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O
ABSTRACTO
O

InOmost0GPSappli cationsUbasedJonOcarrier-phasel]
measurements, Cour firstlnterestisotesol velthelinteger
carrier-phaselambiguities’because, Concelthe[ambiguities]
are[fixedtorrectly,[theltarrier-phaselimeasurementsCarel]
turned(into(hi gh-precisi oniangelineasurementsiandhence’]
itisOpossi bl e(Itoachievelcentimetre-level Dpositioningd
solutions.[(However, [fesol vingthel@mbi guiti eslisfust[onel]
necessary[step[forhigh-precisionCpositioningkol utions.]
CorrectlyfixedOambiguiti esCidoOnot Jal waysCguaranteeld
centimetre-level [positioningsol utionsiduefolérrorsiinihe]

carrier-phaselineasurements.[InCorder folattain[¢onsistent]
high-precision] positioning results0 with( carrier-phasel]
measurements, CerrorsCunspecifiedinthe[functional Cand
stochasti clfnodel sSimust Beldorrectly[detectediandriemoved
orlatherwi selhandl ed(@t [Theldata-processi nglstage. Inlthis]
respect, [reliabilityfestingihustBelimpl emented(asianother [
necessary[step(fiorhi gh-preci sionlpositi oning(Sol utions. [

O

Welintroducelinihi sCpaper @nCiltrahi gh-performancel
GPS[positioningCandChavigati onC$ystemFor [gantryLcranel]
auto-steering.[0 TheldsystemOdiffersCfrom conventional (I
systemslihfermsiaf fhelpositioningl@ccuracy@ndprecision]
itOcanClachi eve.[JA sidelifromambi guity Cresol utionCandO
reliability,CmanyCerror[sources{suchCas[phaselivrap-up,[]
antennalphase-center[Wariation, [instrumental (groupldiel ay (]
bias, (Feceiver[tlock[jumps,[tesidual [troposphericCdelay,[]
etc.)OmustObehandl edCprecisel yOtoOattainCul trahigh-
precisionOpositioni ngCisol utions. W ellal solintroducelJan]
optimal Cinter-frequencytarrier-phasellinear[tombination(]
of thelL 1[and[l 2CmeasurementsCvhichCtanfeducelthe
effectsTof (the[quasi -randomCerrorssuchCasCimulti path,
diffraction,dJionosphericOscintillation,Detc.JAOpractical
approachfoléstimati nglteali sticltecei ver[$ystemlihoi selisC]
alsolihtroduced.]
O
INTRODUCTIONO
O

Onelof [Thelimany[benefitsCof (GPSsihat[itprovides]
positioning[$ol utionsfor[AMvi delWari ety [of (lisers.[By[and
large, [(therelareltwolextremelkindsLof (GPS Lisers3-[thel]
travel erlivholis[$ati sfiedWvith[positioninglaccuraci eslof (&[]
fewdenslof (etresfandthelgeodesi sthivho[$trugglestvith(l
thoselof (afewillimetres.[The[@erms3uchlas teal -time, [
kinematic, Jandnavigati onClusually Cgollal ongCiwithCthed
‘traveler’ [community [of (GPS[lisersiivhile[the[Igeodesist’ [
community i sCfamiliar OwithOtheOtermsOdsuchCasOpost-
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processing,[static, CandCpositioning.CAlthoughthey[Shared
thelSamelGPSMTechnol ogy, [Thellevel [of [compl exity[of [Ehel
hardwarelandSoftwarelheededbythesefwolki ndsiof (GPSC
userslisimuch(different.C]

u

RTK O (rea-timeJkinematic) 0 isd ad GPSO techniquel
pioneeredbyCsurveyorsandgeodesi stsCif or Cefficiently
determiningCtheltoordinates bf [(pointsCwvithCentimetre-
level (accuracy . [GPS[carrier-phaselineasurementsimustbel]
used(] to attainC1 the[d required] positioning accuracies.[]
AlthoughCtheldevel Cof Ccompl exityCof [theChardwareland ]
softwareldisOstill OmuchOdifferent,Othi sOtechni queldhas(]
graduallyCharrowedCdowntheldi stinctionsCbetweenthell
‘travel er’ CecommunityCandthe(l geodesi st’ CcommunityinC
termslof [GPS@pplications.[Onelgoodiéxampl elistnachinel]
control O using the RTK [ technique.[] M achine-control O
applicationsuchlasiB gantry Leranelauto-steeringlsystemd
requirel] positioningd accuracies] better[] thanO alJ few
centimetresivithCéxtremel yhi gh(teli ability[in[& teal -timel
kinematiclode.(]

O

Theld Universityd of 0 New Brunswick(d (UNB) O has(]
devel opediultrahi gh-performancelGPSIRT K [$oftwarelfor[]
gantry[Jcranel] auto-steering. 0 TheDOUNBO RTK O system(]
currentlyCdeterminesthelpositionlof (iheltraneléveryonell
tenthd of O ald second (i.e.,0atl] ad 1000 HzO updateIratel]
commensuratelwith[the[dual -frequencydatal fate) Cwith(]
accuracy[better[than[2[tenti metresiithCextremel yChighl
reliability.[Actually, Therel@refwolGPSecei version[each]
craneIsollthat [thellcontrol Ccomputer JonCtheldcranellcan(]
determineltheltrane'slorientationasivel | (asTits[position.[]
Wellintroduce[hewtutting-edge[1IGPStechnol ogy[for(&]
gantry[dranef@uto-steeringlSystemlin(thislpaper.[Technical (]
andISci entifi claspectsiof fhelSystemi@reldi scussed.[
O
FUNDMENTAL [CONSIDERATIONSO

O

OnelddilemmallinCdevel opingCadpractical CandCfully
operational 0 RTKO system(d isd thatO correctlyd fixedO
ambi guities[dohotCalwaysguaranteela-few-centimetre-
level [hi gh-precisionpositioningsol utionsiduefolérrorsiin
thell carrier-phasel]l measurements..C Weld mightd bel[]
embarrassedbysuch[Zldilemmalthappeni nglinieal (orld]
situati onsCbecauseour firstUinterest i sCitoCresol vedthed
integerd carrier-phasel] ambiguities] in(J mostl] GPS[
applications[basedlonCcarri er-phaseJmeasurementsCand]
furthermore, ivelfendfolbel i evelfhat it(islal wayspossible[]
tod achievel afew-centimetre-level] high-precision]
positioningsol utionsTonceJtheambi guitiesClarefixed
correctly.[

