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Abstract: This two-part papcr prcscnts a coinpreheiisive approach to practical space-time 
adaplivc processing (S'L'AP) for airbrrrnc phased array applications. Part I reformulates the JDL 
algorithm to removc rcstrictioiis placcd by the original developmenr for idcal linear arrays of point 
sensors. In doing so the pcrtimnaticc ol'llic JDL algorithm is sigtiificnntly improved in  simulations 
nnd i n  mcasured data. Thc paper deals with STAP i n  hornogencous and non-lirmiugcnenus 
cnviroinnciifs with Part 1 rocusing on homogctieoiis cnvimmcntx arid Part 2 tloaling with STAP 
within rnngc cclls determined to he nonliomi~gcnctiiis. Par1 1 dcalv with applying the prcviously 
proposed joint domain 1oc;iliscd (JDL) algori(hm to practical plieserl arrays. Part 2 introduces R 
tiew S?Al' :~lgorithni for ;ipplicalion in nonhomogcncous interference scenarios. The algorithtn is 
ii hybrid or dircct data doinaiii ancl statistical adaptivc processing. 

1 Introduction 

Airborne siirveillnnce radar systetns opcratc in a scvcre and 
dynamic intcrfcrciicc cnvironmciil. The interference miiy 
bc dclibcratc (jamming) or clutter. The ability to detcct 
weak targcls, such as slow and sinall aircraft, rcquircs tlic 
supprcssion of the interfcrencc in rcal tinic. Spacc .time 
adaptive processing (STAP) techniques promise to hc lhe 
best tneaiis to suppress such interfcrcncc. 

Consider ii ptiancd array antcntia with N spatial chiiiincis, 
possibly sitbarrays of EI larger array, with M pulscs per 
coliereiit processing iritcrval (Cl'[). l ' hc  mosl straightfor- 
ward STAP algoritlitn USCIS all NM dcgrccs of frcedorn 
(IIOF). The algorittiin cstinialcs llic N M  ditnetisioniil 
coviiriaiicc inatrix or Ihe ititerhencc to ininimisc ttic 
expecled squared error with rcspcct to thc clcsirctl signal 
[ I ] .  [ti practice, an accurate cstimatc q u i r e s  about 2NM to 
3 NM indcpcndcnt, idcritically distributed (i.i. d.) secondary 
d a h  smnples [Z]. Obtaining such a largc niiinbcr of' i.i,d. 
samples is difficult, if not impossiblc. Furlhermore, even if 
i . i .d.  samples arc avnilablc, the associated computation 
cxpcnsc inakes this Iully adaptive algorithm impractical. 

To ovcrcome the drawbacks of the fully adaptivc algn- 
rithni, rcscarchcrs have limited the number of aduptivc 
wights sa as to reduce problems associatcd with samplc 
support and coinputatioii expcnsc. Wing and Cai [3] 
jntroduced tlic joint domain localiscd (JDL) nlgoritlim, n 
post-Dopplcr, bcamspace approach that adaptively 
processes the riidia ht;t  aftcr tfimsformalioii to the 
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angle-Doppler domain. Adaptive proccssiiig is rcslrictcd 
to ii localiscd ~~roccssiiig rcgioii (LPR) iii  tlic transrorm 
dotriain, significantly reducing the DUF while retaining 
inaxiinal gain agaiiist tlicrmal noisc. The reduced DOI; 
Icads ((1 corrcsporitling rcductims in rcquimd sample 
support and  coinpiitation load. 

In  rlcveloping tlic JDL algorithm, Ihe aulhors assume the 
rccciving atiteiina IO be an qui-spaced linear m a y  of 
idoaf, isotropic, point sensors. Based on this assiitnption, 
space-time data is tratisfornieti to the angle-Dopplcr 
domain using a two dimcnsioiial discrete Fourier transform 
(DFT). Under certain rcstrictions, this approach is valid 
bccnuse the spatial ancl temporal steering vectors form 
Fourier coefficients ([4], pp. 12-17). Ilue to the ortho- 
normality or thc DIT, thv look spacc. time stccriiig vector 
is localised lo n single point iii the mgle-Doppler rlornaiti. 

The use of a 2-D D F l  restricts the spacing between 
atiglc/I>oppler bins and thc possildc look directions/ 
vclocilics, WithouI mw padding, the DFT cnii rorin only 
Ar orthogonal angle beams and M orthogonal Dopplcr 
beam.  If the look direction niatches one of these N 
anglc bcams and llic look Dopplcr matclics one of these 
M 13opplcr bcains, tlic luok stccring vector is a column or 
t l ~ c  2-U DF'I' miitrix, which is orthogonal to tlic other 
columns 01' llic matrix. Thc InosToriiiation Ihcrcforc loca- 
liscs the look stewing vector to a single bin in tlie angle- 
Doppler domain. To niaintain the localisation of tlie target, 
tlie USC of B window to supprcss transforin sidelobcs is 
discouraged. For a small array, the beam are widely 
spaced in angle with correspondi tigly reduced correlation 
tictwccn bcttms. For a largo array, lhc b c m s  :ire spnccd too 
closc togellicr with little inforniation gained with each 
additional bcain resulting in very high beam to beam 
correlatioti. 

When applying tlic 31)L algorithm to incasiirctl data, a 
crucial assirniption iii thc devcloptnctit of 131 is invalid. 
The elements of  a rcal array caiinot bc point SCIISO~S. 

Owing to thcir physical sixc, the clcincnts of tlic array 
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are subject to tnutual coiiplirig. Furthcrinore, tlic assump- 
tion of i1 lincar. ;u'ray is rcslriclivc. A planar array allows for 
degrees of freecloin in azinrutlt and clevalioii. Therefore the 
Fourier cocfficicnts do not Eorni tlic spatial steering vector 
and a DFT docs not transform the spatial datil to thc aiiglc 
donitiin. 111 this cusc, a DFT is inathematically fcasiblc but 
has no physical meaning. 

In a physical array, tlic spatial skcritlg vectors niust be 
measured or ohtainctl using a numerical electroiriagrictic 
analysis. 'l'licsc stccring vcctors must be used to trimforin 
tlic spacc tlomain to tlic anglc domain. 'I'his tr;tiisformatioii 
is ncccssarily non-orhogonal with L corresprintling sprcad 
o f  targct information in the atigle-l>opplcr domain. Earlier 
altcinpls Ea apply JDL to it real iirray ignorcd tlic nan- 
orrhogonil1 nature of the mcasurcd spatial LransTorru [ 5 ] .  

