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Abstract—We addressthe problem of detectingslow-moving
targets using a space-timeadaptive processing(STAP) radar.
The construction of optimum weights at each range implies
the estimation of the clutter covariance matrix. This is typi-
cally doneby straight averaging of neighboring data snapshots.
However, in bistatic configurations, thesesnapshotsare range-
dependen. As a result, straight averaging resultsin poor per-
formance. After reviewing existing methodsfor handling the
range-dependencewe presentnew methodsexploiting the pre-
ciseshapeof the bistatic dir ection-Dopger curves.

|. INTRODUCTION

PulsedDopger radas areusedto detectmoving targets
andto measureheir range andspeed.They typically trans-
mit a train of coherenh pulses.Equippedwith alineararray
antennathey areparticdarly well suitedfor detectingslow-
moving targetsin the presene of clutterandjammes. The
techniqe of choicefor dealingwith this prodem is space-
time adapive processindSTAP) [1], [2].

Radarstypically operatein morostatic (MS) configua-
tion, i.e., with the transmitterand the recever colocated.
While initial STAP researctwasfocusedon MS configua-
tions,attentionis now turning to bistatic(BS) configuations
[3], [4], wherethetransmitterandtherecever arelocatedon
distinct,indepemnlentlyimoving platefams.

The datacollectedby STAP radas can be viewed as a
sequencef 2D space-tine arrays,called“snapshts”. Ba-
sic STAP method compute a weightedlinear combiration
of the snapshotlements. The calculation of the optimum
weightsgenerallyinvolves the inversia of the covaliance
matrix of thesnapshb This covariancematrix mustbeesti-
mated. This is typically doneby averagirg the snapshotat
aseriesof neigtboring ranges.

The range-depedenceproddem resultsfrom the factthat
the clutter enegy wandersin the power-spectral-desity
(PSD)domainastherang changes.This “range-walking”
manifestdtself by thedefomationof theubiquitaus“clutter
ridge” with range.This resultsin a degradationof detection
perfamance.The objectof this paperis to comensatefor
this range-depedenceof the clutter ridge to bring perfor-
manceascloseaspossibleto its optimumlevel.

We begin by reviewing existing range-depaedencecom-
pensatiommethals. Then we presennev method basedn
the ideaof estimatingthe covariancematrix at somerefer
encerangegate(indexed with [) by first applying transfor
mationsto the covatiancematricesata seriesof neightoring

rangegates(indexed with k) andthenaveradgng the trans-
formed matrices.However, the transfamationis appliedto
the correspnding PSDs,i.e., to the spectraldoman. The
PSDcorrespadingto somerange (gate)k is transfornedto
bring its clutterridge into registrationwith that of the PSD
at the referecerange [. All thesemethod arethusbased
uponamappng of theelemers of thePSDateachrance k.
The registration of the clutter ridgesobsenred in expeti-
mentaldatais guided by analyticalformuas describingthe
form of related‘direction-Dogpler (DD) curves”, which are
mathenatical curvesfully determired by the configuation
paranetersandtherange of interest.We distingushbetween
two typesof rangedepenlencecompesationmethals: (a)
“true-parametergTP)” methalsassumexactknowledgeof
the paranetersand (b) “estimatedparametes (ET)” meth-
ods estimatethe paranetersfrom the data. Below, we de-
scribethesemethod anddiscusgheir performarce.

II. BISTATIC (BS) RADAR-MEASUREMENT
CONFIGURATION

Figurel shavsatypicd BS corfigurationwith transmitter
T andreceier R. Theorigin of the (z, y, z) coadinatesys-
temcoincideswith T'. Its orientation is suchthatthe z-axis
pointsin the sameway asthetransmittervelocity vecta v -
andthatthe z-axs poirts vertically up. We assumehatthe
recever velocity vectorw p, is locatedin a horizontal plane
The anglebetweerw  andv- is derotedby ag. Thean-
tennaA is assumedo belinearandin a horizantal plane
Definingd astheanglebetweerthe s-axisandv , 6 + ar
fully describs the orientation of A. The sidelodking (SL)
configuation correspndsto § = 0. ThebistaticrangeR
is the distancefrom T' to S to R. Definingvg = |vg| and
vr = |vy|, ary BS configuationis fully charactezed by
thevectorof paraméers
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I1l. DIRECTION-DOPPLER CURVES AND SURFACES
A. Important parametes