O

Infeonventional [hi gh-preci sion[GPSappli cationsisuch]
aslestablishingOgeodeticlcontrol COnetworks,Cdmonitoring]
damdeformation,JandCmeasuringCtheEarth’ sCrotation, ]
errorsiih(theldarrier-phaseliheasurementsiasismal | [as@few
millimetresCtanCbelimportant. (T he[$amelisiruelinCmany ]
RTK [@pplicationslincludinglinachinel¢ontrol . [Suchlérrors]

mayL] included phase wrap-up,] antennal] phase-center]
variation,[] instrumental (0 groupd delay bias,[] residual O
troposphericldel ay,[ibnosphericlScintillation, [Satel litelorbitC
error,Omultipath, Cdliffraction, (feceiver [&lockQumps, Ceycled
dlips, [andColon. (W elwill [l scussisomelof [thelerrorsiof [
interest(ihfhelfollowing(Section.O

O

TolchievelthelTequiredpositioningCaccuracies and(]
consi stent i gh-precision[positi oningliesultsivith[¢arrier-
phaselineasurements, [$ystematiclerrorsimustbelinodel ed
very[tarefullyCorCpreferablyCavoidedCinthefirst[place.(]
Unfortunately,[] well cannot] removel] alll thell errors’]
completely.CAsCusualCinCtelativelpositioning,[by[&ingle-
differencing{{SD)fhelneasurementsbetweenSatel liteslor]
double-differencing](DD)Otheldmeasurements](that(is,[]
differencinglbetween(teceiversifollowedlby[differencing]
between($atellitesCor[VicelVersa),[thelcommonléffectslat]
satellites[{orMoth(satel litesland(recei vers) [danbelfemoved.]
However, [Theltes dual [&ffectslbf (somelérror[$ourcesitan]
bellsi gnificantCenoughCtoCmakeJal ldifferencelJinChigh-
precision[GPS[applications.[M ostlof [thelérror[Sourcesldan]
causeffaultyClsol utions.OInCithi sCrespect, Orobust Cqual ity O
control CsuchCasCteiabilitytestingC{whichCfefersCtolthell
abilitybldetect[Suchlérrorsiandiblesti matefheleffectsithat]
theymayChavelbn[alsol ution) CmustCbelimplementedCas]
anothernecessarystepliforIhigh-precisionCpositioning(]
solutions.[

O
BIASESIANDERRORSIOFINTEREST
O

Thelualitybf OGPSpositioningCl sCdependentConCal]
number Cof [Factors.[r oCattai nChigh-precisionCpositioningd
results,WelneedfblidentifyfhelérrorSourcesimpactinglon
theOqualityCof CitheCmeasurements. [Somelof CitheClerror
sources havelsystematicléharacteri sticsiivhil elothershavel]
guasi-random(tharacteristics.[For[&xampl e, [Theléffectsiof (1
cyclelslipsfandOreceiverOclockOjumpsOcanCbeJeasily
capturedléitherlinfhelineasurementlorparameter[domainl]
dueltoltheir[systematicltharacteristics.[Their[Bystematicll
effectslon(iheltarrier-phaselineasurementsi¢anbel& most]
compl etel ylfemovedidncelthey@reldorrectl ylidentified.[On]
the[d other[] hand,O multipath, diffraction,[d ionosphericl]
scintillation,étc.(havefemporal [and[Spatial [¢haracteristics[]
whichOareOmoreJorOlessC]quasi-random.JThese(Jquasi -
randomCérrorsicannotbeltompletel y[éliminated.Instead,
theyOmust[ObeThandl edCusi ngClalrigorousCmathematical [
approach(folisol ateltheir(éffectsiasimuchl@sipossi bl elfrom
parameter[éstimates. I

0

I nfilermsLof [datalprocessi ng, [Therefore, [itlisimportant [
tolknowWhetherWeldanfemovelerror(effectsbymeanslof [
suitablelproceduresi$uch@sthe[SD [or DD [process. If ivel]
know(That[somelérrorsi¢annot[belfemovedicompl etely, it
isCal soOequival entlyimportant(ltoO0knowOwhether Cthed
residual [&ffectslof [Thelerrorsiarelhegligiblellinder[¢ertain(
circumstances.[Otherwi se, Bweldmay[fail (ol kttainChigh-
precision[positioni ngesul tslbecauselfhelérror[Sourcesidan]
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deteriorate] thel qualityd of O thell measurements] andd
subsequently,dtheld qualityd of O positioningd results. In(
ultrahigh-performancelpositioningforgjantry[tranelauto-
steering, CivelvereldnterestedlinCassessingthefollowing[
errors:[]
t

= carrier[phaselWrap-uplinducedby(totating(GPS
receivinglantennasiil
antennalphase-center Variation]
instrumental [group(del ayBias(]
receiver(dlockjumpC
residual froposphericidelayl]
multipath,diffraction, ibnosphericiScintillation.

O

AlthoughCsomeLérror[sourceslimentionedCabovelimay (]
turnfout[@obelirrel evant[@ol$pecificlapplications[such(As]
the[gantry[eranelauto-steeringlapplication,Cour [intention
wasliblinvestigatelal | [potenti al [érror [Sourcesiwhichlarel@pt]
tolbelomittedintheFunctional CandCstochasticCimodels.]
Brief(di scussionsion(theléffectsiaf ihdividual [errorSources]
(andChowOwvelhandlelsuchCEeffects) ntheCgantry[traneld
auto-steeringld application arel] given in{J the[] section(]
“Considerationsifor[BystemDesign”.[]