This paper develops ttic 313L algorithm as applied to tlic 
case of ai1 idcal array and scrvcs to clarify the origitiiil 
tievelopmcnt of tlic JDL nlgocithm as proposcc'l by Wang 
and Cili 131, iiioriler to higliliglit the restrictions placcd (311 

tlic algoriliitn hy the original formulation. 'The JDL algo- 
rithm is r-cforinulalcd in terms of a transforinatioti matrix 
which eliminates the restrictions on ttic JDL algorithm, a n d  
tlzc DFT based formulation bccoincs a spccial, not neces- 
sarily optimal, case. Rxamplcs iiru prcsciitcd illustrating the 
improvement in prixxssitig pcrformaiice obtained by thc 
new fortnulation, using siiiiula~etl data for a linear array or 
isotropic scnsors and measured data froin tlic MC ARM 
database [I;]. 

ltaliciscd Icttcrs dcnolc scalars md iiitcgcrs, such as ,T 

and N ,  and lowcr casc bold italic characters denatc column 
vcc.tors, e.g.  x. Uppcr case bold italic charncters such iis R 
dcnolc matrices, while subscripts to bold cliaraclcrs repre- 
scnl tlic cntrics in the vector O I  tnatrix, siicli as R,,,?,. 

2 Joint domain localised processing 

Considcr a n  cquispacerl linear array o f  N isotropic, point 
sensors as shown in Fig. I ,  Each chsiincl rcccivcs M rlatn 
samples col-responding to llic tMpulses in a CPI. Ttiereforc, 
for cacli range bin tlie received data i s  ii Icngth Mh' vcctOrx 
whose entries iiuinbererl m/V to [(vi + I jN - 11 corrcspotid 
to the returns at thu Iv clcmcnts rroni pulse number t i l ,  

whcrc 111 = 0, I ,  . . . , M ~ 1. The data vector is a suni of the 
conlrihulions from the external intcrfercticc sourccs, tbc 
thermal noise aiid possibly a targct, i.c. 

wherc U is  tlic vcclor o l  inlcrfcrence sources, n is thc 
tlicrinal noisc and { is rhc target amplitude, equal tu zcro in  
range cells without a target. Thc tcrin v ( & j J  is thc spncc 
timc stccring vcctor corresponding to R possiblc tar@ at 
look aiiglc 4~~ and Doppler frequencyJ. Note that in S'I'A'I' 
the steering vector sets the lonk dircct im whcrc ttw iargct 
is ;issutnatl to be. Tn practice, thcrt: is some beam mismatch 
hctwccn thc rcal Iargct rcturn and tlie steering vector. This 
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stecring vcctor can hc writtcn in twins ol'a spatiid stccring 
vcctor a(r,b,) arid a lciupornl steering vccior h(6) 141, 

(2) dd),JJ = JG) .!% 49,) 

( 3 )  

wlierc @ rcpresmts thc Kloncckcr pinduct ol' two vcctors, 
ti, thc narnialiscd spatial liequcncy givcn by (d/l.)sin $(, i. 
tlic wavclcngtli oi' npcraiion aiid ,fk the piilsc repetition 
.licyLicncy (PRF). 

Thc spatial stocriiig veclor u(+) is h e  inngnitude and 
pliasc taper rcceivcd at tlic N clcunciits c i f  thc ;trray rluc to a 
far field source at anglc 9. Owing t o  elcciromagnetic 
reciprocity, tu tr;itismit i n  thc dircction 4 thc ctcizcn(s ol' 
the i l r u y  niust hc cxcitccl with tlic cnnjugatcs of the 
stccring vcctor, i.c. thc conjugates o l  thc stecring vector 
inaxiinizc tbc rcsponsc in the dircctioii ( j) .  'L'ransforintitiun 
or spatial dala lo the aiiglc rloinain at angle (I, tiicrefore 
rcquires R H  inner product with the corrcspotitiitig sptitial 
slceriiig vector. Similarly, the tciinporid stecring vector b(#)  
corrcsponding to il Doppler frequency J is the magiiitudc 
ancl phase ttipcr nic;isurctl a t  an individual clclncni Ihi. thc 
Itf pulses iii ii CI'I. An Inncr product witli (lit correspond- 
ing tcinporal stccring vcclnr trnlislbrms tiliic domaiii data 
to Ihc Doppler domaill. The arigle-l)opplcr responsc iif thc 
data vectorx at aiigle 4) mntl Ihpplcr f  is thcrcforc givcn by 

where tlic tildc (*) ahovc thc S C B I ~ I '  x significs tlic trans- 
form doinain. Choosing ii sct o f  spatial and tcmpoual 
stecring vcctors gcncratcs a corrcapoiiciing vcc~or of 
anglc- -DnppIcr dnniain dah. 

Rqiis. 2-4 show thut for an idcal array tlic spniial and 
temporal steering vcctors :ire idcnticai to thc I:nu~*icr 
coefficicnts. 13asctl on this ohscr-valioii, tlic Iransl'nrmalioiz 
to the anglc-lhpplcr tlomain can hc siinplilicd uiidcr two 
coiiditions. 
(i)  If a set o f  angles arc clioscn siicli that (d(i sin 41)) is 
spaced by l/N and tl set o f  I)oppler frequcncies arc choscn 
srich tli;it U!&) is  spaccd hy IhbA h c  trallshrnratinn 10 ttic 
anglc-Uopplcr tloiiiairi is equivalent to tlie 2-D IWT. 
(ii) [I' the look angle 0, corresponds to olic tliesc angles 
and thc look Dopplcr .I; corresponds to onc of tlicsc 
I)opplcrs, thc stccring vcctor is a coltinin of the 2-D 
D1:T riiatrix and tlic angle-Dopplcr stccring vccior is 
lucaliscd to a siiiglc angle .Doppler bin. 

