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ABSTRACT

Thestatisticabehaior of clutterobsenedneargrazingincidenceandat95 GHz
is investigatedor the specificcaseof bareground,snav-cover, andfor a hetero-
geneousscene. The baregroundconstitutesa homogeneousarget underhomo-
geneousconditionsand the magnitudeof the amplitudeis Rayleighdistributed.
While the snaw-cover is a homogeneoutarget, the conditionsunderwhich it was
obsenred are heterogeneousindthe Bayesrule is employedto describeits clut-
ter distribution. The Bayesrule integratesvariationsdueto signalfadingwith the
underlyingvariationsin the backscatteringoeficient associatedvith the hetero-
geneity The heterogeneousceneis also successfullydescribedwith the Bayes
rule.

Thiswork wassupportedy ContractQK 8820with LockheedSandersnc., aspartof the Army
Researctaboratorys Federated.aboratoryAdvancedSensordroject.



1 Introduction

The objective of this paperis to examinethe natureof the statisticalvariability of
radarclutter at millimeter wavelengthg MMW), with particularemphasisn ob-
senationdirectionscorrespondindo anglesneargrazingincidence.The statistical
natureof terrain clutter variationshave beenexplored at millimeter wavelengths
(MMW) andangledfar from grazing[1], andat grazingincidencebut at lower fre-
guencieq?2], but the authorsarenot aware of ary studyof the statisticsof MMW
scatteringpf terrainneargrazingincidence.

The Rayleighdistribution will be usedto analyzeMMW neargrazing clut-
ter wherethe clutteris homogeneousandwhereit is not, the Bayesrule will be
employedto build up the obsened distribution from subsetf the clutter which
arehomogeneousAn alternatve would be to employa morespecificdistribution
suchasthe K -distribution, but while the K -distribution may adequateldescribe
seaclutter[3, 4], the useof this distribution to describeerrainclutter hasnot met
with unanimoussucces$5].

Opengroundin early springis usedan example of a homogeneousarnet;
snow-cover, undera variety of temperaturesis usedas an example of a homo-
geneougarget underdifferentconditions;andan entire sceneconsistingof trees,
bushesandbaregroundis usedasanexampleof a heterogeneousrget. First, we
startwith a brief descriptionof the radarsystemusedto acquirethe datareported
in this study

2 95-GHz Measurement Program

From4 Marchthroughl5 April 1994,the Army Researctaboratory(ARL) oper
atedits 95 GHz polarimetricradarata singlesitein Grayling,MlI, aspartof astudy
to characterizéIMW scatteringrom terrain[6]. At preselectedandomdatesand
times,theradarperformeda mission:it scannedhescenen Figurelin 1.0° steps
in azimuthandat most1.0° stepdn elevation. Theradarhasa one-waybeamwidth
of 1.5°. To distinguishthe measurementsiadein early 1994from a setmadein
late 1993, thesemeasurementareknown collectively asGraylingll. In all, there
weremorethanl170missionsat Graylingll.

TheradartransmittedL00 ns pulses giving the systema raw rangeresolution
of 15 m. The polarizationwas switchedbetweeneachpulse. For the purposeof
sharpeningherangeresolution,subsequenpairs of pulsesweretransmittedwith
carrierfrequencie® MHz apart.Eachgroupof 256 pulseswith carrierfrequencies
rangingfrom 95.00GHz to 95.64GHz, is calleda “ramp. In this analysis,the
frequeny steppeddatawasusednot for sharpeninghe rangebut to enlage the



Figurel: View from the radarof the Grayling |l testsite. The approximatdoca-
tions of the pixelscomprisingbaregroundat 5° depressiomremarked.

numberof independensampledor eachpixel, which is a single 15 m rangebin
at a givenelevationandazimuthpositionof theradar As thetargetdecorrelation
bandwidth7] is 10MHz, only every otherfrequeng stepwasusedyielding Ny =
64 for thenumberof statisticallydecorrelatedrequenciegperramp.

While the polarimetricmeasurementaere madefor both circular andlinear
polarizations,only the linear basisis usedin this analysis. To reducenoise,the
radarwasallowedto dwell on eachpixel for eightfrequeng ramps. Calibration,
involving measurementsf two trihedralsandthreedihedralswereperformedbe-
fore and after eachmissionand yielded a measuremeraccurag of +1 dB [7].
Details of the experimentalprocedurejncluding polarimetriccalibration,canbe
foundin [6].