The radas of interestare expectedto detemine at least
threebasic paranetersfor eachscattererS: the BS range
Ry, theangulamositioné ;s andtherelative velocity v,. (with
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Fig. 1. BS configuation. (a) Transmitter(1") - Receiver (R) - Scaterer

(S) geometryandrelated paramegrs. (b) AntennaA andrelatedangles.

respecto R). Therelatedparametesthataremore directly
measuredrom theradarreturrs arethe roundtrip delayr .,
the spatialfrequeny f, andthe Dopger frequeng f4. For
a stationaryscattererthey arerespectiely given by

Trt = Rb/C
s = Agl cos s
fa = AglvT cosﬁg + /\glvR cos {f,

where), is thecarrierwavelengthandc is thespeedf light.
Ry, &5 andv,. areeasilycomputedfrom 7.4, fs and fy.

B. Isorange curves

All scatterersS charactdzed by the samerangeR, are
locatedonanisorang surface whichis anellipsoidof revo-
lution with foci atT andR. Theintersectiorof this surface
with thegrourd, mocelledasahoilizontalplaneatz = — H,
is calledanisorang curve. It is in factanellipse,which we
parametare with thepolarangles.

C. Direction-Dpler (DD) curves

For ary given configurationandrangeRy, all stationary
scattererst this range maponto a curve shawing therela-
tion betweenf, and f; for ary suchscatterer Eachcurve
is calleda “direction-Dogpler (DD)” curne. DD curves are
typically represent@in termsof the normdized spatialfre-
queny v, equalto (\./2)fs andthe normalizel Doppler
frequeng v4 equal to (A./2(vg + vr)) f4. Figure2 shows
that BS DD curwes vaty significantly with corfiguration
andrange. The factthat thesecurves vary with range for
ary particularBS configuation is the sourceof the range-
depenlenceprodem considerd in this paper

Deriving the equatios of BS DD curwesis a challenge.
Ourapprachis asfollows. First,weexpressv; asafunction
of vs. SincemostBS DD curves have two possiblevaluesof
vy for eachvalueof v, any BS DD curwe is bestdescribed
by two functionsv, = fi(vs) andvy = f2(vs). Second,
if we expressv,; andy, in termsof v, we find a parametic
descriptionof theDD cunwe,i.e.,

vs=g1(y) and vg = g2(¢). )
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Fig.2. ExampleBS DD cunes. Units of zg, yg andzg arekm; units
of ag and§ aredegrees. In all cases,H = 50 km, vg = 90 m/sand
vpr = 90 m/s.RangesRy arel70, 210, 250 and400 km.

The derivation of the functions f;(v,) and f2(v;) or g1 (%)
andg () is comgicatedandlengthyandis thusomitted

D. Direction-Dgpler (DD) surfaces

The surfaceobtaina by stackingDD curvesfor various
valuesof Ry is calleda “directionDopgder (DD)” surface
By constrution, asliceof theDD surfaceatagiven R;, pro-
ducesheDD curwefor thatrange.

E. Recweryof DD surfaceparametes

Consider the BS DD surface & correspading to
an arbitray BS configuration charactared by 6, =
(H,xzR,Yr; %R, VR, VT, QR,0) @ndto all applicalle values
of R;. Onecanshav thatthe only othersetof paraneters
thatproducesS is

Q2 = (Ha TR, YR, 2R, VR, VT, —QR, _5)

Thus,we know thatthe inverse prodem of recorering @
from S doesnot have a unique solution but thatthereare
only two relatedsolutiors. Fromthis, we caninfer thatthe
inverseproblemof recorering@ from asinglesliceof S has
at leasttwo relatedsolutiors.

