International Global
Navigation Satellite Systems
Scciety Inc. International Global Navigation Satellite Systems Society

IGNSS Symposium 2007

The University of New South Wales, Sydney, Australia
4 b 6 December, 2007

Positioning Performance Study of the RESSOX
System W ith Hardware-in-the-loop Clock

Fabrizio T appero, Andrew G. Dempster
School of Surveying and Spatial Information Systems,
University of New South Wales, Sydney, Australia.

Toshiaki lwata
National Institute of Advanced Industrial
Science and Technology (AIST), Tsukuba, Japan.

ABSTRACT

A positioning performance analysis of the RESSOX synchronization
networkfor the Japanes@uasi-ZenithSatelliteSystem QZSS,is presented.
A hardware-in-the-loopexperiment setup has been developedto study
concreteeffects on positioningwhen a real space-borrOCXO is employed
in the atomic clock-lessRESSOX architecture.This study focuseson a
positioning performanceanalysisof QZSSusedin conjunctionwith GPS.
Particular focus is given to the effects of faulty synchronizationon
positioning, specifically when, becauseof unavoidable communication
interruptions, the QZSS satellite clock has to function without remote
control. Results show that the recently proposedRESSOX phase error
compensationmethod can guaranteeenough time accuracy even for
communicationinterruptions of the order of one hour The relationship
betweenQZSS plus GPS positioning accuracyand QZSS clock quality is
discussed.
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1. INTRODUCTION

The Quasi-ZenithSatellite System(QZSS)is a threesatellitesystemconceivedo provide
positioning service over a wide mid-latitude region. One of the goals of the QZSSis to
improve positioning performance®f the presentglobal positioning system(GPS)in urban
areaswherehigh buildings could easily reducethe numberof visible GPSsatellites.Details
on QZSS are available frowiu Fet al.(2004) and Petrovski I&t al. (2003).

The AIST spaceresearcihgroup (AIST labs)togetherwith the SNAP group at the UNSW
(SNAP group) have beenstudyingthe feasibility of a novel remotesynchronizatiorsystem
namedRESSOX remotesynchronizatiorsystemfor the on-boardcrystaloscillator for QZSS
whereno on-boardatomicclock is employed;detailsareavailablefrom IwataT. etal. (2003)
and TapperoF et al. (2006/1).RESSOXis basedon the ideathatif a goodlocationfor the
control masterstationis chosen,each QZS could be visible/controllableduring its whole
orbital period (24 hours).Therefore,an all-time synchronizatiorcommunicationframework
could hypotheticallyguaranteghe accuratesynchronizatiorof the on-boardQZSS satellite
clock with the masterstation (masterclock). A practicalimplementationof the RESSOX
conceptis now understudy By meansof a feedback/feed-forwardontrol loop, RESSOX
keepsa lockstepthe ground station time referencewith the clocks on board eachQZSS
satellite; The time referenceemployedin the ground stationis a hydrogenmaserprimary
reference,and the time referenceemployedon board the satellitesis an oven controlled
crystal oscillators(OCXO). At this stage,two synchronizationschematicsare under study;
detailscan be found in Iwata et al. (2005), Tapperoet al. (2006/1) and TakahashiY. et al.
(2005).

RESSOX & RTKS Software Simulator
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Figure 1.RESSOX software simulator with the space-born Oscilloquarz OCXO 6607-BM a
phase error compensation algorithm embedded in it.



The RESSOXschemaepresenta way to synchronizeéwo clocksdistantfrom oneanother
It relieson a master/slavelock synchronizatiorarchitecturewhich canguarantee certain
time synchronizatiorquality aslong asthe masterclock (groundstation)andthe slaveclock
(satellite)are ableto communicateThe main drawbackof this technologyis the inability to
guarantedhe desiredaccuracywhenthe satellitebecomesunavailableto the groundstation.
In fact, during theseperiods the satelliteon-boardclock cannotbe actively steerediueto the
absenceof feedback(TapperoF. et al. (2005)) and thereforethe global accuracyendsup
dependingsolely on the quality of the satellite on-boardclock. It hasto be mentionedthat
QZSSsatellitecommunicationnterruptionsare unavoidableand the condition of havingthe
QZSS satellite operatingon its own happenstwice a day, when the satellite crossesthe
equatorial region. Such a condition is necessaryfor guaranteeingthe absence of
communication interference with geostationary telecommunication satellites.

