheT rover can
then detect if the signal transmitted from one @am#&eis in a
deeper multipath fading zone than another, andnoadify the
processing of the signals in trilateration process.

[ll. OUTDOORSTATIC TESTS

In Error! Reference source not found.the results of static
tests, using carrier phase measurements, in eaocharsg, have
been recorded as mean and standard deviation adegr
2000 seconds. Examining the mean values, it casebg that
the best overall accuracy is approximately 34mmthe
Downs and the worst results are 82mm in the IES&GRark.

TABLE 1.
Results of test Carried out in Various Environments

RMSE (m) Downs GGL1 GGL2 Parking
Locatalites 8 7 7 5
HDOP 0.79 1.02 0.79 1.91
(E) 0.034 0.049 0.041 0.082
StD (E) 0.002 0.008 0.004 0.00%
(N) 0.010 0.034 0.034 0.012
StD (N) 0.002 0.004 0.0043 0.008
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IV. OUTDOORKINEMATIC TESTS

The results were extracted based on two diffeseanarios:
the first one was performed in the same yard authigersity
of Nottingham used for GGL1 above; the second s@ena
took place in the yard at the University of New BoWales
in Australia (UNSW). In the scenario at the Univigroof
Nottingham, the difference with GGL1 is that therere now
three Locatalites set up on the roof of one of lthddings.
This will now be called GGL1b. The trajectory okthover
during this experiment was from the point nameck€&tr
moving toward the point “hole” and then the rovegiry
moved back to the point “tree” again. The roveinitialized
over a point with known coordinates in each of ¢hes
experiments. During this particular experiment thecata
equipment used was single frequency only.

Table 1 shows the results of the kinematic testsezhout at the
University of Nottingham.

TaBLE 1
Results of the University of Nottingham tests

GGL1b Tree Hole Tree

HDOP 0.602 1.253 0.602
Mean Error (E) 0.004 0.048 0.014
StD (E) 0.002 0.013 0.007
Mean Error (N) 0.019 0.051 0.070
StD (N) 0.014 0.039 0.040

The statistics are averaged over 60 epochs atpaoh and
eight Locatalites were used in this scenario. Téference
point is referred to as TS in the table. The distabetween
the 2 points is 17.04m. The rover was set up dwerkhown
point “tree” and data was collected for 60 secomasl
compared with the known value. From

Tablel it can be seen that as the rover moves from ‘Tiee’
‘Hole’ the errors increase. As the rover is movedktoward
the original point the easting errors decrease ewtiie
northing errors decrease. This is likely to be eduby the
geometry of the network.

A similar experiment was carried out in the yard thé
UNSW. UNSW currently have a permanent Locata networ
on the university campus (Fig. 2). The UNSW netwal$o
has eight Locatalites. Compared with the Nottingham
network however the geometry of the system is betseall
eight Locatalitehave been located on the top of buildings.
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Fig. 2.UNSW Locata Network

The experiment carried out at UNSW moved betwHene
different known points, labeled in Fig. 2 and Tablas REF/TS,
B4/B5 and D4/B6. The rover was located over thewkngoint
TS/REF and data was recorded for 60 seconds. Toelicates
calculated from Locata were then averaged and credpaith
the known coordinates of TS/REF. The mean error teen
shown to be 16mm. The rover was then moved fronRRES/to
the point B4/B5 and data is recorded for 60 secoitle error
now increases tolémm in Northing and 9mm in Eastifige
rover is moved to the point D4/B6 and once agaénrtfean error
increases to 49mm in Easting and 129mm in NortHtmally the
rover is moved back to the point REF/TS and theregpes back
close to it's original values.

The reader may wonder whether the errors prdpags the
rover moves away from the initial known point. dtlikely that
these errors come partially from the environmemuad each
individual known point and how the geometry of thignals
changes from point to point as signals are lost gaided. The
environment does not only include the phenomenketinto
signal propagation such as multipath, scattering) stradowing
(fading environment), but also the variation of thetwork
geometry as the rover moves from the initial pa@mund the
network. Furthermore during both experiments theeravas not
always in line of sight to all Locatalites, duedbstructions such
as trees, other vegetation and buildings.