IV. DATA SNAPSHOT AND OPTIMUM PROCESSOR

A train of M cohereh pulsesis transmittedthe retums
are sensedat eachof the N elementsof a linear antenma
array andthesensedeturrs aresampledata nurmberof dis-
creteranges(calledrangegates)coveting therange intenal
of interest. We regad the dataas a sequencef M x N



dataarraysat successie range. Eachsucharrayis calleda
“snapshot”.The M x N snapshbcorresponihg to asingle
scatteremwith specificv,, v4 and R, canbe written asthe
MN x 1 vector[2]

Q(Vsa Vd) = /BT‘Q(Vd) ® Q(Vs)a (3)

where 3, comesfrom the radarequation v (v, v,) is the
MN x 1 steeringvecta, ® is the Kronecler product and
a(vs) andb(v,) arethe N x 1 spatialandM x 1 tempoal
steeringvectas givenby

alvs) = (1... (4)
bva) = (L... (5)

The clutter snapshbgc(ys,ud) is found by integrating
y(vs, vq) Over theisorang curve paraneterizedoy 14, i.e.,

= BTQ(Vsa Vd)
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Sinces. (1) is arandan process, y_ isarandaen vecta. We
assumét iswide- sensstatlonarylt is thuscharacterize by
a constantcovariancematrix B = E{y y’f} To find the
poNerspectrablensﬂy(PSD)assomatedvlth Y. we usethe
minimumyvariarce estimator1]. Clutter PSDsshaw a con-
centratiorof enegy alongaparticdar “curve” in thespectral
plane. The suppat of this “clutter ridge” is in directcorre-
spondacewith therelatedDD curve.

The M N x 1 weight vector providing optimum clutter
rejectionis [1]

= R "v(vs, va), (6)

wherethe covariancematrix R = E{yy'} is the sumof
the covariancematricesR _ = E{y_ y’f} for the clutterand

R = E{y yty) forthenmse Weassumehatthenmsey
is spatlallyangtempoally white sothatR =1 1In prac-
tice, R is notknown andmustbe estimatedor eachrange.

Themaxinume-likelihood estlmatorﬂ for rangegatel is [2]

RO = 3 Y BG)

kESz
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where V; is the nunber of snapshotaisedfor estimation,
S; is the setof snapshoindicesk definedby [ — % <
k< 1+ M=t andR(k) = y(k)y'(k), wherey(k) is the
shapshott range(gae) k. Equatio (7) provides an ac-
ceptableestimatefor R(l) only if the clutterridgeis range-
indepement. This never happes for BS corfiguratiors.
Range-dpendene compensatiormethalsarethusneeded

Theperfomanceof aprocessousingweightsw, whether
optimal or not, is measued by the signal-tointerferance-
plus-nase (SINR) lossdefinedas[2]

SINR jwt|”

SR = SINR, ~ W Bw)(vTy)’

(8)

whereSINR, is theSINRin theabsencef clutter Valuesof
SINR;_ range from a minimum equalto the noise-teclutter
ratioto amaximum of one,indicatingthatthe processoper
formanceis not degradedby clutter. Optimumperformarce
is achiered for w = w,. In practice, processor perfor
manceis degradedby estimationlossesand by the range
depenlenceof theclutterridge.

V. EXISTING METHODS BASED ON DOPPLER WARPING
AND TAYLOR SERIES

A. Dopgder Warping (DW) method

The Dopger Warping (DW) methal wasinitially devel-
oppel for nearlySL MS configurationg5] andsubsegantly
appliedto BS configurationg[4]. Keepingin mindthaty (k)
is of the form givenin Eq. (3), the principe of DW is to
addto v, in Eq. (3) a Dopder shift A(k) thatis choserfor
eachrang k in sucha way asto bring all clutterridgesin
registration. Equdion (5) shavsthatthis canbeachiesed by
premdtiplying y (v, v4) by thematrix

T(k) = [1 I2TAK) | i2n(M-DAMK)] o T,
Therebre,applying T'(k) to thesnapshoy (k) resultsin the
Dopﬂerwarpedsnapshoy (k) = T (k)y(k). T(k) can
provide perfectcompensanonat only onespecificv,. Per
formanceis poa for BS configurations[4]. Themainadwan
tageof the DW methd is its simplicity of implemertation.
However, the configuration paranetersmustbe known.