TapperoF. etal. (2005)presentec studyon the performancef the RESSOXsystenwhen
a constantphaseerror affects the QZSS on-boardclock due to possibleproblemsin the
synchronization. Studies of short-term and long-term effects have been presentedby
employing the RESSOX software simulator More recently TapperoF. et al. (2006/2)
presentedsome preliminary resultson how QZSS positioning quality becomeswhen the
QZSS on-board clock is left in free-run (lacking control).

Recently TapperoF. et al. (2007) presentec methodto reducethe phaseerror for the on-
boardQZSSsatellitefree-runclock by actively steeringthe OCXO afterlearningits behavior
during the active control periods. This methodrepresentsan effective way to reducethe
problem of satellite communication unavailability

In the following study the space-borneven-controlleccrystaloscillator OCXO, hasbeen
integratedn the RESSOXsoftwaresimulator(hardware-in-the-loogonfiguration).Also the
positioning accuracyof the combinedQZSS and GPS systemswhen using the RESSOX
synchronizatiorsystem,hasbeenstudiedwith particularfocuson the adoptionof the phase
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Figure 2.Sky-view of the simulated scenario for the combined system GPS&C




TABLE 1. Specificationsof the OscilloquarzOCXO 6607-BM employedfor
this experiment.

Model OCXO 8607-BM
Manufacturer Oscilloquartz
Nominal frequency 5 MHz

Power Consumption 3W (10W max)
Freq. StabilityAllan std. dev(1s to 30s) 2.5 X103
Aging over 1 day 2 X101

Aging per one month 5 X 10%2

Aging per year 4 X 10°

Mass (weight) <9009
Dimensions 138 mm X 63 mm X 88 mm
Price ~ US$ 10,000

reductionmethodpresentedn TapperoF. etal. (2007).In the following sectionsthis system
will be presentedSomepreliminaryresultsof the QZSS&GP Spositioningcapabilitieswith
the novel phase reduction method for RESSOX will be presented.

2. EXPERIMENTAL SETUP

The RESSOX software simulator employedfor the study presentedn TapperoF. et al.
(2005) has been modified to accommodatehe integrationof a space-bornédOCXO in a
hardware-in-the-loogonfiguration.The OCXO employedfor this setof experimentds the
OCXO 8607-BM from Oscilloquarz.Specificationscan be found in Table I. An accurate
atomicreferencas employedin the groundstation. Two differentcontrollers,the open-loop
controller and the closed-loopcontroller are both usedfirst to achievesynchronizatiorand
second;to Ocontrol@he OCXO whenthe atomic referenceis not available.Details of both
controllers can be found ifappero Fet al. (2007).

Fig. 1 showsthe softwaresimulatorfor RESSOXandthe clock hardwareimplementation
connectedo it. The objectiveof this tool is to calculatethe userposition (NMEA file and
Earthfixed-coordinatepositioningfile) for differentscenariosvhere GPSis combinedwith
QZSS.The simulatorcanalsosimulatethe RESSOXsynchronizatiometworkby which it is
possibleto independentlyde-synchronizeny of the threeQZS clocksandobservethe effect
on final positioning. The GPS orbit generatoritself is not actually implementedin the
simulatorandthusthe GPSRINEX files andthe GPSSP3files needto be providedasinput
files to the simulator The QZSSis fully implementedand thus all its orbit parametersare
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Figure 3.Satellite QZSS-1 OCXO phase error erarOCXO0O phase error with constant input
voltage. b) OCXO phase error with compensation control.



calculated.From a given position (userpositioninput block), the pseudorangéPR) of each
QZS is calculatedand opportunelymodified accordingto the QZSS clock. The PRsof all
QZSsin view andthe PRsof the GPSsatellitesin view are then collectedand computedin
the receiverblock. Before the PR file is computeda maskangleis appliedfor both GPS
satellitesand QZSs. lonospheric,troposphericand relativistic effects are included in the
QZSSorbit calculationandin the positioningcalculation.The computedpositionis givenin
sphericalcoordinateNMEA file) andin Earthfixed-coordinatesvhere(0,0) representshe
true userposition. For thesesetsof experimentsSydney(lat:26.194deg.long:127.677deq)
was chosen as the receiver location.