TABLE 2.
Results of the UNSW tests
UNSW (m) TS B5 B6 TS
HDOP 0.660 0.829 0.743 0.66(0
Mean Error (E) 0.006 0.009 0.049 0.017
StD (E) 0.008 0.004 0.021 0.007
Mean Error (N) 0.007 0.016 0.129 0.014
StD (N) 0.012 0.085 0.060 0.017

This variation of geometry can be seen in thiglels as
Horizontal Dilution Of Precision (HDOP). The dastt ¢ines
show the threshold for the navigation software igbito
detect cycle slips. Any measurements up to thisstihold in
absolute value are considered as a cycle slip. fhineshold
can be modified by the user. During this experimtre
threshold was set to 0.33 cycles. Fig.3 clearlywshohat
cycle slips occurred after the rover begins to mdvee result
of this is that the navigation software resets ah@iguities
each time a cycle slip is detected. This meanstiteabhumber
of whole cycles between the antenna and receiver lnea
solved incorrectly causing an error in the measergm
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Fig.3.Carrier phase measurements showing cycle slips

From Fig.3 analysis of the carrier phase measuresmen
show that several cycle slips occurred during the
measurements. Fig.3 shows the RMS Error and thélelou
difference of the carrier phase measurements fat bhd
LL6. M1 and M2 are the periods when the rover mdves
“Tree” to “Hole”.

V. INDOOR TESTS
The indoor tests were carried out in a barn enwrent. The
advantage of performing the test indoors is thetértical

geometry of the LocataNet can be greatly improvédte set
up of the LocataNet is shown in Fig. 4.
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Fig. 4.Indoor LocataNet Setup

The rover was mounted on a height adjustati®drin the
centre of the LocataNet. The distance betweendpesétting on
the tripod and the bottom setting was known to 29 Gneters.
Data was then recorded at first whilst the tripoaisvstationary
and then whilst the tripod was being wound fromaigest point
to its highest point and back agaifhe results of one of these
tests can be seenin Fig. 5.
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Fig. 5.Mean errors of indoor test

The results in Fig. 5 show that the errors m iadoor
environment can be accurate to the centimeter leot in plan
and in height. The improved geometry of the netwadulted in
vastly improved height information compared witle thutdoor
experiments.

There was however a drawback to using the otrtecata
technology indoors. The same test as describedqusy was
carried out 15 times. Only on three occasions wieeeresults of
the test comparable to those shown in Fig. 5. Testigate the
reason behind this the Signal to Noise Ration (SNRhown in
Fig. 6 for two separate tests. On the left is sholwen SNR that
corresponds to the results in Fig. 5 and on thiat iigyshown the
SNR from one of the other 12 tests that did notdpoe any
meaningful results.
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Fig. 6. SNR from indoor tests. SNR corresponding to Fifleff) and from
another test (right)

The results show that in three of the testsSN® of the
signals was very stabl&hen this wasthe case the results
of the test were accurate to the centimeter levgiraviously
discussed. In the majority of our tests howeverShiR was
very unstable and resulted in results that werenmegkess.
The authors currently do not know the exact cadsihese
reliability problems other than the system has hetn
designed primarily for indoor use.

VI. INTEGRATION FEASIBILITY STUDY

The main goal of integration is to maintain @wecy of
continuous measurements at the centimetre levepitdes
environmental restrictions, so severely penalise SGN
systems. This is especially relevant to such diffiareas as
urban canyons and semi-indoors areas.

The integrated system is expected to be espediatgficial
as a supporting tool for engineering works such as
deformation monitoring.