B. High-Order DopplerWarping (HODW) method

The High-Order Dopder Warping (HODW) methodis
a generalizatio of the Dopger Warping (DW) methal [6]
andprovidesperfectcompensatiorat morethanasinglev ;.
This methoddividesthe Dopplerfrequeng range into a fi-
nite numter of Dopplerbins. In eachDopder bin, a differ-
entrange-degndentDopder frequeng shift A(k) is cho
senandusedin the sameway asin the DW methal. The
main adwentage of the HODW methdal is that the range
depenlencecompensationis neaty perfect. However, the
configuation parametes mustbe known andthe compex-
ity of the Dopger filtering is significant.

C. Derivative-lasedupdaing (DBU) method

The derivative-basedupdating (DBU) methodwas pro-
posedto dealwith the rangedepenlencein BS configura-
tions[4]. Theoptimumweightsw (k) atrange k arecom
putedusinga Taylor seriesexpansion typically limited to

+ (k= Dab(l), 9)

where( . ) representshe derivative of w with respecto
range [ is the refererce rangeand k the range of interest.
Thevaluesof w () andw (1) aregivenby [4]

w(k) = w(l)



w,(l _ v(vs, v,
(20 )=E" (")
where
" R(K) (k- DR
E‘N”$(<ww;w w—wzu)'

The main adwentageof the DBU methdl is thatit does
not requre ary knowledge of the configuation parametes.
Onedisadwantageis thattheperformarceof themetha vary
considerbly from oneconfigurationto anothe, sincewe as-
sumethatw (k) varieslinearly with rangek. Another dis-
adwartageis thatthe nunber of degreesof freedbmis dou-
bled: asa result, the nuber of samplesrequred for esti-
mating R is doubed.

VI. METHODS BASED ON REGISTRATION OF
DD CURVES

A. Conceptal transformatio for R(k)
In all ourrangedepenéncecompensatiommethod,

Y R0 =1 3 Tw[RR], @

keS: keS;

~ 1
R() =

whereTy;| . ] is thetransfomationbringing theclutterridge
of R(k) into registration with thatof R(l). We will notpro-
vide an analytical expressionfor Ty[.]. Instead,we will

provide algoithmsimplemerting this transfornation. Thus,
T[] is primarily of concepual interest. Sincethe mani-
festationof therangedepedenceprodemis in the spectral
domain range-depaedencecompeasationmethalsaremore
naturallydesignedn the spectradomain.

As aresultof stationarity R = R(k) is Toeplitzblock-
Toeplitz[2]. Exploiting redurdany in R, we replacethe
MN x MN matrix R by a (2N — 1) x (2M — 1) matrix
T = I'(k) entirelyequvalentto R. In contrastwith R, T
hasone dimersion devoted to spaceandthe other devoted
to time. Expressionsequialentto Egs.(11) for R canbe
writtenfor L. o

B. Matchingof DD curves

Whendesigningour methals,we caneitherthinkin terms
of thePSDclutterridge or in termsof thecorrespndingDD
curves. TheDD curwesarepreferred,sincewe have analyti-
cal tools to dealwith suchcures. Ultimately thoudh, the
thinking mustbetranslatednto the PSDplane.

Considera setof DD curves at various rangesfor a spe-
cific configuation. Theideais to bringtheDD curveateach
rangek € S; (thesourcerange)into registration with theDD
cune atreferewerange ! (thedestinationrange). Sincethe
sourcecurve will bedefamedinto thedestinatio curve, the
termsmoving curve(MC) andfixedcurve(FC) areused.

C. Classef mappingbasednethods

We considentwo classe®f methals. In “true-parameters
(TP)" methals, we assumethat € is known and in
“estimated-prameterdEP)” methals, we estimated from
thedata. The geneal architeture of eachclassis shavn in
Fig. 3. For BS configuations,therearetwo prefered im-
plemerationsof the “mapping-tasedcompersation; each
relying on a particular geometical transformation. Ta-
ble | summarizesthe various method discussedbelow.
A “mappng-basedcompensation”specificallydesignedor
MS configuationsis proposedin [7], wherethe TP or EP
varians arealsoconsideed.

(k) (k)

Configurationparameters
estimation

Mapping-based
compensation

o)

Mapping-based
compensation

(k)
(a) True-parameterl P) methods

I'(k)
(b) Estimated-paramete($P) methods

Fig. 3. Comparisorof architecture of (a) true-paametes (TP) methods
and(b) estimatel-paraneters(EP) methods.