'l'hc IDL algorithm as originally dcvcloped i n  [3] 
L ~ S S L I I I I ~ S  both Ihcsc corirlitioiis are met. This sirnplific;itioii 
is possible only in thc case o f  thc idcml, cquispaccd, tincai- 
timy of t;ig, I .  Owing to bcaiii niism>jtch, thc locwlisation 
to n singlc point in nngle-Doppler space is only exact for 
Ilic look steering vector, 

As sliuwn i i i  Vig. 2, a LPR ccnlrcd ahout llic look atigle- 
Ilopplcr point is liirincd and intcrfcrcncc is suppressed i i i  

this anglc Dopplcr region only. The LPR covers I / ( ,  angle 
bins arid qrl Doppler bins. The choice of r j l ,  anti I!,, is 
iiidcpendent of iV and A4, i.e. the localisation ofthc targct to 
a single anglc-I)oppler bin ticcouplcs thc numlxr aT 
adaptivc dcgrccs of Irccclom fiorn i l ic s i c  oP the data 
cubc, wrliitc retaining maximal gain ngainsi iiierninl noise. 
'l'hc covariance matrix corresponding to this LPR is csti-  
ma(cd iising sccondary data Tram nciglibouring range cclls. 
The adaptive weights Sire thcn calculatcd by 

; v = j l ' .  'v (6 )  
11N i'roc.-Rorhn; S o ~ r  Ntivig,, Vol. 147, No. 2, Ajwil 2006 
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JDL processing based on a transformation 

A s  t lc\dopctl by M n g  ;uid ch i  [S], ttic J13L iilgoritli i l i 
aswiiics ii liiicar array o f  point sciisors nntl the two 
contlilions listzd i i i  Scction 2. Thcsc conditious, tliougli 
not cxplicilly stn(cd in [ X I ,  reslrict the clioicc of spacing 
bctwecii aiiglc-l)opplcr bins iii tlic tr:inskmi doniaiii aiid 
iilso thc :illowccl look dircchiis. 

The iiiosl sigirificant Imblciii with thc J D l ,  ;ilgoritliiii 
desciibcd i n  Scctioii 2 is h a t  thc nssuiiiption nf ;in amiy o f  
poiiit sct iwrs c m i o t  bc satisfied iii praclicc. h c h  array 
clciiieiit m i s t  liavc a iion-xcro physic;iI s i x  Icnding 111 

mutii;il coupliiig bctwccti tlic c1ciiictii.s. t ; u r h m i o r c ,  the 
assumphii  oL' i i  l i i icar nrr i iy  is overly rcstriCtivc. Rcnl 
arrays inay hc p l a n n t  to nllow h r  dcgrces o f  kcctloiii iii 
aziniiith and  elcvalioii. 111 practicc, tlic spidiiil stccring 
vectors t~rc  iiut tlic I:ouricr cocrficicnts givuii hy cqii. 3 
and ii~tist bc inzasurcd 01' oblaiiicd iisiiig B iiuincrical 
clcctroinagiielic aiialysis. The stecriiig vectors so cil>t;iiticd 
cmi hc usctl to imiisfnriii tlic sp;icc domain to tlic aiiglc 
domain. Tlic coiifiniicti usc or  n DFT is ~natlicinatic:illy 

IIX f'-,w.-Ur,diii; ~ Y o n r u  MwiK,, I h / ,  1.17, I%>, 2, A , i d  Z l l f l l l  

lii 13.1, to acliicvc [lie siiiiplc forin of the anglc-Doppler 
stccring vcctor givcn by cclii. 7, thc IISC of i i  low sitfclohc 
window to lowcr thc Ir;iiisl'nrni sidclobcs is discoiiragcd. 
1 Iowevcr, tlic use ol' a low sidclnhc window inay bc 
iiicorpuixtcd hy indiryi i ig l l i c  ~ f i~ i is i i~miat i i i i i  im t r i x  oi' 
c c p  I I. I f  n Iciigili N lapcr t, is to hc ~ ~ s c t l  in lhc spatial 
domain aii t l  n Iciiytli M tapcr f ,  iii l l ic tcuipornl doiiiaiii, tlic 
iraiisforrnation iiiatrix i s  givcii by 

wlicrc 0 rcprcuciils ilic 1 Intlanimi p r o d i i d ,  ii point-by- 
poiiir iiiuliiplicaiioii 01' two VCCIIWS. 

7'1ic ;~t iglc- lhpplcr stccriiig vcctor used to solve Ibr the 
;id;iptivc wcigliis in L'CIII. 0 is tlic spacc-ttiiic stecriiig vcctur 
1' tfiinslbrmcd 10 thc ;iiigIc Ihpplcr doiiiiiiii via tlic siiiiic 
trnnslorinalioii inntiix T, i.c. 

I. T",? (13) 
Notc l l ic  trtinsli,riii;iiion iiiali-ix i lcl i i icti in cqii. I I is 
tlctincd for thc ciioscii I'rcqiieiicics ai id e i ig l~s  without 
;iiiy rcstrictions on tlicir viiliics. I,'ui-tlicr, ti0 assuniptioii i s  
mirtc h u t  tlic form of (Iic spitial or tciiiporal steering 
vcctors, i ,c ,  tlic iisc nf a tralisl'olmalinn malrix climinalcs 
thc two rcstriciioiis plncctl hii [tic cirigiiial JDL li,rtnulation. 

111 the case ol' a li i icnr array ol' i snt iq ic  point SCIISOI'S, 

the stcering vectors arc nbtaiiictl fioiii cqiis. 3 niid 4.  If tlic 
;iiigles iiiid I)oppler kequciicics satisfy tkc coiiditions 
listccl in Sccticm 2, thc tt.aiisl i~Imalion nwtrix 7' rcrluccs 
to tlic tclcvnii i rows ol'thc 2-0 DFT inatrix. Thc DFT-hnscd 
roriuulatioii i s  cqiiivdciit to choosing il spacing iii thc 
wglc rloiiiaiii such that (d/iil,)A s i n  = IIN ;ind iii ihc 
I)opplcr rloii iain of A,{- IIM. 17urihcmmrc, i T  bolli the 
look aiiglc hiiid Uopplcr correspond to O W  o f  thcsc 
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aiigtcu atid Dopplws, thc ~lausiirimicd slccririg vcctar 01' 
cqn. 13 i s  cqiiivalcril Lo llic slccririg vcclor 01'cqii. 7. Tihe 
forniul;itioii d [ 3 ]  is a spccial, not iicccssnrily opliiiial, base 
ol' tlic iiiorc gciie~~iil Ibi~iiiuletion prcserifctl i n  this Sectioii. 