O
PhaselWr ap-up.[ALtircul arlyCpol ari zedCantenna sCphasel]
responsedependsCdirectlyConthelantenna sCbrientation]
withOrespectOtothe[carrierdsource. JAsOdescribedinC
Tetewsky@ndMullen]1997],[ATotati onal [&ffect(must e[
accounted(for [if thelpl atf orm{ik[Spi nni ng. T hi sleffectisthel]
changelinhe[GPS[ ¢tarrier(phaseltausedbytotation[of (Al
circularlyd polarizedreceivingantennallrel ative[lto all
circularlylpolarized[GPS[$ignal . [T hel&ffect[of [fotatinglal]
base-mounted(¢ircul arlypol ari zed[antennalilsian[apparent]
phaselshift.[Thel1 geodesi st” [communityhasliongknown(]
thisCandCmodel sCantennalori entationCaccordingly O nCitsC]
high-precision[tlatalanal ysi sCsoftware[JWuletlal.,[1993].0
Becausel the[phaselplotsCarelindependentof Ctepression]
angl e, [thi sCphaselshiftd sCtommoniolal | Cthannels.[By
doubl e-differencingthe[lmeasurements,therefore, (thisC]
common(phaseshiftCcan[belremoved.[For[rotatingall
circumference-mounted circularlyd polarized antenna,[]
however,[thelphaseltermappearstolbelthe[sumCbf theld
common(phaselshi ft[plusCsomelsmall Cherturbationthat[]
increaseslas[iheldlepressionlangleldeviatesdromihelspinCl
axis.[T hi slresi dual [Spi n-modul ati on(fermldausesadditional (1
errorsor(dircumference-mounted@ntennasianddannot el
cancelledBytheldoubl e-differencingOperation.
O
Antennalphase-center variation.(For[a[GPS[teceiving[]
antenna, Cantennal phaseltenter[sthelpoint[iolhichthell
receiver’ sCphaselmeasurementsCactuallyrefer.[0deally,[&]
GPS[antenna’ s[phaseltenterlislindependentof (A signal’ s[
directionCof Carrival.[Bincelal teal [antennalisChotCan(ideal [
point$ource,however, [its[égqui phasel¢ontour (il Chot e
perfectlyl$pherical,[andChence, (Wwhenllised[asl Al tecevingd
antenna,(Jthe(Jcenter Jof DcurvatureOmay Dvary OwithCthed
azimuthOandO elevationO angleJ of DanOarrivingd signal

[Langley,[1998].For [@vel |-des gnedantenna, [thephase]
center’ stimean(horizontal [ositionCisual ly [¢oi ncidestvith(
thelantenna’ slphysical [center.[T helphaseldenter’ sivertical [
positionCwithCrespect[toCanOaccessi blelphysical Cplanel
throughCtheCantennaldmustChelestablished by Canechoicl
chamberOmeasurements| SchuplerCandIClark,[2001].00f0]
onelempl oysCalmixturebf Cantennasof (i fferentCimakel]
and/ormodel [on[abaseli nelor h[Anetwork, fhentheldata-
processing(l software[1mustdknowOthe[dheightsO of Othed
antennas' [Meanphaseléentersivithlespectfohelphysical (1
referencelpointsLonihelantennasi$olihatlit[¢anmakehe
appropriateldorrecti ons.[Someltiserslareldppl ying@zi muthl
and/or[él evationl@ngle-dependent[phaseldenter(dorrectionsl]
inCprocessi ngLGPSLdlatallisi ngldii fferentLorvi del y [$paced
antennas[M ader,[2002] . [Si ncel@ntennasiaf thelSamelrakel
andCmodel OwillOtypicallyOshowOsimilarOphase-center
variations,their CeffectsinCrel ativelpositioningCcan[Chel
mi ni mizedby[orienti nglantennasion(shortbaseli nesfolthe
sameldli rection[Whilelonelémpl oyslantennasof (The[$amel]
makel@ndthodel.[]

O

I nstrumental Cgr oupdelayChias.[Thelsignalsliravelingd
fromidhelantennalfhroughlihelfiecei veréxperiencelasmall ]
delay.[T hisldelay[{that[is,[thelinstrumental CgrouplCtelay ]
bias(lof Othelreceiver)disOtheldsamedforOthe(dsignal sCI
simultaneouslyd receivedl] fromO differentd satellites[]
(assuminglholinter-channel [bias).[However,[ihi sldel ay[isC]
dightly(differentforthelsi gnal shivith(differentfrequencies]
(i.e.,[L10andL 2).[A S milarCdelayCoccursiinthelsignal sOI
travelingCfromtheJsatellite(transmitter CtoCthelsatel lite[d
antenna.dThusOtheOsi gnal sOtransmittedCifromOdifferent
satelliteslhaveldifferent[3atel litelinstrumental [groupldel ay [
bi ases(of [thelSatel lites[[ICocolét(al .,[1991].[However,fhese
delays] cand beld removed(] byl double-differencing thell
measurements.]

O

Receiver [tlock [ump.[CMostreceiversCattempttolkeepd
theirCnternal [l ocksC3ynchroni zed[Io[GPSTime. [T hisCis
donelby[periodicallyadjustingltheld| ock by linsertingfimell
jumps.[As[describedinKimAndLL angley[2001b], @t the
moment[bf (theltlockkorrection,twolmai nCeffectsCarel]
transferredlintotheCcodeJandOphaseJobservabl es. [T he[
effectslof [Thelgeometricliangel¢orrespondinglioltheldl ock]
jumpl@relcommon(iolal | (measurementsi@ttheltnomentlaf (I
thelelock[jumplatConelteceiver.[Byltouble-differencing
thedmeasurements, [ therefore, [thi sCcommon(tlock[jumpld
effectTcanbelremoved.(However, COtheleffectsOof Cithed
geometricliangeltateltorrespondingiolthefjlump{thatis,]
thelfirst[orderleffectsiaf (¢l ock ump)@reldifferentforéachl]
observation.Theyldanfeachlthellevel [6f [Aflew(dentimetres]
when(alsatellite[is[el oselfolthelhori zon[and &t [the[samel]
timelthelfiecei ver[experienceshi ghldynamics.[T hey[dannot [
beldancelledBy[theldoubl e-differencingloperation.Instead, [
Dopplerd frequencyd or(d carrier-phasel difference]
measurements{shoul dbeldsedfor [GorrectingSuchleffects.[]