TABLE |
| True-parametemneth. | Estimated-parametenseth.
Affine transformation TP-AT-BS EP-AT-BS
Warpingtransformation TP-WT-BS EP-WTBS

VIl. MAPPING-BASED COMPENSATION METHODS

A. Genericmappirg-bssedcompesation

Figure4 shavstheprocessingtepsof all mappng-based
compensatiommethals. Themain stepthatdiffersfrom one
particula metha to the next is the“mappng” step.
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Fig. 4. Block diagramof processingstepsfor genert mappirg-based
compenston method.



Expansion and zero-padding (if required). For ranges
k < I, the scalingof the PSD P is a dilation, implying a
contractiom of I'. Thesize(2N —1) x (2M —1) of T = (k)
mustthusbeincreasedby paddng T with zeros)in the v,
andy, dimensios, respectily.

Fourier transform: The2D FFT of Ep givesthePSDP.

Peakextraction (1): In orderto dilateor contacttheclutter
ridgein P, we find the position of the significantpeaksin
P by trackingthesepeaksdown alongthe theoetical DD
cuneusing@ or @

Mapping: The point (v,(k),vq(k)) on MC(k) is mapped
ontothe point (v (1), v;(1)) on FC(). The particularmap-
ping of eachmethodis describedater

Inter polation: Whenk < I, linear interpolation is per
formed to ensurethe“continuity” of thedilatedridgein P'.

InverseFourier transform: The2D IFFT of P’ givesg;.
Windowing: If k& < [, g; mustbewindowed to recover the
desired2N — 1) x 2M — 1) L.

B. Affinetransformatiorfor BScorfigurations (AT-BS)

In MS configuations,a simple scalingsufices sinceall
MS DD curwes area scaledversian of eachother[7]. How-
ever, in BS configuations,a simple scalingdoesnot lead
to goodcompensation. A straightbrward generalizéon of
the scalingtransfornationis the affine transfomation(AT).
The coeficierts of the AT arefound asfollows. First, we
discretizey andrecod the relatedsampleson MC(k) and
FC(). Secondwefind the AT coeficientsthatareoptimum
in a LS errorsense. The potertial of the AT is illustrated
in Fig. 5. The transformation works well whenthe source
anddestinatiorcurveshave similar shapesGivenits limited
numter of degreesof freecbm, the AT canna be expectel to
bringinto perfectregistraion two curvesthathave quitedif-
ferentshapes.

(zr, YR, 2r) = (80,50, 20)

(zr,yr,2r) = (100,0,0)
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Fig.5. lllustration of DD curwe registration achieved with the AT. Dotted
lines correspondto the FC. Solid lines correspod to the MC before(upper
diagram) andafter (lower diagran) AT. In all cases, R, (k) is 200 km and
Ry (1) is 350 km, H = 50 kmandvg = vy = 90 m/s.

C. Warpingtransformatiorfor BSconfgurations (WTBS)

The relatiors in Eqgs.(2) allow usto compue the “flow
line” correspndirg to eachspecificvalueof 4. Thisis il-
lustratedin Fig. 6(a). The various pointson eachflow line
corresppndto thevariows valuesof Ry. Typically, asR; in-
creasesye move alongonedirectian alongthe flow line.
The mappirg is thensimple: for ary given, we find the
sourcepoint A(v,, vq4) onMC(k) andmapit into A’ (v, v}))
on FC(). Remembetthat mappirg consistsessentiallyin
finding the “pixel” closestto A in the sour@ PSDandas-
signingits intensityvalueto the “pixel” closestto A’ in the
destinationPSD. The concep of mappng is illustratedin
Fig. 6(b).

vq Vg

(CY (b)

e e e T N
Vs Vg

Fig. 6. (a) lllustration of flow lines. (b) Flow lines dictating the deforma-
tion of MC(k) into FC().

VIIlI. CONFIGURATION-PARAMETERS ESTIMATION
METHODS

Figure 7 shavs a block diagramof the processingteps
in the genericcorfigurationparanetersestimationmethod
Theinpu is T'(k) andthe output is theestimate@ of 8. We
assumehat H, vy andvr areknown. We have devdopped
estimationmethod thatwork evenwhenH, vg andvr are
unkrown. Thesemethod arenotdescritedhere.