Tlic stcoring vcctor associated with R givcii angle is the 
ineasurctl iiiqyiitude aiid pliase taper duc  to it calibnitcd 
fitr-fi.elil SOUKC. 1.f I1ici~sillrciilciIts iiIc ~iot iivailahlc, Ihc 
stccring vcctors call bc obhinctl li.om ii nuiiicrical clcctro- 
iriagnctic aiialysis of tlic rccciviiig iiiitciinii. Usiinlly, cvcn 
in the case of A rcal array, the ptilscs iirc cqtially spaccd in 
tiinc ai id  licncc the tcinporirl stccriiig vcctor i s  Iiiichnngcd. 
111 Ihc c m  rrf a rcal array, lhc spatial cninponciit iii cqii. 2 
iiiust bc rcp1;icctl with a inciisuml stccring vcclor, i.c. 

4db.#J = nu ; )  @ d $ , l  (14) 
Si mi lar I y, t I ic  spat i a1 stccri iig \"U c t ors in h c  trans Ibr nia 1 ion 
matrix o f  ctlns. 1 1  and I2 rnusl bc rcplaccd with tlic 
corresponding mcxwcd stwring vcctors. 

In Scction 2, assumiiig both listed conditions nrc iiict 
aiid hasctl on llic orlliogorialily of llic DFT, the tnrgget is 
localiscd to a singlc poiiit in  tlic angle-Doppler doiiiaiii 
a n d  thc anglc -Dopplci. stccring vector reduccfi to tlic 
simplc lonn in cqn. 7. This siniplification is iiivalitl oiicc 
~ h c  two rcstriclioris arc rclaxctl and tlic tar@ inforinntion 
is sprcad in  the anglc--Dopplcr doinaiii. Thc use of cqi i .  I.? 
accounts for tlic resiiltitig sprcatl i n  tnrgct iiil'ormaliiin. 

Melvin and Hinicrl [SI applicd the .IilL algoi*ithiii to 
inic;isurcd dat;i and tiscd thc iiicasured stccriiig veclors to 
traiisform thc space rloinaiii ro the aiiglc (lomain. 111 eftict, 
without explicitly stating s o ,  tlicy i i sc  ii Irai~sforin;ilioii 
inatfix in the spatial tloniain and ii DPT in tlic tciiipnrnl 
tlomain. Thc spacing bclwccii tlic aiiglcs clioseii for the 
l,PR is deterin iiied hy the available incasurcd stccriiig 
vcctors. 'I'hc spacing hctwccn the Dopplcr rrcqtielicics is 
fixcd hy tfic DFT. Ci-ticially, ilie resulting cliaiigc oii tlic 
aiiglc. .Uopplcr stccring vcclnr (C) is ignored and thcy 
iissiime thc sitnpliticd liwiii ni'ilic skcring vcctor in cqii. 
7 i s  valid. However, this is untrue sincc thc tise o f  i t  

diO'crciii Iransibrm from tlie spatial h i i i i i i i i  to tlic titiglc 
doinain violatcs thc tissuniptions on wliich ctpi. 7 is Irrnsctl. 
I'urthcririorc, thc authors of [ 5 ]  cxplicilly discourage the 
iisc or windows in thc tnnshrinniioii .  

4 Numerical examples 

[U this Section, four cxamplcs illuslixic thc iiiiprovcincnt iii 
adaptive pcrforniaiicc gaincrl hy taking thc non-ortliogot~nl 
nattirc ol' the spntinl stccriiig vcctors into ;iccoiint. 'I'hc 
examples iilso illustrate thc iisc of a wiiidowcri trmsiiiriiia- 
tion from tlic spacc -1iinc doninin to tlic aiigle-Doppicr 
dorn;iiii. 'livo of Ihc cnaniplcs prcsciitcd IIXC sinialatetl data 
hnscd o n  an ideal linear array of point sensors. 'I'hc othcr 
Iwo cxnrnplcs use measurcd (intit froiii tlic multi-clianncl 
airborne mdar  mcasurements (MCAIIM) [C,] datahtw. 

4. I Simulated data 
Thc hinulation prcscritctl in  Scctitm 3 rcmrivctl Ihc 
restrictions placctl by thc nrigiiid dcvclopiricni o r  tlic 
lDL algorithm in 131. This Scctioii presents two cxaiiiplcs 
tn illiistraie the iinproveincnts iii rlctectiori pcrhrniancc.  

The exiliiiplcs usc si~nulatcd cliitii txiscrl on :in itlctil 

lincar array nr  isotropic poitit sensors. The inotlcls iiserl 
to gcncratc the data arc briefly cxplniiwl below i n  Sectioii 
4.1.1. The rlctection petforiiiiiiicc is illustrirtcrl hy plotling 
the probability of tletectiirn ( I ' r l ) ,  ohiainctl usiiig a Mniitc 
Carlo siinulatioii, R S  a fiinctiori of the tiirgct signal-to-noisc 
ratio for ii choscn prrilxihilily lhlsc alarm (P,il). 'Thc 
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MSMI statistic of cqii. 8 is tiscd. This siatisiic I I R S  n 
constant false nlnriii rate (Cl:A[rl) iii that, given Gaussian 
iiitcrfcrcnce, Cj,( is ouly depcrirleiit oii the chosen threshold. 

I n  cach nf tlic cxaiuplcs prcscutcd, the P,, i s  cvduatcd 
for two C~IHCS: tlic l ) ly l ' .  l>iIsC(l JI)L ;ilgor.ithiii or [3] and (hc 
formuliition prcscnhxl in this pqicr. 'l'lic second caw sliows 
Iliat the spaciiig bciwccn nngle aiirl Doppler bins i n  tlic 
trnnsfnriii doriiaiii may bc climeii indcpoiirleiitly OT the 
i1uinber of elcinciits and ~)ulscs. [ j i  t h i s  paper tlie spacing in 
rhc niigle i s  clioscii IO bc il linctioii of (Iic spacing dicialed 
by the 131l~tr~scd foriiiuliitioti. 