O
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Residual@r oposphericldelay.WWhenlprocessingl[GPSldata,[]
alValuefor[thel@roposphericltlel aylistypically[predictedd
usingempirica 0 model sCwhichOinO general 0 must beld
providedvith(ineasuredlor [def aul tal ueslof fhelambient D
temperature,d pressurel] and relativell humidity.[
Unfortunately,CevenCwithCaccuratelal ues,[these[model s
rarelyCpredi ctOthetruelCldel ay OwithOalhighCdegreelof O
accuracy. [T helrlesi dual [fropospheri cldel aylisthelfemai ning]
partlof (thefroposphericldel ay hot[predictedbyémpirical
model s.00tCcan[belthellargest[FemainingCerror[sourcelin
dual-frequency precision] positioning] [Collinsd andl
Langley,[11997].0Likemany Cother Ospatially-dependent
errorCbources, (thelEffectsCof (theltroposphericldelayCarell
usual ly[negligiblelinliel ati velpositi oni ngliinishort-baseline
environments.fthereCarellargeChei ght[(differences{or]
rapidCheightCivari ations) Chetween[the[baseCandCremotel
antennas,[] however,[ the[ effectsT may bel significantd
accordingCtometeorol ogical Cconditi onsCandCcannotCbel
cancelledBy[theldouble-differencingloperation.C
O
Quasi-randomd errorsd Multipath,d diffraction,d
ionosphericCscintillation, Cetc. Chaveltemporal CandCspatial (I
characteristicsCiwhichCOareldmoreJor Cl essCiquasi-random.[]
Theseld quasi-random(] errorsC] cannot[] bel] completely[
eliminatedCandCarelapt [(tolbelbmittedlin[functional Cand]
stochasticCimodel s.[5i ncell east-squaresCesti mation, Wwhen
errorsiarelpresent, fendslfolhidel{reduce) [theirlimpact[@nd]
distributeOtheirOeffectsthroughoutOthe(lentire[lset[of [
measurements, (it sCbetter [(toChandl el systematiclerrors]
separatel yOfromJquasi -randomerrors.00ToOdetectDand[
removelduasi-randomCeérrors,fheyinustbelhandl ediising]
altigorousiimathematical Capproachfolisol atelthei r[&ffects]
fromiparameter(éstimates.]
O
CASE STUDY:0 GANTRYO CRANEO AUTO-
STEERINGO
O

Machine-control CapplicationsCsuchCasla gantryLtranel]
auto-steering[3ystemiequirelpositioninglaccuraci esbetter ]
than(@fewldenti metresiwithlextremel y[hi ghlreliability ih@a™
real-timelkinematicOmode. dSincethell evel Cof Osystemd
performanceliequi redlis[$olhi ghlin[such@pplications, ived
haveltollconsider Call Cof CtheCaspectsCimentionedCinCthed
previousiwolsections.[A [brief [dlescriptionfonihelgantry
cranelauto-steeringlSystemlisigivenlin(thisiSection.]

0

Thelcranelcontrol CsystemhasIbeenCidevel opedtol]
improveltontai ner-handlingCproductivity CandCoperational (I
saf ety [@t[abusy [contai ner ierminal [of [Afrading(port. [T hel
auto-steering(System,[aslalsub-system(of [theldraneldontrol (]
system, [islusedfokeepthelWheel slof [Afubber-tiredlgantry [
crane[{RTGC)inovinglal ong@frack [({Figure[1) Heither[&
pai nted(li nelor@nlel ectrical [guidelvire[3-[and[preventsLit]
from[hittingClcontai nersCor Cother CeranesCinCthetightly O
packedyard.[For[that[purposelthelauto-steeringsystem
must[donsi stentl ylidentifyfhelli neltnark (and(¢al cul atelthe[
correspondinglteviationsLof (the[RTGC' s(frontCandCrear]

wheels.[] The[d cal culated] deviations] are(] fedJ into a
programmabl ellogicLtontroll er [solthatlitCtanad)ustCtheld
speedlof [theleftCandtightvheel sitolkeepliheltranelon]
track[(Figure2).O0

O

? - 45 : R = - O
Fig.[A2Rubber-tired[gantryldr anesi(RT GCs)dr ackingC
linelharks.O)

O

il

e

O

Fig.2EHAligning@helivheel sfof (Aan[RT GCRolihelined
mar k [{yellow).O
O

Several [technol ogiesforbdentifyingthellinelmark 3-
such as(] induction-loops,[ transponders,[] and(] charge-
coupledldleviceltameras[3-Thavelheen@doptedfor(RTGCL
auto-steeringlSystems.[$i nceltheselfiechnol ogiesiarelhighly [l
dependentTonCenvironmental Cf actors(suchUasOsurfacel
reflectionCand i neOdmarkCcondition) CandChavellimited™d
effectivelfanges, [therelisalgrowingldoncernlthat they may [l
not[providelthelgreatest[possibleBystemlieliabilityCandOd
economiclefficiency.[Onlthelother (hand, fobuil dlanEuto-
steeringCicontrol OsystemCli ndependentCof Clenvironmental [
factors, (wellneedCtoCuseJaltechnol ogy Cinot[basedCon(]
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physical OinelmarksCinthe[tontai nerGyard. T hisCtan[be
accomplishedusi ngCanCeél ectroni chmaplwithVirtual dinesOd
and[@A[GPS[teceiver{olprecisel ylocate[@an[RT GCLonihell
map. T heleontrol CsystemtanthenCtompareltheltrane s
positionlasieportedbythe[GPS[iecei verWithfhelWirtual
linesO and[ steer(] theld crane] accordingly.0d GPSO RTK O
technol ogy[providesthelihost[éfficient@nd(reliabl elwvay T[]
accomplishfthis.(]