As canbe seenin Figurel, the sceneis composedf treesand bushesnter-
spersedh arelatively openspaceln addition,afew hardtargetswerelocatedn the
scenedfor somemissionsfor the purposeof testingAutomatic Target Recognition
algorithms. The compositionof eachpixel could be determinedrom a videotape
recordedfrom a cameramountedon the gimbal with the radar Very few pixels
werevisually homogeneousmostcontainedpart of a treeor bush, or were par
tially obscuredy suchvegetation.At a depressiorangleof 5°, sevenpixelswere



identifiedfrom the videotapeascomprisingof only bareground,the mostat ary

one depressiorangle. Thesepixels rangedin azimuthfrom 63° to 70° (but ex-

cluding the pixel at 68°, which containeda singletall plant). For somemissions,
thesepixels consistedf snov cover, while for other, later, missionsthe snav had
meltedaway. Previous studies[8, 9] indicatethat the extinction in snow is very
high at millimeter wavelengthsandsothe snav-cover canbe considered clutter
type independenbf the underlyingground. While it is not possibleto positively
identify the contentof thesepixelsfrom the videotape pncethe snov had melted
it canbe assumedhey containedat mostlow dormantgrasses.Thesepixels are
usedin thefollowing testsfor homogeneoutargets;the entire scenewasusedfor

theheterogeneousiget.

3 Homogeneous Terrain Under Homogeneous Conditions

A distributedtarget, suchasa terrainsurface|s saidto be homogeneouswith re-
gardto a particularpropertyif thatpropertyis spatiallyinvariantover the extent of
thetamget;i.e., it assumeshe samevalueeverywhere.Froma radarstandpointa
homogeneoudistributedtarmgetis onethatexhibits a constanbackscatteringross
sectionperunit areafor all pixelswhenilluminatedby a very wide bandwidthin-
coherentsignal, akin to solarillumination in the visible part of the spectrum.In
practice however, radarusesa coherensignalwith arelatively narrov bandwidth
andthatbandwidthis usuallyusedto attaingoodrangeresolution.Consequently
a radarimageof sucha distributedtarget would exhibit a “salt and pepper”ap-
pearanceusually referredto asimagespeckle. A computergeneratedspeckled
imageof ahomogeneoudistributedtargetis shovnin Fig. 2. Speckles aresultof
coherentsignalinterferenceassociatedvith the vectoraddition of phasorscorre-
spondingto the backscattefrom all of the scatteringcenterswithin a given pixel.
If attheresolutionscale:

(1) eachresolutioncell of areaA containsa large numberof scattererssothat
the centrallimit theoremis applicable,

(2) all thescattererproducebackscatteresponsesf comparablenagnitude,
(3) thescattererarerandomlydistributedin locationwithin theresolutioncell,

(4) therangeextent of the tamget illuminated by the radaris smallerthanthe
meanrangeto thetarget,and

(5) therangeextentof thetargetis mary wavelengthsacross,



Figure2: Computersimulationof aspeckledadarimageafterlineardetection.



thenthe tametis a statisticallyhomogeneougtarget and the scatteringprocesss
governedby Rayleighfadingstatisticq1, 10].

Assumptions(1) through (5) are almostalwayssatisfiedin practice,but not
always. A high-resolutionradarwith resolutioncell dimensionson the order of
centimetersor decimeteranay not containenoughindependenscattererso sat-
isfy assumptior{(1). The consequencesf sucha situationhave beenexaminedby
DabaandBell [11]. Anotherassumptiorihatis sometimesiolatedis assumption
(2), requiringthatno singlescatterefor very few scatterersfiominatesall others.
The statisticsfor scatteringoy a singlelarge scattereembeddedn a background
of mary smallerrandomlydistributedscatterersarecharacterizethy the Ricedis-
tribution[12].

pdf of Scattering Amplitudes

Assumea polarimetricradarimageof homogeneouterrainconsistsof alarge
numberof pixels, N, eachof areaA. For eachpixel, the backscattemeasuredy
the systemis in theform of the scatteringmatrix S, where[13]:

Suv Suh
S = . 1
[ Sho Shh ] @

The elementof S arethe comple scatteringamplitudesassociateavith the four
different combinationsof transmitand receve linear polarizations. Element.$,
whereS representary oneof S, Sui, Shy OF Spp, Maybeexpresseds

§=5"+j5"=|5l, (2)

whereS’ = R€S], 5" = Im[S],|5| is themagnitudeof S and¢ is its phaseangle.
Thejoint probabilitydensityfunctionof therealandimaginarypartsof S areeach
Gaussiaristributedwith zeromeansandequalvariancesandis givenby

p(Sl,S”) — 27382 exp [_ (5/2 1+ S//Q) /2 52] (3)
wheres is the standardeviation.

Figure 3 compareshe measurechistogramsof S/ and S}, with zero-mean
Gaussiarpdfs with variancesequalto thoseobtainedfrom the histograms. The
measurementsyhich weremadefor the baregroundpixels at a depressiorangle
of 5°, were part of the last segmentof the Grayling Il expedition, during which
time the snov cover had alreadymeltedaway. For missions150, 155-157,and
163-170the groundwashbare temperaturesvereabove freezingandtherewasno
precipitation. Over all thesemissionsthe VV-polarizednormalized(with respect
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to pixel areaA) radarcrosssection(RCS),calculatedfor eachpixel by averaging
overthe 64 frequeny samplesand8 rampsfor eachpixel, hadameanof -22.83dB
anda standarddeviation of 0.70dB. For perfectcalibration,an RCSmeasurement
basedn 64 independensampledasanassociatedincertaintyof 0.51dB. Hence
it is safeto assumehatthesesamplegepresent homogeneousargetunderho-
mogeneousonditions.

As can be seenfrom the datashavn in Fig. 3 the measuredneansof 5/,
and 57, are both approximatelyzero, their standarddeviations s/, and !/, are
approximatelyequal,andthehistogramsarewell representetly the Gaussiarpdf.

Also, the calculateccorrelationcoeficient betweens!, and S?/, wasfoundto
be0.0158,which meanghatthey areessentiallyuncorrelated.

Similarresultswereobsenedfor the otherpolarizationcomponentsf thema-
trix S.

pdf for Received Voltage M agnitude

If S” andS” areeachzero-mearGaussiarmrandomvariableswith equalvari-
anceq s’ = s = s) andif, additionally, 5’ and.S” areuncorrelatedthenthe pdf
of | 9] is Rayleighdistributed[1,10,14]. The pdfof V' = 2,/x|5] is givenby

!

_ T / _
VIV) =3 smee =LV vz, )

T
4

whereV isthemeanvalueof V andit is relatedto the standardieviation s by

V = \/;(2\/77 8) = V2rs 5)

Measuredand calculatedodfs are comparedn Fig. 4(a) for VV andcrosspolar
izations. The Rayleighmodelappeardo provide excellentfits to the dataof the
bareground pixels, confirming that they constitutea homogeneousarget under
homogeneousonditions.

Theterm“Rayleighfading” is usedto describethe scatteringorocesgor ary
guantity associatedvith statisticallyhomogeneouslutter, even thoughit is only
therecevedvoltagemagnitudewnhichis Rayleighdistributed.

pdf for Intensity

For intensity (power) or intensity relatedquantities,suchas the radarcross
sectionper unit areawhen expressedn units of (m?/m?), the pdf for a single
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Figure 3: Histogramsof the VV-polarizedscatteringamplitudeand correspond-
ing Gaussiardistributionswith the samevariance for Grayling Il pixels of bare
ground,a homogeneoutamget underhomogeneousonditions. The samplesetis

composedf 64 frequeny samplesx 8 rampsx 7 pixels x 12 missions= 43008
datapoints.
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Figure4: Histogramsof the Graylingl pixelsof bareground,ahomogeneoutar
getunderhomogeneousonditions for linear detectionandsquardaw detection.
The samesamplesetis usedasin the previousfigure. Theleft columnis for VV
polarizationtheright columnis for HV polarization.