(k)
{ |

Expansiorand ’_t_‘
zeropadding 2DFFT
rL— Ip
| =
|

Peakextraction(2)

atrangek Curwefitting

i

(BS configuraibnsonly) =

Fig. 7. Block diagram of processig stepsfor geneic configuradion-
paramegérsestimaton method

Expansion and zero padding: The goalis to increasehe
sizeof I'(k) for curvefitting below. Experimentationshavs

thatgpﬁc) shouldhave aminimumsizeof 70 x 70.

Fourier transform: The2D FFT of L,) givesP.

Peak extraction (2): Since@ is notknown, we canrot use
the “peak extraction(1)” method Instead we usea water

shedseggmenation algorithm inspiredfrom imageprocess-
ing [8].

Curve fitting: We have analytical equatios for the DD

curves. We alsohavethecoordnates(v, ;,vq4,;) of thepeaks



just extracted.We canthusperfam a LS fit of a parametic
DD curweto thepeals. Theresultis the LS estimatef of 6.
Thestatisticsthatis minimizedis

Np

E(0) = d*((vs,va;),C(8)),

=1

(12)

where N, is the nurrber of detectedpeaks,d(P;,C) is the
distancebetweerpoint P; andcurveC, andC(@) is theDD
cune correspadingto 8. The paranetersto be estimated
arexg, yr, Zr, ag and§. Curve fitting is basedon geo-
metricalpropertiesof theDD curvesandis now described

IX. CURVE FITTING METHOD

We first derive fundamentalresultsleadingto constrants
on where R canbe locatedin 3D space. Second we use
thesecorstraintsto develop a stratgy for finding R.

A. Constaintson R

1) Relatiorship between corstantR;, ellipsoid and
ground Below, we carry mostof our reasoningn terms
of theradial cut of the 3D spaceby the vertical planegoing
through T" and R. In this vertical cut, the ellipsoid £(R)
appeas asanellipse&’ (Ry).

Therelationslip betweer€’(R;) andthegroundis shovn
in Fig. 8. The major axis 2a of £'(Rp) mustalways be
equalto Ry. However, the length2b of the minor axis can
be adjusted.Here,&'(Ry) is tangentto the grourd at some
pointG. Sincechangng b amourts to changimgy thedistance
2¢ betweenthefoci T and R (andvice-versa),therearean
infinite numter of ellipsesthat (1) have T as one of their
foci, (2) have 2a = R, and(3) aretangent to theground.

Via a geametrical argunent, one can shov that the
grownd, whichis thetangento £'(R;) atG, is alsothe bi-
sectorof theangIeTf}\T', whereT" is themirror imageof T'
with respecto the ground andis thuslocatedat z = —2H
onthez-axs. ObserethatT'R = R;.

First,assumehatwe aregivenT andsomefixedpoint of
tangeng G onthegrownd. Thus,sinceT'R = Ry, R is at
the intersection(assumedo be above ground) of theline |
throgh 7" andG andthecirclec = C(T", Ry) centeed at
T' andwith radiusRy.

SecondassumeéhatT is given but thatG' canmovefreely
on the ground. Then,for eachpositionG andfor a given
Ry, R is locatedat theintersectiorof [ andc. Eventhowgh
I chamgeswith G, ¢ remairs invariantasG moves. We con-
cludethat,for ary ellipse&’ (Ry) thatcorrespadsto arange
Ry, andthatis tangem to the ground, R is constrainedo be
onthecircle ¢(T’, Rp). In 3D space,R is thusconstréned
to beonaspherecenteedat T’ andwith radiusRj.

gl(Rb) N 1
z \
N
N\ R A
A
\
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7\
A \p
R, '
_H >
% Ground
—20e

Fig. 8. (a) Key observatioris thattangent to £ (R;) at G is bisedor of
TGT'. (b) Circle ¢ is thelocusof all possiblepositionsof R aswe keep

T, AA" = 24 = R, andTR = 2¢ consantand&’ (Ry) tangent to the
ground.