O

Thelimost[&i gnificant[thallengelinCthisCapplicationis]
thatCallf ullyCoperati onal JandCsaf eIRT GCLauto-steering ]
systemrequiresCGPSIRTK [softwarelWwithChighCevel sLof]
accuracy,l integrity,d continuity,[] availability,[] and(
computational [éfficiency.]
O
Accur acy.[Forthislapplication,thelhorizontal Caccuracy [
requirement] of 0 GPSO positioning™ solutions] is0 1.50
centimetres(at[a95[percent[donfidencellevel.[Thisiénablesl]
theldintegrati onClof DGPSOwithCthe[Jauto-steeringCcontrol O
system(@ndlisial mostihelhi ghestfeal -timelaccuracy level O
currently[attai nabl e[from[GPS.[Whil elfhi slaccuracy evel [1
isClgenerallyachievablellin short-baselinel] and staticll
applications,it0isOveryOchallengingOtoCachi evellitDinCl
kinemati cCOmodelJduetothelldynami csClof CtheldmovingC
platf ormCandihelprobl emCof (inulti path[{producedbyihe
cranelitsel f[and[@ny i ghti ngHowersior [other [¢raneslinihel]
vicinity).[
O
I ntegrity@ndContinuity.[Forfhelsystem{obelsafe, [the
GPSIRT K [$oftwarelinustlincl udelal$el f-diagnosi slioutinel]
ableto[detect[fail uresCiwhenthe[JpositioningCaccuracy ]
degradesbeyondlivhat[¢oul d[beléxpectedFromihe[GPS[]
observationsthelsystemlisClsing.(Forthat[purpose, woll
parameter sC—Lintegrity JandClcontinuity C—Oshoul dCbeld
consi deredrigorously. T helri sk[associ ated Wi thléqui pment ]
latencyCorOdesi gn(ifail ureli sCspecified by CanClintegrity
parameter CwhileCthelri sk(Jassoci atedCwithCunschedul ed
functiond interruptions isd specified by[] a1 continuity (]
parameter.[]
O
Availability.O0 In0 genera,[] the system’ s[1 availability
parameter [dependsionthelvisibleflGPS[¢onstel lation[{that (]
is,(theCnumberCof [(satel litesCavail abl eat[thelTsitellat (al]
parti cular (ki meCwvithCaCgivenCimask Canglelprofile). T hisC
parameter DaffectsOthedGPSOdatalIprocessingllsoftware]
design(] becausel] a1 minimumC number] of (] satellites]
commonly[observedbyboth[baselandfemotelteceivers]
shoul dibelavail abl el@tthelsiteld | [day.O
0
Computational CEfficiency.[Sincelthelsystemvorkslinl
real (fi meland, Furthermore, inust hel¢apabl elaf [ineasuring
the[off-trackldeviationOof Jan[ORT GCOwithCanCupdate[™
interval [of [l ess[than1L50Cmilliseconds, [datal processing]
speedCheedsltolbelfast[enoughltolhandl e[ bbservations]
obtai ned[@t[A[10(Hz[dataltate.In[thi si¢ase, [Thellatency [of (1
datal communi cati on[andIhelcomputati onal [&fficiency[of (I
the[JGPS[datallprocessinglsoftwareJare[Jcrucial . Cltis

importantfokeepihelsystemlatencyas(short@sipossible]
toCImi nimizethelauto-steeringTesponseltime.CAConger [
responselii melfesul tsihlarger Wwheel [deviations.[
O
CONSIDERATIONSFORI[SY STEM DESIGNO
O

TolkatisfytheTequiredsystemperformancelbf (thell
gantryLeranelduto-steering[$ystem, veldesi gned@he[RTK O
softwarelSystem(dareful ly.[First[of (@, velinvestigatedthe[
effectslof [thelbiasesiandlérrorsiihfhelmeasurementsitinder ]
thelgivenl@pplicationlénvironment{that(is, (Short-baseline, [
multi path-richCandChi gh-dynamicsCdueltolVibrations[and
jerks)[solthat (el toul dCtleci delivhether[they [shouldCbell
estimated@silinknownlparameterslor¢oul dlbeltonsi dered(]
negligible@ndlignored.

O

Sinceltheltjantry[tranelAuto-steering[$ystemlbperates]
underthelshort-baselinelénvironment[of [Afiewkilometres, [
somelJof [the[ThiasesCandCerrorsCcoul dThelremovedChy [
double-differencing] the(1 measurements(] in{J the(J datall
processinglsoftware.0The(dremovedonesincludethed
instrumental (] group] delayd bias,(0 geometricl] rangel]
correspondingtoltheltl ock[jumpCandCany[bther Cerrorsi]
common(atbothfheaselandfemotelantennas(Suchlasthe
satellite[andeceiver[¢l ock i ases.[T helfesi dual [éffectsiof (I
theselerrorsCare, (i f Cany, CinsignificantCsothat (they Carel]
ignoredlihl@ur(@pplication. I

O

Welcoul dal solignoretheleffectsCof (theresidual (1
tropospheric] delaydl in0 thed double-differencedl
measurementsCbecauselthere[vere[holsignificantChei ght™
differencesbetweenfhelbaselandtemotelantennas.[After[]
implementing(] the[d system( atd site,[] antennald height™
differencesifangedfromiSeven(iblninelfetres. I

O

Atlthelbeginninglof fhelSystemldesign,Welfhoughtthat [
welthustfakeldareldf theldarri er[phaseiwrap-uplihducedBy (I
rotatingCGPS[teceivinglantennas. [Fortunatel y, (el toul d]
removelihi slexrorfermlfoobecauselof (thelWayTheldranes]
operate.[RT GCs [0peratorsiurntheldrane’ siwheel sionly o]
makeli nety-degreel¢hangesfolitsidirectionlof [movement
andConlyOwhentheltranell sCstati onary Cat Cspeci al [low-
frictionCturningOpad(thelcranefframe, JandUhencelthe[™
antennas,doesnotrotate).[JAndChence, Cthere(arelInol]
rotati onal [éffectsionthelantennasion(theldranes. Il

0

Tolii nimizelthelantennalphase-center [Wariation, el
used(the[Samelmnakelandrnodel [6f [@ntennalat (Bothlendsof [
albaseline.d0SincellthellcranelchangeslitsCdirectionCby
rotatinglitsiivheel s,[the[Antennalorientation[bntheltraned
and(at[the[Daselstati onlis@ wayslthel[Same. [T hislall owedls]
tolignorelfheléffectslof (thel@ntennalphase-center [Wari ation[]
inthelfheasurements.[]

