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DetectionofObjectsBuriedinWetSnowpackbyan
FM-CW Radar

YoshioYamaguchi,Member,IEEE,YasuichiMaruyama,AtsushiKawakami,MasakazuSengoku,Member･IEEE･
andTakeoAbe,Member,IEEE

Abstract-ArealapertureFM-CWradarsystemwasdevelopedfor
thedetectionorobjectsburiedinheayilywetsnowpack.Thisradar
usestheLJbandmicrowavefrequencywithamaximumoutputpower
of100mW,andutilizlesdigitalsignalprocesslngteChniques･Alabo-
ratorysimulationandtwofieldexperimentswerecarriedouttodetect
andmapVariousobjectsembeddedhthesnowpack.Itwaspossibleto
mapametallicpipe3cmindiameteratadepthof70cmanda10x
60cmmetauicplateatadepthof90cminthenaturalwetsnowpack.
Futldamentaldetectionresultsaredemonstratedinthispaper.

T
Ⅰ.INTRODUCTION

HERE isanurgentneedtodetectobjectsburiedinsnowin

reglOnSWithheavysnowfall･Examplesofburiedobjects
areavalanchevictims,hydrants,metallicroadguards,andme-

tallicgarbageorobjectswhichmayobstructsnow-shoveling
machines,etc･Therearenumerousobjectexamplesandasso-
ciatedproblemsconcemedwithsnow.Theseneedsareen-

hancedbyincreaslnghumanactivitiesinsnowyreglOnS.
Microwaveradarseemstobethemostlikelyanswertothese

detectionproblems.Microwaveradarsforsubsurfacedetection

canroughlybeclassifiedintotwotypes:Oneisawidelyused
pulseradar,andtheotherisacontinuouswaveradar.Themost

slgnはCantfeatureintheapplicationofsnowsubsurfacedetec-

tionisashort-rangemeasurementinarelativelyshallow re-
gion.Thetargetislocatedatmostwithinafewmeters,This

short-rangemeasurementdemandsapulseradartobequlteSen-
sitiveintimeresolution.Inordertoobtainhighresolutionin

range,thepulseradarmustproduceextremelyshortpulsesand
thereceivermusthavetheabilityofdiscriminatlngtimediffer-
encesoftheorderofpicoseconds･Everythingconcemedwith
rangeresolutionisdependentonthetimedomainresolution.

Thisrequlrementleadsthepulseradartobequlteexpensive,
notsuitableforcommercialuse.Ontheotherhand,continuous

waveradarmeasurestherangeinthefrequencydomain.The

rangeresolutionisdependentontheresolutioninthefrequency
domainwhichcanbeadjustedarbitrarilyandeasilycompared
tothepulseradar･Thereforethefrequencymodulatedcontin-

uouswave(FM-CW)subsurfaceradarll],[2]andholographic
radarl3]thatdetectburiedobjectsinsnowpackarepromising.
TheimaglngPerformanceoftheholographicradarmaybesu-

periortothatoftheFM-CW radar;however,theholographic
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radarneedsmuchexpensiveequlpmentandoperationtimein
actualradaroperations.Ourultimategoalistorealizealow-

cost,low-power,easy-to-handle,compactandrealtimesub-
surfaceradarsystem.Inthisregardwehavebeenengagedin
developlngapracticalFM-CW radarsystemwhichiscapable
offindingobjectsembeddedinheavilywetsnowpackinreal
timeoperation.

Theradarisexpectedtobeusedinveryadversesnowcon-

ditions;i.e.,inaveryhighlydenseandwetsnowenvironment･

Althoughnaturalsnowpack,ingeneral,consistsofmanyhori-
zontalsnowlayerswhoseelectricpropertiesaredifferent,the

snowpackmayhaveundergonemeltingandrefreezlngrepeat-
edly.Throughthemeltingcycle,waterflowdestructshorizon-
talboundaries.Thusthesnowboundariesofeachlayerbecome

vague,andthesnowpackbecomesamassvolumefilledwith
lossyinhomogenetiesonthei汀egularground.