VII. TIME

Locata utilizes a proprietary time, which, apfiom the
similarity in structure, is not correlated with tBd°S time. It
shares architecture similarities with the GPS newsi
utilising a temperature compensated crystal osoilla
(TCXO). The LocataNet Master-Slave procedure alldnes
mitigation of the effect of clock drift and aids eth
maintenance of constant time. This also simplifib®
integration process, as only one device in the tad¢at has
to be precisely synchronized with GPS time. The key
integration is the use of same timeframe for botbtens.
GPS time, with its high accuracy and consistency, i
suggested as a base for an integrated system.rBesdahe
University of Nottingham [Roberts 2009], calcul#tes value
to be at least I and conclude that Locata is able to
maintain time at the level of precision required $accessful
integration. Results indicated that synchronisaéisrirequent
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as 10s are able to maintain time at the level peeenough for
kinematic applications (10s).

VIl. GEOMETRY

With systems based on distance measuremerisegg/ can
be used as a quality determinant. In the GNSS mgsti¢ is
usually characterized by the Dilution of PrecisigpOP)
parameter. It has also been used in existing relsean
pseudolites [Meng 2003] to quantify the improvemeitthe
combined geometry. Calculations indicate that whilee
independent Locata system, due to nearly coplala@ement of
the transmitters and receiver, has a weaker verticardinate
component than GNSS, the integrated system is tabsirpass
this limitation and maintain a much higher VDOPual

The authors have argued that the DOP paraneteot best
suited for an integrated system [Bonenberg 2008 Tocata
network is usually of a much smaller scale than @SS
network and other factors such as noise and mtltipave a
large effect on the final position. To prove thisamber of tests
have been conducted a number of tests.

e Roof 1 — Small Network with obstructed line of digh
weak signals and multipath

e Roof 2 — Same as Roof 1 but with improved geometry.

e UNSW — Small Network in open courtyard, good VDO
limited multipath.

e Locata — Large Network distances exceeding 2km,dGoo

VDOP.
TABLE 3.
A-priori and a-posteriori comparison of error eéps
95% A priori A posteriori

confide A B o A B o % ((g

evell | | | mf mf 1 |2

%]
Roofl) 0.01f 0.01 87| 0.11] 0.02] 155 11 16
RoofJ 0.02] 0.01] 134 0.03] 0.00 127 16 20
UNS 0.02] 0.01] 173 0.02] 0.02] 142 1.3 16
Locaty 0.02] 0.000 104 0.000 0.00] 117 0.8 39

The results are presented in the Table 3 infah@ of error
ellipses with a confidence level of 95%c}2 They show the
difference in estimated and calculated geometryuraay for
each of the solutions. The Shape and orientatiorthef error
ellipses indicate that in the smaller deploymefdstors other
than the geometry constraints are more prominentthdxs
believe that this is visualisation of the multipaihd channel
noise. It is also noticeable that with improved metry, in small
networks, while ellipses orientation remains roygtnstant (as
expected) those effects affect its shape.

IX.M ULTIPATH AND NOISE

The areas intended for combined systems, sactrl@an
canyons, are notorious for multipath and noisetehnestrial

based receivers the signal can arrive at a very(less than
10°) or even a negative elevation angle and isestibjo
signal fading (surface glance).

This manifests as severe signal power fluctuations
(constructive and destructive multipath) and usukdads to
signal loss. The Locata system is trying to comaptmgor
this by using spatial separation of the antennasb utilises
pulse signal and dual frequency to battle any enwrent
generated noise.

These effects usually identify themselves ia farm of
cycle slips. The Locata wave is only 12 cm longhw#
narrowlane of 6 cm and widelane of 5m. This makgdec
slip detection problematic. Research papers [3jtitlecycle
slips as one of the main accuracy factors in kinemsse of
the Locata system, since undetected cycle slipsctaate
decimetre level biases. Certain solutions to thidolem have
been described in [4]. These problems could han¢riboited
to the results discussed above.

VIII. INTEGRATEDSYSTEM DESIGN

The main goal of this research is to creatarsctional
integration of GNSS and Locata. The main requirgnod
this integration is the capability of maintainingntimetre
level accuracy, especially in areas traditionattigarded as

p “difficult” or impossible for GNSS — such as urbaanyons

and semi-indoors areas. An Integrated system isa&g to
be deployed in the following scenarios:

e Online system, maintained by a qualified personnel,
freestanding and continuously collecting observatiata
( monitoring)

e Manual system, deployed as per user requiremendtsmn
much shorter time scales.

