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Abstract—Wereporttheperformanceofalow-powerone-way
travel-timeinvertedultra-shortbaseline(OWTTIUSBL)system
designedspecificallyforuseonlongenduranceautonomous
underwatervehicles(AUVs),asdeployedduringtrialsinlate
2020.Thesystemconsistsofa WHOI Micromodem-2asthe
acousticprocessingcorecoupledwitha MEMSattitudeand
headingreferencesystem(AHRS)andbespokefour-channel
array.Atlowtiltsoursystemprovidesstandalonepositionfixesto
betterthan±5◦azimuthatslantrangesinexcessof1500m.The
systemconsumes1.1 Wwhenactiveandiscapableofenteringa
low-power10mWsleepmodesufficienttomaintainitstimebase.
Thesespecificationsarebasedondatacollectedwiththedevice
loweredfromavesselandexcitedbya mobilesourceonthe
vessel’ssmallboat. Wefurtherpresentpreliminaryresultsfrom
thedeviceasinstalledonaSeagliderthatshowthepotential
forimprovedlow-powernavigationinsensitivetotemporalor
depth-dependentvariationsincurrentprofile.

I.INTRODUCTION

Ongoingdevelopmenteffortspromisetodeliverlongen-
duranceanddeep-divinggliderswiththepotentialtopersis-
tentlyobservethedeep(6000m)oceaninteriorandseafloor
overtimescalesofmonthstoyears.Theseassetsandtheir
shallow-diving(<1000m)predecessorsnavigateprimarilyby
dead-reckoningbetweensurfacingforGPSfixes,aparadigm
thatprecludestheiruseinmissionswherescienceobjectives
callforprecisenavigationdeepinthewatercolumnornear
thedeepseafloor.Coupledwithasingleautonomoussurface
vessel(ASV),OWTTIUSBLoffersacompellingalternativeto
infrastructure-intensiveexternalacousticaiding.Suchsystems
couldprovidenavigationaidingtomultipleunderwatervehi-
cleswhileretainingalevelofautonomyandenduranceforthe
systemasawholecomparabletothatofasolitaryvehicle.
Aglider’snavigationalaccuracydependschieflyonhow

longitspendssubmergedbetweenglobalpositioningsystem
(GPS)fixes,andsecondlyonthestrengthandvariabilityof
thebackgroundwatercurrentprofile.Thiskindofnavigation
isentirelystandalone.OWTTIUSBLprovidesapositionfix
whoseaccuracyisprimarilyafunctionofdistancetothe
acousticsource.Thequalityofthefixisnotdependent
ontimeandisunaffectedbythecurrentprofile;however,
OWTTIUSBLimposesamaximumrangebetweentheglider
andanacousticsourcewithaccesstoGPSorotherhighresolu-
tionpositioninginformation.Oursystemprovidesstandalone
positionfixestobetterthan±5◦azimuthatslantrangesin
excessof1500m.Thesystemconsumes1.1 Wwhenactive
andiscapableofenteringalow-power10mWsleepmode
sufficienttomaintainitstimebase.

Fig.1. ConceptualimageofaOWTTIUSBL-basedsystemshowingaASV
providingacousticrangeandpositioninformationtoafleetofgliders.

 
 
978-0-692-93559-0 ©2021 MTS

Figure1illustrateshowOWTTIUSBLcouldsupportmulti-
glideroperations.Afleetofglidersoperatesatdepthwhile
anASVisontheseasurface.Allofthesubseavehicles
areequippedwithaprecisionclockthatprovidesacommon
low-drifttimebasesynchronizedtoGPStime.Atpredefined
intervals,theASVtransmitsanacousticdatapacketcontaining
itsGPSpositionalongwiththetimethedatapacketwas
transmitted.Eachgliderisequippedwithanacousticarray
thatmeasurestheazimuthandelevationanglesofthearriving
packetrelativetothearray.Theaccuratetimebaseafforded
byprecisionclocksenableseachglidertocomparethetimeit
receivedthedatapacketwiththetimeitwassentandusethis
tocomputearange.Thismeasurement(effectively,theposi-
tionoftheASVrelativetothegliderinsphericalcoordinates)
canbetransformedtoCartesiancoordinates,rotatedintothe
local-levelframeusingthesubmergedvehicle’sattitudesensor,

Authorized licensed use limited to: University of Washington Libraries. Downloaded on June 14,2022 at 18:40:44 UTC from IEEE Xplore.  Restrictions apply. 



Fig.2. ASeagliderwiththeOWTTIUSBLsysteminstalledduringtrialsin
November2020.Theinsetshowsthearray.Allfourelementsarevisible.

andfinallycombinedwiththetransmittedGPSpositionofthe
ASVtoyieldthegeo-referencedpositionofthesubseavehicle
withasingleacoustictransmission.
Weoriginallypresentedourconceptatthisconferencein

2015[1],alongwithpredictionsforachievableaccuracyand
theimpactofthesystemongliderendurance.Inthisupdate
wedescribetherealizedsystemandreportitsperformanceas
observedduringfieldtrialsinNovemberof2020.Fieldtrials
consistedofdeploymentswiththeOWTTIUSBLintegrated
ontoaSeaglider(Fig.2)andmountedontheship’sCTD
rosettecage.Long-baseline (LBL)acoustictransponders
providedgroundtruthforcomparisonwiththeOWTTIUSBL.

