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ABSTRACT

Thestatisticalbehavior of clutterobservedneargrazingincidenceandat95GHz
is investigatedfor thespecificcasesof bareground,snow-cover, andfor a hetero-
geneousscene.The baregroundconstitutesa homogeneoustarget underhomo-
geneousconditionsand the magnitudeof the amplitudeis Rayleighdistributed.
While thesnow-cover is a homogeneoustarget,theconditionsunderwhich it was
observed areheterogeneous,andthe Bayesrule is employedto describeits clut-
ter distribution. TheBayesrule integratesvariationsdueto signalfadingwith the
underlyingvariationsin thebackscatteringcoefficient associatedwith thehetero-
geneity. The heterogeneoussceneis alsosuccessfullydescribedwith the Bayes
rule.

1Thiswork wassupportedby ContractQK 8820with LockheedSandersInc.,aspartof theArmy
ResearchLaboratory’s FederatedLaboratoryAdvancedSensorsProject.
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1 Introduction

Theobjectiveof this paperis to examinethenatureof thestatisticalvariability of
radarclutterat millimeter wavelengths(MMW), with particularemphasison ob-
servationdirectionscorrespondingto anglesneargrazingincidence.Thestatistical
natureof terrainclutter variationshave beenexploredat millimeter wavelengths
(MMW) andanglesfar from grazing[1], andatgrazingincidencebut at lowerfre-
quencies[2], but theauthorsarenot awareof any studyof thestatisticsof MMW
scatteringof terrainneargrazingincidence.

The Rayleighdistribution will be usedto analyzeMMW near-grazingclut-
ter wherethe clutter is homogeneous,andwhereit is not, the Bayesrule will be
employedto build up the observed distribution from subsetsof the clutterwhich
arehomogeneous.An alternativewould beto employa morespecificdistribution
suchasthe

�
-distribution,but while the

�
-distribution mayadequatelydescribe

seaclutter [3,4], theuseof this distribution to describeterrainclutterhasnot met
with unanimoussuccess[5].

Openground in early spring is usedan exampleof a homogeneoustarget;
snow-cover, undera variety of temperatures,is usedasan exampleof a homo-
geneoustargetunderdifferentconditions;andan entiresceneconsistingof trees,
bushes,andbaregroundis usedasanexampleof aheterogeneoustarget.First,we
startwith a brief descriptionof theradarsystemusedto acquirethedatareported
in thisstudy.

2 95-GHz Measurement Program

From4 Marchthrough15April 1994,theArmy ResearchLaboratory(ARL) oper-
atedits 95GHzpolarimetricradaratasinglesitein Grayling,MI, aspartof astudy
to characterizeMMW scatteringfrom terrain[6]. At preselectedrandomdatesand
times,theradarperformedamission:it scannedthescenein Figure1 in ������� steps
in azimuthandatmost ����� � stepsin elevation.Theradarhasaone-waybeamwidth
of ����	�� . To distinguishthemeasurementsmadein early1994from a setmadein
late1993,thesemeasurementsareknown collectively asGrayling II. In all, there
weremorethan170missionsatGraylingII.

Theradartransmitted100nspulses,giving thesystema raw rangeresolution
of 15 m. The polarizationwasswitchedbetweeneachpulse. For thepurposeof
sharpeningtherangeresolution,subsequentpairsof pulsesweretransmittedwith
carrierfrequencies5 MHz apart.Eachgroupof 256pulses,with carrierfrequencies
rangingfrom 95.00GHz to 95.64GHz, is calleda “ramp.” In this analysis,the
frequency steppeddatawasusednot for sharpeningthe rangebut to enlarge the
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Figure1: View from theradarof theGrayling II testsite. Theapproximateloca-
tionsof thepixelscomprisingbaregroundat5� depressionaremarked.

numberof independentsamplesfor eachpixel, which is a single15 m rangebin
at a givenelevationandazimuthpositionof the radar. As thetargetdecorrelation
bandwidth[7] is 10MHz, only everyotherfrequency stepwasused,yielding 
���
���

for thenumberof statisticallydecorrelatedfrequenciesperramp.
While the polarimetricmeasurementsweremadefor both circular andlinear

polarizations,only the linear basisis usedin this analysis. To reducenoise,the
radarwasallowedto dwell on eachpixel for eight frequency ramps.Calibration,
involving measurementsof two trihedralsandthreedihedrals,wereperformedbe-
fore andafter eachmissionandyieldeda measurementaccuracy of � 1 dB [7].
Detailsof the experimentalprocedure,including polarimetriccalibration,canbe
foundin [6].