Based on this, the integrated system shoulbbeto fulfil
the following criteria:

e Maintain constant accuracy in most environmentabdions

e Assess and monitor current accuracy and alertsbe af
any biases

o Simplify operational procedure and user output

The Software integration is intended to workthwithe
observables from the sensors. The intention is 48 GPS
(GNSS) and Locata receivers as a ‘black box’ — gemanges
(code), carrier phase, SNR, Doppler corrections epitemeris
(for GNSS) from the sensors will be collected.

CONCLUSION

Locatalites are a relatively new ground basesitipning
system that work in a similar way to GNSS systebsing
Locatalites for structural monitoring gives the adtage of
being able to design the network to suit the paldicproject
but gives the disadvantage that vertical geomedity aften
cause problems due to having all Locata transceivera
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similar plane. Locatalites are also susceptiblemaitipath
errors.

This paper has presented the results of expetsrcarried out
by the University ofNottingham andLocata Corp in several
different environments. The results of these thaie shown that
Locata networks are capable of providing centimégve! static
positioning in open, urban and indoor environmeriarther
experiments have been conducted in an indoor emvient to
investigate the effects of multipath on the Locatstem.

The paper has also discussed the feasibilityint#grating
GNSS and Locata. Since Locata is seen as complmesystem
to GNSS for the monitoring of manmade structureRSGand
Locata share a large similarity in design and imoept of
working. They also seem to complement each othemamy
aspects. The Locatalites strong terrestrial sigmalto 23dBm in
comparison to -130 dBm from the GNSS and the pdgiof
the GNSS systems ability to detect system erraus, 10 ever-
changing constellations can be given as example. tBa
highlight is the enhancement provided by the combigeometry
of both systems.
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Craig Matthew Hancock, Gethin Wyn Roberts, Lukasz kosma Bonenberg. Poziciogsana pielietojot jauno tehnologiju “Locatalites”

GNSS ir Ruvusi par vienu no pasauizplatitakajam uznerijumu tehonologijm, kaslauj sasniegt pozici@$anas preciziti Iidz 1 centimetram. Diendf, sisEmas
galvenais tikums ir nepiecieSafna fEc skaidim debe®n un nerijjumu preciziites atkaiba no sat@u geometrisk izvietojuma, kas ma#s dienas laik Ir vairaki
svafigi GNSS pielietojumi cm preciates imeya poziciogSars, piem., inZenigfeodzija, tehnisko strukiru monitoring un bvdarbu geo@zija. Daudzas no
aktivitatem javeic teritorigs ar dégju debess redzaluun visprzinamiem Multipath efektiem. 8 probémas viens no risijumiem vagtu bit tadas atbalsta
sisemas ki Locatalites atstiba. Ta ir terrestrilas pozicioSanas tehnofgja, kurai nav vajadpa skaidras debess rediben Rakst pirmoreiz analizgtas
iepriekSparbaudes izmantojot Locatalites #mjumu daidos apsgtklos. Firbaudes apstiprija, ka Locatalites dega pozicioRSanas risiliumiem ar dazu
centimetru preciziti statiski un kinematisk reAZma af skgta vide. Parbaudes veica Nottingemas univeast (Lielbritanija) un Dienvidvelsas universtt
(Australija). Jadisku€ par iespjam petit GNSS un Locatalites sistemu iegterintegiciju. ParbauZzu lailé tika aff pétita Locatalites pulkstel uziadijumu stabilisite,
aperkinats cik pretzi Sie pulkstei var saskaoties ar GPS laiku integganas iesgjamai risiriSanai. Tika prbaudta Locatalites rezultu precizitite, ko ietekra tikla
geometrija. To veica, laiakotreé bitu iesgjams kombigt abas sisimas gc precizitites. Rakst tiek analizta latika metodegeometrijas efekta uz intego
sisEmu nowrtesanai. Sis @ijums pafida, ka Locatalites un GNSSim integgSana ir iesgjama, darbs turpirs.