II.BACKGROUND

Disparitiesinsize,availableenergy,cost,andoperating
domainsresultinnavigationsolutionsemployedbyunderwa-
terrobotsthatvaryenormously.High-powerpropeller-driven
surveyAUVstypicallyuseDopplervelocitylogs(DVLs)and
inertialnavigationsystems(INSs)combinedwithexternal
positionmeasurements,e.g.,ultra-short-baseline(USBL)or
LBL,whilegliders,whichmustuselow-powersensors,typ-
icallydependonsurfaceGPSmeasurementsandsuffermore
rapidlydegradednavigationalaccuracywhilesubmerged.Ina
fewcases,glidershavebeenaidedbyacousticmeans,when
overlyingiceand/orsustainedmonitoringactivityjustifiedthe
logisticaloverheadofpermanentmooring-based[2]orsemi-
permanentice-tethered[3]acousticnavigationinfrastructure.
Conventionalrangemeasurementsarebasedonthetwo-way

acoustictraveltimebetweenthevehicleandsources.Theuse
ofone-waytraveltime(OWTT)methodseliminatestheneed
forthereceivertotransmit,insteadenablingthereceiver(e.g.,
thevehicle)toestimaterangesbasedontheone-waytravel
timeofacousticmodemdatapacketsthatcontainthetimeof
originaswellasthepositionofthetransmittingsource[4].
Afurtherreductionintheoverheadofrange-aidednaviga-

tionisattainedbyrelyingononlyasingleacousticsource.
Previousworkbytheauthors[5],[6]andothers,e.g.,[7],

[8],hasdemonstratedthefeasibilitysingle-sourcerange-aided
navigation.Single-sourcemethodssufferfromtwoprincipal
deficiencies:(1)acousticdatamustbeaccruedovertimeand
fusedwithdead-reckonedodometry(e.g.,DVL/INS)and(2)
rangeestimatesfromavarietyofrelativebearingsbetween
thesourceandthereceivermustbeattainedtoprovidea
suitablenavigationfix[9],[10],[11],[12].Thisisachallenge
indeepwaterbecauselargedistancesmustbetraversedto
createsignificantchangesinrelativebearing.

Incontrast,aconventional USBLsystemrequiresbi-
directionalrangingbutprovidesafullnavigationfixfroma
singlesourcewitheveryping.Areceiverarrayresideson
asurfacevesselsothattherangeandrelativeazimuthand
elevationcanbefusedwiththelocationoftheship(i.e.
GPS).Theunderwatervehiclemustexpendenergytoreply
toeachinterrogationfromthesurface,andcodedmessagesor
othermeansofsharingtheacousticchannelmustbeusedto
differentiateinterrogationsandrepliesfrommultiplevehicles,
whichlimitsscalability.

SimilarinconcepttoconventionalUSBLsystems,anin-
vertedUSBL(IUSBL)systemarchitectureinvertstheroleof
thesurfacevesselandunderwatervehiclesuchthattheacous-
ticcycleoriginatessubsearatherthanonthesurfacevessel.
Thesurfacevesselrepliestoeachinterrogationwithamessage
thatincludesitsposition.Theunderwatervehiclecomputesthe
range,azimuthandelevationtothesurfacevesseluponreceipt.
PreviousworkincludeseffortstodevelopandfieldIUSBL
systems[13],[14]andresearchindevelopingalgorithmsfor
fusingIUSBLmeasurementswithstrapdownnavigationsen-
sors(e.g.,[15],[16]).Aswithrange-onlyOWTTnavigation,
theadditionofprecisiontiming,i.e.OWTTIUSBL,eliminates
theneedfortheunderwatervehicletotransmit.Thiseliminates
thepowerconsumptionassociatedwithacoustictransmission
andscaleswellto multipleunderwaterassetsbecausethe
channeliseffectivelysharedbyallassetssimultaneously.

TheadvantagesofOWTTIUSBLnavigationinthespecific
contextsoflowcostandmulti-vehicleoperationshavebeen
recognisedbyothers.Rypkemaetal.[17]describethefirst
OWTTIUSBLsystemsuccessfullyimplementedonalow
costAUV.In[18]theydemonstratethevalueofthesystem
inamulti-AUVcontextwheretheOWTTIUSBL-equipped
vehiclesfollowtrajectoriesrelativetoamobilesource.The
techniqueavoidstheneedtotransmittheabsoluteposition
ofthesourceandthereforeavoidstheneedforanacoustic
modem,makingitespeciallywell-suitedtolow-costplatforms.

Thedevicedescribedherecouldoperateinthesame
way,butincludesa modem whichostensibly willallow
OWTTIUSBL-equippedvehiclestonavigateinageodetic
coordinateframe.InaminimalOWTTIUSBLimplementation
thesourcecannotknowthepositionofanysubseavehicles.
Subseanavigationinageodeticcoordinateframebecomes
valuableifthesource’smotionisconstrainedortocoordinate
motionusingknowledgeofthesource’smissionplan.
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Fig.3.TheOWTTIUSBLheadconsistsofthearraywithintegralpreamplifier
withasmallhousingcontainingaMEMSAHRSrigidlyboltedtoitsunder-
side.TheacousticprocessingelectronicswerelocatedinsidetheSeaglider’s
mainpressurehousing.