2) Maximumradial distane for R: Figure8 shavsthat,
asG movesto theright, we reacha point where R andG
coincice. This hapgnswhenTG + GR = TR or when
TR = R,. SinceR, is alsothelengthof the major axis of
E'(Ry), £'(Rp) degeneratesnto thesegmert T'R. Thus,the
maximum radialdistance®f R andG are

o =g = [ (19
In otherwords,we have the constraint
pr < pR™. (14

3) Coarseregion for R: Considerfixedcombirationof
T,AA" = 2a = Ry andT R = 2c. Startingfrom thetangen
position, we presere the intersectionbetweent’(Ry) and
thegrourd whenwe lower £'(R;) andwe looseit whenwe
raise’(Ry).

The above statemenimplies that, for a given combina-
tion of T, AA’” = 2a = R, andTR = 2¢, R is con
strainedto be onthe arcsggment RRg shavn in Fig. 9(a)
i.e.,ontheportion of thecircle C(T, 2¢) limited by the cir-
clec = C(T', Ry) andthe grond. Remembethat RRg
correspndsto a specificvalueof 2¢. If we chang 2¢, we
chang the radiusof RR¢. Thelocus of all possibleposi-
tionsof R for a given R (and H) is thusthe dark-skaded
region in Fig. 9(b). This 2D region is bourdedby the circle
C(T', Ry), thecircle C(T", R, — 2H) andthegrouwnd.

4) Addtional constaint from DD curve: Now, we use
our knowledge of the preciseform of DD cunesto further
constrainthe possiblelocationsfor R. Figure10 shawvs a
top view of the BS radarconfiguation of Fig. 1. P is the
projedion of R in the horizantal plane The (z€,y¢)-axes
aredefinedsothatthe z¢-axis poirts in the directionof the
s-axis.

The importart parameteis the abscissar%, of P in the
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Fig.9. Locusof all possiblepositonsof R for agiven R, (and H) (a) for
afixedvalueof 2¢ and(b) for all possiblevaluesof 2¢.
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Fig. 10. Topview of BS configurdion shawvn in Fig. 1.

(z¢,y¢)-axes.Onecanshow thatz 5 is givenby

4P, +1 4P, +1\°
L sy (125 )
(15)
whereS, = yMin 4 ymaz gand P, = yminymaer ymin gnd
v**® peingthe v -coadinatesof the extremepoirts of the
DD curwe alongthe v,-axis. Note thatwe canalwayscom-
putez$ withoutary knowledgeof ! However, we should
not concludethatwe canlocatetheline I’ shavn in Fig. 10,
which P mustbe locatedon. Indeed,we do not know e!
However, the valueof 2% canbeusedto constrén the pos-
siblelocationsfor P, and,thus,for R. Indeed,we canshav
that P mustbelocatedon the bourdaryor onthe outsideof
acircle Cpin, Of radits pp" = |z5%|,i.e.,pp > pBi". Since
P istheprojection of R in the (x, y)-plane,we alsohave

min

PR 2 PR > (16)

where
PR (17)
Thenetresultof thisconstrainis to truncatethedark shaded
regionof Fig. 9 atp = p’3", asshavnin Fig. 11.
Figure 11 shaws that, for ary radial distancepg in
[pRin, pmaz], thereare constraintson the possibleheights

= |z%] .

Ry, — 2H

—2H Tl

Fig. 11. Resultof applying the constaint of Eq. (16) to the dark-shadé
areaof Fig. 9(b).

zgr. In practice,zg canbe expressedas a function of the
point underconsicrationon the circle C(T, pr), S., Ry
andH. Thederwationof this relationis comgicatedandis
thusomitted.

B. Finding R

1) Seach-spaceanndus for P: Theconstraintsypg >
PR andpr < pRe® indicatethat P mustbe locatedin
anannuus A with radialextert [p7", poe], asillustrated
in Fig. 12. However, if (zgr,yr) = (zp,yp) is the so-
lution of the parameteestimationprablem, we know that
(zr, —yr) is alsoasolution. Therefore,searchingitherthe
uppe half or thelower half of theannduswill yield oneso-
lution. The seconds automaticallyfound by symmetry To
bemoreprecisejf (yr,ar,d) corresponddo onesolution
(-yr, —agr, —0) correspndsto theother, all otherparame
ters(zrg, 2r, VR, vr) remainng thesame.