As canbe seenin Figure1, the sceneis composedof treesandbushesinter-
spersedin arelativelyopenspace.In addition,afew hardtargetswerelocatedin the
scenefor somemissionsfor thepurposeof testingAutomaticTargetRecognition
algorithms.Thecompositionof eachpixel couldbedeterminedfrom a videotape
recordedfrom a cameramountedon the gimbal with the radar. Very few pixels
werevisually homogeneous:mostcontainedpart of a treeor bush,or werepar-
tially obscuredby suchvegetation.At a depressionangleof 	 � , sevenpixelswere
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identifiedfrom thevideotapeascomprisingof only bareground,the mostat any
onedepressionangle. Thesepixels rangedin azimuthfrom

��� � to ����� (but ex-
cluding thepixel at

��� � , which containeda singletall plant). For somemissions,
thesepixelsconsistedof snow cover, while for other, later, missionsthesnow had
meltedaway. Previous studies[8, 9] indicatethat the extinction in snow is very
high at millimeter wavelengths,andsothesnow-covercanbeconsidereda clutter
type independentof theunderlyingground. While it is not possibleto positively
identify thecontentof thesepixels from thevideotape,oncethesnow hadmelted
it canbe assumedthey containedat most low dormantgrasses.Thesepixelsare
usedin thefollowing testsfor homogeneoustargets;theentirescenewasusedfor
theheterogeneoustarget.

3 Homogeneous Terrain Under Homogeneous Conditions

A distributedtarget,suchasa terrainsurface,is saidto behomogeneouswith re-
gardto aparticularpropertyif thatpropertyis spatiallyinvariantover theextentof
the target; i.e., it assumesthesamevalueeverywhere.Froma radarstandpoint,a
homogeneousdistributedtargetis onethatexhibits aconstantbackscatteringcross
sectionperunit areafor all pixelswhenilluminatedby a very wide bandwidthin-
coherentsignal,akin to solar illumination in the visible part of the spectrum.In
practice,however, radarusesa coherentsignalwith a relatively narrow bandwidth
andthatbandwidthis usuallyusedto attaingoodrangeresolution.Consequently,
a radarimageof sucha distributedtarget would exhibit a “salt andpepper”ap-
pearance,usually referredto as imagespeckle. A computergeneratedspeckled
imageof ahomogeneousdistributedtargetis shown in Fig.2. Speckleis a resultof
coherentsignal interferenceassociatedwith the vectoradditionof phasorscorre-
spondingto thebackscatterfrom all of thescatteringcenterswithin a givenpixel.
If at theresolutionscale:

(1) eachresolutioncell of area� containsa largenumberof scatterers,sothat
thecentrallimit theoremis applicable,

(2) all thescatterersproducebackscatterresponsesof comparablemagnitude,

(3) thescatterersarerandomlydistributedin locationwithin theresolutioncell,

(4) the rangeextent of the target illuminatedby the radaris smallerthan the
meanrangeto thetarget,and

(5) therangeextentof thetargetis many wavelengthsacross,
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Figure2: Computersimulationof aspeckledradarimageafterlineardetection.
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thenthe target is a statisticallyhomogeneoustarget andthe scatteringprocessis
governedby Rayleighfadingstatistics[1,10].

Assumptions(1) through(5) arealmostalwayssatisfiedin practice,but not
always. A high-resolutionradarwith resolutioncell dimensionson the orderof
centimetersor decimetersmay not containenoughindependentscatterersto sat-
isfy assumption(1). Theconsequencesof sucha situationhave beenexaminedby
DabaandBell [11]. Anotherassumptionthat is sometimesviolatedis assumption
(2), requiringthatno singlescatterer(or very few scatterers)dominatesall others.
Thestatisticsfor scatteringby a singlelarge scattererembeddedin a background
of many smallerrandomlydistributedscatterersarecharacterizedby theRicedis-
tribution [12].

pdf of Scattering Amplitudes

Assumea polarimetricradarimageof homogeneousterrainconsistsof a large
numberof pixels, 
 , eachof area� . For eachpixel, thebackscattermeasuredby
thesystemis in theform of thescatteringmatrix � , where[13]:

��
 �! #"$"  #"&% '%("  '%)%+* � (1)

Theelementsof � arethecomplex scatteringamplitudesassociatedwith thefour
different combinationsof transmitand receive linear polarizations. Element

 
,

where
 

representsany oneof
 #"$"

,
 ,"&%

,
 '%("

or
 '%)%

, maybeexpressedas 
  .-0/�1� 2- - 
43  3 57698;: (2)

where
 - 
 Re<  2= :  - - 
 Im <  2= :�3  3 is themagnitudeof

 
and > is its phaseangle.