III.OWTTIUSBLSYSTEMDESIGN

TheOWTTIUSBLsystemconsistsofatopsidetransmitter
andasubseareceiver(Fig.3).Theacousticprocessingforboth
thetopsidesystemaswellasthesubseasystemisperformed
byanunderwateracousticmodem(theWHOIMicromodem-2
[19])operatingasageneral-purposeacousticprocessor.

A.TopsideTransmitter

Theacousticnavigationsignalsweretransmittedfroma
WHOIMicromodemdeckboxconnectedtoatransducertow-
fishona50-footcable,deployedoverthesideoftheship,
oroverthesideofthesmallboat,dependinguponthe
experimentaltrial.Infuturework,thetransmitterwillbea
WHOIMicromodem-2thathaspreviouslybeenintegratedinto
aLiquidRoboticsSV3WaveGliderASV.
Thenavigationsignals werelinearfrequency-modulated

sweeps,centeredat25kHzwith5kHzofbandwidth(i.e.
afrequencyrangefrom22.5kHzto27.5kHz).Thesweep
durationwas40ms,givingatime-bandwidthproductof200
andpotentialmatched-filterprocessinggainofupto23dB.
ThesweepswerealignedwithaGPS-synchronizedpulse-
per-secondtoallowone-waytraveltime(OWTT)ranging,
andweusedasweeprepetitionrateof4Hz.Thetransmit
sourcelevelwasapproximately185dBre:1µPa,althoughfor
theclosestrangeswedidreducethetransmitleveltoprevent
analogsaturationonthereceiver,whichwouldhavedistorted
theUSBLphaseestimates.
Fortheseexperimentaltrials,thenavigationsignalswere

transmittedsimplyinalongtrainofsweepsata4 Hz
repetitionrate,givingaOWTTwitharangeambiguityof
approximately375m.Therangeambiguitywasresolvedin
post-processingbytrackingrangesanddeterminingconsistent
rangeestimates.Inafullyautonomousdeployment,theASV-
basedtransmitter wouldprecedethetrainofnavigational
sweepsignalswithanacousticpacketcontainingtheASV

GPSpositionandtransmittime,toallowtheglidertoresolve
potentialOWTTrangeambiguitiesautonomouslyinrealtime.

B.SubseaReceiver

Thesubseareceiverisdesignedtobemodular,low-power,
andeasilyintegratedwithvarioustypesofautonomousvehi-
cles.ItconsistsofareceivearrayrigidlymatedtoanAHRS
insideasmallpressurehousing,cabledtoaprocessorunitwith
astableclockthatareinsidethevehiclepressurehousing.

Thearrayisanupward-lookingfour-elementbroadband
ceramichydrophonearraywithintegratedpreamplifiers,all
pottedinaurethanedisc[20],withasyntacticfoambacking
upgradedtoa6000mdepthratingforthisapplication.The
hydrophonesarearrangedinasquarewitha38mmdiagonal
axis.Theaxesofthehydrophonearrayareorientedalong-
axisoftheSeagliderandacross-axisoftheSeaglider.The
arraywaspitchedwithrespecttothegliderby16◦sothatthe
arrayisapproximatelylevelwhenthegliderisdiving.

Asmallpressurehousingisrigidlyboltedtothearray’s
backingplateandcontainsaSpartonM2MEMSAHRS.The
AHRSaxesarealignedwiththehydrophonearrayaxes.Tight
mechanicalintegrationoftheAHRSwiththearrayavoids
theneedforvehicle-specificcalibrationofoffsets(amagnetic
calibrationisstillrequiredbutrequiresnoexternalreference).

Toenableone-waytravel-timemeasurement,thesubseasys-
temusesaSeascantemperature-compensatedclockconnected
totheacousticprocessor.

The acousticreceiver processoris again a WHOI
Micromodem-2,withafour-channelanalogsignalcondition-
ingandanalog-to-digitalsamplingboard.

Thehydrophonesignalsweresampledsimultaneouslyat
80kSamples/sec,thendigitallydemodulatedandbasebanded
to10kSamples/second/channelcomplexdatastream.Thedata
streamisthenmatched-filteredwithafilterreplicasettobe
thetransmittedlinearfrequency-modulatedsweep(“LFM”)
waveform.Onthefirstofthefourarraychannels,apeak
detectorwithathresholdtestisrunontheoutputofthe
matchedfilter. Whenadetectionpeakoccurs,theoutputsof
allfourchannelsofcomplexmatchedfiltersissavedatthe
samebasebandsamplewherethedetectedpeakoccurred.The
complexphasesarethenusedinatwo-dimensionsearchover
anglesofarrivaltoprovidetheangleofarrivalestimatesin
thearrayframe.

C.SubseaPower

AprimarygoaloftheOWTTIUSBLsystemdesignwasto
producealow-powersubseaunitforintegrationontopower-
constrainedplatformssuchasgliders.Alloftheacoustic
transmissionsoccuronthesurfacevehicle,wherepoweris
relativelyunconstrained,forexampleusingsolarpoweron
WaveGlidersorgeneratorsonships.Themeasuredpowerof
thesubseareceiversystemisjustunder1.1W(seeTableI).