Yy

A
(/T
2|/ 0B
T
Ay pgaz

Fig.12. Theprojection P of R is constrénedto belocatedin annulis A.

2) Seachingfor P in anndus: At thispoint,we haveno
choicebut to testeachpointin, say theuppersearchregion
A.. Giventhe annudar shapeof A,, A, is discretizedus-
ing a polargrid. To find the locationof P in A,,, we need
to explore all the poirts on the polargrid in 4,,. However,



to save compuationtime, we usean adha metha thatper

formsthesearcHor themostlikely valueof 8 p = §p ateach
radiusp betweerpi™ andpe®. Thehopeis thatthis value
is closeto thetruee. Note thatthereis no guaanteethat
this adhocmethal will yield theright value of 8! However,

the methodhasworked perfectly in all casestested. The
algorithmfor finding the estimatedor ¢ andfor the other
unkrown paranetersis now descriled.

C. Curvefitting algorithm
First, using the positiors (v, ;,v4;) of the extracted
peaks,we compite the estimatesS,, = ™" + p™e® and

P, = pmingmaz wherep™" = min; v, ; andpme® =
max; vs ;.

SeAcondusingtheknoNn valueof R andtheestimates?,,
and P,, we compue pZ‘™ according to Egs.(17) and(15).
Then, usingthe known valuesof R, and H, we compue
pRaz accordig to Eq.(14). Thesevaluesfor p 7™ andppe®
definetheannuus A.

Third, we proceedwith oneof the following appraches.
Thefirst appoachis asfollows. We discretizeA4,, bothan-
gularly andradially. For eachpoint (z p,yp) = (zr,YR),
theestimate& of zg is foundusingthepreviously discussed
relationlinking (zg, yr), S,, Ry andH. We solve anesti-
mation prablem at eachcandidite poirt (x g, yr, Zr). The
parametes to be estimatedare a g andé. Paraméer esti-
mationis descriledbelow. Thisfirst apprachis guarateed
to provide the correct solution,but it is slower thanthe sec-
ond, which is asfollows. We discretizeA,, only radially.
We solve an “augmented”estimationprodem at eachcan-
didateradius pp = pr. Now, the unkrown angularposition
0p = Og or, equivalently ¢, is included in the estimation
prodem. This apprachis not guarameedto provide the
correctsolution but it is fasterthanthe first. However, it
hasprovidedthe correctsolutionin all casedested.

Unknowvn parametes are estimatedas follows. We ex-
pressthefactthateachof the datapoints(v, ;,v4, ;) isona
BS DD cure paraméerizedwith ag, § and,if applicable,
fp. Thisis donerepeately for eachgrid pointor for each
circlein A,. In eachcase the parametes arefound by LS
estimation.Finally, we selectthe solutioncorrespondimg to
thecandidat€z g, yr, Zgr) With thesmallesti_S erra.

X. PERFORMANCE COMPARISON

Theperfamance of themethod of Tablel arecompared
in termsof the SINR|_. For refererce, we alsoshav the per
formancesof the OP andof the straight-aeragingprocessor
(SAP).We assumemnidirectionalsensors.Similar results
areobtainedwith directicnal sensorsFigure13@)-(b) illus-
tratesthe perfomanceof the AT methal. Theplotsconfirm
(a) that TP-AT-BS perfams nearlyaswell asOP andmuch
betterthanSAP and(b) thatAT-BS methals periorm nearly
identicallyin boththeir TP andEP modes. Figure13(c)-(d)

similarly illustratesthe performarce of the WT metha. As
expected, WT providesbetterperfamancethanAT, bothin

TP andEP modes.
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Fig. 13. Performane comparasonof the method of Tablel in termsof
SINR| (v4) atvs = 0. Performamesof the optimum processofOP)and
of the straightaveraging processor(SAP) areshavn asreferences.

XI. CONCLUSIONS

We have examined the prodem of range-depedenceof
the clutter ridge for BS STAP radars. New compensation
method basednthemathemécal propetiesof DD cures
have beenproposed.Their perfamancesverecompaedto
thoseof theOPandSAR. Compesationis nearlyperfectfor
all corfiguratiors, bothin TP and EP modes. Compesa-
tion is achieved withoutincreasinghe nunberof degreesof
freedan requiral for clutterrejection.
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