4. 7.1.  Data models: These cxniiiples use ii data ciihe 
containing t l ic  siniiil;itcd returns o.F clultcr and largct 
inforniatirm hy III~ iiid>iirlic lincar array (if isotropic point 
sci~sors. The t in~n geiierntiori scheiiic tiscs the physical 
modcl lircseiiktl by J a f h  U/. d. [XI niid Ward 141. 

Tlic cllilter is riiodellcd ;is a suin of thc coiitr ibii i ioi i~: of 
inniiy cliscl-ck Fnr-fictd sotiuxs. In this paper, I XI tiiscretc 
soiirccs arc usccl, sliacctl I '' Jipart. TIic aiiiplitutlc of e d i  
soiirce i s  21 coinplex C;aussi;ui I-tititloin vnri:iblc wliosc 
avcragc power is set by 21 clioscii clutter-to-noise ratio 
(CNK) :uid dso weiyhtcd by the trimsinit berun pattern o T  
the arwy. Thc normalisctl Ihpplcr shift associatctl with 
each cliittcr sniircc is iict Iy thc vclocity of thc wray 
pltitform v,, and is givcn hy  (141, p. 2 5 )  

,& - p cos qj, (15) 

2 1' p = . . . !'. 
J i  

Tlic panii iclcr /I is  Ihc iiiinibcr ol'liall'clcinciil spacings tlic 
pla((i)riii havcrscs in one ptilsr: iiilci-val. Tlic contribution 
ol' a clutlcr patch at niiglc (b(, is t l icrcl~tc 

wlierc a is a wcightcd coiiiplex Gaiissiati randotii variable 
RS tlcscribetl above. 'i'lic siiin of clutter coiitributions from 
t i l l  I K I anglcs fornis thc rcceivcd cluttcr vcctrw. 

Tlic tlicrinal noisc is ~noticllcrl as a Ciatissiiio wliilc rioisc 
proccss, Tlic avcragc power i s  scl to iiiiity allowing I'or the 
clutter i i i id  target powcrs to be rcfercncctl to tlic white- 
noisc powcr. l ' l icsc siinulations do nr~t  iiicludc the cl'fccts 
oT othcr ilitcrlcrciicc sniirccs such its jaiiiincrs. As givcii i i i  

cqn. I , in hose raiigc cells with a iargct the coiiti-ibutioii or 
the targct is givcn by <v((/), ,  ,h). 

I he cxarnplcs using sirnul;itctl tlala ignore o h r  lactors 
that  afl'ect STAP perl'orinaiicc s u c h  as crab atiglc, niulual 
coiipl ing and bcaiii inisiiiatcli Ijetweeii target nnd steering 
vcctor. l i rhlc I lists thc dctails tri'thc a m y  anti iiitcrlbmricc 
sccliiirio. l'hc Xiblc also l i s t s  tlic piiriiineterr usctl  iii thc 
iinplctucntatioii oi: (he JDL nlgorithm atid Ihc spacing 
bctwccn angle niitl Doppler biiis i i l  thc li~riiitilntioii of t l ~ c  
iiioililicd JDI.. slgorithin tlcvclopcd iri this peper. 

~. 

4.1.2. Example 1. Half-wavelength spacing: This 
cxaiiiplc tiscs rlatn rcceivctl hy ati 8-clcmciit w a y  with 8 
ptilscs per WI. T h e  spiicing bctweeii array elcnicrits is 1/2. 
[H thc ciisc rrf the l l [ l ' ,  thc spilciiig hctween aiiglc hiris is. 
scl at A(sin (/>) - I/(O.SiV, = 0.25, i.c. tlic siiglc b i i i s  :in: 
spaced A(/> -- 14.47" : ipar~.  This Inrgc slincirig lends to 
uncorrclatctl bcrui is. 'I'Iic iicw foriiiul;itioti iiscs ti spacing 
o r  7.24, h d f  that oi'thc ])IT cilsc. 

Ti i  [his cxaiiiplc 36 sccoiidnry (Inla vcc1ors arc used lo 
cslimnlc tlic 0 x 9 angle -Doppler covariance inatrix. For 
thc MSMI CFAR statistic, tlic thrcsliolil for ti hlsc-alarm 
I ' R ~ C  of 0.0 I (/Iji, I- 0.0 I )  is 8.35. 'lhis high false-alarm rate 
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Table 1: Parameters for examples 1 and 2 

Parameter Example 1 Example 2 

Elements N 8 6 
Pulscs M e. 6 

- --- 

Element spacing 0 . 5  10;. 

Pulsc repetition frequency 1024 Hz 1024 Hz 
Mainbeam transmit azimurh 0 deg 0 deg 

Transmit array paltern uniform uniform 

P 5.0 2.5 

Number of clutter patches 181 i a i  

Target azimuth. 0, 0 de9 
TarQet normalised Doppler, f, I I3 1 I3 

Thermal noise power unity unity 
Clutter-lo-noise ratio 50d8 50 dB 
Number of Doppler bins in LPR 3 3 

Number of angle bins in LPR 3 3 

Angle bin spacing-modllied JDI. 1/2N TINJ2 
Doppler bin spacing 1/2M I IM 

i s  choscii l o  rcducc the t i i i i i i b ~ I  oftrials rcquiretl to rdiiain a 
rcliahlc cslirtralc o f  the prrihnhility of tletcdirm. The 
i~uinbcI o f  trials i s  choscn to be 9064. 

Fig. 3 plots tlic probability of rletcctiim vcruis the 
signal-to-iioise riilio For (lie above thrcsholcl. The solid 
curvc i s  thc P ,  usiiig thc optimal wights obtainctl using 
the kiiowri spilcc rirnc covariance matrix. The 0 t h  two 
curvcs cnniparc ilie i', using tiic i'oimulatioii dcvclopcd in  
this papcr, wit11 tlic /',, using thc DFT-based J D l .  i i lgoi~i~l in i .  
As is sccn, h e  prohitbility o U  dclcctioii is signi1ic;iiitly 
highcr Tor tlic iicw formLl1;dion ror thc same signal-lo-noise 
mlio and the wiiic Tlic new fotinulatirm sliifis the iJil 
ciirvc to the Id[ by appraxitiiakly 4dU, a significnnt 
iinprovcmeiit i n  dclcction pcrforiii;iiicc, 

4.1.3. Example 2. Large interclement spacing: 'l'lic 
sccoiirl examplc illuslvaks the working 0 1 '  h c  ncw Foriiiu- 
Intioil, w ing  iiti array with A I;irgc interclcincnt spacing o f  
I O A .  'I'hc rlclails of' the i i r~ iy ,  tlic scciiario ;uid the para- 
inctcrs iiscd in the iiiil'lcrncnlatifln of the 6131. algoritl~ti~ 
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are listctl i n  l'ablc 1 .  1Icr.c the Doppler spacing ciioscti Cor 
thc modilictl JDL dgorithni is tlic siimc a s  in thc casc o f  
tising n DFT. As in Scclion 4.1.2, 9964 indepciideiit 
rcalisatioos tire usct l  to cstiinatc llic probability o f  tletcc- 
tiou. 