Tomaintainasynchronizedclockforone-waytraveltime
measurements,theSeascanclockmustbepoweredcontin-
uously.TheSeascanclockitselfconsumesabout3 mW,
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Component Power CanPowerOff?
Micromodem-2 465mW Yes
MultichannelAnalog 385mW Yes
AHRSw/interfaceboard 165mW Yes
HydrophoneArray 66mW Yes
Seascanw/interfaceboard 7.5mW No
Total 1088mW 8mW

TABLEI
POWERCONSUMPTIONOFSUBSEAOWTTIUSBLSYSTEM.

withanadditional4.5mWforaninterfaceboard(WHOI-
205122)thateasesvehicleintegrationbyallowingawideinput
voltagerange(upto34V)andalsoconvertsfromasingle-
wireopen-drain“SAIL”serialbustoamorestandardlogic-
levelUARTserialport,withSeascanserialcontrolandparsing
implementedontheMicromodem.

Theremaining1.08 WisfortheiUSBLacousticangle
estimation,andcanbepoweredoffwhennotinactiveuse.The
SpartonM2AHRSdatasheetspecifiesitspowerconsumption
as60mW.Weaddedaninterfaceboard(WHOI-205137),again
toeasevehicleintegrationbyincreasingtheinputvoltage
range,convertingtoRS232UARTserialportlevels,and
supplyingtheAHRSreflashingpinstothepressurehousing’s
underwaterbulkheadconnector.

Inpreviousdeployments,weusedaMicrosemiChip-Scale
AtomicClock(CSAC)asthesubseastabletimebase,with
adriftrateofapproximately1ppb,comparedwithapprox-
imately20ppbforaSeascan.Thepowerconsumptionof
aCSACis120 mWfortheclockalone,comparedwith
3mWfortheSeascanclock(and7.5mWfortheSeascan
clockwiththe WHOI-205122interfaceboard).Underwater
gliderstypicallyhaverelativelyshortdives(oforderseveral
hours),andveryconstrainedenergybudgets.Sincethesubsea
clockcanbere-synchronizedwithGPSateachsurfacing,but
cannotbepower-cycledduringdives,weselectedtheSeascan
clockforSeagliderintegration,withitshigherdriftratebut
significantlylowerpowerrelativetotheCSAC.

IV.FIELDTRIALS

We conductedtworounds of fieldtrials withthe
OWTTIUSBLdeviceintegratedintoatestarticle(Fig.4)
priortoafinalfieldtrialwiththedeviceintegratedinto
aSeaglider.Theoverallobjectivesofthefirsttwotrials
weretoindependentlycharacterizetheperformanceofthe
arrayitselfandseveralcandidatemicro-electrical-mechanical
systems(MEMS)AHRSs.Theseearlytrialsestablishedthat
theerrorbudgetwasdominatedbyangleestimatesthearray,
aftermagneticcalibrationoftheAHRSs.Thetrialsdescribed
belowwerethefirstforwhichtheselectedAHRSandarray
werefullyintegratedintoatargetplatform.Toassesstheper-
formanceoftheintegratedsystemwecomparedpositionfixes
fromtheOWTTIUSBLtogroundtruthnavigationprovidedby
LBLtransponders.Thesubsequentsectionsprovideadditional
detailontheSeaglidertrialsandresults.

Fig.4.TheOWTTIUSBLtestarticlemountedontheNDSFAUVSentryfor
fieldtrialsin2018.AniXBluePhinsfiber-opticnorth-seekinggyrocompass
isrigidlymountedtooneendcapofthehousing.SeveralcandidateAHRSs
andthearrayweremountedtothesameendcaptoenableprecisecomparison
oftheAHRSdatatogroundtruthprovidedbythePhinsandtotransform
arrayanglesintolocal-levelcoordinates.

A.SantaMonicaBasinCruisePlan

Fieldtrialswereconducted15-19Nov.2020fromtheR/V
Oceanus,intheSantaMonicaBasin,offthecoastofsouthern
California.Thislocationwaschosenforitsdeepwater(900m)
andrelativelyprotectedoperatingarea,whereweweremost
likelytobeabletocarryoutsmallboatoperationsinNovem-
ber.Ourprimaryoperatingplanwastodeploythegliderand
useanover-the-sidetransducertobroadcastmessageforthe
iUSBLfromaship-basedWHOIMicromodemdeckbox.Due
toafailinggliderpump,wealsoperformedwhatwerefer
tohereaslowerings,wherethegliderhullandiUSBLarray
wereattachedtotheCTDrosette,asshowninFigure5.This
enabledustolowertheinstrumentandrecorddataatfullwater
depth.Inthiscase,toachievehorizontalseparationfromthe
gliderandthesurfacetransducer,weusedasmallboattohost
the WHOIMicromodemandover-the-sidetransducer,witha
co-locatedGPS.TwoLBLtranspondersweredeployedand
usedtoprovidegroundtruthofthegliderposition.

TableIIshowsasummaryofthegliderdeploymentsand
dives;TableIIIshowsasummaryofthemissionswherethe
gliderhullandiUSBLarraywerestrappedtotheCTDframe
andloweredintothewatercolumn.