Dielectricpropertiesofwetsnowhavebeenreportedatmi-
crowavefrequencies[41,[5].Eveninthehomogeneoussnow-
packwhichconsistsofwetandhighlydensesnow,asignificant
attenuation in electromagnetic wave propagation reduces

soundingcapabilitiesatfrequenciesabove3GHz【61･Forex-

ample,forsnowwetne.ssof3%anddensityofOA(g/cm3),
thetheoreticalattenuatlOnCOnStantbecomes17.4dB/mfor3

GHz,and100dB/mfor10GHz[7】･Theattenuationconstant
isalmostinproportiontofrequency･Furthermore,theatten-
uationissensitivetowaterinclusion(wetness)insnow.Ifthe

wetnessdoublesinitspercentage,theattenuationincreasesmore
thantwiceindBl7].Inadditiontothesefacts,Snowproperties

changewithtime;1.e.,thecomplexdielectricconstantvaries
withtime.Thedielectricpropertyofsnowchangeswithtem-
peratureandthepressureofitsownweight,experienclngre-

freezlngandmeltingrepeatedly･
Henceitisnecessarytouseafrequencyaslowaspossible

fordeepsounding･Inthelowerfrequencyrange,however,itis
difhculttoobtainhighradarresolutionandtomaketheantenna
compact,becausearelativelywide-sweepfrequencylSneces-
saryforhigh-resolutionFM-CW radar.Fromtheseconsidera-
tionswehavechosenafrequencyrangefrom l･2to2･2GHz
foroursystem inordertoaccommodatetheradartopractical
useinourwetsnowenvironment.Typicalsnowwetnessonthe

JapanSeasiderangesfrom 1to14%【2】,【7】･
Thispaperpresentsresultsofdetectingburiedobjectsbyan

FM-CW radar.Emphasisisplacedondetectingobjectsinnaト
uralstratifiedsnowpacks.InSectionII,thepnncipleoftheFM-
CW radarisbrieflydescribed,andinSectionIII,thescannlng

andsignalprocessingtechniquesformapplngtheburiedobject
inhorizontalsnowlayersisoutlined.SectionIVshowsthefield
experimentresultsofdetectlngSeveralobjectswithinarather
wetsnowpackandaheavilywetdensesnowpack.
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ーcharpslgllal

4-beatsignal

Flg･LFrequencyversustlmeWaVefom ofFM-CWradar･

ⅠⅠ.FM-CW RADARPRINCIPLE

ThebasicpnncipleofFM-CW radarisshowninFig.1.The

transmittedsignalvarieslinearlywithtime.Thesignalrenected

fromaslngletargetatafixeddistancearrivesatthereceiving
antennawithatimedelayof2RJl,/C.Thetransmittedandre-

flectedsignalsaremixedviaamixer,producingasoICalledbeat

slgnaLThistime-domainbeatslgnalistransfomedbyanFFT
operationintothefrequencydomain,resultinglnthebeatfre-

quencyfb,WhichisproportionaltothedistanceR:

R-責 芸 fb (.,

whereR-distance;C-3x 108m/S;/b-beatfrequen?y;
At=.S.wFeptime;Af- sweepfrequency;andEr = relatlVe
pemlttlVltyOfinteⅣenlngmedium.

ItispossibletodetermineRiftherelativepermittivltyOfthe

inteⅣeningmedium(snow)andbeatfrequencyareknown.The

rangeresolutionbasedontheFM-CW systemisglVenby

AR-売 芸忌 (2)

wherefc-喜×(samplingfrequencyforbeatsignal);andN-
numberofsamplingpolntSinFFT.

Theoretically,Onecanchangetherangeresolutionbyad-

justingAtandAfaccordingto(2),providedthattheoperating

antennahasthesameresponseoverawidefrequencybandand

thatthespectrumresolutioninthefrequencydomainisna汀OW

enough･However,inpractice,thespecificationofaradarsys-
temisdeterminedbymanyfactors,suchastheFFTexecution

timeforrealtimeoperation,thefrequencycharacteristicsofthe

antennainuse,thesnowresponseofmicrowaveslgnals,etc.