Thejoint probabilitydensityfunctionof therealandimaginarypartsof
 

areeach
Gaussiandistributedwith zeromeansandequalvariancesandis givenby?A@  - :  - -CB 
 �D�EGFIHKJ(LNM�OCPRQ  - H /S - - H)T2U DVF H(W

(3)

where
F

is thestandarddeviation.
Figure3 comparesthe measuredhistogramsof

 -"$"
and

 - -"X"
with zero-mean

Gaussianpdfs with variancesequalto thoseobtainedfrom the histograms.The
measurements,which weremadefor thebaregroundpixelsat a depressionangle
of 	�� , werepart of the last segmentof the Grayling II expedition,during which
time the snow cover hadalreadymeltedaway. For missions150, 155-157,and
163-170thegroundwasbare,temperatureswereabove freezingandtherewasno
precipitation.Over all thesemissions,theVV-polarizednormalized(with respect
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to pixel area� ) radarcrosssection(RCS),calculatedfor eachpixel by averaging
overthe64frequency samplesand8 rampsfor eachpixel, hadameanof -22.83dB
anda standarddeviationof 0.70dB. For perfectcalibration,anRCSmeasurement
basedon 64 independentsampleshasanassociateduncertaintyof 0.51dB. Hence
it is safeto assumethat thesesamplesrepresenta homogeneoustargetunderho-
mogeneousconditions.

As can be seenfrom the datashown in Fig. 3 the measuredmeansof
 -"$"

and
 - -"$"

are both approximatelyzero, their standarddeviations
F -"X"

and
F -Y-"$"

are
approximatelyequal,andthehistogramsarewell representedby theGaussianpdf.

Also, thecalculatedcorrelationcoefficient between
 -"$"

and
 - -"X"

wasfoundto
be0.0158,which meansthatthey areessentiallyuncorrelated.

Similar resultswereobservedfor theotherpolarizationcomponentsof thema-
trix S.

pdf for Received Voltage Magnitude

If
 -

and
 - -

areeachzero-meanGaussianrandomvariableswith equalvari-
ances@ F - 
 F -Y- 
 F B

andif, additionally,
 -

and
 - -

areuncorrelated,thenthepdf
of 3  3 is Rayleighdistributed[1,10,14]. Thepdf of Z[
 D�\ E 3  3 is givenby?A@ Z]3_^Z B 
 E D Z^Z H exp ` P E � @ Z U ^Z B H(a : Z]bR�c: (4)

where ^Z is themeanvalueof Z andit is relatedto thestandarddeviation
F

by

^Z[
4d E D @ D \ EeF B 
 \ D�EfF
(5)

Measuredandcalculatedpdfs arecomparedin Fig. 4(a) for VV andcrosspolar-
izations. The Rayleighmodelappearsto provide excellentfits to the dataof the
baregroundpixels, confirming that they constitutea homogeneoustarget under
homogeneousconditions.

The term“Rayleigh fading” is usedto describethescatteringprocessfor any
quantityassociatedwith statisticallyhomogeneousclutter, even thoughit is only
thereceivedvoltagemagnitudewhich is Rayleighdistributed.

pdf for Intensity

For intensity (power) or intensity relatedquantities,suchas the radarcross
sectionper unit areawhen expressedin units of @ mH U mH B , the pdf for a single
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Figure3: Histogramsof the VV-polarizedscatteringamplitudeandcorrespond-
ing Gaussiandistributionswith the samevariance,for Grayling II pixels of bare
ground,a homogeneoustargetunderhomogeneousconditions.Thesamplesetis
composedof 64 frequency samplesg 8 ramps g 7 pixels g 12 missions= 43008
datapoints.
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Figure4: Histogramsof theGraylingII pixelsof bareground,ahomogeneoustar-
getunderhomogeneousconditions,for lineardetectionandsquarelaw detection.
Thesamesamplesetis usedasin thepreviousfigure. Theleft columnis for VV
polarization;theright columnis for HV polarization.
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sampledrawn from a populationwith mean ^i 
 jk ^Z H becomesan exponential
[10,14]:

?A@ i 3 ^i B 
 � ^i exp OlP i U ^i W : i bR� (6)

where ^i is themeanvalueof
i

and
i 
[Z H 
 �mE 3  3 H . Figure4(b) comparesthe

measuredpdfs for
i "X"

and
i %("

with the exponentialpdf basedon (6). Excellent
agreementis observedin bothcases.