B.LBLTransponders

Toprovidenavigationagainst whichtocomparethe
OWTTIUSBLresults,wedeployedtwo10kHzLBLtranspon-
dersonabaselineoffsetbyabout1kmfromtheintendeddive
locations.Transpondersurveysyieldedsub-meterresiduals
insurveyedlocation.Limitationswithrespecttoavailable
transmitandreceivefrequenciesonthegliderforcedtheuseof
relaypathsratherthanconventionaldirectranging.Acoustic
traveltimescorrespondedtothedirectrangebetweentheship
andtheglider,andrelaypathsfromshiptotransponderto
gliderandbacktoship.Subsequentprocessingforground
truthnavigationincludedsoundspeedprofilecorrectionfroma
conductivity-temperature-depth(CTD)castconductedonsite.
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StartDate Mission DiveID Duration(min) Depth(m)
15Nov2020 01 001 23 72

002 32 110
003 47 170
004 114 384
005 117 380
006 286 895
007 316 894
008 42 116

16Nov2020 02 001 43 78
002 45 98

19Nov2020 03 001 23 68
002 33 108
003 41 138

19Nov2020 04 001 33 105
002 112 429

TABLEII
SEAGLIDERDEPLOYMENTS.

Date Lowering Duration(min) Depth(m)
17Nov2020 01 19 188
17Nov2020 02 faultydatacollection
18Nov2020 03 64 400
18Nov2020 04 72 885
18Nov2020 05 153 885

TABLEIII
SEAGLIDERLOWERINGS(GLIDERBODYSTRAPPEDTOCTDCAROUSEL).

C.Glider“Lowerings”

Whilenotintheoriginalcruiseplan,havingthegliderhull
andarrayattachedtotheCTDrosette(seeFig.5)provided
theopportunitytocapturevaluablecalibrationdata.TheCTD
depthsandsmallboatlocationswerecarefullyselectedto
collectdatasetswhere,forexample,weindependentlyvaried
thehorizontalandverticaldistancebetweenthegliderandthe
surfacetransducer;testedthemaximumrangeormaximum
slantangle;andcollecteddatainafullcirclearoundthearray.
Weculminatedwithanattempttotraceouttheletters“OWTT”
withtowfishtransmitterdeployedfromthesmallboattosee
howwelltheiUSBLcouldrecreatethepositionofthesmall
boatduringthemaneuvers(whilealsotestingthesmallboat
skillsoftheR/VOceanuscrew).

V.DEVICEPERFORMANCE

Thissectionpresentsanoverviewofdownstreamprocessing
appliedtotraveltimeandarrivalangledatatoarriveata
positionfix,followedbyananalysisofsingle-fixstandalone
navigationperformance,primarilyasafunctionoftheposition
andorientationofthearrayrelativetothesource.Quantitative
resultsarepresentedfromtheCTDcage“lowerings”described
above.WeconcludewithpreliminaryresultsfromaSeaglider
dive.

A.OWTTIUSBLNavigation

TheOWTTIUSBLdeviceisintendedtoprovidenearly
stand-alonepositionfixestohostplatforms.Thisapproach
tradesthepotentialaccuracygainsoftightly-coupledap-
proaches[16],[17]informedbyvehicle motioninfavor

Fig.5. Datafromglider“lowerings”werecollectedwiththeSeagliderhull
strappedtotheinsideoftheCTDrosetteframe,seenhereonthefarsideof
therosetteframe,withtheiUSBLmountedonthetoprail(upperleft).

Fig.6. Photoofdocktestanglecalibrationrig,withiUSBLreceiveron
left,referencetransduceronright,withbothazimuthandelevationangle
adjustmentjigs.Thedevicewillbemotorizedtopermitinsituscanningacross
azimuthandelevation.

ofstreamlinedintegration.Thedetectionandbeamforming
processdescribedinSec.IIIyieldsatravel-timeandaunit
vectorencodingthearrivaldirection.Theunitvectorcan
alternativelybeexpressedasanarray-frameazimuthand
elevation.Foralevelarrayorientedabouttheverticalsuch
thatitsprimaryhorizontalaxispointsnorth,thearray-frame
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Fig.7. Transmitterpositionascomputedfromuncompensated(left)andcompensated(right)OWTTIUSBLdatawiththedevicemountedontheship’s
CTDcage.Fixcolorindicatesdepthofthecage.LBLpositioningprovidedgroundtruthforthelocationofthecage,whichwanderedafew10sofmabout
approximately(−1900,−1700).Thegroundtruthpositionofthetransmitter,carriedaboardtheship’ssmallboatduringthetest,wasdeterminedusingGPS
positioningandisrenderedinblack.Theletters“OWTTIUSBL”appearinupperleft,asexecutedbythesmallboat.Thelettersaresignificantlymoredistinct
inthecompensatedresults.

anglesequalthecelestialazimuthandelevation.Thesedata,
alongwithanestimateofsoundspeedprofile,aresufficient
tocomputeastand-alonefix;however,thebeampatternofthe
arrayyieldsrelativelynoisyestimatesofarray-frameelevation,
exceptatanglesapproaching90◦(straightoutfromtheface
ofthearray).

Forarrayattitudesnearlevel,asuperiorpositionestimate
isattainedbycombiningarray-frameazimuthwithcelestial
elevationderivedfromacousticrangeandvehicledepth.This
approachdiscardstheinformationinthecomponentofthe
unitvectorfacingoutofthearray.Thesolutionisnotstrictly
standalonesinceitreliesonanexternaldepthmeasurement,
buthighaccuracydepth measurementsareubiquitouson
underwaterrobots.