Fig. 4 Ihts  llic pimbability of dctection x w " ~  h e  
sign;il-tr)-iioisc ratio Ibr tlic smile tlircslitiltl a s  i n  Uxnniple 
I .  Thc sdirl ciirve is thc P,,, using the opriiiinl wcigtits 
ohtnincd hy tising tlrc kiiowii cov;iriilncc inalrix. Tlic otlicr 
two curves comparc t l ic P,/, using [lie I'orinulation tlcxicl- 
opcd iii this piiper with tlic Pd using l l ic  DFT-based J1IL 
algoritliin. For the saiiic lJ/i, the nciv I'oruiiiilatiori shifts tlic 
i:, ciirvc to thc Icrt by approximately 2.5 d H .  

I t  iniist hc ciiipliasiscrl that this p:~pcr does not invcsti- 
gutc t l ~ c  optiriial spacing betwecri iiiiglc ;iiiri Dripplcr bins 
to iiiiixiiiiisc Ihc perlbriiimce of tlic 3151, ;iIgoi-ihn. The 
spacings Liscd liere rclircscn~ jus[ m c  possible clioicc. 'I'Iic 
clioicc of the optiriiiil spacing bclwccti angles and h p p l c r  
bins in lhc traiisform dom;iiii is ilti open iwcarch problem. 

4.2 Measured data from the MCARM database 
This Scctioii prescnts examplcs 01' 11rc perform;mcc 
iinprovciiiciit gained iisi 11 g flic fi)rriiula~inn presented i ii 
lhis paper, as iipplied to rticasimd data. The exntnples usc 
data I'roin the iiiulti-ctianiicl n i h x i i c  radar iiieasiircincnts 
(MCARM) Ilhj rlatah;isc, a vast collection of clutter and 
sigiial ti1ei~Surctnclits collcctcrl by RII airborne radw ovcr 
multiple fl iglits wi th  niultiplc acquisihns 011 each flight. 
'rlic iicquisitirm uscd i n  these cxainples ilsc il 22-clcmciit 
rcctarqylar array arranged in a 2 x 1 1 grid. Lich CPl 
coinprises I28 pulscs ( A I =  128). 

The clatabase incliidcs clutlcr incnsurciiients nvcr 
different terrain slid llic reliiriis froin R tiagct ai l -cra l l  
flying aplmxiinatcly parallel to the r;idar platforin. Some 

011s include the sigiials (toncs) .liom a moving target 
simuliltor (WIT.) oi' koo~vii Doppler shift ii~id power. Also 
provided with ihc ilntil is ii set nf iiicasiimtl spalial steering 
\*cctors Ibr soiiie specified aziinuili and clcvatiori anglcs. As 
cxplainetl in Scctirm 3, thcsc stccriiig vectors are uscd in [ 5 ]  
ml hcm Tor spatial processing of  thc d a h .  

The 1wo cxaniplcs prcsciibxl ttcrc illiistrtlte the iiiipIovc- 
incii[ in dctecticiii pcrfiirinancc by accoiiiitiiig for ttic 
iion-cirtlirigoiial nature of the steering vcctors. For each 
CXitii1plC, llilrc scenarios iirc cumparcd. In I l i c  first two 
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scenarios, the space-time dnla is lranslbnncd using a D I T  
iii tiinc and thc ineasurcd steering vectors in  space. TIic 
lirst scciiiiria igiiures thc targct spreading due to the iioii- 
orthogonal nalurc of Lhc spatial stecring vcctors. This is 
equivalent to usiiig eqn. I I to h " r i i i  lhc spacc--timc 
data to the angle-Doppler domain, but using cqn. 7 a s  tlic 
angle-Doppler steering vcctor. This approach has hccn 
uscd by [SI. 

Tlic sccoiid scenario accounts for the tion-oi-tliogonality 
and so iiscs cqn. 13 to cvaliiatc thc anglc-Doppler steering 
vector. The final scenario IISCS a window bcforc transforin- 
ing the time doinnin to the Dopplcr dninain. This sccIiiirin 
iiscs eqn. I 2  to evaluate the tt.ansforinntioii inntrix and cqii. 
13 to evaluate the adaptive steering vector Tor JDL. This 
paper introduces for the first time rhc iisc oT a window in 
the tran'sforinntiou. In all exnmplcs, 3 nnglc biiis and 3 
Dopplcr bins form thc Ll'li i l l d  36 secondary data vcctors 
arc uscd to cstiniatc thc anglc-lhppler covnriaiice matrix. 
Tlic spalial stccring vectors aIc mcasiired at iipproximatcly 
1" spacings. Tlic c.ovnriancc matrix r)f ttrc ititcrference i s  
estimated using 18 secondary data cclls on citlicr sidc nf 
llic range bin o f  intercst, neglecting the first range ccll on 
each sidc as a guurd ccII. 'I'hc MSM[ statistic ofeqti. 8 is 
used Tor dctcctinn. 

Ln a radar system, R bcani is lrmsniittcd in ii lwticultir 
direction nnd the rccturns arc procossctl Tor targcts in  that 
direction only. Hence, wliilc all Dopplcr Trcqocncics o f  
intcrcst iire examined, the angle biii of iritcresl r~iiinins 
constant over tlie entire CPI. Therefore the atlaplivc slccr- 
iiig vcctor of eqn. 13 cmi be cdculnied LI priori ror cach 
CPT. 