Sincesystemdesignandresolutionaredependentontheappli-
cation,weassumedthefollowing:(i)Maximumdetectionrange

inwetsnowpack-3m;and(ii)rangeresolution-6.1cmin

theair･Basedonvariousmicrowavetransmissionexperiments
l7],wehavechosentheFM-CW radarsystemspecificationas
listedinTableI.

Figl2showstheblockdiagramoftheFM-CW radarsystem
forobjectdetection.Asystemclocktriggersasawtoothwave

generator,whichdrivesasweeposcillator(HP8620C).The

Fig･2.BlockdiagramoftheFM-CWradar

TABLEI
SpECIFICAT10NOFTHEFM-CW RADAR

Frequency
Maximumpower
ofgenerator

Sweeptime
Rangeresolution
Sensitivltyat
mixerInput

Controller
Numberofsampling
polntSinthefrequency
domain

1.2-2.2GHz

100mW
5.2ms
6.1cmintheair

-42dBm
16-bpersonalcomputer

128

oscillatorgenerates,successively,afrequency-modulatedcon-

tinuouswave(1.212.2GHz)at5.2-msperiodintervals.The

microwaveslgnalisdividedintotwopartsbyadirectionalcou-
pler:Oneisusedasareferenceslgnalatadoublebalanced

mixer,andtheotheristransmittedthrougharectangularhom

antenna.Abackscatteredwavefrom thetargetismixedwith

thereferencesignalatthemixer,producingthebeatfrequency･

ThenthebeatslgnalisamplifiedandreshapedinthepreproI

cesslnganalogcircuit,andfinallylSCOnVertedtodigitalsignals

inthepersonalcomputersystemwheretherequiredsignalpro-

cesslngSuchasFFToperations,graphicdisplay,andsystem
controlsisexecuted.

ⅠⅠⅠ.ANTENNAScANNINGANDSIGNALPROCESSING

FM-CW radar,1ngeneral,isusedtomeasureadistancebe-

tweentheradarandatargetbyutilizlngthefrequencyspectnlm

ofthebeatslgnal.Thedistanceisdetem inedbythepeakpo-
sitionofthebeatspectrum.Allweobtainisone-dimensional

infomation(distance).However,thespectrum hasatwo-di-

mensionalshape(magnitudeandfrequency)characteristictothe

targetecho.Ifoneutilizesasuccessiveshapeofthebeatspectra

resultingfromanantenna-scanmeasurement,onecanmapan
objectinatwo-dimensionalspacemeasuredbybothrangedi-

rection(co汀eSpOndingtodistance)andazimuthdirection(cor-

respondingtothedirectionofantennascan)･Thismappingis

possibleaslongasthereflectedmicrowavesignalfromthetar-

getproducesthebeatslgnalatamixer,nomatterhowthein-

terveningmediumis.Thusitseemspossibletomapanobject

buriedinsnowpack.

Fig.3(a)Showsthescanningmeasurementarrangementand

amodelofburiedobjectesinlossysnowpackinalaboratory
experiment.Theobjectusedinthisexperimentisa5×100cm

metallicplate.Thethicknessis1mm.Theplatewasburiedat

adepthof85cm from thesurface.Theintervenlngmedium

consistsmainlyofspongelayers;partiallyoflossyspongelay-
ersof5-cmthickcombinedwithcarbon;anda1-cmthickwood
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Fig･3･LaboratoryslmulatlOnfordetectlOnOfburledobjects.(a)Snowpackmodelandmeasurementscheme･(b)Rawdata
obtainedbytheradar.(C)Processeddata.NineuniformlysllCedquasi一grayscalelevelshavebeenusedtocovertherangefrom
0to20001mthefrequencydomaln.

TABLEII
DIELECTRICPARAMETERSOFARTIFICIALSNOWAT9GHz

Conductivlty
Pe-ittivlty (S/m)

Sponge
Carboncombinedsponge
Woodplate

plateasshowninFig.3.Thisstratifiedmediumismodeledas
anaturallayeredsnowpack.Thecomplexdielectricconstants
oftheinteⅣenlngmaterialsmeasuredatthefrequencyof9GHz
byastandingvaluemethoduslngarectangularwaveguideare
listedinTableII.Thesevaluescontaine汀OrSOftheorderof5-

10%;however,thespongecorrespondstonewfallendrysnow,
thecarboncombinedspongetowetlossysnow,andthewood

platetoiceplatecategories･Theseareconsideredtobetypical
valuesofthesnowandicemedium【4】,[5】.