O

Sincelthefiirstlorder [&ff ectsiof [thelfeceiver[dl ock fumpO
areldifferentfor[@achlreceiver, [theydannotbeliemovedby
double-differencingtheCmeasurements.[] nstead, Dopplerd]
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frequencyl or{ carrier-phase differencel] measurements(]
shouldibelisedHortorrectingCsuchléffects. [Buchl&ffectsOd
areluisually8ignificantlinfheleasurementsiobtai nedfrom]
receiversChavingCillisecond-level [l ock [ umps. DA sCan0
exceptional [tase, Bwvelhavel Tfoundthat[suchleffectsCarel]
negligiblelin@helNavcomINCT-2000D [tecei versbecausel]
they[havel&-few-microsecond-level [elock Jumpatfevery D
second. [FiguresC3land 4l ustrateypi cal [éxampl eslof (the[
millisecond-ClandCmi crosecond-level CclockCjumps. 0T held
spikesUinOthetriple-differencel(T D) O(thatCis, OatCtwoll
adjacentUdatallcollectionCepochs, CdifferencingtheIDD O
measurements) [ti melseries[tisclosethat[the firstCorder
effectstd of ( theld millisecond-level O clockd jumpsO arel]
significant.[Ontheldther hand, Theléff ectslof i crosecond-
level [dl ockjumpsSeem(fbBeBuri edihthelnoi selof theT DO
measurements.[]
O

PRN28/PRN31, Ashtech Z-12, 1 Hz, Short-Baseline, 16 Jan. 2001 [239683.0]
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O
Fig.33Fir st(or der [éffectslof imillisecond-level [Heceiver [

clockQumps{Ashtech(Z-12): [thelt eceiver [¢lock [bffset[]
estimates({top); @nd{hell 1[andL 2[T Dlineasur ementsl]
disclosingthelsignificance[of (thelTir stCor der Ceffects]
(middlel@ndbottom).[T helhumber [in[$quar elbr acket s
isthelGPSLTimelof thelfirstCobser vation; O dt’ Gsthel
observation[Samplinglihterval.[]

= PRN4/PRN6, Navcom NCT-2000D, 10 Hz, Short-Baseline, 12-13 May 2001 [590900.3]
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Fig.[43-[Fir stCor der CeffectsCof [thelmicr osecond-level O
receiver clockdjumpsd(NavcomONCT-2000D): (O thed

r eceiver [t ock [bff set (estimates{top); Candthell 1[and O
L 2T Dmeasur ementshiding@heldir st[or der [&ffect sLof ]
thejumpsl(middle@ndottom).]

t

FromCthelJinitial Cinvesti gation, Cwelestabli shedCthat [
many Lof (thelbiasesLandCérrorshverelinsignificantfinthe
application[andéventually[¢oncluded(ihat fheltranelduto-
steeringCapplicationisVery[similartolthelhormal (short-
baselinel@pplicationtwherelthelonly(significant(parameters]
exceptForCambiguitiesCandTeceiver’ sCposition,Care[thel]
quasi-randomlerrorsiandheliiecei ver [Systemioi se.[Inthell
long(run, MeBroughtforwardfvoihai niksuesibiackle: [

O

e  optimallihter-frequency(i near[@ombinationol
reducelfheléffectslof helquasi-randomiérrors]
o realisticlreceiver[Systemlnoi seléstimation.

O

The@undamental [idea dntheldptimal [inter-frequency ]
linearCtombinationtol teduce the[effectsof [the[uasi-
randomlerrorsivasrieflyldescribedinKimlanddLangley
[2001c]. [FigureB(illustratesthelfeducti onof thelef fectslof (1
thel@juasi -randomLérrorsibyiheloptimal (combination. CAS
shownl[ih(FiguresiB@nd7,oneldf fhelpromisinglaspectslof [
thisCapproach(d sCthat (thepositi oni ngCisol utionsCof Ckthe™
optimal [tombi nationlarela waysbounded by fhoselof thell
L 1[andI 2[theasurements. I

O

DD Residuals [PRN22/31], Navcom NCT-2000D, 10 Hz, WAAS Lab [262800.0]
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O
Fig.[bO-[ResidualsCbf(the[touble-differenced 1 1,[1 201
andthel[bptimal Cinter -frequencyinear Ccombination]
(L /L 2)for PRN22@Nd[PRN31dver @nlhour bn@five-
metrelbaseline.[Over|lappedplot[{all Thr eelSolutions) s
infhebottomipanel.(]
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Navcom NCT-2000D, 10 Hz, WAAS Lab (35970 Epochs) [262800.0]
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Fig.[B3H orizontal (Scatter [of ThelpositioningSolutions

givenbyihell 1, 2[and 1 1/L 2[doubleldiffer encesidver O
anlhour [Bn@Five-metrebaseline.d
0

Navcom NCT-2000D, 10 Hz, WAAS Lab (35970 Epochs) [262800.0]
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Fig.07-0OHeight OsolutionsOof Cthe 1,001 2Cand L 1/L. 20
doublelldifferencesover DanChour OonOalIfive-metr e
baseline.l]

O

Sincelktati sti cal (testingCandCreliabilityCanal ysisCican]
onlyChel&fficient(df (thelstochasticCimodel sCare torrectly [l
known(or el | [@pproxi mated, it [isot[@nldoveremphasi siio]
obtai nOmorelTeali sticliecei ver [$ystemlhoi seléstimatesior ]
useldn(thelstochasticCimodel [({seel1 angley[]1997]forCa]
general O discussiond on receiver system noise).d Thed
“differencing-in-time” OmethodCldescribed by OKimOandd
Langleyd[2001a],0whichOcorrespondsdtodallhigh-passC
filteringOtechnique, (hasObeenCsuccessfullyCtestedand
implemented inC our(0 RTK O software. [ ThisCl approach]
performs] extremelyd wellOl in0 real-time kinematicll
applicationsloperating@t[ahi ghldataltatel{e.g.,[10Hz[br]
higher) CasOivel | Cas$tati clapplicationslat[evenlower [datall
rates.[]