Kpeiir Matb10 Xenkok, lerun Bun PoGepre, Jlykam Kocma BonenGepr. Ilo3nunoHnpoBanue ¢ HCnoib30BaHHEM HOBO# TexHoJioruu ,Locatalites”.
I'HCC crana onHoii u3 HanOonee PacCHPOCTPAHEHHBIX B MUPE TEXHOJIOTHH, MO3BOJIAIONINX JOCTHIHYTh TOYHOCTH MO3MIUPOBaHUs 10 cM. K coxaneHuIo, riaBHbIM

HCOOCTATKOM

CHUCTEMBI ABJIACTCA HGOGXOZ[I/IMOCTB OTKPBITOT'O Heba W 3aBUCHUMOCTH TOYHOCTH I/IBMCpeHI/Iﬁ OT TCOMETPUYECCKOI'0 PACHOJIOKECHHUSA CaTCIIIUTOB

(MeH}IIOIHCFOC}I B TCUCHHUC Z[Hﬂ). EcTp HeCKONBbKO BaXKHBIX BHUJIOB HCIIOIB30BAHUS THCC wna YPOBHC CM TMO3WLAPOBAHHUA, HAIIp., B HH)KeHepHOﬁ Treoae3uu,
T€OAC3NYCCKUX pa60TaX B CTPOUTEJILCTBE. MHorue u3 3THX aKTHBHOCTEH NPOBOIATCA Ha TEPPUTOPUU C YaCTUYHOM BHIMMOCTBIO Heba u 06H.ICI/I3BCCTHI>IM
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addexroM MHOrokpatHoro orpaxenus. OJHUM H3 pelUeHHH AaHHOW MpPOGJIEMbI MOXET ObITh Pa3BHTHE CHCTEMbI, MOJ00HOH ,Locatalites”. Ota texnomorus
TEpPPECTPHAIIBHOTO TO3HIMPOBAHMS, NPH HCIOIb30BAHUH KOTOPOH HET CTPOroil HeoOXOIMMOCTH B BHUAMMOCTH OTKPBITOro Heba. B JgaHHON cTaThe BrepBbIC
aHanmM3upyercs nposepka Locatalites,ob6opynosanus B pasHbix ycnoBusix. [IpoBepka moxreepauna, yro LocataliteSnpuronsa st mo3umupoBaHus ¢ TOYHOCTBIO B
HECKOIBKO CM B CTaTHYECKOM M KHMHEMATHMYECKOM PEXHMaX HPH Pa3HBIX YCJIOBHAX, BKJIIOYAas IIOJHOCTBIO 3aKPBITYIO Cpedy. DTy NPOBEPKY IIPOBENH B
Horrunremckom yHuBepcurere (BenmkoOpuranms) u B HOsxHoBencckoMm ynuBepcutere (ABctpamms). Ilpeamaraercs B OyaymieM oOCYIMTh BO3MOXKHOCTH
nccnenoBanus npesmnonoraemoit narerpanun cucteM I'HCC u LocatalitesBo Bpems mpoBepky TakKe HCCIEIOBaNN U CTaOMIBHOCTh TTOKa3aHuil yacos Locatalites
BBIYHCIIIIOCH, HACKOJIBKO TOYHO 3TU 4ackl MOTYT ObITh coryacoBansl co BpemeHeM I'HCC 1y Bo3MOKHOCTH MHTerpaiuu. IIpoBepsiach TOYHOCTb PE3y/IbTaTOB
Locatalites,na koropyio Biusier reomerpusi cetu. Llenb TaHHOM MPOBEPKU B TOM, 4TOOBI B OY/yIeM COBMECTHTb 00€ CHCTEMBI 10 TOYHOCTH. B craThe omucan
JIy4IINi METOA OLIEHKH TEOMETPUUYECKOro 3¢ (eKTa Ha HHTCTPUPOBAHHYIO CHCTEMY. DTO HCCIIEI0BaHUE OKa3aso, 4To cBoOoaHas uHTerpaus Locatalitesu THCC

BO3MOXHAa, U pa60Ta B TaHHOM HaIIpaBJICHUH NPOAOJDKACTCA.
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