TheantennawasscannedoverthesurfaceasindicatedinFig.
3(a)･ThescanninginteⅣalwaschosentobe5cm.Themag一
mitudeofthespectnlmfわreachscanisillustratedinFig.3(b),
wherethelevelisrepresentedbyaquas1-grayscale,withwhite
indicatlngStrongreflection.Nineuniformlyspacedgray-scale
levelshavebeenusedtocoverthemagnitudeintherangefrom
0to2000intheFouriertransfomeddomain.Thehorizontal

axisco汀eSpOndstothescannedlength(1m),whilethevertical

axisco汀eSpOndstothedepth･Itisseenthattherearemany
reflectionsduetodielectricdiscontinuities(impedancemis-

match)･Thestrongestrenectioniscausedbytheinterfacebe-
tweentheantennaandthesurface･Thesecond strongest
reflectioncomesfromthesecondcarboncombinedspongelayer･

203

Althoughthetargetisembeddedwellbelowtheselayers.one
canidentifythereflectionsduetothistarget.

Duetoclutter,1tisnoteasytorecognlZethetargetbylooking
inFig.3(b).Theusualsnowpackconsistsofhorizontalsnow
layers,which,inturn,makesuscarryoutsomeprocessingtO
retrievetargetinfomation什omthischaracteristicstructure･We
makeuseofanaveragingandsubtractingmethod.First,we
taketheaveragemagnitudeofthespectrumineachcolumnin
Fig.3(b),thenwesubtractitfromthemagnitudeateachcol-
umn.Thissimpleoperationrendersthetargetclearbysuppress-
ingclutter(layerreflections),asshowninFig･3(C)IThissignal
processlngOperationisexecutedqulterapidlylnthepersonal
computer(8086+8087processor,8-MHzclock),anddoes
nota庁ectthereal-timeoperation.Thetotaltimeneededforone
radardisplayroutinewasabout1s.

lV.FIELD ExpERIMENTS

Inthissectionwepresentexperimentalresultsinactual
snowpacks.Asmentionedintheintroduction,themicrowave
attenuationdeteminesthemaximumrangeinsnowpack.The
rangeperformanceoftheradarisdependentonthedielectric
propertyofthesnowunderexperiment.Thusinordertocheck
thesystem'sperformance,wecarriedouttwofieldexperi-
ments:Onewasaimedatcheckingmaximum rangeinsnow-
pack,andtheother,atdetection.

A.RangeDetection

ThefirstexperimentwascarriedoutFebruary9,1988atYu-
notaniVillage,NiigataPrefecture,Japan.Thesnowpackunder
theexperimentisillustratedinFig.4(a),wherethephysical
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Flg･4･RangedetectlOninarelativelywetsnowpack･(a)Structure,snow
density,andwaterinclusionofthesnowpack.(b)Rangedetectionresult
ofa5×100cmmetalplate.

parametersofthesnowlayersareshown.Thedepthwasmore
than2m,whichisatyplCalsnowdepthinthisreglOn.

We丘rstexaminedthemaximum depthatwhichthisradar
coulddetectthetarget(thesamemetalplatewhichwasusedin
thelaboratoryexperiment).Wedugthesnowpackdowntothe
ground,makingthecrosssectionofthesnowlayerapparent.
ThenthetargetwasinsertedhorizontallyIntothesnowpack,
beingcarefulnottodisturbthesnowstructure,startingfrom
thebottom･TherangedetectionresultisshowninFig.4(b),
wherethehorizontalaxisrepresentstheactualtargetdepthfrom
thesurface,andtheverticalaxisisthedepthmeasuredbythe

radar･Oncethetargetdepthbytheradarinsnowpackisob-
tained,thenitispossibletodete-in°theaveragepemittivlty
ofthesnowpackandtocalibratetherangeaccordingto(1).The
maximumdetectionrangeinthiscasewasapproximately150
cm･Theconditionfordete-inlngthemaximumrangeissuch
thatwedividethewholemagnituderangeofthespectmminto
nineequallyspacedlevelsfromtheoutset(seeSectionII).If
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Fig,5.RangedetectlOninaheavilywetsnowpack･(a)Structure,snow
density,andwaterinclusionorthesnowpack.(b)Rangedetectionresult
ofa5×100cmmetalplate.