sampledravn from a populationwith mean/ = 2V? becomesan exponential
[10,14]:
- 1
WII )= sep [-1/T], 120 (6)

where[ is themeanvalueof 7 andl = V2 = 4x|S|*. Figure4(b) compareshe
measuredpdfs for 1,, and [, with the exponentialpdf basedon (6). Excellent
agreemenis obsenedin bothcases.

pdf for Normalized RCSin dB

Througha transformatiornof variablesfrom 7 to ¢ = 10log I we obtainthe
pdf

_ In10  _,
P(U|U)—Tﬂe ; (7)
with
z = 10{0—2)/10 (8)

ands = 10log I. We notethata, which is commonlycalledthe badscattering
coeficientanddenotedby the symbols®, is determineddy calculating/ first and
thencorvertingit into dB, andnot by evaluatingthe averagevalueof o. Thatis,
o # (10log I). For thecasewhereall valuesof I arefirst corvertedto dB andthen
they areusedto determinghe meanvalue thereaderis referredto Hoekmar15].

Figure 4(c), which includescalculatedand measureddfs for o, is a further
confirmationthatthe Rayleighmodelis appropriatdor characterizingdd MW near
grazingbackscattestatisticsfor homogeneouterrainunderhomogeneousondi-
tions.

4 Homogeneous Terrain Under Heter ogeneous
Conditions

We will now examinethesamepixelsthatwerediscussedn the precedingsection,
but undera variety of differentsnon-cover conditions. During missions9-13,the
shov waswet; duringmissionsl8-24,thesnov wasrefrozen;andduringmissions
93,94, and131-134 the snav wasfresh. Figure5 displaysthe histogramsof the
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meanvalue of the normalizedRCSfor VV and crosspolarizations,p(a,,) and
p(ohy ), cOnstructedrom datafor 8 rampsat 7 pixels over 18 missions.For each
pixel, ., anday, aredeterminedy averagingoverthe 64 independentrequeny
sampleswhich meanghatthe precisionassociateavith eachmeasuremenf ¢ is
about+0.5 dB. Eachhistogramexhibits a dynamicrangeon the orderof 20 dB,
all essentiallydueto the varying snaow-cover conditions. If a scenewith sucha
backscattehistogramwere to be imagedby a one-lookper pixel radar the ob-
senedintensityof the resultantspeckledadarimagewould be characterizedhy a
pdf givenby the Bayesrule as[16]:

p(I) = / U 1) (D d ©)

where! is the meanintensity (correspondindo & in dB) andp(1) is the pdf cor-

respondingo the histogramsshown in Fig. 5. To evaluatethe applicability of the
Bayesformulato the availabledata,we shouldfirst cornvert (9) into a summation
overthenumberof obsenations Ny = 7 pixels x 8 rampsx 18 missions= 1008.

If we denoteby I, the meanvalueobtainedby averagingthe 64 independentre-

gqueny measurementir a given ramp/pixel/andmissioncombination,then (9)

may berewritten as

No

Z%exp(—]/]}) (10)

k=1 k

1
p(l) = N

wherewe have replacedy(/ | I) with theexponentialpdf givenby (6).
For lineardetectionthe equivalentexpressionsare

p(V) = /0 TV V) p(V) dV (11)

for thecontinuouscaseand

No 2
Ao NV o ot (Y 12
p(‘ ) - 21\{0 ; sz exp [ 4 (‘/k) ( )

for thediscretecase Figure6 comparesistogramsasedn the obseredvoltage
or intensity, with pdfscalculatedn thebasisof (10) and(12) usingthe pixel mean
distributionsshown in Fig. 5. Excellentagreemenis obseredin all cases.

11
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Figure5: Histogramsof the meanvaluesof the Grayling Il pixels of snov over

bareground,a homogeneoutamget underheterogeneousonditions. The sample
setis composedf 64 frequeny samplesx 8 rampsx 7 pixels x 18 missions
= 64512datapoints; frequeng averagingwasusedto obtain the distribution of

the backscatteringoeficients,so eachhistogramrepresentd008¢° values.The

variationsdueto differentmissionsare greaterthanthosedueto differentpixels

andramps giving riseto someclumpingof thedata.Part (a)is for VV-polarization
andpart(b) is for HV polarization. For comparisonthe meanvaluesof the bare
grounditself,ahomogeneoutamgetunderhomogeneousonditions hasastandard
deviation of only 0.70dB.
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Figure6: Histogramsof the Grayling |l pixelsof snov over bareground,shaving
theresultsof theapplicationof the Bayesformula. The samesamplesetis usedas
in the previousfigure.
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5 HeterogeneousTerrain