O

Navcom NCT-2000D, 10 Hz, Head Hall-Gillin Hall [20 August 2002]
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O
Fig.(80-CQuintuple-differencel{dQD)ximellseries ko]
estimatelfheli eceiver [System[hoisellinder [$tatic,[Short-
baselined (about 600 metres)O andd multipath-richO
conditions.[T heldimel3eriesi@r elbias-fr eef@and@heevel ]
of the[hoiseldstlear lyCamplifiedCOnCtheldifferencingd
procedure.[Plottedar efd QD [{for (&l [$atelliteslavailable
withoutimposingl@nlélevation-angleldut-off.[]

0

Navcom NCT-2000D, 10 Hz, Head Hall-Gillin Hall [20 August 2002]
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Fig.@EReceiver [System(nioiseléstimatesi(lc)ihiheDDO
measur ementsunder [Tthe[sameltonditionsas[ihoselof[]
Fig.[8.[Eachléstimatelval uelias¢computediising[a50-
samplelwindow[of fhelindividual DD melSeries. [T
O
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Fig.10EQuintuple-differ encel(dQD)imelSeriesiinder O
r elativelyhighldynamicskinematic,shor t-baseline[{upC
to[lRilometr e)@ndthultipath-richl@onditions.

O

o

Navcom NCT-2000D, 10 Hz, Kwangyang [13 September 2002]
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Fig.[11[3-Receiver [$ystemhoiselestimates{1o)inthel]
DDIlreasur ementslderivedfr omiheldatalshownlih[Fig.OI
10.1

O

FiguresB[fol11dlearlyshow(thelevel slof thelfeceiver[
systemChoi selforIhe[bbservabl eslin[3tati cCandkinematicl]
situations.[Btati cliest[tlatalwereltecordedlonthefoof [of (]
Head[Hall CandCGillinCHal | CatCthelUni versity Cof (New(
Brunswick.[Kinematic[test[datal werelobtai nedlon[theld
cranes(at[K oreallinternational [T erminal s' (K wangyangPort[]
onthe(southCcoast [of [thel K orean[Peninsul a. A sCwas]
expected, (el touldCtonfirmthat[thelhoisellevel Cofthel]
measurementsrecordedinkinemati cCmodelwvasChigherd
than(ihat [of [Stati clrinode. [Onelthi ngloflinterest[0bservedinC
theO figureslisOthellnoiseld estimates] of (ItheL200 DD
measurements.[WUnlike[Somelother Heceivers, [thellNavcom
NCT-2000D0 receiversl] providell lower-noise] L2
measurementsihan(lL 1.CA ccordingolihenanufacturer’ sCI
reply(folour [inquirylon(ihisisubject, [IL 2[isfate-ai dedfrom
the[L 1[tracking oop, CallowingCthelrecei ver Ctoluseal]
narrower Mooplon(LL 2.[1if lweldolhot[¢onsi der [thi saspectin(]
dual-frequencyd GPSO applications,[] well may] loosel]
optimalityfin[thelinter-frequencyinear[tombinationfand]

consequently,Owelmay([fail (to[bbtain(theCmost[Teliablel]
solutions.[
O
ULTRAHIGH-PERFORMANCERTKISYSTEM O
t

Tolénablelan[RT GClibloperatelinf@utomati clinode, ivel
haveldevel opedlliltraltigh-precision[GPSIRTK [$oftware, [
whichsati sfies[the[performanceltequirements[tiscussed
earlier.OThisOsoftwarelJisdablelJtoOprovidelnavigationd
solutionsd in0 real O timed at( a1 1000 HzO update ratel]
commensurateCwithCthe[ddual -frequencyCdatalrate.[TT hell
horizontal [and[Werti cal [positioninglaccuracy [guaranteed(at ]
essenti ally[A[100percentdonfidencelllevel [islbetter Than[2]
and(BLtentimetres, (Frespectivel y[{see[Figuresl12[to[14).[]
Figure15illustrateshat (the[RT K (3ol utionsarel@vail able]
morefhan[99.9%(df [thelfl meldver fhelivhol elday. I

O

L1/L2 Solutions, Navcom NCT-2000D, 10 Hz, WAAS Lab [SEP 3-4, 2002]
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Fig.0120-0Exampledof Othelr epeatability(lof ORTK O
positioningCsolutionsCnor thingCcomponent) Cover (2401
hour sion@{ive-metr elbaseline.(Eachhour’ sldatalivasl]
pr ocessed[kepar atelyCandthe[mean,Cmaximum,Cand
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O

L1/L2 Solutions, Navcom NCT-2000D, 10 Hz, WAAS Lab [SEP 3-4, 2002]
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L1/L2 Solutions, Navcom NCT-2000D, 10 Hz, WAAS Lab [SEP 3-4, 2002]
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Fixed Solutions, Navcom NCT-2000D, 10 Hz, WAAS Lab [SEP 3-4, 2002]
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Fig.A5E3RTK Systemlavailability[(theldumber [6f RTK O
positioningl3olutionsidleter minedisingl¢or r ectlyfixedd
ambiguities).] Eachd hour’s(] datall was[d processed(]
separately.[DuringthelfirstChour Csession, [T ecor dingld
started@bout feninutes@fter 16:00Ibcal fime.O

O

ThelSystemtuning(di mel{that[is, Thelfi mefoldol | ectfhel]
requiredinumber[of [dbservati onsfior [TheldQD [{i melSeries) [
forfstochasti cliodelinglisinormal ly [Set[fo[5. 3[Seconds.[A ST
soon[@sla$tochasti cliodel lis[avail abl e, [Thel$oftwarel¢an]
resolveld GPS ambiguities using[ only current epoch
measurements({i.e.,[@poch-by-epochiSol utions).[Therefore,[J
theltypi cal Cambi guity [resol uti on(iti melof [thelSoftwarelis[]
5.3[8econds, [dorrespondingliblihelstochasti clinodel uning]
time.CActually,ambiguity[tesol utionypically (tequiresal]
minimumCof [$ix[eéommon(satellites &t Thelbaselandliover
sites.[When(thisthumber[diropsolfive, [@s@ tonstraint, &
prioriCorCrecursivelytalibratedCinformationCsuchCasthe[]
height() and(J speed™ of (1 thel1 RTGCU is[] automatically]
incorporatedy[thelSoftwarelwith(fhe[GPSneasurements]
inCordertolimprovelthe[performancelbf [thelCambiguity
resol ution(process. Il