themeasuredmagnitudeofthetargetatapositionbecomesless
thanthesmallestthresholdlevel,thenthedistancebetweenthe

antennaandtargetisspeci丘edasthemaximumrange.Sincethe

magnitudeofthemeasuredspectrumvarieswiththetargetsize
andshapeaswellasthesnowproperty,weusedtheradarsys-
temandthesametarget(metalplateof5×10cm)throughout
thework.

Fig.5showsanotherresultofrangedetection･Thisexperト

mentwascarriedoutonMarch15,1988atYamakoshiVillage,

NiigataPrefecture,Japan･Thesnowpackwaswet,hard,and
heavyduetorepeatedfreezlngandmeltingcyclesthroughout
thewinter,coupledwithrainfallonMarch.Thestmcturesof
thesnowpackisshowninFig.5(a).Themaximumdetection

rangewasapproximately90cm･
Itshouldbenotedthatthereisaplacewherenore月ection

occurs(seearowof80cmdatainthehorizontalaxisinFig･

5(b)),eventhoughthetargetiswithinthedetectablerange･This
seemstobecausedbythestandingwavephenomenainthe
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Flg･6･Cross-sectionalechofromthewetsnowpackmeasuredonMarch
1988.(a)Rawdata.(b)Processeddata.

TABLEIII
BURIEDOBJECTS(UNITTNCM)

Width Length Thickness BuriedDepth

MetallicplateA 5
Metallicplateち 10
Copperplpe 3
Metalliccan 8.5cm¢
Concreteblock 19

つ｣

l
1
3
0

0
0
0
0
0
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0
ノ
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7
/LU
′-U

snowpack･Sincesnowpackconsistsofmanydifferenthorizon-
talsnowlayers,thestructureviewedintheverticaldirection
canroughlybemodeledasacascadedtransmissionlinecon-
sistlngOfmanydifferentlayers,eachhavingItsOWnCharacter-
isticimpedance.Thistransmissionlinemodelholdsforthe

conditionthatthewaveissentintoorthogonaltotheselayers
underneaththeantennaandthatthefieldstrengthismeasured
inthefar-fieldreg10nWherethewaveisconsideredasaplane
wavel11]･Thefar-fieldregioninthisexperimentisaregionof
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(b)

Flg･7･DetectlOnreSultofmetalllCplate‥A‥(5× 100cm)buriedata
depthof70cm.(a)Rawdata･(b)Processeddata.

overabout30cmfromtheantennainthesnowpack,Iftheob-
jectisplacedwheretheelectricfieldissmallduetoastanding
wavephenomenoncausedbyimpedancemismatchatadjacent
layerinterface,thenitrenectsveryweaksignal,whichresults
innodetection.

FromFigs.4and5itisclearthatthemaximumdetection
rangeisdependentonthedielectricprope叫′ofthesnowpack
undertheexperiment.Thedominantfactorsarethesnowwet-
nessofeachlayer,whichgovemstheattenuation,andthelayer
stmcture,whichrelatestothestandingwavephenomenon.

B.ObjectDetection

Buried-objectdetectionmeasurementwascarriedoutonthe
secondexperiment.Fig.6showsreflectionfromthesnowpack
wherenoobjectsareinserted.ThestrongestreRectioncame
fromtheair-snowinterface.However,theinteriorofthesnow-

packwasrelativelyhomogeneous.Thenweburiedseveralob-
jectsinthesnowpack(listedinTableIII).Usingtheantenna
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Fig･8･DetectlOnresultormetallicPlatè B̀=(10×60cm)burledata
depthof90cm.(a)Rawdata.(b)Processeddata.