pdf for Normalized RCS in dB

Througha transformationof variablesfrom
i

to no
p�q�2rts�u i we obtain the
pdf

?A@ nv3 ^n B 
 rtwx�q��q�zy 5|{;}m: (7)

with

y 
~�q�N��� {�����l�X����: (8)

and ^nS
��q�2rts�u ^i . We notethat ^n , which is commonlycalledthe backscattering
coefficientanddenotedby thesymbol nf� , is determinedby calculating ^i first and
thenconverting it into dB, andnot by evaluatingthe averagevalueof n . That is,^n��
~�$�q��r�s�u i#� . For thecasewhereall valuesof

i
arefirst convertedto dB andthen

they areusedto determinethemeanvalue,thereaderis referredto Hoekman[15].
Figure4(c), which includescalculatedandmeasuredpdfs for n , is a further

confirmationthattheRayleighmodelis appropriatefor characterizingMMW near-
grazingbackscatterstatisticsfor homogeneousterrainunderhomogeneouscondi-
tions.

4 Homogeneous Terrain Under Heterogeneous
Conditions

Wewill now examinethesamepixelsthatwerediscussedin theprecedingsection,
but undera varietyof differentsnow-cover conditions.During missions9-13,the
snow waswet; duringmissions18-24,thesnow wasrefrozen;andduringmissions
93, 94, and131-134,thesnow wasfresh. Figure5 displaysthehistogramsof the
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meanvalueof the normalizedRCSfor VV and crosspolarizations,?A@ ^n "$" B and?A@ ^n %(" B , constructedfrom datafor 8 rampsat 7 pixelsover 18 missions.For each
pixel, ^n "$" and ^n %(" aredeterminedby averagingover the64 independentfrequency
samples,whichmeansthattheprecisionassociatedwith eachmeasurementof ^n is
about �V�;��	 dB. Eachhistogramexhibits a dynamicrangeon the orderof 20 dB,
all essentiallydueto the varying snow-cover conditions. If a scenewith sucha
backscatterhistogramwere to be imagedby a one-lookper pixel radar, the ob-
servedintensityof theresultantspeckledradarimagewouldbecharacterizedby a
pdf givenby theBayesruleas[16]:

?A@ i B 
����� ?A@ i 3 ^i B ?A@ ^i B�� ^i (9)

where ^i is themeanintensity(correspondingto ^n in dB) and ?A@ ^i B is thepdf cor-
respondingto thehistogramsshown in Fig. 5. To evaluatetheapplicabilityof the
Bayesformula to theavailabledata,we shouldfirst convert (9) into a summation
over thenumberof observations 
 � 
 7 pixels g 8 ramps g 18 missions
~�I��� � .
If we denoteby ^iq� themeanvalueobtainedby averagingthe64 independentfre-
quency measurementsfor a given ramp/pixel/andmissioncombination,then (9)
mayberewrittenas

?A@ i B 
 �
 �
�G���(� � �^iq� J(LNM @ P i U ^iq� B (10)

wherewehave replaced?A@ i 3 ^i B with theexponentialpdf givenby (6).
For lineardetection,theequivalentexpressionsare?A@ Z B 
�� �� ?�@ Z�3 ^Z B ?�@ ^Z B�� ^Z (11)

for thecontinuouscase,and

?�@ Z B 
 ED 
 �
�G���(� � Z^Z H� J(L;M���P

E ��� Z ^Z �;� HX  (12)

for thediscretecase.Figure6 compareshistogramsbasedon theobservedvoltage
or intensity, with pdfscalculatedonthebasisof (10)and(12)usingthepixel mean
distributionsshown in Fig. 5. Excellentagreementis observedin all cases.
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Figure5: Histogramsof the meanvaluesof the Grayling II pixels of snow over
bareground,a homogeneoustargetunderheterogeneousconditions.The sample
set is composedof 64 frequency samplesg 8 ramps g 7 pixels g 18 missions
= 64512datapoints; frequency averagingwasusedto obtain the distribution of
thebackscatteringcoefficients,soeachhistogramrepresents1008 n � values.The
variationsdueto differentmissionsaregreaterthanthosedueto differentpixels
andramps,giving riseto someclumpingof thedata.Part (a) is for VV-polarization
andpart (b) is for HV polarization.For comparison,themeanvaluesof thebare
grounditself, ahomogeneoustargetunderhomogeneousconditions,hasastandard
deviation of only 0.70dB.
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Figure6: Histogramsof theGraylingII pixelsof snow over bareground,showing
theresultsof theapplicationof theBayesformula.Thesamesamplesetis usedas
in thepreviousfigure.
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5 Heterogeneous Terrain