Theazimuth-onlysolutionworkswellforlimitedtilt. We

chosetoprioritizepositioningperformanceduringdescents
andinstalledthearrayontheSeaglidersuchthatitsorientation
isnear-levelasthegliderdescends.Duringascents,thetiltis
potentiallylarge;weobservedupwardsof40◦duringfield
trials.Atlargetilts,anddependingontherelativepositionsof
thesurfacesourceandglider,certainorientationsoftheglider
canpreventdetectionaltogetheroryieldpoorangleestimates.
TheCTDcagedataisostensiblyrepresentativeofpositioning
performanceduringdescents.Circumstancesconspiredtolimit
theOWTTIUSBLdatacollectedontheSeaglidertoprimarily
asingleascentfrom400m.

TheOWTTIUSBLcanprovidepositionfixesevenathigh
tilt,buttodosorequiresadditionalprocessing. Athigh
tilttheazimuth-onlyequationsadmittwosolutions,bothof
whicharegeometricallyadmissible.Atrelativelylargehori-
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Fig.8. ArraycalibrationresultsfromCTDcagelowering05(top:azimuth
error;bottom:elevationerror).Alldataaretransformedintothearray-frame.
Themeshesdepicterrorsurfacesfittothedataandusedsubsequentlyto
compensate measuredarrivalangle.Colorsdepicterrorindegrees.Data
outsidetheinterval[20◦,80◦]wassparseandinconsistent.Regionsinthe
intervalbutwithsparsedatatendtoresultinlargeandunrealisticexcursions
inthefittederrorsurface.

zontaldisplacementsbetweensourceandreceiver,onesolution
correspondstoaarrivaldirectionvectorwithacomponent
pointingoutofthebackofthearrayandcanbediscarded.At
relativelysmallhorizontaldisplacements,additionaldataare
neededtoselectbetweensolutions,forexample,themeasured
array-frameelevation,oroutputfromanestimationfilter.At
hightiltstheazimuth-onlysolutionissensitivetotherelative
positionandorientationofthearraytothesource. Wefound
iteffectivetocomputethepartialderivativeofthecomputed
celestialazimuth withrespecttothearray-frameazimuth
andthendiscarddataexceedingathreshold.Thisdiscards
solutionswithhighsensitivitytonoiseorbiasinmeasured
array-frameazimuth.

B.CabledResults

InstallingthegliderontheCTDcageallowedustoexcite
theOWTTIUSBLarrayoveralargerangeofarray-frame

azimuthandelevationandassessperformanceasafunctionof
both.ThiswasachievedbyloweringtheCTDcagetodepth
andthendrivingtheship’ssmallboatonaradialtrajectory
withtheacousticsourcetowedslowlybehind,outtoadistance
ofabout1500mfromtheship(Fig.7).TheCTDcagespun
slowlythroughouttheexperiment,whichservedtovaryarray-
frameazimuthofthesource.

TheleftpanelofFig.7showsrawOWTTIUSBLfixes
andcapturesartifactsthatwebelievearesystematicbiases
introducedbytheconstructionofthearray.Theseappearto
dominatetherandomnoise.Assuchitshouldbepossible
toapplyanarraycalibrationtocompensate.Anindependent
calibrationawaitscompletionofanactiverig(Fig.6).Here
wepresentpreliminaryresultsusingtheCTDcagedataitself
todetermineacalibration.Thisapproachisclearlyprone
tooverfitting,andthereforepotentiallyoptimistic;however,
therearegoodreasonstobelievethecalibrationdoescapture
distortionsintroducedbythearray.

Fig.8showstheerrorinmeasuredarray-frameazimuth
andelevationwithgroundtruthderivedfromLBLpositioning
oftheCTDcage,andGPSpositioningofthesource.A
compensationiscomputedbyfittingasurfacetothesepoints
whileimposingasmoothnesscriterion.1Fortheintervalof
groundtrutharray-frameelevationsdepictedinthefigure,
thereisobviouscorrelationintheerrorsbetweennearby
samples,includingonmultiplenearby“passes”resultingfrom
rotationoftheCTDcage—theseshowupontheplotsas
small-amplitudeundulationsinelevationversusazimuth.This
suggeststheerrorsobservedarenotstronglytime-dependent,
butratherfunctionsoftruearray-framearrivaldirection.

Thearray-frameazimutherrorsurfacedepictedintheupper
panelofFig.8wassubtractedfromthemeasuredarray-frame
azimuthtoproducethecompensatedresultintherightpanel
ofFig.7.Todosodirectlywouldrequireknowledgeofthe
truearray-frameazimuthandelevation,neitherofwhichare
knownwithoutanindependentsourceofnavigation.Instead
weusedthemeasuredarray-frameazimuth,andthederived
array-frameelevationcomputedfromarray-frameazimuth,
depth,andrange,inplaceofgroundtruthversionsofthesame.
Thisworksbestforsmalltiltsandassumesthedistortionsin
array-frameazimuthvaryslowlyasafunctionoftruearray-
frameazimuth.