Scannlngmethodwecouldmaptheseobjects,asshowninFigs.

7-11･Thedetectedobjectlocationscoincidewiththeactual

locations,asexpected.Forthethickobject(concreteblock)
ShowninFig.1I,multiplereflectionsduetothetopandbottom

surfacesoftheobjectstructurecauseabroadobjectdistribution

intherangedirection.Inallcases,thescannlnglnteⅣalwas

chosentobe5cm-,whichwasdeterminedbytheconvenience
ofactualradaroperationinthelossysnowenvironment.

InFigs.7-lltheraw(unprocessed)dataandprocesseddata

areillustratedinpalrS.IftheinteⅣenlngmedium consistsof

horizontallayers,thissimpleaveraglngandsubtractlngteCh-

nlqueiseffectiveformapplngburiedobjects.

V.CoNCLUDING REMARKS

Wehavedemonstratedthedetectionresultsofburiedobjects

innatrualwetsnowpackbyuslnganFMICW radaroperatlng
inthel･2to2･2GHzmicrowavefrequencyband.Itwaspos-
sibletomapmetallicobjectslargerthan51cmWide,buriedat
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Flg･9･DetectionresultofacopperpIPe(3×100cm)bur-edatadepth
of70cm.(a)Rawdata(b)Processeddata.

least80cmfromthesnowsurface,evenifthesnowpackwas

heavilywet(snowwetnessmorethan5%)･Inordertomap
buriedobjectsdistinctively,anaveragingandsubtractingteCh-

nlqueWasSuccessively employed forhorizontally layered

snowpack･
ThisFM-CW radarisaimedatdetectlngObjectswithin

snowpack.Theveryfirstrequlrementistofindburiedobjects

quickly;i.e.,tochecktheexistenceofanobjectinthesnow･
Thetotaltimeneededfわreachradarscannlnganddisplayrou-

tinewas1s,whichisallowableinreal-timeoperation.

Wehavenotemployedtheholographicorsyntheticaperture

techniquefわrhigh-resolution imaglng,becausethesetech一

mlqueSrequlremuchcomputationtime,whichdoesnotserve
ourpurpose.However,inordertomapburiedobjectsprecisely

thisrealapertureradarsystemneedsapencilbeamantennathat
hasthesamecharacteristicsoverawidefrequencyrangeand

anoptlmum SamplingInterval.Thefo¶erwillleadustouse
antennasofimpracticalsize,whilethelatterimposesasam-

plingoptlmizationproblem-1ftheintervalistoosmall,thede-
tected-Objectdistributionislargerthantherealobject;ifthe
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Fig･10･Detectionresultofanaluminumcan(8.5×20cm)buriedata
depthof60cm (a)Rawdata.(b)Processeddata.

intervalistoolarge,theobjectmaybemissedorlostinrelation

totheantennapattern ininhomogeneouslystratifiedandlossy

snowpackmedium･Itshouldbenotedthattheantennapattem

ofthisFM-CW radarinsuchacomplicatedmediumcannotbe

speci后edduetoawidesweepfrequencyoperation.

Hencetherestillremainsaproblem ofhow todevelopan

optlmum antennaforthelossy snowpackenvironmentand

chooseanoptlmumSamplinglnteⅣa1.Ourresearchhereisphe-

nomenologlCal,1nSOfaraswearenowengagedinthefollowlng
researchanddevelopment:

1)Impedancematchingattheair-snowsurfaceoverawide

frequencyband.

2)Softwaredevelopmenttoimprovetheman一machineinter-
face.

3)Useofspecialdigitalsignalprocessingcircuitryincom-

puterimplementation.Computationtimeneededforradarop-

erationwillbeconsiderablyreducedbyit.

4)Increasedimagereconstructionofburiedobjectsbythe
syntheticape山lretechniquecoupledwith3).
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Fig.ll.Detectionresultofconcreteblock(39×19×10cm)buriedat
adepthof60cm.(a)Rawdata･(b)Processeddata.
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