O

Thelevel Cof CsystemCintegrity i sCimaxi mizedthrough(l
separatellandCindependentJambi guity Cresol utionClonCitheld
widelanell combination,] L1,00 andd L2.00 Afterd fixingd
ambiguities, [l [$eparate3ol utionslgothroughimulti-level O
nestedCivalidationOprocedures, DincludingCitheCambi guity O
constrai ntClcondition[Ythat (i s, CtheCwidel aneClambi guitiesd
shoul dibe@helsamelasiheldifferenceslof (Ghell 1[andL 201
ambiguities),d residualsd] analysis,O0 reliabilityd test,Od
consi stency[festi@mong(positi oninglSol utionsland(Solon.[d
O

Thelkernel [of (thi STRTK [Software[IsCTUNB’ SSOMEGA
(Optimal 0 Method ford Estimatingltd GPSO Ambiguities)
ambiguity[earchlCenginelandhelguality Lcontrol [outinell
whichitheffirstf@author[donceived@ndidevel oped.Typically,
OMEGA Oisable[toOfindOthedfirst-OandCsecond-best [
ambiguity [tandi datesCbutCbf Calpotential (10" tandidates]
within(0.1[Secondsingla486/50PC. Il

O

Unlikel@donventional @pproaches={suchlaslalSequential [
| east-squareslestimator Lor[K al manfilter,whichllises thed
predi ction[Wal uesLof [Theltneasurementsior [quality[control O
—[thelqualityldontrol (Houti nelof [thi STIRT K [Softwareluitilizes[l
onlythelturrentC&poch’ sCmeasurements.[T herefore, (thisl]
approachlattai nsthi ghperformancelévenivhenalteceiver]
platformCisCmaneuvering.CM oreover, thefuality[tontrol (I
routined] cand handled cycled dipsd ind low-quality
measurements, (so[thatCweldohotChaveltoldiscardtheld
measurementslobtai ned@t[Tow[& evation[angl eslandfrom
weak[8ignal siwith{low[$i gnal -to-noiselfati os.[A slaltesul t, (1
thisCapproachtendstolincreaselbbservationredundancy ]
andCimprovelsystemperformancelintermsCof (integrity,[]
continuity,@ccuracy,@nd@vail ability.[

O

Typically,dthellaggregatellatency O of O our system, ]
consideringCall (Factors, GislessthanCafewimilliseconds.]
Underdhelvorsttasel$cenario3HThat(s, (Al I 12 ¢hannel sO
trackCkatel lites,[theltycle-dlipCfixingCioutinelkearchesal]
huged number( of0 candidatesC] duell to[l low-quality]
measurements, [The[@mbi guity[Searchlénginelhaslintensivel
computational Churden, Candthelfeal -timelwirelessTL AN
communi cationClexperiencesTal weak (signal Olink O-Cithel
aggregatelatency[of [our[SystemlisTypical ly[still Messthan(]
60milliseconds.O]

O
CONCLUSIONSO
O

AnCultrahigh-precision{orCmoregenerallypeaking,
ultrahigh-performance) 1GPS[positioningCandChavigation]
softwarelSystem(@or [fachineldontrol ,[Suchl@sigantry(dranel]
auto-steering, Chasbeendevel oped.T hisCsystem(differs]
from@helconventionlinlermslof fhelpositioninglaccuracy ]
andOprecision,the(level sTof Clintegrity CandCconti nuity, [
systemavail ability Candthe[updaterate[of [positioning ]
solutionsCthat CitCcanOachi eve. (0T oCbuil dOsuchClaChigh-
performanceldsystem, DwelIneedJanClefficientClambiguity [
searchleéngineland@Tobust[guality [¢ontrol (procedure.[In[]
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addition,OmanyOother Cerror OsourcesImustObedhandledd
precisely.l
O
ThelUNBRTK [System(ihitiallydevel oped(for(aldantry]
cranelauto-steeringlsystemlisHundamental ly [(powered by
UNB'’ sLIOM EGA [ambi guity OsearchCengineCand Cqual ity O
control Calgorithms.OOTwolBubsi diary[tool sB-CanCoptimal O
inter-frequency/(darrier-phaselli near[Gombination[of fhell 100
and0 L 200 measurements,[ and{ receiver[] system(] noisel]
esti mationrouti nel3-SupportfhelSystemfolattai niiltrahighl
performancelGPSIpositi oninglandavigation.
O
Weldemonstratedthelperformancelof fhelgantrydranel]
auto-steeringCsystemat[K oreal 1 nternational CTerminals’ [
KwangyangPortihVay[2002, @chievinglexcel lentresults.[
ThisOsystemisOstate-of -the-artCandJowesditsCuniqueld
capabilitiesmostlyfiofheRTK [Software. Hitsldevel opment
ledCXoseveral Cremarkabl eCachi evementsii nCGPS-based
machineldontrol,ihcluding:C
O
= alteal-timelkinemati cCsystemusingCGPS tual -
frequencytarrier[phasesOvithChighCavailability ]
(avail able[morelthan(09.9percent[bf (theltimel]
over[] the[d whole[l day evenl] when[l satellite]
constellationlgeometry(isSub-optimum) ]
= centimetre-levelO (horizontally better thand 201
centimetres]and[ vertically[1 30 centimetres] at[]
virtuallyCa1100Cpercenttonfidencellevel ) Clltral]
hi gh-precisionlfavigation[System(]
= highOnavigationOsol utionCupdatelrate[(1000Hz0
updatel] ratell commensurate] with[J the[d dual-
frequency(datalrate).]
O
Currently, lvel@reltarryinglout @ phaléndbetalfesting]
inCidifferentCenvironments, Cincl udi ngCK wangyangCPort, [
jointlyQwvithhelanuf acturer[of Theldraneldontrol [System. [
Thelimanufacturer[planstolteplicatelthelsystemlatLbther
containerCportsCandCwelhopeltolexpandCour Cefforts ol
expl orelfhel¢apabiliti eslof ThelRTK [Softwarelin(hew[GPS
applications.[]
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