Therearedistinctdifferencesbetweentherawandcom-
pensatedresultsinthepanelsFig.7.Bothresultsshowbroad
agreementwithgroundtruth.Thecompensatedresultsbetter
resolvethesmallscalefeatures(letters)intheupperleft
oftheplot,evidencefeweracross-trackoscillationsonthe
southeastradialleg,andsmallerdeviationsinthecircumfer-
entialdirection,particularlyfortheshallowdata.Thesemay
allbeexplainedbyarray-induceddistortionsperiodicintrue
azimuthandmanifestedthroughslowrotationoftheCTD
cage.Biasesoccurprimarilyinthecircumferentialdirection
becausecelestialelevationiswell-constrainedbydepthand

1https://www.mathworks.com/matlabcentral/fileexchange/8998-surface-
fitting-using-gridfit
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Fig.9. Measuredarray-frameazimuthandelevationerrorasafunctionofgroundtruthversionsofthesameforbothrawandcompensateddata.Solidand
dashedlinesdepictthemeanerrorandstandarddeviationthereof,binnedin5◦increments.Notethescaleisnotthesamebetweenthepanels—elevationis
generallynoisier.

range.

Forlackofanindependentcalibrationourresults must
beconsideredpreliminary.Forthisreason,wepresentin
Fig.9summaryperformanceforbothuncompensatedand
compensateddata,andcontendtheformerrepresentsaworst
case.Botharray-frameazimuthandelevationbecomedra-
maticallynoisierattruearray-frameelevationsbelowabout
30◦.Thearraydesign,particularlythesyntacticfoambacking
likelydistortsincomingsoundfortheselowelevations.This
wasexpected.Inlightofthetargetdeepwaternavigation
applicationwetradedbetterhigh-elevationperformanceat
theexpenseofdegradedlow-elevationperformance.Athigh
array-frameelevationsthearray-frameazimuthestimatede-
grades,afunctionofbothtrigonometryandthearray’sbeam
pattern,whereasthearray-frameelevationestimateimproves.
Theimpactofdegradedazimuthestimationonnavigation
performanceislimitedathighangleswheredepthandrange
provideapowerfulconstraint,nevertheless,thearrayclear
performsbestatintermediateanglesWedonotasyethavean
explanationforthelargesystematicbiasinarray-frameeleva-
tionvisibleforelevationsbelow60◦,however,themeasured
array-frameelevationispresentlydiscardedwhencomputing
fixes(Sec.V-A).

BasedonFig.9,thesystemiscapableofprovidingstand-
alonefixestobetterthan±5◦inazimuthatlowtiltsand
forelevationsbetweenabout30◦to70◦,withoutcompen-
satingforarray-induceddistortions.Thiscorrespondstoa
horizontalpositionuncertainty,primarilyinthecircumferential
direction,of,e.g.,±100mat1000mdepthand1000m
horizontaldisplacement.Errorisdominatedbybiasinarrival
angleestimation.Ourpreviousanalyses[1]predictedattitude
errorwoulddominatetheerrorbudget;thatanalysisproved
optimisticwithrespecttoarrayperformance.Theultimate
performanceofthesystemmaybesubstantiallybetterthanthat
achievedsofar.Randomnoiseinthearrivalangleestimateis
readilydiminishedbyaveraging,andforslowplatformsshort

burstsathighratewouldnotrequireknowledgeofplatform
motion.Biascannotbeattenuatedbyaveraging,butaplanned
high-resolutionarraycalibration(Fig.6)mayshedmorelight
onthesourcesofbiasandyieldanimprovedcompensation.

C.SeagliderResults

FortheSeagliderresults,wepresentananalysisfromDive
002ofMission04.Duringthisdive,whichlasted112minutes,
thegliderperformedaspiraldescentandascent,andreacheda
maximumdepthof429meters.Thespiral,whilenotatypical
divepath,waschosentokeepthegliderwithinthelimited
rangeoftheLBLbeacons.Thesurfacetransducerwaslowered
overthesideoftheship.
a)GroundTruthNavigation:Wecalculatedtheground

truthSeaglidertrajectoryusinganextendedKalmanfilter
withaconstantvelocityprocessmodel[3],ingestingboth
directrangemeasurementsfromtheshiptotheglider,and
relayedrangemeasurementsasdescribedinIV-B.Returns
fromtransponder1wereunreliableandinconsistent,andthus
wereomitted.Therangemeasurementsarebasedontheround
triptime-of-flightalongthegivenpath,correctedforthedepth
varyingsoundspeedalongthatpath.Inaddition,current
datafromtheOS75ADCPonboardtheR/VOceanuswas
incorporatedintothesolutiontocorrectforadvectionofthe
gliderduringitsdive.
Theconstantvelocityprocessmodelemployedtocalculate

thegroundtruthisbettersuitedtolongstraighttrajectories,
asopposedtothespiraldiveemployedhere.Asaresultthe
groundtruthtrajectoryappearslesssmooththanexpected.
Thisisexacerbatedduringtheperiodsofthedive when
thesamplingperiodincreasesfrom5or10secondsto30
seconds.Infuturework,thegroundtruthtrajectorywillalso
besmoothed.
b)OWTTIUSBL:Fig.10showsthebest-estimateground

truthnavigationdescribedpreviouslyalongwithindependent
positionfixesfromtheOWTTIUSBLdevice.Thedatashown
correspondstoanascentfromapproximately450m.During
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Fig.10. TwoviewsofSeagliderdive002frommission04comparingOWTTIUSBLpositionfixesagainstLBL-derivedgroundtruthandconventional
(post-dive)depth-averagedcurrentglidernavigation.Thesourcewasatthesurfaceandholdingstation(liveboating)atapositionroughlycenteredonthe
glidertrajectory.Labeledfeaturesarediscussedinthetext.