The pcrl'ormancc OK windowcd JDL is sensitive to thc 
choice of window. In [9], [[arris cnnipai-cs tlic propertics of 
~r iany  different Ipossible windows. I T i s  iigurc of iiicrit is thc 
diffcrcncc hctwcen the equivalent noise b a ~ i ~ l ~ i d t l i  nnd the 
tiorinalisetl 3- d H  bandwidth of the window. Using lhis 
criterion, hc concludes that for fixed point arithmetic, thc 
Raisci.-Dcsscl window is the top performer. The sitlclnhes 
01' thc Kaiser-Hessel window CAII be conirollcrl b y  a 
paminctcr IC which i s  half tlic tiinc-b;mrlwiiiiti product ai' 
the window. In h i s  work, wc usc a 128-point Kaisei-- 
Bessel window with II  = log(] 28) iii the time domain. hi 
the space domain, due to tbc liiiiitcd numbcr u f  clcrncnts 
available, the reduction in ihc mainbcnm gain is significant 
even for shallow windows. I.Iencc, n window is niit uscd in 
thc space dornain. 

4.2.7. Example 1. lnjected rarget: In i l ic lirsl cxain- 
ple, r2 liclilious largci or  clioscii aniplitude, direction m d  
Dopplcr is itddcd to thc MCAItM tlnta at a particular range 
bin. The ainpliludc atid phase laper ofthc irijcctcd targct ut 
cach of thc 22 chaniiels is obtained kom thc incaslrrcd 
stccriiig vectors. The ;impIitutle of tlie injected targct is 
choscn such that it is too weak to be observed by 11011- 

ailaplivc digital hcunforiniiig. 'rhc .II3t, algnrithm is used 
to detect tbc injcclcd tnrgci by supprcssing thc clutter. 

The JUL processing is p + " c d  at thc targct anglc bin, 
for a fcw r;itigc bins surrounding the injected target, and [or 
all Doppler bins. Since illis cxitmplc uses nic;isurcd dsta, 
the figurc of mcrit uscd to cornpwc thc ttircc scetiarios is 
thc scpariition betwecn the MSMI stetisiic a1 llic targct 
raangc/Dflpplcr hin and thc highcst stiltistic ut other range or 
Dopplcr hins. A largc scpafiition iiriplies a large dil'fermcc 
between target ant1 rcsitliinl iiitcrfcrcnce, improving the 
ability to detect the target. 

'l'liis cxainple USCS data froiri ncquisitioti 575 on flight 5 .  
The mgct paramctcrs arc 
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e amplitiide ( c )  = 0.00003 LO 
mglc tiin = 0 =broadside 

e Doppler hili = . ' 9  
e rnngc bin = 200 

Ilnforlunatcly, the MCA KM detabnsc docs not clearly 
tlciinc tlic iinisc lcvcl of the iititciiiin. M h m t  approactics 
to evaluating tlic rinisc lcvcl havc yicldcd sigriific>iutly 
varying results. For llic acquisition at hand, the noise 
floor has bceii estitnaterl bclwccii - -81 aiid - -95 dt3. 
ThcrcPmc tlic signal-to-noisc ratio of llic injcclcd targct 
hcri>rc and sRcr proccssiiig is riot avvailablc. 

Fig. 5. plots thc MSMI statistic, at tlie bi-ondsiilc aurl 
targct rnngc bin, as a lirnction o f  1)oppler for tlie Gist 
scenario whcrc non-ilrlliogonalit),~ is ignored. 'Tlic statistic 
at the target lncalinn is clcarly visible over the surrountling 
ch t te r~  Iiowcver, tlic taigct is I'ountl at Ihpplcr biii - 8 ,  
not the expccicd - 9. Thc scpanitinii bctween tlic statistic 
tit bin - 8 and the highest chil~cr slatistic at bin - - 24 is 
3.13 dU. 'l'tic statistic at Doppler bin - 9 is ac~ual ly  Imw- 
thnu Ilic surrriti~iding diittcr. Fig. 6 plots tlie MSMI statistic 
as R hinclion ol' rangr: Tor I lopplcr bin -9. The targct at 
iarigc bin 290 is overwhclmcti by thc cluttcr :it langc hil i  
266 atid the target is 8.73 dL3 hclow thc cliittcr, 

I?g. 7 sliows the same plot when thc non-orthogonal 
iiaturc o f  llic spalial stccriiig is accountcd for. Tlic 
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improvcd dctcctim pcrl'ormaiice is c1e;irly visihlc w i h  tlie 
peak in thc corrwt Doppler bin of - 9, Thc lhiglicsl statistic 
at 1)opplcr bin 53 is 8.39rlH below t l ic  stahtic at the 
targcl. This is ail improvetnent o f  5.2tidB over the first 
sccnarin. Pig. 8 plots the MSMl statistic as R ftiiiction o f  
range at tlic target lhpplcr Ibr the second CBRC. Noic thal 
accontiting for tlic iioi~-ortIiogonaliry of thc stccring 
vcctors niakcs ilic target stand out OYCI thc surrouiicling 
cluttcr. Thc statistic nt the target iange 290 is 2.49dH over 
the highest clutter strttistic i l t  raiigc hin 266. 'l'his is ;in 
itnprnvcnient of I I .22 d H  over tlic i irst case. 

Fig. 9 plots the results wlicn thc Kaiscr--Bessel wiiidow 
is used. The statistic i s  inaximiiin at Doppler bin - .9, 
showing R separiition 01' H,KO LIB, and iinprtwcmciit o r  
5.67dH over thc first sccnario and 0.41 dl3 w c r  the 
sccond sccnario. Fig. 10 plots tlic rcsutls vcrsiis range, 
Again, thc targct nl range bin 200 stands o u t  ovcr the 
surrounding clutter. The sepnratinii ovcr thc highest cluttcr 
statistic is 3.13 dH, a n  improvcincnr of 11.86 dl3 ovcr thc 
first scenario and 0.64 dll  ovcr [he second scciiariu. 

A summary of the results iti Figs. 5 .IO is presented iii 
Table 2.  The improvcmcnt lislcd is ovcr the trii<litiulli>l JDL 
cnse. 