Becauseheterogeneousterrainexhibitsawiderangeof backscatteringvalues,some
authorshave resortedto theuseof non-physicallybasedmulti-parameterdistribu-
tions, suchas the

�
-distribution, to characterizethe observed pdf of radarclut-

ter [3,5,17]. TheK-distribution,while popular, is ultimatelybasedon anassump-
tion of a Gammadistribution for themeanpixel RCS[16] which Jao[18], despite
variousrigorousderivationsandseveralplausibility arguments,admitsis “purely
hypothetical.” We preferinsteadto apply the moregeneralBayesformula intro-
ducedin theprecedingsection,andto demonstrateits applicabilitywe have used
thedataacquiredfrom anentirescene,which includesavarietyof differentterrain
classesascanbeseenfrom thephotographof Fig. 1.

The distribution of thenormalizedmeanpixel RCS, ?A@ ^n B , is shown in Fig. 7
andtheclutterpdfs areshown in Fig. 8. The dataarenon-Rayleigh,becausethe
clutterhistogramsin Fig. 8 areclearlynot thesameshapeasthosein Fig. 4. Also,
thedistributionsof themeanpixel RCSin Fig. 7 areclearlynot thesmoothbell-
shapedcurve of theGammadistribution, implying thatthe

�
-distribution is inap-

propriatein thiscircumstance.
Despitethe fact that in the scenevery few pixels togethercomprisea homo-

geneoustarget, the fit of the calculateddistributions, using(10) and (12), to the
measureddistributionsis excellent. This is becausefor eachpixel, the different
frequency samplesin eachrampconstituteanindependentobservationof thesame
target,enforcingthehomogeneityrequiredto makeanestimateof theRCSunder
Rayleighconditions[7]. Thatis, while assumption2 of Section3 is violatedin this
heterogeneousscenewhencomparingonepixel to thenext, within eachpixel it is
satisfiedwhencomparingdifferentfrequency samples.Thus,thecharacterization
of the distribution of terrainclutter is a taskof characterizingthe distribution of
the n � of homogeneouspiecesof terrain.Wherespatiallyhomogeneousregionsof
terrain,suchasbaregroundor snow-coverunderuniform conditions,do not exist,
it is possibleto achievesuchhomogeneityvia frequency averaging.

6 Concluding Remarks

The fading statisticsof radarbackscatterwere investigatedusing 95-GHz near-
grazingmeasurementsof terrain.Thisstudy:
(a)confirmedthattheRayleighfadingmodelisquitesuitablefor characterizingthe
backscatterdistribution for homogeneousterrainunderhomogeneousconditions,
asexemplifiedby bareground,and
(b) demonstratedthattheBayesformulaprovidesa physicallybasedapproachfor
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Figure7: Histogramsof meanvaluesof theGraylingII pixelsof theentiresceneof
mission155,a heterogeneoustarget. Thesamplesetis composedof 64 frequency
samplesg 1 ramp g 784 pixels over 1 mission= 50176datapoints; frequency
averagingwasusedto obtainthedistributionof thebackscatteringcoefficients,so
eachhistogramrepresents784 n � values.Part (a) is for VV-polarizationandpart
(b) is for HV polarization.
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Figure8: Histogramsof theGrayling II pixelsof theentiresceneof mission155,
showing theresultsof theapplicationof theBayesformula. Thesamesampleset
is usedasin thepreviousfigure.

16



characterizingthedistributionsfor bothsnow-coverat differentstatesof freshness
andwetness,asan exampleof homogeneousterrainunderheterogeneouscondi-
tions,andfor anentiresceneconsistingof mixedopenspaceandseveral typesof
trees,asanexampleof heterogeneousterrain.

Theuseof frequency averagingon individualpixelsof animageallowsfor the
generationof meanRCSvaluesover homogeneoussubregionsof theimage,since
eachpixel is homogeneousbetweenfrequency points.Thus,theBayesformulais
capableof describingthedistributionof clutterof evenheterogeneousscenes,pro-
videdthemeanRCSvaluesof theobjectsconstitutingthescenecanbedescribed.
In this paper, we allowedthe dataitself to provide the distribution of meanRCS
values,becauseit doesnot conformto any simpleclosed-formprobabilitydensity
function.
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