ascentstheOWTTIUSBLdeviceispitchedatabout40◦and
thereforetypicallyproduceslowerqualityfixesrelativeto
performanceatlowtilts.Forthisdivethegeometrywas
suchthatthearray-frameazimuth-onlysolutionalsooften
returneddualfeasiblesolutions.Despitethesefactors,the
OWTTIUSBLpositionfixesalignreasonablywellwithground
truthattimes,especiallyatintermediatedepthsbetween50m
and300 m.Thisresultreliesontheapplicationofself-
containedsingle-fix metricsforfixrejectionandselection
betweenpossiblesolutionsasdescribedinSec.V-A.Fixes
forwhichthesensitivityofthecomputedcelestialazimuthto
measuredarray-frameazimuthexceededafactoroftwowere
discarded.Dualsolutionsweredisambiguatedbyselectingthe
solutionwhosederivedarray-frameelevation moreclosely
matchedthemeasuredarray-frameelevation.Someobvious
artifactsremain,particularlystringsoffixeslyingonnear-
constantdeptharcsthatimplyavelocityfarinexcessofthat
achievablebyaSeaglider.Moresophisticatedmetricsforfix
rejectioncouldthereforebeemployed,buttheresultshown
hereisself-containedandagnostictohostplatform.

Thefigurealsocontainsashortportionoftheglider’s
descentnearapogee.Duringthisportionofthedivethearray
isnearlevelandthegeometryideal.Thefixesarespatially
concentratedandmarkedlyfreeofartifactsincontrasttothe
ascent.Theshapeofthetrajectoryislocallyverysimilarto

thedead-reckonedtrajectorycompensatedfordepth-averaged
current(DAC).ThissuggestsgoodOWTTIUSBLfixes—dead
reckoningisaccurateovershortintervals.However,thematch
toLBL-derivedgroundtruthispoor.Thereasonforthis
discrepancyremainsunclearbutitmaybethattheLBLranges
temporarilycorrespondedtoabouncepathorsufferedsome
otherdistortion.

TheOWTTIUSBLfixesfromtheascentarenoisyandnot
well-suitedtoautonomousnavigation;however,theirvalueis
significantwhencomparedtoconventionalglidernavigation,
whichcannotaccountforthewatercurrentprofileinreal
time. Differencingthe GPSpositionuponsurfacingfrom
thatpredictedbydead-reckoningyieldsacorrectioninpost-
processing,andisequivalenttoassumingaconstant,uniform
watercurrentprofilewithamagnitudeanddirectionknownas
thedepth-averagedcurrent[21].Thisapproachcannotaccount
fortemporalordepthvariabilityinthecurrentprofile.Fig.10
showsaDAC-compensatedtrajectoryestimatethatcompares
reasonably well withthegroundtruthand OWTTIUSBL
resultswhenlookingeast(leftpanel).Allsolutionsindicate
asouthwarddriftconfirmedbysurfaceGPSfixes.Viewed
lookingnorth(rightpanel),theDAC-compensatedtrajectory
failstocaptureaslighteastwarddriftintheupperwater
columabove200mandamoresignificantwestwarddrift
below200m.Inprinciple,thecurrentprofilecouldberesolved
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asthedisparitybetweendead-reckonedOWTTIUSBL-derived
trajectoryestimates.Forapplicationsrequiringreal-timesub-
seanavigationtheDAC-compensatedsolutionisnotavailable
andthevalueofexternalaidingincreases.

VI.IMPLICATIONSANDPLANS

DevelopmentoftheOWTTIUSBLsystemcontinues.Re-
sultstodatearesufficienttocomputepositionfixesinpost-
processingbutnotinrealtime.Todosowillrequireinterlac-
ingmessagescontainingephemerisandtimingdatawiththe
USBLsignal,aswellassubseaprocessingtofuseacousticand
attitudedata,andalgorithmdevelopmenttorobustlyrejectout-
liers.IntegrationoftheOWTTIUSBLintoanotherSeaglider
isunderwayinpreparationforamulti-vehicledemonstration
inearly2022.Thesystemisalsobeingintegratedintoa
REMUS600AUVandamodifiedhybridSlocumglider.The
systemcanandhasbeenconfiguredtoreceiveat10kHz
insteadof25kHzinanticipationofdeploymentsondeeper-
divingvehicles.Whilethisimprovesrange,italsoreducesthe
accuracyoftheangleestimates.
OWTTIUSBLcouldhaveaprofoundimpactondeep-diving

gliders,long-rangeAUVs(LRAUVs),aswellasenablingnew
operationalparadigmsforconventionaldeep-divingAUVs.It
couldenabledeep-divinggliderstoperformnew missions
suchasextendedhydrothermalventsurveysalongmid-ocean
ridges,andmulti-day(orlonger)deep-waterphysicaloceano-
graphicprofilingmissions;aswellasprovideafoundationfor
teamsofLRAUVsandanattendingASVtoundertakebasin-
scalesurveysoftheseafloorwithimprovednavigationanda
vastlyreducedneedtosurface.
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