- 

- 

. 

n 

2- L L 2  

-60 -40 -20 0 20 40 GO OC 
Doppler bin 

20 r 

Table 2 :  Separallon between statistic at larget and the 
next hlghest statistic 

Algorithm Doppler Improvement Range Improvement 

JDL 3.13dB NIA -8.73dB NIA 
Modified JDL 0.39dB 5.26dB 2.19dB 11.22dB 
JDL-windowed 8.80dB 5.67dB 3.13dB 11.BGdB 

4.2.2. txample 2. MTS tones: Flight 5 acquisition 
152 includcs cluttcr and tones from R moviiig target 
simulator (M'TS) rcccivccl at pre-selected lhpplcr Iicquen- 
cies. Fhc Loncs arc received a1 approximatciy - 800 Hz 

(- 26 [IB) and 0 1iz ( - -  3 I dB). The [lata in this acquisition 
ase the rcturns koin 128 pulses meastired at 22 channels. 
Using thc Global Position Systcni (GPS) and inertial 
navigation unit (Lata o f  thc radar platform, the known 
location o f  tlic MTS soiirce ancl tlic timing of [be MTS 
piilse, it is possiblc Lo calculete tlic loc;\tinns ofthe tones in 
rangc. Thc MTS generator is lriggcrcd by Ihc traiisrnit 
rnaiii hcain ancl so the toncs ilrc: in thc transmit direction. 
For acquisition 152, tlie toncs iirc locskd iuainly in ~ m g c  
bin 450 and about 6" dcgrccs towards the nose. ' lhc piilse- 
rcpctilion frequency for this fliglil was 1984 Hz, licncc the 
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separation o f  200Hz correspoiids to nearly 13 Doppler 
bins. 

Using the acquisition with the MTS tones allows tis to 
compare tlic pcrforniance of the JDL algotitliiii in thc 
above scenarios on rcal data without any injected targets. 
The tones act as rclucns rrom moving targets. Tlic prcscncc 
o f  fivc MTS tones makes it difficult to dcfinc a single 
figurc o f  inerit to compare the diffcrcnt sccnarios and so a 
visual inspection is used for comparison. 

Fig. t I plots the rcsults or using R non-adaptive digital 
beamforiner to locatc the MTS tones in Dopplcr at thc 
raiigc bin and angle of the transmitter. The strongest tniics 
at Doppler bins - 52 and - 31) ale clcarly visiblc ovcr the 
cluttcr. The oilier 3 tones are visible but embcddcd in the 
surroiiiidiiig clutter. 

Fig. 12 plots ihe results of using the JDL algorithm 
without accounting for the non-orthogonality o f  the stcer- 
ing vcctors. As can be seen, the fivc MTS tones are visible, 
with the strongest tone at bin - 53 sprcad nut ovcr Doppler 
spacc. However, a few spurious toiics are also seen. Fig. I3 
plots the results of taking thc non-orthogonality into 
account using cqn. 13. The five MTS toncs all clcarly 
stand out ovcr tho clutter and the spread of tlic strongcsl 
tonc has been curtailed. The spurious toncs arc complelely 
suppressed. Fig. 14 plots the c a w  whcrc the Kaiser-BesseI 
wittdow is used to transform thc time domain to the 
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Doppler dotnaiii. Again, lhc five tones clcady stand out 
and thc sprcad of thc strongest tone is curtailed. This case 
shows some improvement over thc case af Vig. 13. 

5 Conclusions 

Thc JDL processing algorithm, as originally developed by 
Wang and Cai [ 3 ] ,  trandorms space-time data to the 
angle-Doppler domain using B 2-11 W'l: 'f'hc DPT-bawd 
t.ransformation rcstricts look aiiglcs and the spacing 
lietwccn thc anglc- .Doppler bins in the transform dotnain. 
Thesc restrictions are not explicitly stated in the original 
presentation. Fiirthennorc, in practicc, thc spatial stowing 
vector is affected by mutual coupling bctwccn thc elcmcnts 
o f  the array. Tlic DFT is nol: thc appropriaic irausform from 
the space domain to the angle domain. In R practical CHSC, 
spatial data m i s t  he transformed to the angle domain using 
an iiincr product with the corresponding measured steering 
vcctor. Thc spalial transformation is necessarily noti-ortho- 
gonal, leading to spreading o f  target information in thc 
angle domain. 

This papcc rcfrn"tcs the JDL algorithm in ternis of a 
genernl tr;insformatian inatrix cnconipassing both the theo- 
retical and practical sccnarios. TIE fonniilation removes 
the restrictions placed on the original JDL algorithm. 
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Removing the resirictiunu on spacing betwccn angle and  
Doppler bins sigtiificantly improves the pcrrormniice of thc 
51.31, :ilgoriilin~. Section 4.1 uscs two examplcs to illustralc 
tlic inipIovcrnent in thc probability of tlctcction for ii givcii 
false-slam rate. Thesc cxaniples iisc sirnulakd data fiom 
at) itlcal army of point scnsors. This allows for cnough 
inticpcndcnl realisutions h r  R rcasonahlc MOII~C Carlo 
sitnulation. It must be emphasised that the choicc nT 
rtptimnl spacing bctwccn angle and Doppler bins is yet 
ail  open rescarch problem. 

This paper also prcsents ex;rmplcs to illus~raic the 
improveincnt in adaptive pmccssing using mcasuretl datu 
frotn thc MCARM program. While earlier rcscarchers haw 
used "wed slceririg vcctors for the spatial transforma- 
tion [ 5 ] ,  the I-esmlting sprcad in target infnrmalion had bccn 
ignorcd. The formulalion presented in  this paper accounts 
for tlic spread, and yiclcls significntitly improved perfin-- 
mance. 

This papcr also introduces, for the first timc, a window 
in the transfmnalion Eroin thc space-time dninain lo the 
angle-Ihpplcr domain. I n  earlier publicntions on the JI.)L 
algrrrithm, the use of a window is cxplicilly rliscaiiragcd 
bcc;iiisc of' the resiilting spread in  targcl information. 
Ilowever, since any target spread can bc accontitcd Ibr, it 
is passible to takc advatitmge ofthc low t rmsfurm sidelobes 
by using ;in appropriate window. 

The key canlributioti nf this iiew apprnacti is the 
elimination of the two stipulations on tlic original JDL 
algorithm o f  [ 3 ]  and the intruduction of ii matrix-based 
traosfornintion LO the snglc-Dnppler dornoin. 
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