3. FREE-RUN EXPERIMENT

The objective of this set of experimentdgs to analyzethe capability of the Oscilloquarz
8607-BM, on boardthe satelliteQZSS-1,in remainingstableduring lack of control. Results
are presentedn terms of positioning capability error in northing/eastingand height. The
scenario under test is depicted in Fig. 2 and the following configuration was chosen:

- System: GPS plus QZSS

- User location: Sydneyustralia (lat:26.1946 deg. long:127.67763 deg).
- Simulation duration: ~ 5 hours.

- Start time: UTC 23:15, December 31st, 2004.

- Sample ratio: 1 seconds.

- Receiver mask angle: 26 deg.

Initially, the OCXO of the satelliteQZSS-1is lockedto the atomicstandardSucha condition
representshe ideal RESSOX scenario.After synchronizationis reachedthe closed-loop
conditionis intentionally brokenandthe secondcontrol, the open-loopcontroller is usedto

reducethe OCXO phase Sucha conditionapplieson satelliteQZSS-1(Fig. 2). Positioningis

the computedfor about5 hours.The following threedifferentscenariosare consideredand
the same 5 hour simulation is repeated three times.

Ideal Clock. Thisis notarealisticscenarioThe OCXO is replacedwith anideal clock with
a phaseerror which is virtually zero. This scenariorepresentshe ideal caseandis usedto
evaluatehe effectivenes®of the OCXO phaseerror compensatiomlgorithmduringthewhole
5 hours.

OCXO is not controlled. Immediatelyafter closed-loopsynchronizationa constantvoltage
is appliedto the OCXO (no phaseerror compensation)This conditionis held for the whole
simulationperiodof 5 hours.The appliedvoltagevalueis calculatedasthe averageof the last
n voltage samples with n=100.

CompensatedOCXO. Immediatelyafter closed-loopsynchronizationa variablevoltageis
applied to the OCXO (phaseerror compensation)This condition is held for the whole
simulation period of 5 hours. The applied voltage value is calculatedaccordingto the
RESSOX phase error reduction method presentédppero Fet al. (2007).
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Figure 4.Relative positioning error of the combined system QZSS&GPS over 5 fiterQZSS
on-board clock is an ideal time reference (no drift assumes).
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Figure 5.Relative positioning error of the combined system QZSS&GPS over 5 iberQZSS
on-board clock is the Oscilloquarz OCXO 6607-BM with no drift control.
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Figure 6.Relative positioning error of the combined system QZSS&GPS over 5 fiberQZSS
on-board clock is the Oscilloquarz with the drift compensation control.

RESULTS AND CONCLUSIONS

Fig. 3 a) showsthe phaseerror when the QZSS-10CXO is left in free run (no phase
compensation)kig. 3 b) showsthe phaseerror whenthe QZSS-10CXO phaseis contained
with the method presented Tappero Fet al. (2007).

Fig. 4, Fig. 5 and Fig. 6 showthe relative positioningerror of the combinedsystemGPS
plus QZSSfor thethreescenariosinderstudy The positioningquality degradatiorcausedoy
the uncompensatedrift on the clock of the satellite QZSS-1(seeFig. 2), was successfully
reduced.The remainingdrift of about4 ns for the compensatedCXO, did not make an
appreciablecontributionin degradingthe quality of the whole augmentedsystemQZSSplus
GPS. This proves that the RESSOX architecture would have less stringent timing



requirementsf appliedfor QZSS;in fact evena 4 nsdrift over5 hoursof oneQZSSsatellite
doesnot significantly contributeto degradingpositioning,if comparedto the ideal caseof
having an atomic reference on board the same QZSS-1 satellite. The equatorial
communicationnterruptionproblemdoesnot seemto be a relevantlimitation for RESSOX
aslong asthe phaseerrorreductionmethodpresentedn TapperoF. etal. (2007)is applied.If
the Oscilloquarz8607-BM, or equivalent,is employedas the time referencefor QZSS
satellites,satellite communicationinterruptionsand thereforefree-runOCXO periodsof the
orderof somehourswill not createany particularpositioningdegradationf the considered
positioning system is GPS plus QZSS.

Futurework will dealwith the developmenobf a real time versionof the RESSOXphase
error reductionmethodwhich will thenbe integratedinto the RESSOXhardwaresimulator
The preliminary results presented here will then be confirmed in more depth.
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