Becausdeterogeneouerrainexhibitsawide rangeof backscatteringaluessome
authorshave resortedo the useof non-physicallybasednulti-parametedistribu-
tions, suchasthe K -distribution, to characterizeéhe obsened pdf of radarclut-
ter[3,5,17]. TheK-distribution, while popular is ultimately basedon anassump-
tion of a Gammadistribution for the meanpixel RCS[16] which Jao[18], despite
variousrigorousderivationsand several plausibility aguments admitsis “purely
hypothetical. We preferinsteadto apply the more generalBayesformulaintro-
ducedin the precedingsection,andto demonstratéts applicability we have used
thedataacquiredrom anentirescenewhichincludesavarietyof differentterrain
classesscanbe seenfrom thephotograplof Fig. 1.

The distribution of the normalizedmeanpixel RCS, p(@), is shavn in Fig. 7
andthe clutter pdfs areshown in Fig. 8. The dataare non-Rayleighbecausdhe
clutterhistogramsn Fig. 8 areclearly not the sameshapeasthosein Fig. 4. Also,
the distributionsof the meanpixel RCSin Fig. 7 are clearly not the smoothbell-
shapecturve of the Gammadistribution, implying thatthe K -distributionis inap-
propriatein this circumstance.

Despitethe fact thatin the scenevery few pixels togethercomprisea homo-
geneoudamet, the fit of the calculateddistributions using (10) and (12), to the
measuredlistributionsis excellent. This is becausdor eachpixel, the different
frequengy samplesn eachrampconstituteanindependenvbsenationof thesame
tamget, enforcingthe homogeneityequiredto makean estimateof the RCSunder
Rayleighconditiong[7]. Thatis, while assumptior2 of Section3 is violatedin this
heterogeneouscenenvhencomparingonepixel to the next, within eachpixel it is
satisfiedwhencomparingdifferentfrequeng samples.Thus,the characterization
of the distribution of terrain clutter is a task of characterizinghe distribution of
the oY of homogeneoupiecesof terrain. Wherespatiallyhomogeneousegionsof
terrain,suchasbaregroundor snov-cover underuniform conditions,do not exist,
it is possibleto achiaze suchhomogeneityia frequeng averaging.

6 Concluding Remarks

The fading statisticsof radarbackscattemvere investigatedusing 95-GHz near

grazingmeasurementsf terrain. This study:

(a) confirmedthatthe Rayleighfadingmodelis quite suitablefor characterizinghe
backscattedistribution for homogeneouserrainunderhomogeneousonditions,
asexemplifiedby bareground,and

(b) demonstratethatthe Bayesformulaprovidesa physicallybasedapproacHor

14
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Figure7: Histogramsf meanvaluesof theGraylingll pixelsof theentiresceneof
mission155,aheterogeneousaiget. The samplesetis composeaf 64 frequeny
samplesx 1 ramp x 784 pixels over 1 mission= 50176 datapoints; frequengy
averagingwasusedto obtainthe distribution of the backscatteringoeficients,so
eachhistogramrepresent§y84 ¢° values.Part (a) is for VV-polarizationandpart
(b) is for HV polarization.
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characterizinghe distributionsfor bothsnav-cover at differentstatesof freshness
and wetnessas an exampleof homogeneouterrainunderheterogeneousondi-
tions, andfor an entiresceneconsistingof mixed openspaceandseveraltypesof
trees,asanexampleof heterogeneourrain.

Theuseof frequeng averagingonindividual pixelsof animageallowsfor the
generatiorof meanRCSvaluesover homogeneousubrgionsof theimage,since
eachpixel is homogeneoubetweerfrequeng points. Thus,the Bayesformulais
capableof describinghedistribution of clutterof evenheterogeneouscenespro-
videdthe meanRCSvaluesof the objectsconstitutingthe scenecanbe described.
In this paper we allowed the dataitself to provide the distribution of meanRCS
values becausdt doesnotconformto ary simpleclosed-formprobability density
function.
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